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FOREWORD BY THE EDITORS

Since the first UNI meeting in January 1999, the Meetings of Physics have been
organized annually. Their main purpose is to foster the exchange of ideas and
experiences of Peruvian physicists working in diverse areas such as condensed
matter, particle physics, applied physics, gravitation and mathematical physics.
Their history provides a view on the development of a rich collaboration
between the Peruvian physicist cbmmunity working abroad and its local
counterpart.

The 2011 edition of the meeting, the 15™ of its kind, celebrated Prof. H. Valqui's
80™ birthday and took place in August 2011 (1 - 3™) at the National University
of Engineering (UNI) in Lima, Peru. Prof. Valqui has served as an inspiration to
various generations of Peruvian physicists for his teaching dedication,
enthusiasm and ethical attitudes towards diverse issues in the Faculty of
Sciences, FC-UNI.

Prof. Valqui has played an important role in the education and as a mentor of
several Peruvian physicists in the last decades, as illustrated by this festschrift
containing articles of Prof. Valqui's former students, colleagues and friends.
Among his former students many are PhD’s in Physics working in several
institutions in Peru and abroad, some followed the same research areas
initiated in their'unde‘rgraduate period and all have been influenced by his vision
and unique attitude towards science. He introduced new lines of research in the
Peruvian mathematical physics community such as soliton physics and
nonlinear science, in the 80’s. Moreover, he has also been interested in the
transition formulations from classical to quantum; and recently he has actively
}been investigating the EPR paradox and virgin photons. His rigorous treatment
of physics and mathematics disciplines, in combination with his enthusiasm, has
made him a source of inspiration to all his students.



TABLE OF CONTENTS

Virgin photons do not exist
Holger G. Valqui

Direct profiling of polarization fields in nitride semiconductors at nanometric scale using electron holography in the
transmission electron microscope 2
F. A. Ponce

Semiconductor, Lasers
Carmen Gonzales

Proton-fountain Electric-field-assisted Nanolithography (PEN)
A. La Rosa and M. Yan

Perspectives in Industrial Nano-materials
Jose A. Alarco

Transmission of electric energy without using wires
Ener Salinas

Fission-track dating applied to Peruvian volcanic glasses
C. A. Tello et al.

Reactivity, energetics and molecular structure: A theoretical and experimental approach
Juan Z. Davalos Prado

Proton-fountain Electric-field-assisted Nanolithography (PEN): Fabrication of polymer nanostructures that respond to
chemical and electrical stimuli. :
Andres La Rosa, Mingdi Yan, Rodolfo Fernandez , Xiaohua Wang and Elia Zegarra

Two dimensional BF gravity: A Hamilton-Jacobi analysis
M.C.Bertin, B.M.Pimentel and C.E.Valcarcel

Higgs-Strahlung process in the SU(3),QU(1) Model with Heavy Leptons
D. Romero and O. Pereyra

Non commutative (generalized) sine-Gordon / massive Thirring correspondence, integrability and solitons
H. Blas and H.L. Carrion

The variable mass Thirring / sine Gordon duality and continuous topological configurations
H. Blas and J.M. Jaramillo

Breaking the ACDM degeneracy using CMB data
A. Bernui

Generacién de soluciones exactas de las Ecuaciones de Einstein con ayuda de euclidones
Pauyac Huaman, J. Anibal

OA-UNI: an Astronomical Obsen)atory at UNI
A. Pereyra, W. Cori, E. Meza, J. Ricra, and G. Granda

Generalized AKNS System, Non-vanishing Boundary Conditions and N-Dark-Dark Solitons
A.de O. Assuncao, H. Blas and M. J. B. F. da Silva

AKNS solitons with constant boundary conditions via dressing transformation and tau function approach
H.Blas and M.Zambrano

Formaci6én de Comunidades Latinoamericanas de Investigacion, La experiencia de CLARA y las posibilidades de la
RAAP
Benjamin Marticorena

Pictures of professor Valqui friends and colleagues .

viii

7-15
16-17
1844
45-56
57-65
66-73

74-81

82-123
124-132
133-143
144-181
182-195
196-203
204-208
209-211

212-241

242-250

251-256

257-274 -



Revista de La Facultad de Ciencias de la UNI, REVCIUNI 15 (1) (2012) 1-6

VIRGIN PHOTONS DO NOT EXIST )

HOLGER G. VALQUI
Faculty of Science, Universidad Nacional de Ingenieria

Scientific models for microscopic objects (not directly observable) should satisfy three basic conditions:

i) Be logical and mathematically consistent,

ii) Be constructed from certain experimental “evidence”, which implies that actual measurements have been done

to the properties of some of the involved objects,

iii) Explain the corresponding macroscopic phenomena, and predict new macroscopic effects.

None of these conditions is trivial, as it is not possible to construct a structural model without resorting to various
assumptions, some of them quite 'obvious’, some accepted naively- or recklessly. On the other hand, the result
of any measurement must inevitably be interpreted and that interpretation depends partly on the model that we
want to justify. This seems to be the case of photon entanglement, a phenomenon that is explained and justified
under the assumption that the photons acquire their polarization just after they have passed through a polarizer.
This article aims to show that the existence of photons without polarization (virgin photons) apart from being

inconsistent, contradicts a number of experimental facts.

Keywords: Scientific models, measurement, polarization, entanglement.

1 Introduction

By observing the manifestations of a physical object or
a set of objects, scientists build a model of such objects
and their interactions, so that the model can adequately
represent such objects and their corresponding interac-
tions.

All objects and all interactions?

It is necessary to emphasize that any model is limited to
only represent the most significant objects (for example,
to describe the interaction between two planets one usu-
ally ignores the presence of the remaining planets, and
any asteroids) and also their more significant interac-
tions (for example, when using an electron gun one often
ignores the interactions between the involved electrons)

What are the objects and interactions that are signif-
icant?
This is a problem for which the solution heavily depends
on the views and interests of the scientists working with
the model under consideration.

Are the measurements made by scientists not objec-
tive?
One of the requirements for a measurement to qualify
as scientific is replicability. For example, measurements
of paranormal phenomena do not meet this requirement,
hence its alleged results are not considered scientific re-
sults. In this regard, science has found that a single mea-
surement of some phenomenon can only be considered as
a precarious reference, while not confirmed or ruled out
by other “independent” measures. This leads us to distin-
guish between what we call singular measurement (done
once) and a measurement process. To get the “objective
value”of the measurement of some property of a system,

we consider two types of measurement processes which
are (ergodically) equivalent:

i) Repetition, N times, of the same singular measure-
ment, each time in ’identical’ conditions , or

ii) The realization of a singular measurement on N
“identical”sub-systems that do not interact.

The results of the corresponding singular measure-
ments are probabilistic in nature, but are not arbitrary.
[Ignorance of the features that have probabilistic out-
comes of a measurement process helped to clarify some
fraud committed by scientists]. Of course, the mea-
surements are made under certain boundary conditions
and eventually other special conditions, the same which
should be specified to allow replicability . The proba-
bilistic nature of the measurements (i.e. measurement
process), that always has been accepted by experimen-
talists, is one of the most striking differences between the
classical (theoretical) model and the quantum model of
Physics. [In the case of microscopic interactions between
objects should be kept in mind that the measurements
must be interpreted according to the theoretical model
that has been adopted. This carries the danger of vicious
circles]

First the physician T. Young (1773-1829), in order
to explain the experimental phenomenon of double re-
fraction of light passing through a rhomboheédron of Ice-
land spar (calcite, CaCOs3), then the mathematician A.
Fresnel (1788-1827), established the transversal charac-
ter of light waves. Then Maxwell (1831-1879) established
that light was an electromagnetic waveform, and in 1905
Einstein (to explain the photoelectric effect) proposed a
model in which light is composed of microscopic “parti-
cles”with well-defined energy, the same which later be-

(*) Based in H. Valqui's article of REVCIUNI, Vol 14, N° 1, 2011, pgs. 39-44



2 H. Valqui

came known as photons. It must be accepted that pho-
tons are not usual particles. but special particles that,
among other properties, are diffracted when they pass
close to the edge of a surface (which apparently does not
happen with “normal” particles). An experiment to verify
that the particle model does not contradict the photon
wave character in its most characteristic manifestation,
was conducted by G.I Taylor in 1909 who, with a very
weak light bulb, lit up a needle for 2 000 hours (~ 3
months) which allowed the photons arrive virtually iso-
lated. The image formed on a screen coincided with the
diffraction image produced, in a very short time interval
by an intense light spot.

2 Polarizers

For electromagnetic waves, particularly light in the visi-
ble range, one knows two kinds of light: “natural light”,
n¢, and polarized light, pZ.

n/ is the light emitted by the sun or any incandescent
material, while pZ is the light that has certain transverse
characteristics, which become evident when it is directed
at and passes through certain objects called polarizers,
which can be of different kinds: linear polarizer, LP,
right-handed circular polarizer, RHCP, left-handed cir-
cular polarizer, LHCP, birefringent crystals, including a
rhombohedral calcite prism, RoCa.

The LP, RHCP, LHCP, have the virtue of letting
pass half the natural light that strikes them, and absorb
the other half. Additionally, the light that has passed
a polarizer acquires certain properties, characteristic of
such polarizer, and is called polarized light: L¢, RHCY,
LHCY, respectively.

A linear polarizer has a characteristic orientation, so
sometimes it is convenient write LP (a) to indicate such
orientation. A RoCa has the virtue of splitting the in-
cident beam into two beams orthogonally polarized, and
has what is known as Principal Plane [parallel to both
the incident ray and the so called optical axis], charac-
terized by an angle .

Morecover, the light has energy, the transport of which
is measured as intensity, J (energy per unit timne). By
measuring the intensity of light directed (perpendicular-
lly) to a polarizer, and the intensity of light that gets
through the polarizer, one can know what fraction of inci-
dent light is absorbed by the polarizer, and what fraction
passes through said polarizer, acquiring the polarization
induced by such a polarizer, without changing its char-
acteristic frequencies. On the other hand the fraction of
reflected light is small and often ignored, which can be
significant if the beam is extremely weak.

Facultad de Ciencias — UNI

3 Experiments with polarizers.

Experimentally we know the following results:

e Experiment 1

If natural light, of intensity J(n/), is incident on a
XP polarizer, (XP= LP, RHCP or LHCP), then the
intensity of the polarized light that emerges from
the polarizer is half the incident intensity:

J(Xpt) = %J(né)

Q T oons ]_I Xp
Light source Polarizer XP

Figure 1.

>y

e Experiment 2

If the light emerging from a polarizer XP, with
intensity J(Xpf), strikes a second polarizer X'P,
“identical”, to XP, then the whole incident beam
passes through the second polarizer, i.e.

J(X'pt) = J(Xp),

where XP = LP, RHCP or LHCP.
—1 1
L L

ns Xp# X'p#
Light source XpP X'P =XP

Figure 2.
e Experiment 3
Malus Law: If the light emerging from a linear
polarizer LP(c) with intensity J(pé(c)) is incident
on a second polarized LP(f), then the intensity

J(p¢(B)) of the light emerging from the second po-
larizer meets :

J(pt(B)) = J(pt()) cos(a — )

Z P/ () & PA(B)

LP(x) LP@3)

Figure 3.
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e Experiment 4

If the light emerging from a linear polarizer LP is
incident on a circular polarizer, CP, right-handed
or left-handed, then the intensity of light emerging
from the second polarizer is reduced by half,

J(Cpl) = %J(Lpf)

# "

Figure 4.

>

p/i(x) cp’

Experiment 5

If the light emerging from a circular polarizer,CP,
right-handed or left-handed, hits a linear polarizer,
LP, then the intensity emerging from the second
polarizer is halved,

J(Lpt) = =J(Cpt)

1N} =

*—O — > U S >

CP LP(a)

Figure 5.

Experiment 6

If the light emerging from a circular polarizer, right-
handed or left-handed, hits a left-handed or right-
handed circular polarizer, respectively, then the
second polarizer absorbs all light that strikes it.

J(Lhepl) =0
() — QSWM
RHCP LHCP
Figure 6.

Experiment 7

If a ray of natural light falls on a rhombohedral
calcite prism, then from the other end of the prism
emerge two beams of linearly polarized light, with
orthogonal polarizations, and each one with inten-
sity equal to half of the incident intensity.

J(pl(@)) = J (pt(a + 3))

REVCIUNI 15 (1) (2012) 1-6

i pf(a)

pAla + m/2)

(Ca CO\)

Figure 7.

e Experiment 8

If the polarized light emerging from a circular po-
larizer, CP, right-handed or left-handed, hits a
rhombohedral calcite prism then from the other end
of the prism emerge two linearly polarized beams
with orthogonal polarizations, each with intensity
equal to half the incident intensity.

J(pl(e)) = J(ptla + 3))

- pr(a)
‘ opt ‘ £ pl(a+m/2)

CP (CaCOs)

) Figure 8.

e Experiment 9

If the light emerging from a linear polarizer, LP,
falls on a rhombohedral calcite prism then from the
other end emerge two linearly polarized beams with
orthogonal polarizations, and the sum of the inten-
sities of the emerging beams is equal to the incident
intensity.

J(pU(B)) + J(pt(B+ 3)) = J (pELP)

A ,/ VAR p/(B)

pr(B +m2)

(CaCO3)

Figure 9.

e Experiment 10

If a linearly polarized beam, pf(a), is incident on
a rhombohedral prism whose main plane is charac-
terized by the angle y, then the two emerging rays
will have the intensities J; and Js such that

J1 = J(pl(a)) x sin?(¢ — a)

Facultad de Ciencias — UNI



4 H. Valqui

Jo = J(pl(a)) x cos?(p — )

[Note that (9) is a special case of case (10), and
that for @ = 45 the two emerging rays have the
same intensity, equal to half the incident intensity.]

Figure 10.

We know that there exists “natural”polarized light, for
example, by scattering in the atmosphere, by reflecting
sunlight on the sea surface and other surfaces, by inci-
dence of sunlight into pieces of natural crystals. More-
over, since the late nineteenth century it is known the so
called Zeeman effect, whereby the light emitted by atoms
placed in a magnetic field changes its polarization state.
In addition, certain animals, as bees, are sensitive to
polarized light and use that information for guidance, it
is also believed that this is a resource of some migratory
birds. Additional arguments are the rules of selection in
atoms (where the spins of the photons should comple-
ment the angular momentum of the considered system)
and the generation of laser light (stimulated photon de-

cay)

If, as proposed by Einstein, light is made by special
particles, called photons, all what was mentioned in the
inacroscopic experiments (section 3) can be explained
under the assumption that photons have polarization
states that can change when they interact with some
objects. From Experiment 2 can be inferred that each
of the photons of the light beam, once they have passed
through a polarizer XP, they can go through a similar
and equally oriented polarizer, without being absorbed.
That is to say that experimentally a photon possesses
certain polarization (eventually the polarization induced
by a given polarizer). Moreover, bearing in mind Ex-
periment 3 we can assume the existence of a quantum
Malus Law, under which the photons pass through the

“second linear polarizer with probability cos?(8—a). This
assumption also allows us to consider that natural light
photons have randomly distributed polarization direc-
tions, which, taking into account the large number of
photons involved, explains the above mentioned classic
effects. That is, if we assume the validity of the
quantum Malus law, then we can explain all the
experimental results presented above in section
3. In particular, this quantum law helps explain why
half of the natural light photons (which have random
directions of polarization) are absorbed by the linear
polarizer and half of them passes (acquiring the polar-
ization direction of the polarizer). Then, remembering
that circularly polarized light is the normalized sum of
two orthogonal linear polarizations, we also expect that
half of the photons of natural light will be absorbed by a

Facultad de Ciencias — UNI

pfla-vy)

plla—vy + w2)

circular polarizer and half will pass through the polarizer.

4 The case of few photons

To measure the polarization of a beam of light, we com-
pared the energies of the incident beam and of the beam
emerging from a polarizer. Such a thing no longer seems
possible in the case of an isolated photon, or a few sin-
gle photons (although equally polarized). That is a key
problem in the analysis of experimental results in cases
of single photons. Here we must clarify that in the case
of the Taylor experiment, photons arrived at the screen
properly isolated, one by one, but it was a case of a
large number of single photons. On the other hand, we
can consider some situations where there is only a single
photon or there are a few photons present, which are not
part of a larger whole that is also involved in the process.
By blocking a stream of photons-Taylor-type, and un-
blocking it by a very short time interval, one could strike
a linear polarizer (to determine the polarization of a half
dozen photons) with very few photons, some of which
will be absorbed by the polarizer, and the others will go
through, to be counted in the detector. Here, moreover,
we must remember that the number of photons that pass
a polarizer is known only on average.

Q_—_‘)_.D- -20photons____ g polarized _____ [ _______ > E
per minute photons

dim Filter polarizer

light source (unknown orientation) analyzer

Figure 11.

That is, the photon model works satisfactorily in the
case of a large number (hundreds of billions) of photons,
so that the polarizers can be considered ideal, or the in-
accuracies of the polarizers can be considered negligible:

i) Ideal polarizers do not reflect a fraction of the pho-
tons striking them [what real polarizers do]

ii) Properly oriented ideal linear polarizers allow to
pass 1007Zof the incident photons, and those perpen-
dicular to the above direction absorb all incident
photons [real polarizers cannot be oriented exactly,
because of practical limitations and , additionally,
the uncertainty effect]

iii) Ideal polarizers have a well defined polarization di-
rection [real polarizers, as in the case of Polaroid
films the degree of its polarization depends on the
quality of stretching undergone by the molecules in
the chains that constitute the material], and so on.

-In the case of working with few photons, besides not be-

ing possible to measure the intensity (or energy) of the
incident or emerged photons, it is no longer reasonable
to suppose that the above mentioned inaccuracies are
negligible. This assumption solves some problems with
measurements of the properties of microscopic systems.

REVCIUNI 15 (1) (2012) 1-6



Virging photons do not exist 5

but also creates other difficulties. For example: Assum-
ing that there are indeed virgin photons, i.e. photons
that still do not have polarization:

i) The property of being virgin photons should man-
ifest itself also in the case of large numbers of pho-
tons, i.e., in the case of light rays. Are there virgin
light rays? ,

ii) In the case of light rays it is known that there ex-
ist 'naturally’ polarized rays (i.e., its polarization
has not been caused by an intentional act of mea-
surement), for example, the rays scattered by the
molecules of water atmosphere,

iii) What would be a property that would distinguish
virgin photons from polarized ones?. For exam-
ple, an employee of G. I. Taylor tells us that in the
next minute through for this window should appear
some 5 or 6 photons, and you should determine if
they are virgin photons or polarized photons.

[Note that the case would be different if the aforemen-
tioned partner tell us that this window will appear 5 or 6
photons per minute, and you have all the time necessary
to make measurements]

We note that trying to measure the polarization of

a single isolated photon is in itself meaningless, since a _

physical measurement requires that it be repeatable for
the reason that any valid physical measurement is the
result of a measurement process. Suppose (very fancy)
there is actually a single photon (previously polarized
but in a direction unknown to the operator) incident on
a linear polarizer and then on a photo-multiplier placed
after the polarizer, which:

i) indicates the presence of a photon,
ii) remains without sign of having received a photon
What can the operator conclude in each case?

i*) He can only say that the photon passed the po-
larizer, i.e. its direction of polarization was not
perpendicular to the direction of the polarizer.

ii*) He can only say (assuming the photo-multiplier is
1007efficient) that the incident photon polarization
was not parallel to that of the polarizer.

5 Polarized photons do exist

Note also that there is no doubt about the existence of
polarized photons, as certified by the Experiment 2, in
which all the photons in a beam of light, emerging from
a first polarizar, passed a second polarizer “identical”to
the first. There is also no doubt that if photons with
polarization direction a strikes a second polarizer with
direction 3, then some of the incident photons will pass,
while others will be absorbed, as certified by what we
have called the Malus Law. That is, there is no doubt
about the existence of polarized photons, what is at stake

REVCIUNI 15 (1) (2012) 1-6

is the existence of virgin photons.

Suppose the following situation: Imitating GI Tay-
lor we have produced a very weak light source, so that
through a window pass (according to our calculations)
some 20 photons per second. Then, just a little after the
window we put a discreet linear polarizer, so we can say
that, on average, from the polarizar will emerge 10 pho-
tons per second, which will strike a photo-multiplier that
counts them. With this arrangement we ask some expe-
rienced physicist, call him AA, to prepare the equipment
to determine the polarization of the photons that arrive
at the photo-multiplier in the time interval between 9:00
h and 9:00 h + 1 second. From what is currently known,
the physicist AA can not measure, in the stipulated
time interval, the polarization of (approximately) some
10 photons (which emerge from the discreet polarizer).
Though physicist AA says that in such a short time in-
terval (which only allows him to count a dozen photons)
he can not measure the polarization of the mentioned
photons, such impossibility does not mean that these
photons have no polarization. In conclusion we can state
the fact that the impossibility to measure a certain prop-
erty of an object (or set of objects) does not necessarily
imply that that object does not possess such a property.
On the other hand, if the experimenter AA were al-
lowed to prolong his experiment with a large number of
photons (say, for a few hours), then he could (orienting
his polarizer-analizer to different angles and counting the
number of photons passing in each orientation) determine
if the photons incident on his analizer were randomly po-
larized, or if they were polarized in a specific direction.

In the case of experiment 3, Malus Law, we see that a
large set of photons polarized in the direction a , approx-
imately the fraction cos?(a — B) of them changed their
polarization to the direction 8. That is, the polarizer did
not create the polarization of individual photons, instead
they change the direction of polarization of the passing
photons. [This interpretation is debatable, but without
major effects for the present discussion]

Additionally, the supposed virgin photons which com-
posed natural light, when they go through a polarizer
behave as if their polarizations were randomly oriented,
which is consistent with the generation of photons by
atoms that are not necessarily correlated in their excita-
tion nor in their emission instants.

Finally, consider the following set of experiments ap-
plied to a beam of intensity J.

i) We make such a ray impact on a polarizer of ori-
entation a, finding that the emerging beam has in-
tensity 3 We changed the direction of the polar-

izer and—the emerging intensity does not change.
Apparently it is a ray of sunlight or a circularly
polarized beam.

ii) We direct the beam to a circular polarizer, right-
handed or left-handed, and we find that in both
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cases the emerging intensity is 3 Apparently it is
natural light. -

iii) Now we direct the same ray to a rhombohedral cal-
cite prism and get two emerging rays of equal in-
tensity. With this result we are almost convinced
that the ray in question is a ray of natural light.

But if we had done the experiment superimposing two
beams of equal intensity, linearly polarized with orthog-
onal polarizations (but with no coherent phases) we can
verify that the results of the intensities, arising from the
polarizers or rhombohedral prism, would be the same as
those obtained in each of the cases mentioned above. The
same result would be obtained if it were no longer the su-
perposition of two incoherent beams orthogonal to each
other, but the overlap of N-incoherent-rays, with equal
intensity, with polarizations oriented parallel to the diag-
onals of a regular polygon of N sides. The results of the
mentioned experiments basically justifies the assumption
that natural light photons are polarized with random po-
larization directions, statistically symmetrical (as long as
there is no reason to suppose a preference for certain ori-
entations).

6 Conclusions

There exist photons with definite polarization state
(equivalent to a polarization direction). This can happen
naturally (by effect of a natural polarizer), as mentioned

in (05), or intentionally, using a polarizer.

As shown in (10), in the case of a single photon or
few isolated single photons, but certainly polarized (in
direction unknown to the experimenter), it is impossibl
to determine the polarization of such photons, whic
does not imply that these photons do not have a polar
ization state before falling in the analyzer (a polarizer o
a rhombohedral calcite prism).

Polarizers absorb photons or they change their po
larization state, but they do not "generate” the stat
of polarization (in the sense that photons acquire a po
larization state just after they pass the polarizer). Th
octahedron of calcite, and other crystals also change (ir
two directions orthogonal to each other) the polarizatior
states of the incident photons.

The postulate of the existence of virgin photons seem:
to have more the character of a metaphysical postulate
than the character of a postulate of physics itself.

As challenges to those who maintain the existence ol
virgin photons:

i) Build a direct experiment showing the ability tc
differentiate virgin photons from photons with po-
larization,

ii) Explain why half of the supposed virgin photons
of natural light pass through the linear or circular
polarizers.
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Direct profiling of polarization fields in nitride
semiconductors at nanometric scale using electron
holography in the transmission electron microscope
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Abstract:The nitride semiconductors are widely used in high efficiency light emitting devices
and are currently being considered for photovoltaic applications. The reduced symmetry in
the wurtzite structure compared to cubic semiconductors results in the growth of large
densities of crystalline defects and in the presence of strong spontaneous and piezoelectric
polarization effects. A correlation between the microstructure and the polarization fields can
be achieved with electron holography in the transmission electron microscope. Electron
holograms thus obtained can provide energy band profiles with sub-nanometer spatial
resolution. The phase of the electron beam is sensitive to the electrostatic potential, and a
direct measurement of the latter can be achieved by making the electron beam signal that
traverses the specimen interfere with a reference electron beam that travels through vacuum.
This technique has been quite useful in probing the fields and charges at dislocations and at
interfaces in semiconductors, and it is particularly useful to determine the piezoelectric effects
in group III nitride semiconductor heterostructures. A review of applications to InGaN and
AlGaN based heterostructures is presented in this paper.

Key words:Electron energy band profiles, piezoelectric fields, nitride semiconductors,
electron holography

1. Introduction

In the past two decades, the nitride semiconductors have acquired pronounced relevance due to their
robustness and their range of band gaps'. The bond between nitrogen and the group III elements is
strong; the cohesive energies of AIN, GaN, and InN are 11.67, 9.06, and 7.97 eV, respectively.2 The
corresponding band gap energies of 6.28, 3.41, and 0.7eV span the electromagnetic spectrum from the
infrared into the ultraviolet, including the full visible spectrum.’ The growth of these materials is
challenging due to the high temperatures required for synthesis and the absence of suitable substrates.
High densities of dislocations are necessary in order to accommodate the lattice mismatch and the
thermal expansion mismatch within the AlGaInN alloy system.* The lattice displacement is associated
with those dislocations (Burgers vectors) are large compared with the interatomic bond
length.’Heterojunction lattice mismatch often results in pseudomorphic thin film structures with large
strain fields.*” The absence of a center of symmetry in the hexagonal wurtzite structure results in
significant spontaneous polarization. In addition, piezoelectric polarization results from the strain due
to dislocations and strained heterointerfaces. The electrostatic fields due to spontaneous and
piezoelectric polarization are of the order of several MeV/cm,” and are typically highly localized at
the nanometer scale, and have a strong effect on carrier transport and carrier recombination.

Profiles with nanometer resolution of the electrostatic potential and charge distribution in solids
can be obtained by electron holography in the TEM. This technique has been used to visualize the
potential energy profile across p-n junctions in silicon devices used in microelectronics.'® Electron
holography has been particularly useful to measure the potential and charge density variations in the
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nitride semiconductors. Electron holography was first used by Cherns in 1999 to measure the
piezoelectric field in InGaN quantum wells.''In this paper, a brief introduction is first given to the
electron holography technique. This is followed by examples of applications to determine the nature
of electrostatic potential variations in the vicinity of dislocations in GaN, at InGaN/GaN quantum
wells, and at two-dimensional electron and hole gas heterostructures.’

2. Electron holography in the transmission electron microscope

The use of electron holography has increased significantly in the last decade, particularly in the direct
measurement of the electrostatic fields and charges in nitride semiconductor materials. In
conventional TEM techniques, like those used for diffraction contrast analysis, only the intensity of
the electron beam is recorded, while the phase information is lost. Electron holography is an
interferometric technique which provides information about spatial distribution of the phase shift, A6.
In order to obtain the phase information, a highly coherent electron beam is obtained by using a field
emission gun. A sample is prepared to electron transparency, but not too thin to avoid surface related
effects such as strain relaxation and screening due to the surface.

Coherent electron beam

Figure 1. Schematic diagram of the electron beam
path for electron holography in a transmission electron
microscope.

The phase of the electron beam is modulated by spatial variations of the electrostatic potential of the
specimen. Figure 1 shows the configuration used for electron holography. The sample is introduced
into the electron beam path covering about half of the beam diameter. The other half of the beam
travels through vacuum and it is used as a reference beam. The electrons that traverse the sample
experience a change in velocity, in part due to the variation of the reference potential, and gain in
phase compared to the electrons traveling through vacuum. The phase change is directly proportional

to the electrostatic potential as we will see later. The phase information can be retrieved from the
wave interference pattern.'>"

Electron holography is an electron-interference technique that makes the recovery of the phase
information possible. A conducting filament that acts as an optical biprism is used to produce an
interference pattern. The biprism is aligned manually so that its image matches the boundary of the
specimen at the image plane. When a positive bias is applied to the biprism, the beams traveling
through vacuum (reference wave) and the sample (object wave) are made to overlap at the image
plane, and their overlap is recorded. The geometric configuration around the biprism is depicted in
Fig. 2(a). The biprism filament is along the y-direction, and the beam propagates along the z-direction.
The biprism is at a given potential, while the two plates are grounded. In some microscopes these two
plates are the edges of the selected area aperture.
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Figure 2. Holographic lmage formation. (a) configuration around the biprism: (b) Interference
between two plane waves."

As already indicated, the specimen under investigation is positioned to cover only half of the object
plane, in that way one beam passes through the specimen (referred as the object wavey,y; = Ae)
and the other beam passes through the vacuum (referred to as the vacuum wavey,,. = 4,e*). A bi-
prism, which resides in the plane of the selected area aperture, deflects the two electron beams in
order to cause their interference. Applying a positive bias to the filament of the bi-prism, the object
wave and vacuum wave converge and yleld an interference pattern in the overlapping region. The
mtensnty distribution can be represented by: '

1=| Avei(GV—A) + Aoei(o,,+A)
= A2+ A2+24,4,cos(8,—6,—2A)

where the first two terms represent the background intensity and the third terms represent the
superimposed interference fringes. The extra phase shift4 is due to the biprism deflection, which is
dependent on the applied field and the geometric configuration of thebiprism, but is not a property of
specimen. The information that we want to obtain is the phase shift 8, - 8, which is due to the
modulation by the crystal potential V. The crystal electrostatic potential V is typically in the order of
10eV which is much less than the electron beam energy, so that the difference of momentum between
object and vacuum waves is proportional to V. Considering relativistic effects the relationship
between phase shifté, - 6, and crystal potential V is:

60 - J-p,,,,,- ~Puuc , _ eV(E-E) 21
E(E+2E,) A

wherekE is the kinetic energy of incident electron beam, E, is the rest energy of electron, ¢ is specimen
thickness and 4 is the wavelength of electron beam. With a fixed accelerating voltage in the TEM, this
expression can also be written as: '

6,-6,=C.Vt

whereCy is a constant. Therefore, the crystal electrostatic potential profile can be obtained from the
phase shift information that is extracted from the electron hologram.

The phase reconstruction process'? starts by taking the Fourier transform of the intensity equation
shown above. Three delta functions appear, involving convolutions represented by the symbol ®

FT(I) = 8(q) ® FT(A} + A}) + 8(q — q4) ® FT(A,A,6"% 7)) + 5(q + q4) ® FT(A,A,e™(8v—00))
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The background intensity is transferred into an autocorrelation function and appears to be in the
center, while the Fourier transform of the co-sinusoidal interference fringes provides two sidebands,
which are away from center by the carrier spatial frequency, g,4. The next step is to shift one of the
sidebands to the center, and take the inverse Fourier transform. A complex object image with a
modulus4,4, and phase 6, - 6,is obtained. In addition, if we remove the specimen and take the
hologram, a complex image with a modulus 4,7 and zero phase shift can be obtained. The damping of

amplitude of the electron beam across the specimen is due to the inelastic scattering process in the
material and can be expressed as

Ao _ -eroa

A,

wherelhereis the mean free path for inelastic scattering of electrons in the crystal. Therefore, the
thickness profile of a specimen can be obtained from the amplitude image, while the electrostatic
potential profile of the specimen can be obtained from the phase image. Furthermore, in a one-
dimensional potential profile, the internal fields are proportional to the slope of the electrostatic

potential. The corresponding electrostatic charges are found using Poisson’s equation, and are related
to the curvature of the potential profile.

3. Dislocations in GaN

As mentioned before, thin epitaxial films with optimized electronic properties have threading
dislocation densities ranging from 10° to 10'® cm™* They play an important role in accommodating
epitaxial growth under adverse conditions associated with lattice mismatch and thermal mismatch
with the substrate and at InAlGaN compound heterojunctions. Threading dislocations have been
found to be of the edge, screw, and mixed types.'* The Burgers vectors of the dislocations are large
with respect to the lattice parameters, which often leads to the formation of coreless dislocations.
Dislocations are frequently associated to non-radiative recombination centers.'® The electrostatic
charges at dislocations lines were first studied using electron holography by Cherns'” and Cai.'*They
found that dislocations have specific charges depending on the dislocation type.

4. Polarization fields in InGaN/GaN

In the absence of a center of symmetry, the hexagonal wurtzite structure exhibits noticeable
spontaneous and piezoelectric polarization effects.” Polarization fields up to a few MeV/cm in the
nitride semiconductors were first determined by applying a reverse bias to the p-n junction,® and later
by electron holography.'' The strong internal field can lead to positive and detrimental effects in light
emitting diodes (LEDs). Reduced radiative recombination efficiency can result from the spatial
separation of electrons and holes. Spatially separated by the Stark effect, their transition matrix
elements and the radiative recombination rate can be significantly decreased. In addition, the internal
fields facilitate the escape of carriers and reduce the carrier capture cross section by quantum wells.

Another detrimental effect is instability of the emission wavelength for devices operating under
high injection conditions. The polarization field is screened and the emission wavelength is blue-
shifted. The magnitude of this shift could be up to 100nm for large polarization cases, such as for
InGaN/GaN green LEDs. Therefore, it is important to find ways to prevent polarization effects in the
active region. Non-polar and semi-polar growth have been proposed and their fabrication has been
successfully demonstrated. However, the in-plane polarization could still be a problem for the non-
polar growth of quantum wells, as we will see later.

On the other hand, strong polarization fields could play a positive role in the conductivity of p-
region and n-region in LEDs. In n-type AlGaN/GaNheterostructures, the positive polarization sheet
charges at the interface will promote the formation of two-dimensional electron gas (2-DEG) with a
sheet carrier concentration as high as 10" cm™. Similarly in p-type AlGaN/GaNheterostructures, the
negative polarization sheet charges at the interface could help with the formation of two-dimensional
hole gas (2-DHG). By substituting the conventional n-GaN or p-GaN layer in LEDswith the proper
AlGaN/GaN multi-heterostructure, the lateral conductivity of LEDs can be enhanced, and an
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improved current spreading can be expected.

In the following sections, we discuss the theoretical aspect of the polarization field in nitrides, and
then the measurement of polarization effects by electron holography, including the mapping of
internal electrostatic potential in the InGaN/GaN quantum wells and evidence of the formation of 2-
DEG and 2-DHG in n-type and p-type AlGaN/GaNheterostructures, respectively.

5. Electrostatic fields and charges in light emitting diodes emitting in the green region of the
visible spectrum

Various aspects of polarization fields in InGaN/GaN quantum wells have been reported®®and
measured.'”?'In particular, there is much interest in the polarization field and charge distribution in
InGaN/GaN multi-quantum wells in the active region of green LEDs. An important feature of electron
holography is that it can provide a mapping of the electrostatic potential distribution at an atomic
scale, while other techniques usually give average values. An example of a green LED structure is
shown in Fig. 3.” This layer structure was grown by metal organic chemical vapor deposition on a c-
plane sapphire substrate, the active region containing five InGaN/GaN quantum well periods, emitting
light at ~2.3 eV. Cross- section samples were prepared for TEM using standard mechanical polishing
and argon-ion milling techniques. Figure 3(a) is a high-resolution image of the active region. The
InGaN QW and GaN barriers are uniform with a thickness of 4.6 and 9.3 nm, respectively. The
interfaces are flat and atomically abrupt. .

Figure 3. Active region of a green LED. (a) High resolution TEM of the quantum well region. (b)
Electrostatic potential profile showing the p-n junction and quantum well region. (c) Charge density
distribution due to polarization effects.”

Electron holograms of the active region were obtained with the sample aligned to minimize
diffraction conditions while keeping close to an orientation where the electron beam was parallel to
the interfaces. The holograms were digitally recorded using a charge coupled device camera. The
amplitude and phase values were deconvoluted from the electron hologram; the results are shown in
Figs. 3(b) and 3(c). The resulting spatial profile of the electrostatic potential and charge distribution
are plotted in Fig. 4. The electrostatic potential distribution due to the p-n junction is clearly observed
in Fig. 4(a) with a shift of about 3 eV in the conduction band edge. Also observed is the potential
profile due to the quantum wells. It is noticed that the field and the polarization charge density in the
quantum wells vary with distance to the p-n junction. The sheet polarization charge densities of the
first three InGaN quantum wells have a similar value of ~ 0.018 C/m?, corresponding to a 20%
indium composition, for a non-screening case, and corresponding to piezoelectric fields of ~1.95
MV/cm. The sheet polarization charge densities in the fourth and fifth periods are estimated to be
0.007 and 0.0005 C/m?, respectively. This corresponds to a significant screening of the fourth and
fifth QWs.
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Figure 4. Active region of a green LED. (a) Electrostatic potential profile showing the p-n junction
and quantum well region. (b) Charge density distribution due to polarization effects.*?

The observation of inhomogeneous polarization fields within the multi-quantum well is consistent
with a depth-resolved study using cathodoluminescence, > in which a low energy peak appears when
the accelerating voltage is increased. The decay of piezoelectric fields in the fourth and fifth QWs
could be due to strain relaxation. It is possible that the first three periods remain fully strained while
the fourth and fifth periods undergo plastic relaxation. Another possibility involves the migration of
hydrogen ions from the p-type region into the top two QWs.

6. Two-dimensional electron gas (2DEG) thin film structures

Strong polarization fields can result in two-dimensional carrier confinement, also known as two-
dimensional electron gas (2DEG), in AlGaN/AIN/GaNheterostructures. The high electron
conductivity of these thin film structures can be used to provide low resistant current paths to n- and
p-type layers of the LED.*?® Fig. 5 shows part of a n-type AlGaN/AIN/GaNsuperlattice, exhibiting
2-D electron gas at the AIN/GaN interface. The AIGaN/AIN/GaNsuperlattice was epitaxially grown
by MOCVD on an n-doped 10" cm?, 3umGaN layer on a c-plane sapphire substrate. The SL
consists of 11 periods; each period starts with a 0.5 nm AIN layer, followed by a 12 nm AlGaN
barrier layer with an Al concentration that is nominally graded linearly from 30% to 0%, and ends
with a 28 nm GaN layer. The AIN layer is used to avoid interface alloy scattering effects and to
improve the lateral mobility of the 2-DEG. Using a very thin AIN layer prevents si%niﬁcant reduction
of the vertical conductivity. The AlGaN layer has an n-type doping level of 2x10'" cm™, and the n-
type GaN in the SL is doped at 2x10'"® cm™. In order to avoid impurity scattering, doping of the
AlGaN layer was delayed by 4 s during growth, i.e., the first nanometer of the AlGaN is undoped; and
the doping of the GaN layer was stopped 10 nm before starting the growth of the next AIN/AlGaN
barrier. The characteristics of the full superlattice are observed in Fig.5(a). A higher magnification
TEM image showing the two top periods of the SL structure is shown in Fig. 5(b). The AIN layer
appears with the brightest contrast, followed by the graded AlGaN layer with fading brightness and
the GaN layer with relatively darker contrast.
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FigureS. AlGaN/AIN/GaN n-type superlattice. (a) Bright field TEM image showihg the eleven
periods. (b) Higher magnification TEM image showing the top two periods. **

The electrostatic potential distribution obtained from the reconstructed phase and amplitude images
‘are shown in Fig.6(a). A profile with higher spatial resolution is shown in Fig. 6(b). An energy dip
close to the GaN/AIN interface represents the accumulation of the 2-DEG. The curvature of the
potential around the 2-DEG region is negative as expected. These results are consistent with
calculated energy band diagrams.
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Figure 6. Potential energy profiles of AIGaN/AIN/GaN n-type superlattice showing the features of
the 2DEG in the complete superlattice (a) and in the top two periods (b). **

7. Two-dimensional electron gas (2DHG) structures

If the AIGaN/GaN multi-heterostructure is made p-type, the band diagram would be different from
the n-type case due to the alignment of Fermi-level. In order to achieve the accumulation of a 2-DHG,
the growth sequence of GaN/AIN/AlGaN should be adjusted and the device structure should be
optimized. We have studied a p-type AIGaN/GaN multi-heterostructure, which is designed for the
purpose of high conductivity with the accumulation of 2-DHG. »**%¢

The AlGaN/AIN/GaNheterostructure in Fig. 7 was epitaxially grown by metal-organic chemical
vapor deposition on a nominally un-doped 3-pm thick GaN layer on a c-plane sapphire substrate. The
2-DHG heterostructure consists of 6 periods; each period starts with a 0.5 nm AIN layer, followed by
a 5 nm nominally un-doped GaN layer, and ending with a 12 nm AlGaN barrier layer with an
aluminum concentration that is nominally graded linearly from 0% to 10%. The thin AIN layer is used
to avoid interface alloy scattering effects and to improve the lateral mobility of the 2-DHG. In order
to optimize the vertical conductivity, a very thin AIN layer is used. The initial portion of the AlGaN
layer has a Mg doping level of ~1x10'° cm™, but the Mg flux is turned off for the last few nanometers.
The nominally un-doped GaN shows, in secondary ion mass spectroscopy, a Mg background
concentration in the range of 1-5x10"®cm?, due to memory effects.
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Figure7. AlGaN/AIN/GaNsuperlattice structure. (a) TEM image of the superlattice. Brighter regions
indicate high aluminum content. (b) Sketch of valence band profile of one period. The 2-DHG
accumulation region is circled. 2

Fig. 8 shows the electrostatic potential profile for 3 superlattice periods. The locations of the interface
are determined by a careful match between diffraction contrast and phase image. The formation of a
2-DHG is revealed by a positive curvature in the GaN immediately to the right of the AIN layer in the
potential energy profile. The two-dimensional hole gas (2-DHG) at the interface cancels the
spontaneous polarization charges, and no discontinuity in the potential profile is observed. But the

depletion of holes produces a positive curvature in the profile, in contrast to a negative curvature in
the 2-DEG case.
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Figure8. Potential profile of an AlIGaN/AIN/GaNsuperlattice doped p-type, exhibiting a 2-DHG. No
discontinuity is observed at the AIN/GaN interface. %

Generally, in semiconductor structures of this type, we find four major types of charges that are
responsible for the variations of the electrostatic potential. (1) Fixed charges like those due to
spontaneous and piezoelectric polarization, (2) ionized impurities, (3) interface fixed charges (band
offset), and (4) free carriers (in our case holes) that redistribute under the effect of the other charges.
For the 2-DHG case, the major contribution to the potential variation is from the holes confined ona
nanoscale of length. In our case, the experimental and calculated potential distributions both show a
noticeable curvature in the vicinity (~1nm) of the interface, but become relatively flat away from the
interface, 2\évhich indicate the 2DHG accumulation happens over only a few atomic monolayers of the
interface.” -
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8. Conclusion

Defects and interfaces in the nitride semiconductors are closely related to the electronic and optical
properties via the induced polarization fields. A detailed understanding of the electrostatic potential
properties of semiconductor structures is possible at near the atomic scale using electron holography
in the TEM. A brief introduction to the technique has been presented in this paper, and some
applications to the study of electrostatic fields associated with dislocations, quantum wells, and 2DEG
and 2DHG heterostructures of nitride semiconductors have beendiscussed. This type of studies is
essential in order to achieve high efficiency light emitting devices. Similar studies should also be
useful for the development of photovoltaic devices based on these materials.
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Abstract

In this short-course, we described simply the physics of semiconductor lasers. After a
few reminders of basic solid state physics on electronic states in semiconductors,
how a semiconductor can emit light has been considered. The p-n junction is the
basic mechanism for obtaining the population inversion required for stimulated
emission gain. We presented the principles and fundamental equations governing the
optical gain in these structures. The threshold conditions is then determined and the
various improvements over the basic p-n junction (double heterostructure laser,
quantum well laser) are set in historical perspective. Then, the variety of
semiconductor lasers is illustrated by some examples: distributed feedback (DFB)
lasers, distributed Bragg reflector (DBR) lasers, mode-locked lasers (MLL). Finally,
an attempt to put into perspective some advanced semiconductor lasers, in particular
the quantum dot lasers, has been made.

Introduction

Semiconductor lasers, invented in 1962, today have considerable importance in our
societies. They are found in optical fibre telecommunications (internet, telephone,
TV,...), for storing information on optical discs (CD, DVD, Blu-ray), on photocopiers,
laser printers, in medical and industrial applications. They are, by economic
standards and the degree of its applications, the most important of all lasers.

The main features that distinguish the semiconductor laser are: a) small physical size
(< 1um), b) direct pumping by low-power electric current (few tens of mW), c) high
efficiency (> 50%), d) ability to modulate its output by direct modulations of the
pumping current at rates exceeding 20 GHz, e) possibility of integrating it
monolithically with electronic and optical devices in IlI-V semiconductors to form
integrated optoelectronic circuits.

1 - Basic principles of semiconductor lasers

The purpose of this section has been to provide a qualitative understanding of the
physics behind the semiconductor lasers. Conditions required to operate a laser are
discussed. The heart of a semiconductor laser is the p-n junction, which is why is
also referred as diode laser. From this basic structure, the main characteristics of
laser semiconductors have been deduced: the emission wavelength, A, the threshold
current density Jin, the modal optical gain G and the external differential quantum
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efficiency v, Then, the p-i-n double-heterostructure (DH) is introduced.

Semiconductor materials for DH diode lasers and epitaxial growth technologies are
presented.

2 - Special semiconductor lasers structures

In this section, we intended to describe monomode lasers such as distributed
feedback (DFB) lasers, distributed Bragg reflector (DBR) lasers, which utilizing a fine
periodic structure, i.e. an optical Bragg grating, formed in the semiconductor
structure. The Bragg grating is formed in the active section in DFB lasers, and
outside the active section in DBR lasers.

Then, effects of size quantization in diode lasers are analyzed. We introduced the
quantum well structures (QWL), and the phenomenological approach to the threshold
current estimations through the gain parameters were studied. Also, the gain
characteristics to the density of states of the active layer in connection with its
dimensionality were correlated.

3 - New trends in semiconductor lasers

In this last section, latest advances in semiconductor lasers using quantum dots in
the carrier recombination zone are presented (QDL). With these structures, it is
expected: a) a significant reduction of the threshold current density in comparison to
quantum well-based lasers and b) temperature-independant properties.

Finally, current trends on new structures such as quantum cascade lasers and
monolithically integrated photonic circuits are presented.
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ABSTRACT

This chapter describes the implementation of Proton-Fountain Electric-field-
assisted Nanolithography (PEN) as a potential tool for fabricating nanostructures
by exploiting the properties of stimuli-responsive materials. The merits of PEN
are demonstrated using poly(4-vinylpyridine) (P4VP) films, whose structural
(swelling) response is triggered by the delivery of protons from an acidic fountain
tip into the polymer substrate. Despite the probably many intervening factors
affecting the fabrication process, PEN underscores the improved reliability in the
pattern formation when using an external electric field (with voltage values of up
to SV applied between the probe and the sample) as well as when controlling the
environmental humidity conditions. PEN thus expands the applications of P4VP
as a stimuli-responsive material into the nanoscale domain, which could have
technological impact on the fabrication of memory and sensing devices as well
as in the fabrication of nanostructures that closely mimic natural bio-
environments. The reproducibility and reversible character of the PEN fabrication
process offers opportunities to also use these films as test bed for studying
fundamental (thermodynamic and kinetic) physical properties of responsive
materials at the nanoscale level.

Keywords Responsive materials, P4VP, nanolithography, swelling, polymer film,

PH responsive, erasable patterns, PEN, biomimetic materials, DPN, hydrogels,
osmotic pressure, entropy of mixing, protonation.
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I. INTRODUCTION

PEN as a method for creating erasable nanostructures

The applications of tip-based nanolithography techniques that create patterns
by anchoring molecules onto a surface of proper chemical affinity—as is the case
in dip-pen nanolithography (DPN)"?>—can be expanded by, alternatively,
triggering the formation of nanostructures out of stimuli-responsive material
substrates. Since stimuli-responsive properties may have a reversible character,
the alternative nanofabrication approach could have concomitant implications in
bio-technology (for creating switching gates that allow manipulating the transport,
separation, and detection of bio-molecules, or for fabricating soft-material
nanostructures that closely mimic natural bio-environments) as well as in
emerging nano-electronics technologies (for fabricating low-cost and low-voltage
operation integrated logic circuits in flexible substrates.) The potential
technological implications that can be brought by harnessing the fabrication of
nanostructures out of stimuli responsive materials underlines the interest for
developing Proton-fountain Electric-field-assisted Nanolithography (PEN}. In PEN
the formation of nanostructures is triggered by the localized injection of protons
into the substrate, with the charge-transfer from a sharp tip into the substrate
being better controlled by the application of an external electric field. The
development of PEN is thus conceived within the context of emerging
developments in materials science and molecular engineering® that pursue the
design of devices that rely on the transduction of environmental signals.

PEN in the context of emerging biomimetic engineering

Inspired by the multi-functional inner working properties of living cell
membranes,* including the surprising sensitivity of their dynamic response to the
mechanical properties of surrounding material,® a current focus in biomimetic
materials constitutes the development of versatile synthetic thin films that can
selectively respond to a variety of signal interactions (mechanical, chemical,
optical, changes in environmental conditions, etc.)® In one approach, the complex
synthetic hierarchy needed to eventually mimic nature is conceived as a
combination of functional-domains separated by stimuli-responsive polymer thin
films regulating the interactions between the domain compartments.” In another
approach, the cell is conceived not just as a chemical but also as a mechanical
device,® for it is found that the cell membrane is very sensitive to the mechanical
properties of its surrounding matrix Saffecting their growth, differentiation,
migration, and, eventually, apoptosis,)®'? which has triggered an interest in the
development of, for example, synthetic polymer scaffold for regenerative
medicine."'> Both approaches, mentioned above, emphasize the need for
harnessing the fabrication of synthetic thin film responsive materials.

The different approaches to biomimetic materials have resulted in the design
of a variety of responsive building blocks (gels,' brushes,™ hybrid systems with
inorganic garticles"’) that respond selectively to different (pH,"® temperature, '8
optical,”"® and magnetic®®) external stimuli. Following the “bottom-up® route,
functional materials have been prepared based on self-assembly of polymeric
supramolecules.?' Progress following the alternative “top-down” approach
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includes the fabrication of stimulus responsive polzymer brushes,?? growth of
polymers from previously DPN-patterned templates,>® and chain polymerization
of monomolecular layer by local stimulation using a STM tip?*?5 (followed up by
investigation of their working principle.?’) PEN falls in the top-down catego
approach. In the next section, we concentrate our description on hydrogels,?
since the latter describes closer the experimental results obtained in current
applications of PEN.

Il. UNDERLYING WORKING MECHANISMS OF SWELLING IN
HYDROGELS

This section provides a succinct summary of the main theoretical results
underlying the working mechanisms involved in the swelling of hydrogels, where
the concept of entropy plays a key role. In particular, it is worth to highlight the
peculiar theoretical framework brilliantly introduced, time ago, by Paul J. Flory?32°
for analyzing polymer solutions; although his models have been refined, the
essence of his clever approach is still used. It results quite interesting to identify
(given the expected complexity of these polymer systems) the conceptual
similarities between a) the analysis of a much simpler liquid-vapor system in
equilibrium,***" and b) the analysis of the more complex (hydrogel) polymer
solution® (see Fig.1 below). For comparison and illustrative purposes both
analyses will be presented here.

A hydrogel refers to a flexible (typically) hydrophilic cross-linked polymer
network and a fluid filling the interstitial spaces of the network. The entire network
holds the liquid in place thus giving the system a solid aspect. But contrary to
other solid materials, these wet and soft systems are capable of undergoing very
large deformation (greater than 100%). Understanding the dynamic behavior of
hydrogels is worthwhile to pursue due to their widespread implications. In
particular, the role of gels in living organism can not be exaggerated. As it is well
put by Osada and Gong,** living organisms are largely made of gels (mammalian
tissues are aqueous materials largely composed of protein and polysaccharide
networks,) which enables them to transport ions and molecules very effectively
while keeping its solidity.

What drives the swelling in a hydrogel? One of the potential mechanisms can
be described in terms of the osmotic pressure (an entropic driven phenomenon),
which help us understand how the additional entropy of mixing (afforded by an
increase in the system’s volume due to the absorption of water by the polymer
network) is counteracted by a restoring force (also of entropic origin, since a
lager dimension afford less polymer configurations) from the network itself. This
osmotic pressure refers to the same type of phenomenon underlying the lower
vapor-pressure displayed by an ideal solution (solvent + non-volatile solute)
when compared to the vapor-pressure of a pure solvent. Since the latter
constitutes a much simpler and familiar process, we conveniently include its
(brief) description in the next paragraph. More specifically, we address the
dynamics involved when a solution (water solvent + sugar solute) and pure water
solvent are separated by a semi-permeable membrane, which can help us gain
grasp knowledge of the osmotic pressure concept. The entropy of mixing
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involved in this phenomenon is described in the framework of a lattice model
(one in which solute and solvent molecules are considered to reside on the sites
of a hypothetical lattice, the latter used as a resource that facilitates the
calculation of the solution’s entropy.) This approach will allow us to get familiar
with lattice models, which are frequently used to describe polymer solutions
(hydrogels). In short, we try to view the dynamics of hydrogels though the same
prism used to view the equilibrium conditions of (water solvent + sugar solute)
solutions.

IlLA The osmotic pressure in ideal liquid solutions

The generation of a pressure difference (the osmotic pressure mosmotic) across
two phases as a consequence of their different vapor pressure is illustrated in
Fig. 1a (see diagram on the left side). Phase-A (pure solvent water) and phase-B
(solvent water + solute of sugar molecules) are separated by a membrane that
allows the passage of water molecules but not the larger solute molecules.® It is
an experimental fact that a dynamic equilibrium (i.e. equal rate, in both directions,
of water molecules passing across the membrane) is reached when a hydrostatic
pressure difference (the osmotic pressure mosmotic) IS established between the two
phases. (Conceptually, the underlying mechanism at play here is that a water
molecule in phase-B contributes greater to the total entropy than when inside the
pure water phase-A; hence a net flow towards the former increases the total
entropy.) The question to address is how to quantify this pressure difference.

Chemical potentials of an ideal solution and a pure solvent
A formal description of the osmotic pressure®*?! takes into account the fact
that under initial conditions of equal pressure P, the chemical potential ... , of

water in phase-A (pure solvent water) is greater than the chemical potential
UL ., of water in phase-B (as it will be justified in the next paragraph and the
next section below.) Hence, when the phases are separated by a membrane
permeable only to water, this constituent will not be in equilibrium and a net
passage of water molecules from phase-A to phase-B is expected. As more

water passes to phase-B the pressure increases and so does the chemical
potential. Equilibrium with respect to the water constituent will then be

established when ,u{ja:e__q,,: (the chemical potential of water in phase-B, at the

increasing pressure P,) becomes equal to 4, . (the chemical potential of water
in phase-A, at pressure P1.)*' The thus developed pressure difference (P, — P,) is
referred to as the osmotic pressure, Tosmotic-

To find a relationship between the change in chemical potential and the
osmotic pressure, let's resort first to the extensive properties of the
thermodynamic potentials®** (namely, when the amount of matter is changed by a

given factor, they change by the same factor.) A particular important relationship
is obtained when this property is applied to the Gibbs free energy G = G (T, P, N).
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In effect, being the temperature T and pressure P intensive quantities, G has to
have the form

G=NKT, P),
where N is the number of particles of the analyzed system.

Since dG=-SdT+ VdP + udN and u= (dG/dN)rp, the extensive property G =
N KT, P) implies that xis only a function of 7 and P; that is,

1= GIN =T, P).

Accordingly, 4 is the Gibbs free energy per molecule, and it is a quantity
independent of N.

Thus,
d(GIN) = du= - (SIN) dT + (VIN) dP,

which implies,

% _yw.
dpr

This expression is pertinent to the quantification of the osmotic pressure. In
effect, it reflects the change in chemical potential due to an increase in pressure,

Au=(VIN) AP Using »=( VIN), one obtains Hp - Up=v(Py—Py), or,

[up,- M= v (P~ P) j (1)

(where it has been assumed that the volume does not change with pressure.)

Lattice model for calculating the entropy of mixing in ideal liquid solutions

An explicit calculation of the chemical potential difference, in terms of the
number of constitutive molecules, can be derived by starting (at the most
fundamental level) from a relatively simple combinatorial analysis of dissimilar
solvent (water) and solute (sugar) molecules allowed to reside on the sites of a
hypothetical lattice (see the diagram at the right in Fig. 1a,)* the latter introduced
basically to facilitate the calculation the system'’s entropy of mixing ASmix. In this
lattice framework, the increase in the system entropy resulting from mixing N
solvent and » solute molecules is given by ASpi (N,n) = k In[(N + n)!/ N! n!]. For
large values of N and n one can use the well known Stirling’s approximation that
givesInn! =ninn-n=ninn orn!=n". Using this approximation, ASy adopts
the form & In[ W+m)™*™ 1 NV n™), or

ASmix (N,n) =-k(NInfy + ninf,) (2)

where fy=N/(N + n) and f, = n/(N + n) are the mole fractions of solvent (water)
and solute (sugar) in the solution, respectively;  is the Boltzmann constant.

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 18-44



PEN 23

The Gibbs free energy has the general form G= E + PV - TS = uN . When applied
to the system in phase-B (of N solvent and n solute molecules) at pressure P,
and temperature 7, one obtains,

G H(T, PyN,n) = GEus (T, PuN) + Gl (T, Poyn) - TASmix(Nn)  (3)

water solute

where the first two terms on the right hand side are the Gibbs energy of the
corresponding components in their pure state (we are assuming an ideal
solution, so the components do not interact.)

The chemical potential of the water component in phase-B will then be given by,

phase—-B d G phese~3
Hoater (Tst,N,n) = T(T’PZ’N’H)

pure
- L 7. p Ny - T-L A,
dN dN

pure

dG, er d

=W(T,PZ,N) + kTW(NIan+nlnj;)

e (T, P, Non) = ptlie (T, B, N) + kTIn f, (4)
Using (1)

=lhrwe(T,B,N)+v(P,-P) + kTIn f,

At equilibrium, g?'=<(T,P,, N,n) = ut*=4(T,P,,N). Therefore,

water waler

0=v(P,-P) + kTInf, (6)
. kT kT
”osmmic='”(Pz'P1)='71an = ‘Wlnf/v (7)

Incidentally, since we are working with solution where f, <<1 and thus
In f, =In(1- £,) =—f, , useful equivalent formulas can be obtained,

- A £, (for a dilute solution) (8)

”osmolic
V/N
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kT n kﬁ

or, by expanding further f, , one gets = = .
PR ¢ S . Famal VIN n+N V

ﬂ-osmalic = kT f’ = RT mOIeS Of SOlll’e = RT — Of SOIute (9)
4 4 MW Vv

where n is the number of solute molecules in a volume V, and MW is the solute’s
molecular weight.

I.LB Lattice model for describing ideal polymer solutions

The basic results displayed by expressions (2) and (7) constitute a proper
starting step for describing more complicated (and apparently unrelated) cases
like, for example, a cross-linked polymer network interacting with a pool of water,
i.e. a hydrogel. The elegant twist in the coming description lies in considering the
polymer network as the solute.’?3>3% That is, the trend of analysis using a
hypothetical lattice conveniently remains the same; hence the observed similarity
between the lattice displayed in Fig.1a (used to analyze a liquid solution system)
and the lattice in Fig.1b (used to analyze a polymer solution.)*”*® In the latter,
is considered to be , each segment
(arbitrarily) considered equal in size to a solvent molecule. The objective
becomes calculating the entropy of the polymer solution resulting from the

different conﬁiurations that can be arranged with ny molecules of solvent and

Nl pleEIVIER in a lattice containing (n1 + x ny) cells.

Figure 1. Two different thermodynamic systems studied using similar lattice
model analysis. a) Left: Because of their different vapor pressures, a solution
(water solvent + sugar solute molecules) and a pure water solvent (separated by
a membrane permeable only to solvent molecules) generate an osmotic pressure
pgh (pis the density of the solution). Right: Solvent and solute molecules
considered to reside in a hypothetical lattice, for entropy calculation purposes.
The diagram on the left has been reproduced from page 47 of Ref. 30 [K. Huang,
“Statistical Mechanics,” John Wiley & Sons, 2™ Ed. (1987)] and reprinted with
permission of John Wiley & Sons, Inc. b) Left: Polymer gel system. Right:
Polymer chain considered as solute immersed in solvent, where all molecules
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are considered to reside in a hypothetical liquid lattice. Figures adapted from Ref.
32 [P. J. Flory, “Principles of Polymer Chemistry,” Cornell University Press
(1969)], Copyright @ 1953 Cornell University and Copyright @ 1981 Paul J.
Flory; used by permission of the publisher, Cornell University Press.

Lattice model for calculating the entropy of mixing

For the case of a polymer solution the calculation of the entropy can be
conceived by counting first the different permutations associated with a given
configuration of the polymer molecules (assuming no solvent molecules were
present), and then adding the configurations resulting from their mixing with the
solvent molecules (polymer segments and solvent molecules replacing one
another in the liquid lattice.) While the former is expected to contribute more
effectively in a process of polymer fusion, here the interest focuses mainly on the
entrogg of mixing. The latter takes, quite surprisingly again, a very simple
form, %32

ASmixing = - k (m1 Inv; + nz2 In v7) (10)
where v; and (g are the volume fractions of solvent and respectively,

vy =ny/ (m + xny)

va=xny/ (n +xny)

Notice the similarity between expressions (2) and (10), except that volume
fractions appear in the latter formula (mixing of molecules of different size)
instead of mole fraction in the former (mixing of molecules of the same size).

The heat energy of mixing AEy, the excluded volume effect, and the
Helmholtz free energy AFy

Given the fact that the dynamics of a polymer solution depends not only on
the entropy but also on the energy of the system (the Helmholtz free energy F=E-
TS has to be minimum) this latter aspect is addressed in this section. In fact, the
interactions between the water and the polymer molecules in a hydrogel make
the polymer network a highly non-ideal thermodynamic system, where the cross-
linked network structure plays an important role in determining the equilibrium
aspects of the gel. In principle, any realistic model then has to take into account
the intermolecular interactions due to the close proximity of the molecules,
although some approximation can be applied depending on the temperature
range being considered. On one hand, at relatively low temperatures a net
attractive interaction between the monomers prevails, resulting in a net negative
energy of the polymer system. On the other hand, at higher temperatures the
repulsive interaction between the monomers when they are at very short distance
(implicitly reflecting the fact that a monomer can not supplant the space already
occupied by another monomer, a phenomenon better known in the jargon of
polymer science as “excluded volume effect” or “excluded volume interaction”)*®

25
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will lead to a net positive energy of the polymer system. Below we provide some
expressions that quantify this energy contribution.

In the lattice model, where each cell is able to accommodate either a solvent
molecule or a polymer segment, the heat of mixing results from the replacement
of some of the contacts between like-species (1-1 or 2-2) with unlike-constituents
(1-2). If Aw42 represents the change in energy when one of these replacements
occurs, then the heat associated with the formation of a particular configuration
having p12 unlike-neighbors will be equal to AEy= p12 Aw1.

For the calculation of pq, it is plausible to assume that the probability a
particular site adjacent to a polymer segment is occupied by a solvent molecule
to be proportional to the volume fraction v; of the solvent. On the other hand, if
the number of cells which are first neighbor to a given cell is z (here z is expected
to be on the order of 6 to 12,) then zx is the number of contacts per polymer
molecule, and zxn, would be proportional to the total number of contacts. ps,
turns out to be then proportional to (zxm,)v,. On the other hand, using the
definition v,= xno/(n + xny), one obtains  njv, = xny m/(ny + xny) = xn2 v1. Hence,
AEM = p12 Awq2 ~ (zxn2)viAw12 = (z v2 n1)Aw12 = (z Aw12) nq v2. This result is typically
expressed as,

AEM=ka,n1 V2 (11)

where the quantity k7Tx=z Aw,, characterizes (for a given solute) the interaction
energy per solvent molecule.

As mentioned above, at relatively low temperatures the net contribution from
this term has a negative value. However, at relatively high temperatures, it was
pointed out early on by Flory that the interpretation of x4 should be expanded as
to include also other potential interactions between neighboring components that
could have concomitant (positive value) contribution to the Helmholtz free
energy. The new interpretation relates x1 to the number of pair-molecules
collisions,* which should be proportional also to the number of pair contacts
developed in the solution, just as for the heat exchange.

Using (10) and (11), the Helmholtz free energy of mixing is given by,
AFix = AEmix - T ASpix
= kT (xl muvy+ mlno,+nin Uz) (12)

II.C Swelling of neutral polymer networks

Notice that the above formulation basically describes the mixing of two
liquids; the view of a polymer network held up by its cross-links has not appeared
yet. The calculation given in (12), however, is a good initial step towards
calculating the structural entropy of network formation. The latter was originally
done-in a very clever way by Paul Flory and John Rehner in their seminal
papers??° (latter improved by Flory),%” who modeled the cross-linked network as
a system composed of v polymer chains of the same contour length (a chain
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counted as a polymer thread between two cross-link intersections), with the
location of the cross-link points positions defined, on average, on the vertex of a
regular tetrahedron.?® Any external distortion of the network (swelling, for
example, due to the mixing of the polymers with a solvent) would be monitored
by the distortion of this average tetrahedron cell.

In the Flory’s description, the first step consists of calculating the different
configuration that results from the dilution of v (short) polymer chains (prior to the
cross-linking) with » solvent molecules. This is given by expression (10), with v
playing the role of »,,

% 4vin
n+xv m+xv

This is followed by a more elaborated calculation of the additional entropy

corresponding to the different configurations that lead to the formation of a

network of tetrahedron cells in a sea of solvent molecules.

ASD=-k(n1 In (13)

ASy» = ASp + ASnetwork of tetrahedron cells (14)
Here the sub index V' stands for the final total volume of the swollen polymer
network due to the mixing of the polymer with the solvent molecules. The
objective here, however, is to calculate the net change in entropy ASgy./ine due
just to the swelling; that is,

A'S.S'welling = ASy - ASy (15)

where AS, stands for the entropy of the network when no solvent molecules are

present. The result, in terms of the volume fraction v, = x v/ ( m; + xv), is given
by,37

3 1
ASeweltng = ~kmIn(l-v2) - kv lar,ys-1] - Shvinv; (16)
Entropy of mixing elastic entropy arising from the
polymers and solvent deformation of the network

This expression reflects the contribution to the entropy from two different
sources. Before dilution with the solvent molecules, the configuration of the
network corresponds to one of maximum entropy, hence any deformation (due to
swelling) would lead to a configuration of comparatively lower entropy. The latter
then competes against the tendency for an entropy increase caused by the
addition of solvent (and volume) that favors the creation of new configurations.
Expression (15) embodies then the physical mechanism underlying the swelling
process in an uncharged hydrogel. Using (11) and (15), the change in free
energy is given by, AF = AEy - T ASsyening. Equilibrium is governed by the
condition AF = 0.

I.D Swelling of lonic Polymer Networks
Another potential channel for causing a polymer network to swell is the
existence of charge centers, or molecular groups, which can strongly interact
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among themselves and with other ions contained in the solvent. That is the case
in a poly(4-vinylpyridine) (P4VP), whose pyridyl groups can react with hydronium
ions H30" thus forming positively charged nitrogen centers (N*). The situation is
depicted in Fig. 2. If the fixed pyridinium cations were the only ions present there
would be an exceedingly large electrostatic repulsion, but such interaction is
partially screened by the presence of counterions resulting from the dissociation
of the phosphate salts in water,

NaH,PO, — Na* + H,PO,
H,PO,~ + H,0 <= Hs0* + HPO,2 K=631x10% a7

HPO42 + H,0 == HzO0" + PO,% K=398x 1013

where K stands for the corresponding dissociation constants.

Notice in Fig. 2 that the equilibrium between the swollen ionic polymer
network and its surroundings resembles the situation depicted in Fig. 1a where a
membrane prevents the solute sugar molecules from entering the pure solvent
region. In this case, the polymer acts as a membrane, preventing the charged
ions from freely diffusing into the outer solution, establishing a higher
concentration of mobile ions inside the network than in the outside (mainly
because of the attraction of the fixed ions.) There thus exists an associated
osmotic pressure arising from the difference in mobile ion concentration.
Consequently, in addition to the swelling caused by the entropic mixing of
polymer and water solvent, the fixed charges and counterions produce an
additional driving force for the network to swell.

solvent between a P4VP polymer network and its surrounding
electrolyte. Adapted from Ref. 32 [P. J. Flory, “Principles of
Polymer Chemistry,” Cornell University Press (1969)], Copyright
@ 1953 Cornell University and Copyright @ 1981 Paul J. Flory;
used by permission of the publisher, Cornell University Press.
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lll. FABRICATION PROCEDURE

llLA Preparation of the P4VP responsive material.

In a typical procedure, a solution of P4VP (molecular weight ca. 160,000) in
n-butanol (10 mg/ml) is prepared with the reagents used as received. Silicon
wafers with a native oxide layer are cut into square pieces ~ 1cmx1cm, and
subsequently cleaned either by sonication in isopropyl alcohol for 15 minutes, or,
alternatively, by immersion into piranha solution for 60 min at 80 T followed by
thorough cleaning in hot water. (Caution: the piranha solution reacts violently with
many organic solvents.) Subsequently, the P4VP solution is spin-coated onto the
wafers at 2000 rpm for 60 seconds. For cosslinking purposes, the sample is
irradiated with a 450-Watts medium-pressure Mercury lamp (measured intensity
of 5 mW/cm?) for about 5 minutes. The irradiated films are then soaked in n-
butanol for 24 hours to remove the unbound polymer. One way to estimate the
thickness of the resulting film is to use an ellipsometer system. In that case, a
value of 1.54 for the refractive index of the P4VP is used in the calculation.*® This
overall procedure gives film thickness in the 60 nm to 100 nm range.

ll.B Preparation of the acidic fountain tip.

A source of hydronium ions H3O" (or, if desired, hydroxide ions OH" as well) is
prepared out of phosphate buffered solutions, which have the remarkable
property that can be diluted and still keep the same concentration of H;O".
Different pH values can be obtained by dissolving corresponding quantity ratios
of sodium dihydrogen phosphate (NaH,PO,) and sodium hydrogen phosphate
(NazHPO,) in distilled water. For example, mixing 13.8 g/ and 0.036 g/! of the
two salts, respectively, gives 0.1 M buffer solution of pH equal to 4.0.*' This
acidic solution serves as the source of hydronium ions which, upon penetrating a
P4VP film, protonate the P4VP’s pyridyl groups, as suggested in Fig.3.?> To
achieve the protonation in very localized and targeted regions, however, PEN
currently uses a sharp atomic force microscope (AFM) tip as an ion delivery
vehicle in a similar fashion to dip-pen nanolithography.? For that purpose, as
outlined in Fig. 4, an AFM tip of relatively high spring constant (k = 40 N/m) is
coated by simply soaking the probe into the buffer solution for about 1 minute
(Fig. 4a) and then allowing it to dry in air for 10 minutes or, alternatively, by
blowing it with nitrogen (Fig. 4b.) Such fountain tip constitutes the probe for
delivering hydronium ions very locally over targeted sites on a responsive
material substrate.
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Figure 3. Schematic illustration of the reversible swelling mechanism in
P4VP, suggested here to be a consequence of the corresponding
electrostatic interaction upon the protonation of the pyridyl groups.
lllustration adapted from Ref. 42 [C. Maedler, H. Graaf, S. Chada, M.
Yan, and A. La Rosa, "Nano-structure Formation Driven by Local
Protonation of Polymer Thin Films", Proc. SPIE, 7364, 736409-1 (2009)]
and reproduced with permission of the SPIE.

ll.C Procedure for the local protonation.

The fountain-tip is mounted on the head-stage of an AFM system,*® whose
electronic station comprises lithography software for controlling the lateral
scanning of the tip along pre-determined paths, and the capability to apply a bias
voltage to the probe. The accumulated experimental results suggest that, upon
bringing the probe into contact with the polymer film (contact force of ~ 1 uN),
both i) the surrounding water meniscus that naturally forms between the tip and
polymer film, and ii) the buffer concentration gradient, facilitate the transport of
hydroium ions from the tip into the polymer (Fig. 4c). The subsequent protonation
of the P4VP’s pyridyl groups (as suggested in Fig. 3) gives rise to a net
electrostatic repulsion that causes the corresponding polymer region to swell
(Fig. 4d.) However initially successful (see Fig.5a), this simple contact method
unfortunately did not guarantee the pattern formation reproducibly. Subsequently
we discovered that pattern formation occurred more consistently when applying
an electric field between the probe and the substrate.

Swollen
& feature

AT TS

(d)

Figure 4. Schematic procedure for attaining spatially-localized protonation of a
P4VP film resting on a silicon substrate. After dipping an AFM tip into an acidic
buffer. solution, the probe is pressed against a P4VP film. The transfer of

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 18-44



PEN 31

hydronium ions from the tip to the film is aided by the presence of a naturally-
formed water meniscus (experiment performed at relative humilities above 40%.)
The protonation of the P4VP’s pyridyl groups triggers the swelling response of

* the film. The bias voltage helps the process to be more reliable and allows
controlling the height of the features.

lI.D Pattern Formation

First, with the “ink” loaded tip, an atomic force microscope (AFM) is set in
“tapping imaging-mode,” where the probe cantilever undergoes oscillations
perpendicular to the sample’s surface. To obtain an initial knowledge of the
“blank paper” (a UV cross-linked P4VP polymer film), an image is taken at a
relatively fast lateral scanning rate (5 um/s). The use of high rates prevents
transferring the buffer molecules into the substrate. Subsequently, the
microscope is switched to “contact imaging-mode” for pattern formation under
physical parameters controlled by the operator, namely contact forces of the
order of 1 uN, ‘writing’ speeds up to 400 nm/sec, and fixed bias voltages up to
SV. Features of different planar morphologies can be generated with pre-
programmed software designs, which guide the voltage-controlled XY lateral
scanning of the tip while an electronic feedback-control keeps the probe-sample
contact force constant. In our case, the sample rests on a XY piezo scanner
stage that is equipped with strain-gauge sensors for overcoming piezoelectric
hysteresis via another internal feedback control*®. The tip is held by an
independent piezoelectric z-stage, thus conveniently decoupling the sample’s
horizontal XY scanning motion from the probe’s vertical z-displacements. Finally,
the microscope is switched back to the tapping mode for topography imaging in
order to verify whether the patterns have been formed. '

Figure 5a shows two sequentially acquired images of the first polymer
structures created in our labs by exploiting the responsive characteristics of
P4VP. The cross-linked P4VP film swelled only in the areas where the phosphate
“ink” was delivered, forming two narrow-line terraces. These two images
demonstrate the ability for sequentially creating an initial pattern, then imaging
the resulting sample topography with the same ink-loaded tip, and subsequently
creating additional patterns. The line profile in Fig. 5a reveals that both features
are approximately 100 nm in height and 500 nm in width. The relatively large
dimensions of these features (compared to the finer patterns we have recently
created in our laboratories) may be attributed to the relatively large amount of ink
initially attached to the tip (prior to the writing process.) That is, after dipping the
tip into the buffer, no nitrogen was blown out in front of the ‘pen” to let it dry; the
latter became afterwards a standard practice in our laboratory as a way to
evaluate the reproducibility of the fabrication method under similar conditions as
possible. The line profile also reveals the hydrogel characteristics of the patterns
since the 100 nm constitutes a substantial swelling compared to the initial 80 nm
thickness of the polymer film. Unfortunately, the reproducibility -of these initial
experiments was very poor from day to day, or month to month. At the time
when the structures in Fig. 5a were created, no electric field was used in the
experimental setting.
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Figure 5 a) Top-view images (10umx10um) of two patterns formed sequentially by
local protonation of a P4VP film (no electric field was applied.) The line profile
displays one cross section of the second image. b) 3D-view of a “U” shape pattern
fabricated on a 4umx4um region of another P4VP film (Contact force = 1 uN and
5V tip-sample bias voltage.)

The reproducibility of the fabrication process greatly improves when an
electric field is applied between the silicon tip and the silicon substrate (see
setting in Fig. 4c). Typical bias voltages are up to 5 V, which when applied
through a 50 nm film sets a strong electric field ~ 10° V/cm (still leaving the film
apparently undamaged.) Provided that the humidity is above 40%, the patterns
are consistently fabricated with this PEN method. Fig. 5b shows an 8 nm height
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“U” shape structure fabricated under the new procedure, by applying a 5 V bias
voltage and under 1 uN contact force. The smaller height of the structures
(compared to the ones in Fig 5a) could be attributed to the minimal coating ink on
the probe (nitrogen gas is blown on the tip right after dipping it into the buffer
solution) thus a lower number of hydronium ions diffused through the polymer
network. The lateral dimension of the line-features in both cases presented in
FigsSa and 5b is limited by the diffusion of hydronium ions into the polymer
network. Still, under smaller contact forces and control of the dwelhng time, line
features as thin as 60 nm can be created, as shown in Fig.6.*
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Ay=2.6 nm //",i 1

c .,"-‘\-w\ /\\ "f—«-ﬁ.’“— k‘/v\

EZ

- ———.

24 N | ;
0 0.25 0.5 0.78 1 1.2

(V144

Figure 6 Three line features fabricated at 45% humidity using (form left to
right) contact forces of 0.6 uN, 0.9 uN, 1.0 uN and bias voltages of 5V,
5V, and 4V respectively. The line profile across the line structure at the
left displays a line feature ~ 6 nm tall and ~ 60 nm wide.**

The effect of applying an electric field appears straightforward in PEN, helping
drive the positive hydronium ions into the polymer network. To provide some
context, here we mention other more sophisticated situations where the use of an
electric field turns out to be also valuable. For example, an electric field is used to
trigger specific conformational transitions switching between straight
(hydrophobic) and bent (hydrophobic) states of low-density self-assembled
monolayer (SAM) of 16-mercaptohexadecanoic acid on gold, which chan %es the
wettability of the surface while maintaining the system’s environment.*° Also,
nanometer-scale hydrogels, produced by surface grafting of a polymerizable
monomer onto Au, undergo reproducible changes in thickness when a potential
is applied across the film.*” More strikingly, an infinitesimal change in electric
potentlal across a polyelectrolyte gel produces volume collapse in polyelectrolyte
gels.*® A broader account on the effects of electric fields on gels has been given
by Osada and Gong.*
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Figure 7. (a) Pattern height (nm) vs. applied bias voltage (V)
at various fixed contact forces. (b) The pattern height (nm)
vs. applied contact forces (uN) under different constant bias
voltages. Reprinted, with permission, from Ref. 45 [Xiaohua
Wang, Xin Wang, R. Fernandez, L. Ocola, M. Yan, and A. La
Rosa; “Electric Field-Assisted Dip-Pen Nanolithography on
Poly(4-vinyl Pyridine) Films,” ACS Appl. Mater. Interface 2,
2904-2909 (2010)], Copyright @ 2010, American Chemical
Society. '

The ability of PEN to create patterns having a variety of vertical dimensions in
the nanometer range can be capitalized to study molecular interactions in these
hydrogel systems with very much detail, including, for example, phase
transitions. Polymer gels are known to exist in two phases (swollen and
collapsed) where the volume transitions between the phases may occur either
continuously or discontinuously.***® These transitions have been studied by
monitoring the swelling as a function of different parameters (solvent quality,
temperature,® pH,* visible light radiation,)’*** which occur as a result of a
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competition between intermolecular forces (repulsive forces are usually
electrostatic whereas attraction is mediated by hydrogen bonding®®, van der
Waals interactions, or radiation pressure®) that act to expand or shrink the
polymer. However, these investigations do not disclose the microscopic view of
the structure of gels. While neutron scattering has been used to elucidate these
interactions at mesoscopic scales,’” here we have an opportunity to complement
these studies with nanoscale-sized individual gels fabricated via PEN.

IV. COMPARISON BETWEEN PEN AND OTHER DPN TECHNIQUES

A characteristic of the PEN technique is the dependence of the pattern
dimensions on the positive contact force used to press the tip against the
polymer film. The greater the applied external force, the larger the pattern size.
This differs greatly from the DPN technique in which the line-width of the pattern
is independent of the contact force.®® DPN works even under gentle negative
external forces (where the probe pulls away from the film, but the adhesion
forces keep the probe attached to the sample) simply because its underlying
mechanism implies just the deposition of molecules on the surface. In PEN,
however, the buffer molecules (initially coating the AFM-tip) have to, in addition,
penetrate into the polymer substrate. Experimental results indicate that the latter
occurs less efficiently with weaker contact forces.® In fact, no apparent features
are formed for contact forces smaller than 0.5 PN (at a writing speed of 80 nm/s,)
even when applying bias voltages of up to 5V.*® Certainly, the longer the dwelling
time per pixel (i.e. slower writing speeds), the more hydronium ions diffuse into
the polymer thus giving rise to larger patterns®® which would also allow reducing
the contact force. However, extremely long dwell times would make the
technique less attractive, thus, a trade off exists between the writing speed and
contact force for applying PEN efficiently. (Implementation of PEN in a parallel
modality, in order to increase the throughput efficiency, is suggested in Section V
below.)

Confirmation of a contrast difference between DPN and PEN is revealed from
test experiments aimed at providing further evidence that the pattern formation in
PEN results from the mechanical response of the polymer film and not just the
_deposition of buffer molecules:

First, when scanning a non-coated tip on a P4VP film under 3 uN contact force,
no elevated features were obtained, as shown in Fig 8a.° Only scratches of 2
nm deep resulted from this operation, as evidenced by the line profile; the cross
section indicates that the observed small protuberances are the result removed
material from the scratches. This result suggests that a buffer solution is needed
for the creation of PEN patterns.

Second, an argument could be made about whether or not, when using a coated
tip, the patterns could result from the physical deposition of buffer molecules. To
refute this argument, this time the test experiment was carried out using a buffer-
coated tip scanned at low speed over a non-responsive polymer, polystyrene.
The result presented in Fig. 8b shows no pattern formation, thus providing
favorable evidence that features created were not just the deposition of buffer
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molecules on a polymer surface, but the swelling response of the substrate itself
when using responsive materials.

Third, the results given above also favor the hypothesis of protonation. But would
the hydronium ions be the only ones diffusing into the polymer network? To test
this hypothesis C. Maedler et al investigated the swollen structures.®® Armed with
Kelvin Probe Force Microscopy as a tool,®" and following up studies of deposition
of charges in silicon,®® they corroborated to have the sensitivity for monitoring the
presence of a net charge in the polymer structures, if any. They found none. This
implies that not only the hydronium ions penetrate the polymer, but they bring
with them their corresponding counterions (see expression (17) above,) thus
keeping the charge neutrality of the sample.

Figure 8 a) Scanning along a diagonal path with a contact force of 3 uN on a
P4VP film, using an uncoated tip, produces only scratches, as revealed by the
cross section line profile. b) Image of the resulting topography produced by a
line scan on a polystyrene film (a non responsive material) using a contact
force of 2 uN and a coated tip. A cross section line profile reveals only a
scratch indent in the substrate. Reprinted, with permission, from Ref. 59 [C.
Maedler, S. Chada, X. Cui, M. Taylor, M. Yan, and A. La Rosa, “Creation of
nanopatterns by local protonation of P4VP via dip pen nanolithography.” J.
Appl. Phys. 104, 014311 (2008)], copyright 2008, American Institute of Physics.

DPN and PEN agree on the role played by the humidity. PEN pattern
formation in P4VP films under different humidity levels has been well
documented by C. Maedler*?® and X. Wang.*® No features formation occurs
below 40% of relative humidity, suggesting that a water meniscus®? naturally
created between the probe and the polymer film plays a key role. In this regard,
there is a coincidence of arguments with the DPN community that supports the
hypothesis that a water meniscus is a fundamental component for the technique
to work.5® There is evidence that a liquid bridge exists even at zero humidity
conditions.®* (However, some authors have concluded that a meniscus is not
involved in DPN experiments with certain molecules like 1-octadecanethiol.®®)
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Finally, the reversibility of PEN contrasts with the, in general, non-reversible
character of DPN. An exception to this notion is observed, however, in one DPN
application where a voltage biased tip is used to create positive and negative
charged nanopatterns on 1-hexadecanethiol (HDT) self-assembled monolayers
(SAMs) on Au. The positive nanopatterns are gold oxide, which can be reduced
back to gold by ethanol ink via DPN.®® This development followed the “molecular
eraser'®” where a tip with a negative bias voltage (relative to the electrically

- grounded substrate that contain a monolayer of MHA 16-mercaptohexadecanoic

acid) causes the molecules to desorb. Thus, regions of the alkanethiol can be
selectively removed, which constitutes the pattern. The recessed areas can be
refilled via DPN thus erasing the pattern. On the other hand, PEN instead is an
intrinsically reversible process, using a base ink to erase the pillars previously
formed by the acidic ink. The reversibility of the process was elegantly
implemented by X. Wang et al.*® using the same tip but inked with a basic
phosphate buffer solution of pH 8.3, this time without applying a bias voltage.
The removal of a pre-fabricated pillar structure was performed by keeping the tip
in contact and stationary on top of the pillar. Results showed the progressive
attenuation of the height of the structure.” The basic buffer neutralizes the
pyridinium converting it to the neutral pyridyl group and causing the film to “de-
swell”.

On the other hand, PEN differs from Electrochemical AFM Dip-Pen
Nanolithography,?®® where the tiny condensed water between the tip and the
substrate is used as a nanometer-sized electrochemical cell in which metal salts
(coating the probe) are dissolved, reduced into metals electrochemically, and

deposited onto the surface. This method was used first to deposit Pt on a silicon -

substrate. The process involves coating an AFM cantilever tip with H2PtClg and
applying a positive voltage to the tip relative to the electrically grounded substrate
(the latter constituted by silicon with its native oxide). Despite the oxide, the
conductivity is sufficient for the reduction (electrons gain) of the precursor ions
PtClgZ. During the process, H,PtCls dissolved in the water meniscus is
electrochemically reduced from Pt(IV) to Pt(0) metal at the (cathode) silicon
surface and deposits as Pt according to the reduction reaction PtClg® + 4e — Pt

+ 6CI. (The DC voltages are kept in the 1-4 V; higher voltages would tend to
oxidize the silicon substrate and form SiO, instead of Pt nanostructures.)
Electrochemical AFM Dip-Pen Nanolithography is therefore a technique were the
deposited materials constitute the nanostructure, similar to DPN but different
than PEN.

PEN is also different from Constructive Nanolithography (CNL)"*"" and its
similar Electro Pen Nanolithography (EPN).”? Contrasting Electrochemical AFM
Dip-Pen Nanolithography (described above), whose working principle is based
on reducing (gaining of electron) a precursor ion, CNL and EPN exploit an
oxidation (loss of electron) process instead. In one application of CNL, a silicon
substrate is first coated with a 2.5 nm thick monolayer of octadecyltrichlorosilane
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(OTS, an organic molecule with a methyl-terminated,18-carbon alkyl chain,)
which serves as the initial blanket surface to be oxidized on specific regions by
the apex of a conductive AFM tip. The oxidation process is implemented by
applying a positive bias voltage to the substrate relative to the tip (the latter kept
at electrical ground.) As a result, the oxidized areas (initially hydrophobic, neutral,
and inert) become hydrophilic, negative-charged, and chemically active, forming
the multifunctional templates for post, or in-situ, surface generation of organic
(insulator), metal, or semiconductor nanocomponent features, including the
implementation of a wetting-driven patterning. 374 The post pattern generation
process of CNL is elegantly alleviated in EPN where the electrically biased
conductive AFM tip is also coated with ink (trialkoxysilane and quaternary
ammonium salts), which are in situ transferred during the scanning process as
the local oxidation occurs. The virtue of CNL and EPN is that the transfer of
molecules occurs only on the regions that have been oxidized, which can be as
small as 25nm, thus bypassing the diffusion effect that limit the lateral resolution
of DPN. CNL and EPN therefore have characteristics similar to DPN, hence
different than PEN, for their patterns are constituted by anchoring molecules on
the substrate, although a chemically modified substrate.

PEN is more alike to Chemical Lithography (ChemLith).”® This technique
exploits the fact that photoresist materials change their solubility upon an acid-

~ catalyzed chemical reaction. As an alternative to the diffraction limited

photolithography method (where the photoacid generator is mixed in the resist
formula and the acid is generated by photon-initiated reactions), ChemlLith
delivers the catalyzing acid proton source to the desired position on a negative
resist film via either a nanoimprinting method or by using an sharp stylus. In a
post bake step, the resist molecules are catalyzed to cross-link with each other,
and thus become insoluble in the final development step. Thus ChemdLith
nanopatterns result from a local protonation process (similar to PEN) and a post
baking step (the latter renders the process irreversible, unlike PEN).

As mentioned at the beginning of this Chapter, PEN joins other efforts for
developmg responsive materials (including polymer nano-composites,”® soft
hydrogels™’ and chemically functionalized metal nanoparticles,”” which may
also be driven by proton sources as well as the use of bias voltages), but putting
emphasis into the nanoscale size regime. This PEN development occurs in
parallel to other electrochemistry SPM-based efforts for fabricating energy
storage dewces and, more generally, for attaining reliable surface modification
using SPM. 7

V. PERSPECTIVES

We have introduced Proton-fountain Electric-field-assisted Nanolithography
(PEN) as a technique for fabricating erasable nanostructures that closely mimic
natural bio-environments. Its distinct feature, contrasting other DPN-based
techniques, resides in the fact that the pillar patterns are made of the substrate
material itself (a polymer film). The pattern formation results from the delivery of
hydronium ions through an acidic-fountain tip in contact with the substrate,
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causing the polymer film to swell at targeted locations. In addition, the patterns
can be erased with a basic-ink loaded tip. Such a reversible character of the
fabrication process could be relevant to a wide range of potential applications,
ranging from microelectronics (the swollen and no-swollen states could represent
the ones and zeros in a memory device) to biotechnologies (variable size gates
that open and close compartment in micro- and nanofluidic devices used for
separation of molecules or chemical reagents.) Further, its capability for
controlling the dimension of the patterns with nanometer precision, via an electric

field, offers an opportunity to use these films as testbed for studying fundamental”

(thermodynamic and kinetic) physical properties of responsive materials at the
nanoscale level. This is concomitant to the far reaching goal towards developing
thin film-based responsive materials that can selectively respond to a variety of
external stimuli (mechanical, chemical, optical, and changes in environmental
conditions.)

Despite its current progress, PEN would benefit from further development in
order to place the technique in more solid grounds. For example, it would be
convenient to study with more detail the effects of humidity (at different levels) in
conjunction with the application of a range of bias voltages; until now their effects
have been reported only separately. The objective would be to understand,
optimize, and to know better, the dynamics involved in the transportation of
hydronuim-ions from the tip to inside the polymer network. This study would also
help to elucidate why relatively strong forces (~uN) are needed for a rapid fattern
formation to occur in PEN. Apparently, the first monolayers of water,®'® found
naturally adsorbed on the polymer film, is the first barrier that the ions from the tip
face before rapidly diffusing into the polymer film. Functionalizing the responsive
polymer film with, in turn, hydrophobic or hydrophilic layers would help to contrast
this hypothesis. In passing, the latter proposed experiment could also lead to the
formation of the thinnest line feature under DPN, for by writing on an
hydrophobic-functionalized responsive-material film, only the region in contact
with the tip would create a richer water content bridge for the hydronium ions to
penetrate into the polymer network. Certainly the thinnest line width would be
determined by the diffusion of the ions while inside the polymer; still, the degree
of cross-link of the starting material polymer film could be used to influence this
diffusion, which offers another variable to control the ultimate resolution in PEN.

To gain versatility on the PEN implementation, and with a perspective on
application for building memory devices (the reversibility of the PEN allowing the
implementation of memory level changes,) it would be worth to explore the use of
solid state sources of protons.”>®38% Such an application could benefit from
current efforts for developing solid acid materials as electrolytes in fuel cells.?>%
In that direction of technological applications, it would be worth to also explore
the implementation of PEN in a parallel format; that is, to develop capability for
fabricating many patterns at once. For this application, PEN can capitalize on the
fact that relatively strong forces are needed to fabricate the patterns, which
provides some leverage to implement a stamping type fabrication modality. For
example, metallic (master) features can be fabricated on a flat (glass) substrate,
all of them interconnected as to be able to apply a bias voltage. After spin-
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coating a layer of buffer solution on the metallic master features, the resulting wet
stamp would be pressed against a P4VP film. By applying a bias voltage, the
protonation would be more effective on the regions defined by the metallic
features, hence the patterns from the master stamp will be replicated onto the
polymer substrate by its swelling reaction. Further, this methodology could
become very versatile, since different metallic regions on the master stamp could
be electrically addressed at will; thus a given mask would be used for fabricating
different patterns according to a programmable voltage pattern.

Finally, it is worth to point out that the intrinsic hydrogel nature of the P4VP
patterns fabricated with PEN constitutes an advantage for replicating structures
that closely mimic natural bio-environments. This capability is particularly
relevant to a recent trend in research that conceives the cell not only as a
chemical factory but also as a sensitive mechanical device. Incidentally, it has
recently been reported that stem cells do not regenerate efficiently in vitro
environment unless the surrounding medium is made out of flexible gels.®
Hence, further developments on PEN should benefit the implementation of these
attractive bio-engineering applications.

VI. REFERENCES

" K. Salaita, Y. Wang and C. A. Mirkin, “Applications of dip-pen nanolithography,” Nature
Nanotechnology 2, 145 (2007).

2 R.D. Piner, J. Zhu, F. Xu, S. Hong, and C. A. Mirkin, “Dip-Pen Nanolithography,” Science
283, 661 (1999).

I. Tokarev and S. Minko, “Stimuli-responsive hydrogel thin films,” Soft Matter 5, 511 (2009).
L. Anson, “Membrane protein biophysics,” Nature 459, 343 (2009).
C. Ainsworth, “Stretching the imagination,” Nature 456, 696 (2008).

B. Bhushan, “Biomimetics: lessons from nature-an overview,” Phil. Trans. R. Soc. A 367,

1445 (2009).

I. Tokarev, M. Motornov, and S. Minko; “Molecular-engineered stimuli-responsive thin

polymer film: a platform for the development of integrated multifunctional intelligent

materials,” J. Mater. Chem. 19, 6932 (2009).

C. Cofield, “Cell is mechanical device,” The American Physical Society, APS news, Series |,

19, 4 (June 2010).

® C.wWuy, Y. L J. H. Haga, R. Kaunas, J. Chiu, F. Su, S. Usami, and S. Chien, “Directional
shear flow and Rho activation prevent the endothelial cell apoptosis induced by micro
patterned anisotropic geometry,” PNAS 104, 1254 (2007)."

" ¢.S. Chen, M. Mrksich, S. Huang, G. M. Whitesides, and D. E. Ingber, “Geometric control of

cell life and death,” Science 276, 1425 (1997).

M. A. Greenfield, J. R. Hoffman, M. Olvera de la Cruz, and S. |. Stupp, “Tunable mechanics

of peptide nanofiber gels,” Langmuir 26, 3641 (2010).

M. M. Stevens, J. H. George, “Exploring and engineering the cell surface interface,” Science

310, 1135 (2005).

3 S. Maeda, Y. Hara, T. Sakai, R. Yoshida, and S. Hashimoto, “Self-walking gel,” Adv. Mater.
19, 3480 (2007).

o 0 &~ W

i

12

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 18-44



PEN 41

14

16

17

19

20

21

22

23

24

25

26

27
28

35

T. K. Tam, M. Ornatska, M. Pita, S. Minko, and E. Katz, “Polymer brush-modified electrode
with switchable and tunable redox activity for bioelectronic applications,” J. Phys. Chem. C
112, 8438 (2008). :

D. Wang, I. Lagzi, P. J. Wesson, and B. A. Grzybowski, ‘Rewritable and pH-sensitive
micropatterns based on nanoparticle ‘Inks’,” Small 6, 2114 (2010).

J. Ruhe, M. Ballauff, M. Biesalski, P. Dziezok, F. Grohn, D. Johannsmann, N. Houbenov, N.
Hugenberg, R. Konradi, S. Minko, M. Motornov, R. R. Netz, M. Schmidt, C. Seidel, M.
Stamm, T. Stephan, D. Usov and H. Zhang, “Polyelectrolyte brushes” in: Polyelectrolytes with
defined molecular architecture,” M. Schmidt Ed. Adv. Polym. Sci. 165, 79 (2004).

C. Liu, H. Qin, P. T. Mather, “Review of progress in shape-memory polymers,” J. Mater.
Chem. 17, 1543 (2007).

R. Yoshida, K. Uchida, Y. Kaneko, K. Sakai, A. Kikuchi, Y. Sakurai and T. Okano, “Comb-
type grafted hydrogels with rapid deswelling response to temperature changes,” Nature 374,
240 (1995).

T. Suzuki, S. Shinkai, K. Sada, “Supramolecular crosslinked linear poly(trimethylene iminium
trifluorosulfonimide) polymer gels sensitive to light and thermal stimuli,” Adv. Mater. 18, 1043
(2006).

B. A. Evans, A. R. Shields, R. Lloyd Carroll, S. Washburn, M. R. Falvo, and R. Superfine,
“Magnetically actuated nanorod arrays as biomimetic cilia,” Nano Lett. 7, 1428 (2007).

O. Ikkala and G. Brinke, “Functional materials based on self assembly of polymeric
supramolecules,” Science 295, 2407 (2002).

M. Kaholek, W. Kyung Lee, B. LaMattina, K. C. Caster, and S. Zauscher, “Fabrication of
stimulus-responsive nanopatterned polymer brushes by scanning-probe lithography,” Nano
Lett. 4, 373 (2004).

X. Liu, S. Guo, and C. AMirkin, “Surface and site-specific ring-opening metathesis
polymerization initiated by dip-pen nanolithography,” Angew. Chem. Int. Ed. 42, 4785 (2003).

Y. Okawa, M. Aono, “Nanoscale control of chain polymerization,” Nature 409, 683 (2001).

S. P. Sullivan, A. Schnieders, S. K. Mbugua, and T. P. Beebe Jr, “Controlled polymerization
of substituted diacetylene self-organized monolayers confined in molecule corrals,” Langmuir
21, 1322 (2005).

Y. Okawa, D. Takajo, S. Tsukamoto, T. Hasegawa and M. Aono, “Atomic force microscopy
and theoretical investigation of the lifted-up conformation of polydiacetylene on a graphite
substrate,” Soft Matter 4, 1041 (2008).

P. Calvert, “Hydrogels for soft machines,” Adv Mater. 21, 743 (2009).

P. J. Flory and J. Rehner, “Statistical mechanics of cross-linked polymer networks I.
Rubberlike elasticity,” J. Chem. Phys. 11, 512 (1943).

P. J. Flory and J. Rehner, “Statistical mechanics of cross-linked polymer networks II.
Swelling,” J. Chem. Phys. 11, 521 (1943).

K. Huang, “Statistical Mechanics,” John Wiley & Sons, 2™ Ed. (1987).

F. P. Chinard and T. Enns, “Osmotic pressure,” Science 124, 472 (1956.)

P. J. Flory, “Principles of Polymer Chemistry,” Cornell University Press (1969).

Y. Osada and J. Gong, “Soft and wet materials: Polymer gels,” Adv. Mater. 10, 827 (1998).

L. D. Landau and E. M. Lifshitz, “Statistical Physics” 3 Edition Part 1, Elsevier (2006). See
pages 72 and 267.

Lattice models of polymer solutions are widely used for their simplicity and computational
convenierice. Their use for predicting solution properties of polymers solutions dates back to
the 1940s.

P. J. Flory, “Thermodynamics of high polymer solutions,” J. Chem. Phys. 10, 51 (1942).

REVCIUNI 15 (1) (2012) 18-44 Facultad de Ciencias — UNI



42

A.La Rosa and M. Yan

37

39

41

42

43

45

47

49

51

52

53

55

57

58

P. J. Flory, “Statistical mechanics of swelling of network structures,” J. Chem. Phys. 18, 108
(1950).

W. Hu and D. Frenkel, “Lattice-model study of the thermodynamic interplay of polymer
crystallization and liquid—liquid demixing,” J. Chem. Phys. 118, 10343 ( 2003).

A. Yu. Grosberg and A. R. Khokhlov, “Giant molecules. Here, there and everywhere,”

~ Academic Press (1997).

D. Woo, “Spectroscopic Ellipsometry Studies of Polymers on Silicon Wafer,” Thesis for the
Master degree in Physics, Portland State University (2009)

Since all phosphate salts are used in hydrated condition, the molecular weight (MW) should
include the corresponding portion of water. For NaH,PO, we should include one molecules of
water, hence the MW is 137.99. On the other hand, for the Na,HPO, we should consider 7
molecules of water (heptahydrate,) which gives a MW of 268.07. Hence, if 13.8 g and 0.036 g
of NaH,PO, and Na,HPO, are used respectively, then we can quote the concentration of
NaH,PO;, (the buffer strength) to be practically equal to 0.1M.

C. Maedler, H. Graaf, S. Chada, M. Yan, and A. La Rosa, "Nano-structure formation driven
by local protonation of polymer thin films", Proc. SPIE, 7364, 736409-1 (2009).

AFM XE-120 from Park Systems Inc.

Xiaohua Wang, “Characterization of mesoscopic fluid-like films with the novel shear-
force/acoustic microscopy,” Thesis for the Master degree in Physics, Portland State
University, Portland, Oregon (2010).

Xiaohua Wang, Xin Wang, R. Fernandez, L. Ocola, M. Yan, and A. La Rosa; “Electric field-
assisted dip-pen nanolithography on poly(4-vinyl pyridine) films,” ACS Appl. Mater. Interface
2, 2904-2909 (2010).

J. Lahann, S. Mitragotri, T. Tran, H. Kaido, J. Sundaram, I. S. Choi, S. Hoffer, G. A. Somorijai,
R. Langer, “A reversibly switching surface,” Science 299, 371 (2003).

l. S. Lokuge and P. W. Bohn, “Voltage-tunable volume transitions in nanoscale films of
poly(hydroxyethyl methacrylate) surfaces grafted onto gold,” Langmuir 21, 1979 (2005).

T. Tanaka, |. Nishio, S. Sun, S. Ueno-Nishio, “Collapse of gels in an electric field,” Science,
218, 467 (1982).

M. Annaka and T. Tanaka, “Multiple phases of polymer gels,” Nature 355, 430 (1992).
A. Matsuyama, “Volume phase transitions of smectic gels,” Phys. Rev. E 79, 051704 (2009).

W. Xue, |. W. Hamley, “Thermoreversible swelling behaviour of hydrogels based on N-
isopropylacrylamide with a hydrophobic comonomer,” Polymer 43, 3069 (2002).

A. Richter, G. Paschew, S. Klatt, J. Lienig, K. Amdt, and H. P. Adler, “Review on hydrogel-
based pH sensors and microsensors,” Sensors 8, 561(2008).

T. Tanaka, D. Fillmore, Shao-Tang Sun, I. Nishio, G. Swislow, and A. Shah. “Phase
transitions in ionic gels,” Phys. Rev. Lett. 45, 1636 (1980).

A. Suzuki, and T. Tanaka, “Phase transition in polymer gels induced by visible light,” Nature
346, 345 (1990).

F.limain, T. Tanakaand E. Kokufuta, “Volume transition in a gel driven by hydrogen
bonding,” Nature 349, 400 (1991).

S. Juodkazis, N. Mukai, R. Wakaki, A. Yamaguchi, S. Matsuo and H. Misawa, “Reversible
phase transitions in polymer gels induced by radiation forces,” Nature 408, 178 (2000).

M. Shibayama and T. Tanaka, “Small-angle neutron scattering study on weakly charged
temperature sensitive polymer gels,” J. Chem. Phys. 97, 6842 (1992).

S. Hong and C. A. Mirkin, “A nanoplotter with both parallel and serial writing capabilities,”
Science 288, 1808 (2000).

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 18-44



PEN

60

61

62

63

65

66

67

69

70

7

72

73

74

75

76

77

78

C. Maedler, S. Chada, X. Cui, M. Taylor, M. Yan, and A. La Rosa, “Creation of nanopatterns
by local protonation of P4VP via dip pen nanolithography.” J. Appl. Phys. 104, 014311
(2008). '

C. Maedler, “Applying different modes of atomic force microscopy for the manipulation and
characterization of spatially localized structures and charges,” Diploma Thesis for the
academic degree of Diplom Physiker; Faculty of Natural Sciences Institute of Physics,
Chemnitz University of Technology (2009).

M. Nonnenmacher, M. P. O'Boyle, and H. K. Wickramasinghe, "Kelvin probe force
microscopy," Appl. Phys. Lett. 58, 2921 (1 991).

M. Schenk, M. Futing, R. Reichelt, “Direct visualization of the dynamic behavior of water
meniscus by scanning electron microscopy,” J. Appl. Phys. 84, 4880 (1998).

L. M. Demers, D. S. Ginger, Z. Li, S. —J. Park, S. -W Chung, C. A. Mirkin, “Direct patterning
of modified oligonucleotides ort metals and insulators by dip-pen nanolithography,” Science
296,1836 (2002).

S. Rozhok, P. Sun, R. Piner, M. Lieberman, and C. A. Mirkin, “AFM study of water meniscus
formation between an aFM tip and NaCl substrate,” J. Phys. Chem. B 108, 7814 (2004).

P. E. Sheehan, L. J. Whitman, “Thiol diffusion and the role of humidity in ‘dip pen
nanolithography’,” Phys. Rev. Lett. 88, 156104 (2002).

Z. Zheng, M. Yang, and B. Zhang, “Reversible nanopatterning on self-assembled monolayers
on gold,” J. Phys. Chem. C 112, 6597 (2008).

J.-W. Jang, D. Maspoch, T. Fujigaya, and C. A. Mirkin, “A ‘molecular eraser’ for dip-pen
nanolithography,” Small 3, 600 (2007).

Y. Li, B. W. Maynor, and J. Liu, “Electrochemical AFM ‘Dip-pen’ nanolithography,” J. Am.
Chem. Soc. 123, 2105 (2001).

F. C. Simeone, C. Albonetti, and M. Cavallini, “Progress in micro-and nanopatterning via
electrochemical lithography,” J. Phys. Chem. C 113, 18987 (20009).

R. Maoz, E. Frydman, S. R. Cohen, and J. Sagiv, “'Constructive nanolithography’: Inert
monolayers as patternable templates for in-situ nanofabrication of metal-semiconductor-
organic surface structures-.a generic approach,” Adv. Mater. 12, 725 (2000).

Zhikun Zheng, Menglong Yang, and Bailin Zhang, “Constructive nanolithography by
chemically modified tips: Nanoelectrochemical patterning on SAMs/Au,” J. Phys. Chem. C
114, 19220 (2010).

Y. Cai and B. M. Ocko, “Electro pen nanolithography,” J. Am. Chem. Soc. 127, 16287 (2005).

D. Chowdhury, R. Maoz, and J. Sagiv, “Wetting driven self-assembly as a new approach to
template-guided fabrication of metal nanopatterns,” Nano Lett. 7, 1770, 2007

A. Zeira, D. Chowdhury, S. Hoeppener, S. T. Liu, J. Berson, S. R. Cohen, R. Maoz, J.
Sagiv, “Patterned organosilane monolayers as lyophobic-lyophilic guiding templates in
surface self-assembly: Monolayer self-assembly versus wetting-driven self-assembly,” J.
Langmuir 25, 13984 (2009).

P. Yao, 1G. J. Schneider, J. Murakowski, and D. W. Prather, “Chemical lithography,” J. Vac.
Sci. Technol. B 24, 2553 (2006).

K. Shanmuganathan, J. R. Capadona, S. J. Rowan, and C. Weder, “Stimuli-responsive
mechanically adaptive polymer nanocomposites,” ACS Appl. Mater. Interface 2, 165 (2010).
R. Klajn, P. J. Wesson, K. J. M. Bishop, and B. A. Grzybowski, “Writing self-erasing images
using metastable nanoparticle ‘Inks’ * Angew. Chem. Int. Ed. 48, 7035 (2009).

Sergei V. Kalinin, Nina Balk, “Local Electrochemical functionality in energy storage materials
and devices by scanning probe microscopies: Status and perspectives,” Adv. Mater. 22,
E193-E209 (2010).

43

REVCIUNI 15 (1) (2012) 18-44 Facultad de Ciencias — UNI



44

A.La Rosa and M. Yan

80

81

82
83

85

87

A. A. Tseng, A. Notargiacomo, T. P. Chen, “Nanofabrication by scanning probe microscope
lithography: A review,” J. Vac. Sci. Technol. B 23, 877 (2005).

A. A. Tseng, A. Notargiacomo, T. P. Chen, Y. Liu, Yuchan, “Profile uniformity of overlapped
oxide dots induced by atomic force microscopy,” J. Nanosci. Nanotechnol. 10, 4390 (2010).
K. B. Jinesh and J.W. M. Frenken, “Capillary condensation in atomic scale friction: How water
acts like a glue,” PRL 96, 166103 (2006)

P. J. Feibelman, “The first wetting layer on a solid,” Physics Today 63, 34 (2010).

E. Kapetanakis, A.M. Douvas, D. Velessiotis, E. Makarona, P. Argitis, N. Glezos, and P.

Normand, “Hybrid organic-inorganic materials for molecular proton memory devices,”
Organic Electronics 10, 711 (2009).

E. Kapetanakis, A. M. Douvas, D. Velessiotis, E. Makarona, P. Argitis, N. Glezos, and P.
Normand, “Molecular storage elements for proton memory devices,” Adv. Mater. 20, 4568
(2008).

S. M. Haile, Dane A. Boysen, C. R. Chisholm, and R. B. Merle, “Solid acids as fuel cell
electrolytes,” Nature 410, 910 (2001).

T. Norby, “The promise of protonics,” Nature 410, 877 (2001).

P. M. Gilbert, K. L. Havenstrite, K. E. G. Magnusson, A. Sacco, N. A. Leonardi, P. Kraft, N. K.
Nguyen, S. Thrun, M. P. Lutolf, and H. M. Blau, “Substrate elasticity regulates skeletal
muscle stem cell self-renewal in culture,” Science 329, 1078 (2010).

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 18-44



Revista de La Facultad de Ciencias de la UNI, REVCIUNI 15 (1) (2012) 45-56

Perspectives in Industrial Nano-materials
Jose A Alarco

Discipline of Nano-materials
School of Chemistry, Physics and Mechanical Engineering
Science and Engineering Faculty
Queensland University of Technology
Queensland, Australia

Abstract

Extensive debate has recently risen as a result of regulation on the manufacture
and use of nano-materials. Historical examples, some of them centuries.old, are
given that show that nano-materials are not really new. These examples are
followed by a more detailed account of a case study out of Dr Alarco’s
professional life doing R&D in industrial nano-materials.

1. Introduction

This article describes the contents of the presentation, made remotely using
Skype by Dr Jose A Alarco, for the XV Meeting of Physics, Universidad Nacional
de Ingenieria (UNI), Lima, Peru held between 01-03 August, 2011. The occasion
also coincided with the celebration of Professor Holger Valqui’'s 80t birthday.

Dr. Alarco has been a former student of Professor Valqui at the Department of
Physics, Faculty of Sciences, UNI between 1982-1988. Dr Alarco learned from
Professor Valqui not only General Physics, Mathematical Physics and Quantum
Mechanics, but also good approaches to learning inside and outside the
classroom. These teachings have accompanied Dr Alarco all through his career, a
significant part of which has been focused on nano-materials within an industrial
environment.

After his Bachelor in Sciences, Major in Physics, at UNI, Dr Alarco did a PhD in
Materials Science at the Department of Physics, Chalmers University of
Technology, Sweden. After his PhD, Dr Alarco joined The Centre for Microscopy
and Microanalysis and Advanced Ceramics Development at the University of
Queensland (UQ), Australia in 1994. This position exposed Dr. Alarco to a series
of industrial projects spanning tailor made nano-materials for high performance
applications, catalysis and wastewater remediation among others and also the
development of chemical processes and automated, scalable prototype
equipment for the manufacture of the relevant materials.

A few years later in 1999, Dr Alarco teamed up with Dr Peter Talbot (both of
whom left UQ) to co-found Scienceworks Consultants (SWC), a highly specialized
scientific consulting company. SWC subsequently teamed up with a group of
local Australian investors to form Very Small Particle Company (VSPC) [1], a
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small company founded in late 1999, focused on the development and
manufacture of nano-scale complex metal oxides (described in more detail
below).

SWC has had the role of core senior research and development (R&D) team of
VSPC and has had the task of inventing all the new materials and technologies
that have given VSPC its competitive edge between 2000-2011. Through their
involvement in SWC/VSPC, Dr. Alarco and colleagues have undertaken
collaborative development work in nano-materials towards commercialization
with some of the worlds major companies and have included projects such as
transparent conducting oxides (Degussa, Germany), various industrial catalysts
(BASF and Sud-Chemie, Germany) and vehicle exhaust catalysts (Engelhard
Corp., USA, which later became BASF Catalysts LLC, USA). A schematic of some of
the areas of application of nano-scale complex metal oxides is shown in Figure 1

below.
Fuel Cells
Vehicle Emission Environmental
Catalysts Catalysts
Sensors Batteries
Dielectric . Structural
Materials  <@mm===m N a n o M eta I OX|d es e=== Materials

/7
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\
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Displays

Pigments Petroleum Catalysts

Figure 1. Schematic of various areas of industrial application of nano-scale
complex metal oxides developed and explored to various extents by VSPC.

In more recent years, the focus of the commercial collaborations of VSPC has
been on high-rate, high-capacity, safe battery materials for electric vehicles (in
particular LiFePO4+ materials) and this has also involved interactions with major
chemical companies and battery manufacturers worldwide (more information is
given in the Case Study in section 4).

Nowadays, Dr Alarco is based at the School of Chemistry, Physics and Mechanical
Engineering, Science and Engineering Faculty, Queensland University of
Technology (QUT). There, he continues to develop new processes and
applications of nano-materials for industrial applications. He is working on new
materials synthesis, wastewater treatment and also developing theoretical ideas
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to explain the relationship between the crystal chemistry and properties of
complex metal oxides, which happen to be governed by interactions at the nano-
scale [2-3].

2. Selection criteria for industrial nano-materials

Selection criteria for industrial nano-materials are essentially no different to
selection criteria for any coarser versions of industrial material. Several factors
have to be considered simultaneously, while the final decision on viability will be
a matter of the economics (and even politics) involved. A list of some of the
aspects to be considered when embarking on industrial nano-materials R&D is
given below:

* Physical properties of interest (typically enhanced for nano-materials)
e Life time in application

 Toxicity

e Environmental friendliness

» Compatibility with further processing

e Simplicity

e Availability

e Cost

As mentioned on the list above, physical properties of interest are typically
enhanced with nano-materials. Even when a new material can be developed that
ticks all the criteria boxes, final adoption of the nano-material or process by
industry has to overcome hurdles of established industry monopolies,
established manufacturing practices and economies of scale. This is a complex
problem per se and requires a broad perspective, open-minded approach.
Industry, like any other business, is based on competition. Nano-materials have
the potential to be “disruptive” for the established businesses and manufacturing
practices. Therefore, most large companies will attempt, in general, in one way
or another, to own or control any new technology that could destabilize some of
their multi-billion dollar businesses.

On the other hand, as part of the industrial activity in new materials,
Government institutions worldwide such as Environmental Protection Agencies
(EPA’s), Occupational Health and Safety (OH&S) Authorities, etc. are charged
with monitoring and creating regulations meant to protect the workers, the
environment and the consumers. Given that the history of regulations of nano-
materials is not very long, the “safe” approach to the risks with new industrial
nano-materials seems to be classifying them as “too dangerous until proven
otherwise”. This has created currently extensive debate by many companies
which have been producing nano-materials for some time now, and that argue
that there are many examples of nano-materials, which are not really “new”.

The following section will provide some historical perspective of the commercial
uses of nano-materials through examples (most illustrations have been obtained
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from Google images). The historical examples are then followed by a more
detailed case study from VSPC.

3. Historical examples of Nano-materials usage

The terminology “nano-materials” is rather new, but the materials themselves
are not necessarily so in comparative terms. A few examples divided into
centuries old, decades old and more recent are given below.

3.1 Centuries old examples

Centuries old examples of nano-materials certainly made use of the special
material effects (provided by the nano-scale) although most likely their
introducers were unaware of the actual nano-scale.

A large group of examples are connected to the uses of clay minerals, which can
be considered to be a natural nano-material [4]. Bleaching fleece and clothes and
removal of grease and stains are among uses of clays dating back to > 5000 BC in
Cyprus and Greece. There are also records that the Romans enhanced the clays
as a cleaning product with soil and decaying urine (for its ammonia content).
This was apparently a well-organized commercial operation involving collection
of urine from a multitude of public urinals.

A second example of a centuries old usage of usage of clay nano-materials is in
chinese porcelain dating back to the 6t or 7th century AD. In fact, the word
Kaolinite (one of the major clay minerals) is derived from the Chinese word Kao
- ling meaning mountain. More recent references dating back to the 9th century
AD make references to the fine ceramics made with clays, with wall thickness as
as small as < 0.4 mm. Some of these ceramics are as strong as modern
technological ceramics and advances in knowledge and understanding of
ceramics has established that the clay powder particles would have to be < 1000
nm in diameter to achieve such outstanding results.

Another centuries-old use of clay minerals has been the use of pigments by
various indigeneous people around the world. One example is the use of red
ochre in Egypt, which is a pigment made of clay naturally tinted with hydrated
Fe3+,

A somewhat different example of centuries old usage of nano-materials has been
in glass manufacturing by the Romans, a very famous cup called the Lycurgus
cup dates back to the 4th century AD and it is well known for its visual effect
when illuminated with either reflected or transmitted light as shown in Figure 2.
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Figure 2. Images of the famous Lycurgus cup as seen with reflected (left) and
transmitted (right) light (source: Google images).

3.2 Decades old examples

Decades old examples of nano-materials display good awareness the nano-scale
and early knowledge of the nano-size effects. It is in this category where the
main industries in the middle of the debate are, which may be potentially
affected by new regulations.

The first example of decades old usage of nano-materials is as reinforcing fillers
for the rubber tyre industry [5], where nano-particles of amorphous silica and
carbon black have been extensively used for wear and abrasion resistance in
particular for tread compounds (see Figure 3, which shows the schematic of a
modern tyre construction).

Tread band and tread patrern

Separating rubber
Crown structure:
Nrvlorn beltplies
Steel belt plies

Casingply - Sidewall
Casing ply turn-up
zinfore iy ;
zinforcement > B d vire
&
zel-shaped ~

.chorage to the rim
Innerhner

Figure 1. An example of a tyre construction

Figure 3. Schematic of tyre construction (source: Google images).
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Other examples of decades old usage of nano-materials have been as colloidal
nano-particles of silver and gold. The patent literature shows the first records
from a manufacturer of a nano silver product in 1954. Many of the initial uses
were as algaecides and in water filter manufacture. Colloidal silver has also been
used and continues to be sold as a diet supplement, with antiviral properties. Not
helping the debate, a few cases of argyria (see Figure 4) where a concentration of
silver on the skin turns it blue/gray in colour. The response of the supplement
suppliers is that there are too few cases of argyria given the extensive market of
the colloidal silver as a supplement, and that the argyria problems could be
attributable to some people using the wrong silver formulation or form
(probably produced by themselves in-house).

Figure 4. Picture of a person displaying argyria (source: Google images).

In a more positive light, the potential uses of colloidal gold in diagnostics and
therapeutics has been described in documents dating back to their original
manufacture in 1857. Extensive use of colloidal gold has taken place in cancer
treatment since the 1940s. The interest in colloidal gold is related to the ability
to create functionalized surfaces capable of overcoming biological barriers
allowing for a very targeted drug delivery.

3.3 More recent examples (about 1 decade old or less)

The more recent examples of usage of nano-scale materials display very good
awareness of the nano-scale dimensions and a very rapidly growing knowledge
of nano-size effects. Recent examples of nano-materials often have higher
structural and/or compositional complexity. They often constitute the basis of an
“enabling technology”, where the application would not be possible without the
nano-scale effects of the nano-structured material.

One example of the recent progress in nano-materials is Quantum dots [6-7].
Quantum dots emit different colours of light due to different quantum
confinement effect, controlled through the characteristics of the colloidal nano-
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particles. In Figure 1.2 of reference [6] (see note [8]), pictures of dispersions of
hollow gold nano-particles having different diameters and wall thicknesses,
responsible for the different colours, can be seen. Further explanation of the
electromagnetic theory for the colour effects of nano-particles can be found in
reference [9].

Another recent industrial application of nano-materials that has attracted large
amounts of funding and investment is ink-printing techniques for the production
of solar panels using pastes composed of nano-particles of solar material [10].
These techniques have become the most cost-competitive of the solar
technologies. In a near future, with some additional enhancements costs of the
panels could be brought to values that may compete with the grid.

4. Case study: Battery nano-materials at VSPC
4.1 The VSPC process

The VSPC process has been subject to worldwide patent applications [10]. Other
inventions deal with extensions and refinements of the VSPC process and are
also covered by worldwide patent applications (searchable in the patent
literature available in the public domain (see for instance Patent Lens [11]).

VSPC invented a process for production of nano-scale “complex” metal oxides.
By “complex”, it is understood in general more than two metal cations ending
homogeneously distributed in the final single crystalline phase material (unless
mixed crystalline phases are targeted for other specific purposes). Thus, by
complex (in the context used by VSPC), it is meant that the nano-particles are
homogeneous in chemical and phase composition at the end of the process.

VSPC’s use of complex is not to be confused with a complex mixture of metal
oxides, where mixed particles of different composition and phase can be mixed
together (see schematic below) (although one may attempt to produce such a
composite for other deliberate reasons).

The effects of temperature on agglomerates of nano-particles composed of
different types of “complex” metal oxides are illustrated in Figure 5 below.
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Figure 5. Schematic of the effects of heating agglomerates of nano-particles
composed of different types of “complex” metal oxides (depending on the
definition of “complex” being used)

An additional requirement for a practical process for the production of nano-

scale complex metal oxides is the control of the target chemical composition.

Such control has to be achieved simultaneously with the control of
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homogeneity. In other words, the process needs to be able to define a target
composition and segregation has to be avoided at a nano-scale level during the
various stages of the process.

The VSPC invention is based on the OAM method, where OAM stands for Optimal
Atomic-scale Mixing of cations in solution. Cations in solution are mixed with
surfactant molecules, in concentration levels so that micelles and a micellar
liquid are formed [12-14]. Surfactants are selected to assist in maintaining the
homogeneity of the solution mix, without introducing adverse effects. The VSPC
invention then attempts to maintain this homogeneity as much as possible
through controlled heating and reactions (including control of the interactions
with the surfactant micelles). A schematic of the process concept is shown in
Figure 6 below.

VSPC’s Process Concept

Optimal Atomic Scale mixing (OAS)

Aqueous ]
Solution | | Reaction |2 Bk = Clas_s'f)’ o[ Product
Mixing Treatment (optional)

Figure 6. Schematic of the VSPC'’s process concept.

4.2 Case Study: Battery Materials at VSPC

A number of electric vehicles are becoming available in the market. However,
wide spread adoption of electric vehicles will be slow until prices (particularly of
the batteries) drop significantly and consumers develop more confidence on long
battery life (or suppliers implement a warranty system that replaces them when
performance has significantly dropped). Figure 7 shows a picture of the Chevy
Volt electric car.
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Figure 7. Picture of Chevy Volt electric car (source: Google images).

Two major factors have contributed to the upsurge of electric vehicles popularity
between car manufacturers:

i) The increased safety of new battery chemistries, and
ii) The ability to charge and discharge batteries at a very fast rate

This combination of characteristics means that very fast discharge and recharge
times are possible. “Refueling” then becomes feasible within a few minutes,
provided that the fueling station can carry the currents for the large battery
packs. It also means that very high power draws are possible in situations of high
acceleration. All these advantages have to be available preferably with materials
with high capacity. In this way, the battery packs are limited in size and weight
for a decent range between recharges (generally around 200-400 Kms although
more limited range is also an alternative for more specific uses). Engineered
nano-materials for the electrodes have made it possible to meet these
requirements of the batteries.

The battery electrochemistry requires both electronic and ionic transport. The
movement of the ions inside the crystals by diffusion is the slowest of all the
transport properties (see Figure 8). Ionic transport is much faster in the liquid or
gel electrolyte. By limiting the distance that the ions need to migrate inside the
nano-crystals, the overall rate of transport can be made to remain high. This is
the basis for recent improvements in battery technology, when combined with
the higher stability of the LiFePO4 chemistry that allows the internal heating of
the battery electrodes to remain within safe limits. Because electronic
connection to the electrode collectors is also required and most battery
materials are not very good electron conductors, this is often achieved with
electron conducting coatings, which have to be thin and/or nano-porous) so as
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not to block the ion paths. Therefore, the battery material is in fact a composite
structure, that has to simultaneously meet a series of reugirements.

conducting
coating

Coarse nano
Slow rate Fast rate

Figure 8. Schematic of the advantages of nano-materials for the charge transport
processes.

A video of a technical presentation made by Dr Jose Alarco and Dr Shelley
Brown-Malker (former colleague of Dr Alarco at VSPC), covering many aspects
related to those in this article, can be found at the website of Engineers Australia
[15].

5. Concluding remarks

Nano-materials have the potential to enable new technologies and as such they
can be disruptive for established industries. The industrial environment brings
new dimensions to the R&D in new nano-materials that are generally ignored or
very lightly touched upon in the academic world. Nano-materials for industrial
applications have to meet simultaneously a combination of selection criteria
including physical properties, environmental and health regulations, scalability
and economic factors among others. Not meeting some of these criteria
satisfactorily can mean that the application of the nano-material never becomes

viable.

A balance needs to be found between regulation and the pursuit of new
knowledge through R&D in industrial nano-materials. The subject has the
potential to be scientifically as well as commercially rewarding. More recent
work by Dr Alarco and colleagues on the relationship between the crystal
chemistry and properties of complex metal oxides [2-3], will further emphasize
the relevance in these materials of interactions at the nano-scale.

REVCIUNI 15 (1) (2012) 45-56 Facultad de Ciencias — UNI



56

Jose A. Alarco

References

(1]
[2]

(3]

(4]

(5]
(6]
(7]

(8]

[9]

[10]
[11]
[12]
[13]
(14]

(15]

www.Vvspc.com

J. A. Alarco and P. C. Talbot, “A phenomenological model for the structure-
composition relationship of the high Tc cuprates based on simple chemical
principles”, Physica C 476 (2012) pp. 32-47.

J. A. Alarco and P. C. Talbot, “Lattice vibrations of quasi-periodic
superstructures and superconductivity of the high Tc cuprates’, in
preparation.

Giora Rytwo, “Clay Minerals as an Ancient Nanotechnology: Historical Uses
of Clay Organic Interactions, and Future Possible Perspectives”, macla no 9.
septiembre '08, revista de la sociedad espafiola de mineralogia, pp. 15-17
(www.ehu.es/sem/macla pdf/macla9/macla9 15.pdf)

G.S. Crutchley, “Nanoparticles and their possible use in rubber”,
www.kumhotech.co.uk

Jin Zhong Zhang, “Optical Properties and Spectroscopy of Nanomaterials”,
World Scientific Publishing Co., 2009.

Guozhong Cao and Ying Wang, “Nanostrucutres and Nanomaterials-
Synthesis, Properties and Applications, 2" edition, World Scientific
Publishing Co., 2011.

Equivalent to patent US 6752979 B1 filed Nov. 21, 2000 and awarded Jun.
22,2004.

Chapter 1 of reference [6] is downloadable for free from
www.worldscibooks.com/etextbook/7093/7093 chap01.pdf

P. Mulvaney, “Not all that’s gold does glitter”, MRS Bulletin 26 (2001) pp.
1009-1014.

www.nanosolar.com
www.patentlens.net/daisy/patentlens/patentlens.html

Bo Jonsson, Bjorn Lindman, Krister Holmberg and Bengt Kronberg,
“Surfactancts and Polymers in Aqueous Solution”, John Wiley and Sons, Inc.,
1998.

Milton J. Rosen, “Surfactants and Interfacial Phenomena - Third Edition”,
John Wiley and Sons, Inc., 2004.

K. Robert Lange, “Surfactants - A Practical Handbook”, Hanser Verlag,
Munich, 1999.
http://www.engineersaustralia.org.au/nano-engineering/publications

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 45-56



Revista de La Facultad de Ciencias de la UNI, REVCIUNI 15 (1) (2012) 57-65

Transmission of electric energy without using wires

Ener Salinas
ABB Corporate Research (Sweden)
Talk in celebration of the 80" Birthday of professor Holger Valqui, teacher and friend

In this presentation, some properties of the wireless power transfer (WPT) problem are elaborated
in terms of physical barriers. There are interesting facts in this approach and its related
applications. For example, it is neither necessarily true that the power must be transmitted by
electromagnetic fields nor entirely correct that the transmitting medium should be vacuum or air.
The inadequacy of the direct application of Faraday’s induction law to provide efficient power
transfer will be illustrated. Furthermore, what is necessary to add in order to produce high transfer
efficiency will also be shown. The scheme will be classified according to the length of the physical
barrier, namely, short (:mm), medium (dm), large (m) and ultra large (>100 m or km). Some
examples of these technologies will be presented.

1 INTRODUCTION

The demands of modern technology require more and more that some devices of practical and
frequent use be powered in such a way that they become free from galvanic contact and current
carrying cables. We have first to remember that the problem of transmitting very little power (mW or
uW) to practically any distance was resolved a century ago. Furthermore, it is possible to include a
signal in this type of transmission and bring it to the other side of the planet or even outside earth, to a
satellite or space probe. However, the efficiency of this transmission is very poor, most of the emitted
power is wasted, very little arrives and such signal would probably need to be amplified, which causes
spending even more energy. Yet, this operation serves its valuable purpose i.e. transmission of
information. On the other hand, transfer of a larger amount of power, such as W or kW, and recovering
it with high efficiency is still a present-day challenge. This latter research area was initiated by Nikola
Tesla [1], coincidentally also about a century ago. Unfortunately he left no clear indication of a final
WPT device for large power, although his initial thoughts were to provide electrical energy to the
world wirelessly with only one system [2].

2 THE CONCEPT OF PHYSICAL BARRIER

In order to clearly specify WPT phenomena and develop related technologies, we define the concept
of physical barrier as follows: the concept of electric power transmission from one region of space to
another without the use of conductors means that electrons should not pass between the two media
(physical barrier). Therefore other means of transmitting such power should be used ' (e.g.
mechanical torque, magnetic fields, vibration, light, to mention just a few). Furthermore, it is highly
desirable that the maximum amount of transmitted energy is recovered after passing such barrier.

Energy passes
Electron through but not Recovered

flow the electrons electron flow
_ sy | | wemy
Device 1 I:> Device 2
L ] S

Physical barrier

Figure 1 Wireless power transmission (WPT) through a physical barrier.

The strong form of this condition rules out the use of semiconductor-based media as physical barrier since it will still be a
channel for electrons. However, depending on the specific application (e.g. low voltage), a flexible condition may consider
this possible.
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3 CLASSIFICATION OF WPT

We can classify WPT according to power size, frequency, transmitting distance, type of technology or
alternatively by its uses. When electromagnetism is directly involved in the transmission there is a
heuristic correlation between distance and frequency, namely the longer the distance we require the
energy to be transferred, the higher the frequency needed for the operation. Yet, this is not a rule
because often in practice there are other reasons for keeping frequencies high even at very short
distances. Let’s first give an example of energy transfer that is not directly related to electromagnetics.
Then the case will be built for the classification according to distance, considering what is necessary
for efficient power transfer.

3.1 Energy transfer via an insulating shaft

Wireless power transfer does not necessarily have to involve fields in the physical barrier. An
example is the energy transmission via a rotating shaft, which is a motor-generator combination.
Electricity is the input and also the output type of energy, yet there are no moving electrons along the
physical barrier, which in this case is the insulating shaft itself.

Insulating shaft

' A

Energy in Energy out

Figure 2 Energy transfer through a rotating shaft.

The advantages of this technology are: practically unlimited power, short time overload capability,
high energy efficiency, conventional components and basically low cost. The disadvantages are:
mechanical wear, electrical discharges in the bearings, requirement of maintenance and the positions
of source and receiver are fixed.

3.2 Insufficiency of the direct application of Faraday law

One can apply directly the Faraday induction law and even design useful devices such as a wireless
and battery-less system of light generation for bicycles as shown in the demonstrator in Figure 3.

Figure 3 A demonstrator of WPT for a system of lateral lights for bicycles using the Faraday law of induction;
this system is rather inefficient but it is simple and serves its purpose.
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Analysing this design more carefully we realize that the efficiency of the transfer is rather low
because a considerable amount of magnetic flow does not penetrate the coil surface, thus not
contributing to the induction process. Having said that, it can also be added that this device serves its
purpose well and its operation can be considered satisfactory, taking into account its simplicity.

Yet, in most WPT large (kW) systems, efficiency is very important. The reason is that these systems
will be competing against direct plug-in power transfer which represents practically 100% efficiency.

Let us consider a system composed of two coils, a transmitting coil (TX) and a receptor coil (RX). A
power source feeds the TX coil and the aim is to transfer power as efficiently as possible to the coil
RX, where a load R is connected. Knowing already that a direct application of Faraday’s law would
not be enough, as shown in Figure 4 (a), there are various ways of enhancing the magnetic coupling
between two coils. One way is to place a concentrating ferromagnetic medium between them as in
transformers. Then, provided losses in the ferromagnetic core and windings are controlled, this
operation becomes indeed very efficient, but it makes the system inflexible and not movable. Another
way is to place the concentrating medium strategically around the coils but leaving an air gap. It is
worth noticing a similarity between the latter and the way how a stator transfers energy to the rotor in
an induction machine.

Yet there are other means of enhancing WPT by exploiting the concept of resonance. In this way, the
impedance of the system can be minimized and as a result there is a moderate improvement in the
magnetic coupling as shown in Figure 4 (b). However, introducing two loops each one resonating at £
with a maximal quality factor Qm. gives strong coupling by induction and magnetic resonance
combined (SCMR) [3],[4], as in Figure 4 (c). The comparison of the three cases is given in Table 1.

Figure 4 Improving WPT of inductive coupling (a) between two coils; making it inductive resonant coupled (b)
or strongly coupled magnetic resonant SCMR (c).

Table 1 Improvement of inductive coupling by resonance and strongly coupled magnetic resonance.

Coupling ; : Inductive resonant coupling Strongly coupled magnetic
type Inductive coupling (IC) (IRC) resonance (SCMR)
Frequency
s fo fo=f,=1/2mVIC fo=fQmad = f,= 1/27VIC
Efficiency Low Modest High
Capacitors are introduced and | Two RLC loops each one resonating
Ce Pure Faraday law, no RLC resonance is attained. at fowith a maximal Q-factor gives
omment : . . . . .
resonance involved Additional improvements are | strong coupling by induction and
possible magnetic resonance

4 WPT FOR VERY SHORT DISTANCES (MILLIMETRE RANGE)

This is also called “electric toothbrush” technology, because earlier designs of inductive coupling
technologies were successfully applied for recharging electric toothbrushes. In the example of Figure
5, the energy is transferred by the simple inductive coupling of Figure 4 (a), or alternatively by

REVCIUNI 15 (1) (2012) 57-65 Facultad de Ciencias — UNI



60 Ener Salinas

resonant type, as in Figure 4 (b), through an insulating plastic protection. The initial power of the
socket is converted to low voltage/high current and high frequency (around 20 kHz). Sometimes it is
convenient to add a ferromagnetic coupler to enhance the transfer as shown in Figure 5-left.

Electric toothbrush

Torechargeable

i High frequency converter

wr S0 Hz 1o 20 kHz
H

Figure 5 Design of an electric toothbrush charger (left) that uses WPT by resonant inductive coupling to
transmit the required power through the waterproof plastic cover (right).

Another millimetre range WPT system is the base station charger for multiple electronic appliances
such as mobile phones, digital cameras and pads. The electronic design here becomes much more
sophisticated as it involves energy control and a manifold of coils interconnected to compensate
misalignments which tend to drastically deter transfer efficiency. Some modifications are required in
each device that has to be recharged. Fortunately, the added components can be flattened and
miniaturized producing no major impact on the shape and weight of the portable device [5-7]. This
technology is soon reaching global standards so customers can be guaranteed device compatibility
anywhere in the world. This is being achieved by the group Qi (wireless power consortium) [8].

Figure 6 A base station platform for charging multiple devices using WPT (left) and a commercial WPT
controller TI-bq500210 (right).

5 WPT FOR DECIMETER RANGE

The most common use for decimeter range distance WPT is for battery charging of electric vehicles.
The idea here is to transfer the necessary amount of power from a transmitter coil in the ground to a
receiver on the bottom of an electric or hybrid vehicle. The separation is usually between 10-30 cm
depending on the vehicle type and model, while the transmitted power ranges from 3kW (small cars)
to 60 kW (buses). It is called inductive power transfer (IPT) and uses the second type of coupling in
Table 1. Although, at first glance, it seems that IPT choice is not as efficient as the SCMR, source
designs for the second method (resonant IC) require much lower frequency than SCMR and this is
relevant when high power devices are involved, for it is not easy to get or design large power (several
kW) sources at MHz frequency range. Thus to improve efficiency some actions are needed:
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e Trap the leaking magnetic flux by using ferromagnetic concentrators
Use conductive shielding plates to further “bounce” the field lines to the resonant system

e Use Litz wire (dedicated twisted bundle of thin insulated parallel wires) to reduce losses due
to skin effect

The most common frequency in these designs is 20 kHz, which coincidentally is also the frequency
used in induction cooking stoves. Other designs use 40 kHz and up to 100 kHz especially when larger

air gaps are involved [9-11]. Figure 7 illustrates various stages involved in IPT technology for a small
electric vehicle.

Power
source

s Use LC resonant inductive
coupling

e Use concenirators and

shieiding piates

Coils made with Litz wire -

Figure 7 Inductive power transfer (IPT) of 3kW, for a small electric vehicle, some actions are listed to achieve
high efficiency; over 95% coil to coil and over 90% total (source to load).

Figure 8 shows an implementation diagram in our lab for a primary IPT system imbedded in carbon
fiber reinforced concrete. The 20 kHz, 3kW high frequency power source will be located in the
rectangular space at the left of the figure. The screws are made of fiber glass.

Design of an inductive charging emitter
encased in reinforced concrete

MM Wﬁ%:,,>

Figure 8 The primary coil (in orange) and the source of the 20 kHz, 3kW IPT (to be placed on the left) are
imbedded in reinforced concrete. A ferrite concentrator and aluminum shield are part of the system.
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One of the major issues concerning the implementation of IPT is the possibility of adverse effects of
this type of magnetic field on human health. Therefore it is important to know what is permissible or
advised by the expert organizations. According to the International Commission on Non-lonizing
Radiation Protection (ICNIRP) guidelines of 2010 [13], the emissions in the range of 3 kHz to 10
MHz should not exceed 27 uT for general public and 100 uT for occupational exposure (e.g. electric
workers). In Figure 8 the range of magnetic fields according to the guidelines is shown up to 100 kHz.
In the same graphic are also displayed permissible values at lower frequencies, such as the ones
emitted by most common power components at 50 Hz. In order to obtain values in Figure 9, the
commission of experts (among them physicists, biologists, engineers and medical doctors) gathers
regularly and examines the latest results of experiments and numerical simulations and accordingly
agrees on the most suitable values [14-16]. Thus, when designing the IPT system it is important to
ensure that the area outside the space between coils follows the ICNIRP recommendations.

A second issue concerns pets (e.g. cats or small dogs) that attracted by the lukewarm surroundings
between the two active coils may go under the car and try to rest or sleep there. To deal with this
issue, it is possible to implement a weight detector that uses strain gages and switches off the system
when the detected weight exceeds a pre-defined limit.

Another issue is the possibility of dropped metallic objects, such as coins and keys, since they would
be affected by inductive heating due to the high frequency of the magnetic field incident on the metal.
If someone tries to pick up these objects from the floor they could be very hot and may produce
injuries. There are two considerations here, the first being that the lower the frequency, the lower the
induced heating; which means that it is more convenient to apply an IPT design with 20 kHz rather
than 40 kHz or 100 kHz. The second consideration is, especially for larger metallic objects, that the
presence of a metal on top of a coil changes the self-inductance of the coil as well as the mutual
inductance of the system; so with dedicated electronic controls it should be possible to determine this
change and temporarily shut down the system until the object is removed.
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Figure 9 Permissible magnetic field values along various frequency ranges according to the 2010 ICNIRP
guidelines.
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Other applications of IPT at decimeter range are busses, trains and heavy vehicles. Recently, the
Korean Advanced Institute of Science and Technology (KAIST) has introduced a battery powered bus
called On-Line Electric Vehicle (OLEV) [17], it also works by improved resonant inductive coupling
(Table 1 second case). The frequency is 20 kHz and the transfer power is 60 kW, indeed much larger
than for an electric personal vehicle. But maybe the major difference when compared to the
previously described technology for small vehicles is that the power is transfer along the road where
there is a 200A flowing through power cables, just below the pavement. The field from these cables is
concentrated by ferromagnetic material under the cables and then picked up by a resonant coil under
the bus. The current development of this technology gives an efficiency of 80%. An analogous
development is currently made by Bombardier and is called PRIMOVE. It will run in the city of
Braunschweig, Germany. Bombardier has also installed a pilot tram in the Augsburg tram network in
Germany [18].

6 WPT FOR METER RANGE

This is a very useful yet difficult transmission range because the efficiency is expected to be much
lower than for shorter distances. Other aspect is related to in-house devices, as the use of this
technology will not be easy to shield or confine as the field “beams” may be on the way of walking
humans. Yet, recent developments by the MIT group [19] show that, using strongly coupled magnetic
resonance (third method in Table 1), a middle range transfer distance of about 2m was achieved at 9.9
MHz and the transfer efficiency was about 40%, obtaining 60 W at the load consisting in a light bulb.
In fact the actual total efficiency wall-to-load was much less (15%) because the initial power for the
source was 400W. One relevant fact in this experiment is that although the frequency was
considerably high, the operation used nonradiative energy transfer [4]. Furthermore, the type of
magnetic field existing between the two coils TX and RX, shown in Figure 4 (c), comply in this case
with the permissible values of the ICNIRP guidelines [13]. Other technologies can be used for trying
to transfer energy in this distance range but they would involve radiative transfer.

7 WPT FOR EVEN LARGER DISTANCES (KM)

Microwave technology suggests a possible way of transmitting power at even greater distances. In
1975, W. Brown performed the largest microwave power transfer demonstration at the Venus Site of
JPL Goldstone Facility. He used a parabolic antenna of disk diameter D = 26m at 2.4 GHz. The initial
microwave power from the klystron source was 450 kW. The beam was captured by a rectenna (i.e.
an array of antennas and rectifiers) obtaining 30 kW rectified power at 82.5% rectifying efficiency
and the transmitting distance was 1.4 km. Figure 10 (left) shows this experiment.

An even larger microwave WPT system is planned by Japan. It is called solar power satellite (SPS)
which is an array of satellites and solar panels in space that converts solar energy to microwave power
and is sent to ground to large rectennas [20-22]. A smaller demonstrator of this concept has been built
in the lab at Kyoto University in Japan. The size of the device is 2 m x 2.3m x 2.8 m; the array of
halogen lamps consists of 133 lamps of 75W each one. The solar cells output is >166W. The solid-
state microwave transmitter has a frequency of 5.77 GHz and 25W output and the Active Phased
Array Antenna has 10 x 10 elements, the demonstrator is shown in Figure 10 (right).

Laser is also an option for ultra large distance transmission of power. Although in the 80s the
development of high power lasers was classified information as part of the US Strategic Defense
Initiative, new research at NASA has tested laser technology for WPT. Dryden Flight Research
Center and the University of Alabama in Huntsville have recently demonstrated a small-scale aircraft
that flies just by means of propulsive power from an invisible, ground-based infrared laser beam. This
technology is flexible and the power is transmitted along a thin laser beam [23-24]. It is an emergent
PT technology and seems to work very well for low power. Although not much is known about its
characteristics at higher power it is also considered a potential area (along with microwaves) for
applications in space travel and planetary exploration.
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Array of haloger iamps

Sotar cefis output > 166W

Licrowave generator and
transmitler

Power Rece:wving Antenna
{Recteraj

Figure 10 Power transfer using microwaves. Left: 26 m disk and a rectenna receiver at 1.4 km distance [21];
Right: smaller version of the project SPS [22].

8 CONCLUSIONS

This article has presented a view of wireless power transfer (WPT) according to transfer distance.
From this approach it is clear that the number of applications of WPT is vast. Yet, there are other
applications not treated here which are currently subject of intense investigation, for example: sensors,
WPT for powering robots, WPT for keeping continuous operation of tiny medical devices implanted
in the human body, medicament release micro systems and moving inspection devices, to mention just
a few. As mobile/portable devices are becoming indispensable in practically every moment of our
lives; in a near future we will see more improvements of these technologies in relation to WPT.
Finally, it is also important to consider the possibility of adverse human health effects due to leaking
fields from these devices as well as provide mitigating solutions such that they become integrated into
the final prototypes.
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Abstract

Fission-Track Dating (FTD) has been applied to six Peruvian volcanic glasses. These sam-
ples presented different ages and optical characteristics. One of them (Sara Sara) had inclusions,
which could be mistaken for tracks, presenting also a poor surface quality after polishing. For
that reasons, this sample could not be dated. For the others samples, two independent FTD de-
terminations were performed. One of these determinations was carried out irradiating unknown
age samples together with the age standard Jankov Moldavite. The apparent ages were corrected
using the size-correction method. The other determination was based on the absolute dosimetry.
This time, apparent ages were corrected using the plateau-age technique. In the first case the
dated samples were Macusanite, Purupurini, Batan Orq’é, Rajchi and Firura. In the second one
they were Batan Orq’és, Rajchi and Firura. The ages determined for Macusanite, Rajchi and
Firura were: (4.98+0.57) Ma; (1.186+0.080) Ma; and (1.065+0.070) Ma, respectively. The val-
ues showed above for Rajchi and Firura are the mean values obtained from both determinations.
In the case of the sample Purupurini only the apparent age, (0.0275+0.0094) Ma, was obtained
due to the low density of fossil tracks. Concerning the sample Batan Orq’6, a statistical proce-
dure was developed in order to carry out FTD even if spontaneous tracks were missing. This
statistical procedure was also compared with the method proposed by Galbraith [1]. Accord-
ingly, an upper limit of 3430 years was found for this sample. This relatively small age’s upper
limit, added to the fact that the sample had been collected in an important archaeological site,
suggests that the sample Batan Orq’6 could have been part of an artefact that experienced a
heating during its use, which would have completely erased the pre-existing tracks. The compar-
ison between the ages of the samples Macusanite, Purupurini, Rajchi and Firura, obtained both
through the size-correction method plus the Jankov Moldavite and the plateau-age technique
plus absolute dosimetry, shows that the responses provided by both. methods are compatible.

! Corresponding author. E-mail address: tello@fct.unesp.br
2In memorian.
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1 Introduction

One of the most remarkable characteristics of the Andean Cordillera is its past and its recent
volcanism [2]. Some of the by-products of this volcanic activity are the vitreous materials or
volcanic glasses that can present themselves as obsidian blocks or as small grains in volcanic ashes.
Transparency and the existence of inclusions are the features which will assert the viability for them
to be dated via the Fission-Track Dating (FTD) method. This work aimed at applying the FTD to
six Peruvian glasses samples: Sara Sara, Purupurini, Rajchi, Firura, Macusanite and Batan Orq’é.
Table 1 presents characteristics such as granulometry, transparency and localization of the samples.

For the samples Batan Orq’é, Rajchi and Firura the dating was performed through two indepen-
dent methods: comparison with the age standard Jankov Moldavite along with the size-correction
method, and the absolute dosimetry method along with the plateau-age correction technique [3].
This makes possible also the comparison of both methodologies.

In the most part of the cases, little is known about the studied volcanic glasses. The exceptions
are the samples of Macusanite and Purupurini. For the sample Macusanite, ages are known through
different dating techniques. In the case of the FTD via plateau-age technique, the ages range
from 4.3 to 7.9 Ma [4-9]. The K-Ar dating performed by Barnes et al. [10] provided an age of
(4.2+1.5) Ma, while the one performed by Poupeau et al. [7] resulted in (5.59+0.09) Ma. The Rb-
Sr dating performed by Pichavant et al. [11] resulted in an age of 4.7 Ma. For the sample Purupurini,
the age obtained via FTD with the plateau-age correction technique was (0.053+0.008) Ma. [9]. For
the other glasses addressed in this work, no dating data was found in the literature.

FTD is based on the accumulation of tracks originated through the passage of fission fragments
from the spontaneous fission of 238U. By measurements of surface etched fossil track densities in
the samples and by the knowledge of its uranium content, it is possible to obtain the fission-track
ages [12-17]. Fission-tracks are also sensitive to thermal treatments [18,19], which makes the track
registration a reversible process. Such process is known as annealing. Since the annealing process
decreases the latent track size, it affects track revelation/counting efficiency. Therefore, the revela-
tion/counting efficiency of the fossil tracks is smaller than the induced tracks one. The difference
between the efficiencies (fossil against induced tracks) leads to an (apparent) age smaller than the
age when the tracks started to be registered (corrected age). To correct ages, two methodologies

Table 1: Physical characteristics and localization data for the siz Peruvian Glasses studied.

Sample Granulometry Transparency Latitude Site
Longitude
Sara Sara small grain bad 15°20’ S Nevado Sara
73°30° W Sara
Purupurini small grain good 16°00’ S Puru Puru
71°20° W city
Rajchi block good 14°00’ S  Rajchi archaelogical
71°20° W complex
Firura block good 15°10’ S Nevado Firura
72°40° W
Macusanite block very good 14°00’ S Macusani volcanic
70°30' W field
Batan Orq’és block very good 13°40’ S Archaeological site

71°40° W of Batan Orq’és
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were developed: the size-correction method [20]; and the plateau-age correction technique [21].
These methodologies can be described as follow:

e Size-correction method: The correction through the size of the tracks is achieved by means of
a curve which relates the density reduction of etched tracks (p/pp) and their complementary
diameter reduction (D/Dp), where p (pg) is the density of annealed (non-annealed) tracks
and D (Do) is the annealed (non-annealed) track diameter. The (p/pp versus D/Dg) curve is
obtained through laboratory heating experiments of samples bearing neutron induced tracks.
It allows the correction of the fossil track density and consequently the age of the sample.

e Plateau-age technique: Tracks with a previous annealing history are more resilient to anneal-
ing performed at the laboratory than tracks which have not experienced it (induced tracks).
The age correction via the plateau method exploits this feature. In order to obtain the plateau
corrected age, it is necessary to divide the sample in two aliquots, one containing the fossil
tracks (ps) and the other containing only the induced tracks (p;). Both fractions are then
simultaneously submitted to thermal treatments. When the densities ratio (ps/p;) reaches
unity (also Ds/Dy =1), it means that fossil and induced tracks have the same annealing
degree. At this point, the revelation/counting efficiencies of both aliquots are equal.

2 Experimental Procedure

Aiming at obtaining the ages through the Jankov Moldavite age standard (a tektite from southern
Bohemia, Czech Republic [22]), samples (Macusanite, Purupurini, Batan Orq’és, Rajchi and Firura)
were separated in two aliquots. One of them was used for the fossil track density measurement,
while the other was irradiated with thermal neutrons together with the age standard (Jankov
Moldavite). As the neutron irradiation parameters are the same for the unknown age samples and
the standard, it is not necessary to determine the neutron fluence. In this case, the unknown ages
depend only on the standard age, (14.34+0.08) Ma. [23], and on the track densities (spontaneous
and induced) for both unknown age samples and standard, according to:

(es/pr)

* (os/p1)sta )

Tap="Ts

Both aliquots (spontaneous and induced) were mounted in epoxy resin and sequentially polished
with diamond pastes of 6, 3 and 1um. The correspondent aliquots were simultaneously etched with
fluoride acid (HF 24% wt) at 15°C during 4 minutes. Measurements of track densities and diameters
were performed with a Dialux 20 EB Leica optical microscope at 500x nominal magnification. The
age correction curve was obtained using the experimental data from Sandhu and Westgate [24],
where a relation p/po versus D/Dy is presented.

With the purpose of determining the ages through the absolute dosimetry approach, the samples
Batan Orq’é, Rajchi and Firura were also separated into two aliquots. One of them was pre-
annealed, in order to erase all its spontaneous tracks, and then was irradiated with thermal neutrons.
The procedures of mounting, polishing, etching and counting were the same as described previously.
The absolute thermal neutron fluence determination was performed through IRMM-540 standard
glasses calibrated against thin films of natural uranium [3,25]. Usually the correction through
the plateau technique is performed by using three heating points, in order to indicate that the
plateau region was reached. However, this could be done with only one heat of 220°C for 4 hours
as presented by Bigazzi et al. [9,26].
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The constant’s values employed for age determination were: A=1.55125x10710 a=! [27];
Ar=8.46x10~17 a—! [28], value compatible with Holden and Hoffman [29] and Guedes et al. [30-32];
0=5.86x10"22 cm? [33]; and n=238U/235U=137.88 [34].

3 Results and Discussion

Table 2 shows the values of apparent age, T4p, and the corrected ages, Tcorr, obtained via the
size correction method plus the Jankov Moldavite as the standard age. An experimental error of
10% was assumed in the correction curve. This table also presents the counted number of fields
(ns, ns4s) and tracks (Ns, Ng41), the track densities (ps, ps4+r) and the spontaneous to induced
track diameter ratio Ds/Dj;. The indexes S and S+I refer to samples with spontaneous tracks
(non-irradiated) and samples with spontaneous and induced tracks (irradiated), respectively. The
samples were irradiated at the position 14B prat.5 (Cd ratio 4.5 for Au) from reactor facility of
IPEN/CNEN in Séo Paulo-SP, Brazil at a nominal fluence of 1x10'® neutrons/cm?.

The Sara Sara sample could not be dated due to inclusions which could be mistaken for tracks.
These inclusions were intrinsic to the sample, so they could not be removed by polishing no matter
how carefully it was performed.

The corrected age for the Macusanite sample presented in Table 2, (4.98+0.57) Ma, is in agree-
ment with the one presented by Bigazzi et al. [9], obtained via the plateau-age technique plus abso-
lute dosimetry, whose mean value is (4.64+0.17) Ma (determined at Campinas) and (5.20+0.11) Ma
(determined at Pisa).

In the case of the Purupurini sample the low density of fossil tracks made it difficult to obtain
the ratio Dg/D; , what forbade the obtainment of the sample’s corrected age. Bigazzi et al. [9]
carried out a dating of this sample through the plateau-age technique plus absolute dosimetry. In
his work the sample’s obtained apparent age was (0.050+0.011) Ma, in agreement with the age
obtained in this work (0.03+0.01) Ma. "The weighted mean value between Bigazzi’s result and the
result shown in Table 2 is (0.037+0.007) Ma.

For the sample Batan Orq’6, where no fossil tracks were found, two statistical procedures were
applied in order to achieve an upper limit for the age. One of the procedures is that proposed by
Galbraith (p. 50 in Reference [1]) for small (<3) or zero counts. Galbraith’s method calculates
upper and lower confidence limits for ps/pr by adapting standard confidence intervals for a binomial
parameter (f) through the equation: ps/pr = 6/(1—6). By using the Galbraith proposed statistics
and the data from Table 2, the age upper limit, at a 95% confidence level, was ~6000 years. Another
possibility to assess the age upper limit is based on the fact that the decay process obeys the Poisson
statistics. The Poissonian probability of finding ”zero tracks” is e #, where u is the average of the
distribution. This probability becomes less than 5% when the average becomes higher than 3. In
other words, when more than 3 tracks had been found, the fossil density of tracks (ps) would be >
3/0.131 cm? (number of tracks divided by observed area), or 23 cm™2. By applying Equation 2.1,
an age of ~9000 years is obtained. So there is a 95% chance that the sample is less than 9000 years
in age. Both estimates for the Batan Orq’é age upper limit are presented in Table 2.

In Table 3 the results obtained via the plateau-age technique plus absolute dosimetry are shown
for the samples Rajchi, Firura and Batan Orq’é6. Samples were irradiated in the Lazy Susan (Cd
ratio 6.5 for Au and 48 for Co) facility of the Triga Mark II reactor of LENA, University of Pavia,
Italy. The neutron fluence was determined by using the IRMM-540 standard glass {35] calibrated
against thin films of natural uranium [3].

In the case of the sample Batan Orq’é, an upper limit for the apparent age was obtained
through both statistical procedures discussed above. The analysed area was 0.202 cm? (Table 3),
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Table 2: Fission-track ages of Peruvian wolcanic glasses obtained via the size correction method plus the
Jankov Moldavite as the standard age. ns (nsyr): fields counted in spontaneous (spontaneous+induced)
measurements (field size is 1.05x 10~* c¢cm~2 unless stated differently); Ns (Nsyr1): total number of tracks
counted in spontaneous (spontaneous+induced) measurements; ps (ps+1): spontaneous (spontaneous + ire-

duced) track density; Tap (Teorr): apparent (corrected) age; Ds/Dy: spontaneous to induced track diameter
ratio.

Sample ns Ng ps ns;; Ngir PS+I Tap Ds/Dy Teorr
(10% cm™2) (10 cm~2) (Ma) (Ma)
Moldavite 391 404 9.84+0.49 256 2025 0.75+0.02 - 0.99+40.02 -

Macusanite 289 908  29.9+1.0 195% 2164  6.60+0.14 4.53+0.22 0.95+0.03 4.98+0.57

Purupurini  6946* 9 0.08+0.03  237¢ 1081  2.71+0.08 0.03+0.01 - =
Batan Orq’é 1243 0 - 55 2164  2.43+0.05 - - <0.006%

<0.009<
Rajchi 1164 185 1.51+0.11 97 1096  1.08+0.03 1.36+0.12 0.99+0.03 1.38+0.19
Firura 1804 227 1.20+0.08 136 1546  1.08+£0.03 1.07+0.08 0.88+0.03 1.35+0.17

Errors represent standard deviation of the mean (10).

@ Field size is 1.68x1075 cm™2.

b Galbraith [1] determination based on small counts.

¢ Determination based on Poissonian probability of finding zero tracks.

which implies an age upper limit of ~5400 years either by using Galbraith’s or the e~* procedures.
As both estimates provide the same result, further support is lent to the approach presented in this
work. The areas analysed during the two dating procedures (Tables 2 and 3) can be summed up
because they belong to different portions of the sample and are therefore independent. Thus, the
total examined area is 0.333 cm?. This leads to a maximum age upper limit of ~3430 years, by
using the Poissonian probability of finding zero tracks.

It is worth mentioning that the Batan Orq’é is a surface sample collected in an important
archaeological site in Cuzco. This site is situated on a hill overlooking the Huaro Valley, located
10 km south-east of Pikillacta. Pikillacta is one of the largest archaeological sites dating to the
Middle Horizon (A.D. 540-900) in Peru. The Middle Horizon is associated with the widespread
expansion of an important pre-Inca civilization, the Wari. The Wari occupied much of Cuzco,
building the large architectural complex of Pikillacta and a large settlement in the Huaro Valley,
including the elite cemetery of Batan Orq’6. Thus, the upper limit of age presented in this work
could be associated with the possibility that this sample was part of an artefact that experienced
a heating that occurred during its use and that have completely erased the pre-existing tracks.

Concerning the Rajchi sample the presented age determinations (1.38+0.19) Ma (Table 2) and
(1.14£0.09) Ma (Table 3) are concordant in 20. The weighted mean value from both determinations
is (1.1940.08) Ma. It should be noted that the Rajchi sample is also a surface sample and had been
collected in the Rajchi Archaeological Complex. This Complex is related with the Inca civilization
and was a heavily-populated area of vast dimensions, spreading out across 264 hectares. However,
in this case, the obtained age probably is associated with a volcanic event.

Regarding the Firura sample, the age determinations showed, (1.35+0.17) Ma (Table 2) and
(1.0140.08) Ma (Table 3), are also concordant in the 20 limit. The weighted mean value from both
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Table 3: Fission-track ages of Peruvian volcanic glasses obtained via the plateau-age technique plus absolute
dosimetry. Sample heating: thermal treatment imposed for plateau age determination; ng (n;): fields counted
in spontaneous (induced) measurements (field size is 1.05% 10~* cm—2 ); Ns (Np): total number of tracks
counted in spontaneous (induced) measurements; ps (pr): spontaneous (induced) track density; Ds/Dj:
spontaneous to induced track diameter ratio; T: determined age.

Sample ns Ng ps n; Ny pI Ds/Dy T
heating (10% cm—2) (10° cm—2) (Ma)
Batan Orq’ds

none 1924 0 - 41 1109 2.56+0.08 <0.0054°
Rajchi

none 1495 215 1.37+0.09 112 1430 1.22+0.03 0.91 1.03+0.08

4 h at 220°C 1547 190 1.174+0.08 130 1285 0.94+0.03 =1 1.1440.09
Firura

none 2441 264 1.03+0.06 111 1485 1.27+0.03 0.86 0.75+0.05

4 h at 220°C 2009 192 0.914+0.07 161 1423 0.8440.02 =~1 1.01+0.08
Errors represent standard deviation of the mean (10).
Absolute dosimetry yields a value of (1.85+0.09)x 105 neutrons/cm? for the thermal neutron
fluence.
¢ Determined through e=# and Galbraith’s (1] upper limit for age.

determinations was (1.074+0.07) Ma. The mean value of the Firura’s age probably is associated to
a volcanic event.

4 Conclusions

A new method to predict the upper age limit, even in the absence of spontaneous tracks, was
presented and compared with the one proposed by Galbraith [1]. This method allowed to situate
Batan Orq’6 fission-track maximum age at ~3430 years, which might be associated to archaeological
events.

The obtained ages to Macusanite, Rajchi and Firura were: (4.984+0.57) Ma; (1.1940.08) Ma;
and (1.07+0.07) Ma, respectively. These ages are associated to volcanic events. In the case of
Purupurini, due the low density of fossil tracks, only an apparent age, (0.028+0.009) Ma, was
obtained. The weighted mean value between the result obtained by Bigazzi et al. [9] and the
Purupurini’s age in this work is (0.037+0.007) Ma.

Only one of the samples (Sara Sara) could not be dated, because it had inclusions which could
be mistaken for tracks.

The comparison between the ages of Macusanite, Rajchi, Purupurini and Firura samples, ob-
tained both through the size-correction method plus the Jankov Moldavite and the plateau-age
technique plus absolute dosimetry, shows that the answer provided for both methods are coherent.
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Abstract: We study chemical reactivity, energetics, interactions and structure of neutral and
‘ionic species — in the gas phase- of fundamental, biological and technological relevance. For this
purpose we use a number of experimental (Fourier Transform Ion Cyclotron Resonance FT-ICR;
calorimetry of combustion; Knudsen's effusion; photoelectron-photoion coincidence
spectroscopy PEPICO) and theoretical techniques. The combination of the experimental results
with those obtained by means of quantum-mechanic calculations (ab-initio, DFT) allow us to: i)
obtain quantitative information on thermodynamic and kinetic of a variety of reactions in the
phase gas, ii) determine interesting and novel relationship of reactivity-chemical structure, iii)
determine the thermodynamic stability of neutral and ionic species, iv) to discover new species
and new types of chemical bonds.

Dedicated to Prof. Holger Valqui C. on the occasion of his 80" birthday.

Key words: Thermodynamic stability, proton-exchange, molecular-structure, DFT, ab-initio,
combustion calorimetry, FT-ICR, PEPICO.

1. Introduction.

Our research lines focus on the quantitative study of the energetics, structure, chemical
reactivity and interaction among neutral and ionic species (organic, inorganic and
organometallic) in the absence of the disturbing effect of the solvent. Medium effects on
reactivity are often quite large. The determination of thermodynamic state functions for neutral
and ionic species, as well as of rate constants for ion-molecule reactions and unimolecular
dissociations, all of them in the gas phase, allows the study of intrinsic (i.e., solvent-unperturbed)
reactivities. When necessary, quantitative information on the solvation of individual species
(notably ions) can then be obtained through appropriate thermodynamic cycles. Frequently, these
studies lead to the discovery of new reaction mechanisms or chemical bonds as well as of
chemical species of unforeseen structures.

Fourier Transform Ion Cyclotron Resonance Spectroscopy (FT-ICR); combustion
calorimetry, Knudsen Effusion and vaporization techniques, Photoelectron-Photoion
Coincidence Spectroscopy (PEPICO) and theoretical methods (ab initio, DFT) are usually
combined in our studies, which are structured into two interconected lines: The first line, is
basically related with small molecular systems where we used 4.7 T FT-ICR, combustion
caloritmetry/Knudsen effusion and PEPICO techniques. In the second line, recently
implemented, our group tries to approach very current topics of chemical-physics interest, with

" Dr. J.Z. Davalos has been student and after Lecturer in Physics at the Science Faculty-UNI.
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particular incident in the macromolecular field (proteomics, metabolomics, polymeric materials).
For this purpose we are using the 7.0T FT-ICR spectrometer provided with external ionization
ESI/MALDI sources.

We believe that our investigation contributes, in narrow multidisciplinary collaboration,
to the development of a chemical-physics of neutral and ionic species in the gas phase, "parallel”
and frequently different from the observed one in condensed phases.

2. Experimental tools.

2.1. FT-ICR (“Fourier Transform lon Cyclotron Resonance Spectrometry”)." It is a mass
spectrometry based on the effect produced by an intense magnetic field (generated by
superconducting solenoids) over the trajectories of charged particles (cyclotronic motion, Fig.
la). As regards other spectrometries, FT-ICR presents the best sensitivity and resolution
currently available.

Our group has used (from 1988) a modified Bruker CMS-47 FT-ICR mass spectrometer
equipped with a 4.7 T superconducting magnet to the study of ion-molecule processes where
take part "small" volatile species. At present, we have a new FT-ICR spectrometer,
Agilent/Varian-920 (Fig. 1b), provided with a 7.0 T actively shielded superconducting magnet
and equipped with the external ionization sources: i/ MALDI (Matrix-Assisted Laser Desorption
Ionization) and, ii/ ESI (Electrospray lonization), which is in line with a Triple-quadrupole
Agilent/Varian-320 mass spectrometer. This hybrid-spectrometer is provided with fragmentation
techniques such as SORI-CID (Sustained Off-Resonance Irradiation- Collision-induced
Dissociation), IRMPD (IR Multiphoton Dissociation) or ECD (Electron Capture Dissociation),
and it can be also coupled to chromatographic interfaces (GC or liquid HPLC).

Fig.1. (a) Cyclotronic motion. (b) Hybrid FT-ICR of 7.0T with ESI/MALDI sources
Basicity (GB) and acidity (GA) in the gas phase. The basicity of a base B and the acidity of an

acid AH, in gas phase can be defined in terms of standard Gibbs energy changes for reactions (1)
and (2), respectively: GB(B) = AerO(l) and GA(AH) = A,GmO(Z).
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BH'(g) — B(g)+H'(g) AGn (1) =GB M
AH(g) — A'(g) +H'(g) AGn (2) = GA @

2.2. Photodissociation electron-ion coincidence techniques: PEPICO (“Photoelectron-
Photoion Coincidence’), using basically Synchrotron Radiation lines (SLS-Paul Scherrer
Institut-Switzerland, LNLS-Campinas-Brazil). It can provide quantitative and qualitative
information on: i) Heats of formation [Ameo(g)] and binding energies (BDE) of ionic and neutral
species practically impossible to obtain by means of the conventional techniques, such as
calorimetries. ii) Dynamic of photo-fragmentation processes (in energy ranges of UV and soft X-
Ray) of energy-selected ions.

2.3. The traditional calorimetry techniques (calorimetry of combustion, differential scanning
calorimetry DSC) and those of vaporization/sublimation (Knudsen's Effusion), suitably modified
and updated, continue providing quantitative precise information on: i) Thermodynamic stability
(heats of formation) of organic neutral molecules including C, H, O, N, S and halogens (Cl, Br,
I). ii) Thermophysical properties such as calorific capacities, phase transitions. iii)" Energetic
properties of organic samples.

3. Theoretical methods

The quantum chemical calculations are carried out using the Gaussian 03 and 09
packages.” The geometries of the compounds under investigation are optimized by using Density
Functional Theory (DFT), with the Becke 3 parameter and the Lee, Yang, Parr (B3LYP)® and
Truhlar functionals (MO05, MO06),* usually without symmetry restrictions. The ab-initio
calculations employed in several of our works are related with Mgller-Plessed (MP2)’ and Gn
(n=2, 3, 4)6 level of theories, which ones predict the energies quite well.

4. Results
Here are described some of the relevant results obtained by our group:

4.1. The PyeesLi * ion in the gas phase: A planetary system.”
We have explored experimentally and computationally the existence, thermodynamic stability,
and properties of the seemingly unknown ion PseeeLi" (tetraphosphorus-Li) in the gas phase.

PiLi'(g) — Pa(g) +Li'(g) AGwm (3)=LCB 3)

The Gibbs energy of dissociation is known as lithium cation basicity, LCB, of P4 and it was
determined by experimental (FT-ICR) an computational (G2-level) methods.

Our results were the following:

- Bracketing experiments show that P4Li"(g) suffers irreversible transfer of Li*. We have
estimated a LCB(P4) = 19.4 = 4.8 kcal/mol,

- Ab initio calculations (at G2 level) lead to a value of LCB(P;) of 17.5 kcal/mol

The study of isomerization barriers reveals the existence of 4 groups of stationary points (Fig.
2a) in the potential energy surface PES: Three of them corresponding respectively to the

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 74-81



Reactivity, energetics and molecular structure 77

attachment of the Li" cation to a corner o apex (1), an edge (2), and a face (3) of the tetrahedron.
The fourth structure, in which Li* occupied the center of tetrahedron, was found to be a saddle

point.
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Fig. 2 (a) Energetic diagram showing the stable structures 1, 2, and 3 for P,Li" as well as the
transition states of these structures. (b) P4Li*cation

All these results imply that P4Li" in the gas phase provides a nice of a “planetary system” (Fig.
2b) wherein Li cation can easily move around P, along “orbits” connecting the points above the
middle points of the P-P edges with points above the center of PPP faces and points of corners.
Obviously, the motion of Li* will be favored by increasing the temperature of system. At room
temperature RT, this orbiting will likely take place in a nanosecond time scale.

4.2. Discover new species and chemical bonds: A Carbon atom covalently bound to five
ligands, the case of Si>(CH3);" cation.®

We have experimentally shown, by means FT-ICR spectrometry, that [Me;Si-SiMes]” (I', m/z
161) cation (Fig. 3) is asymmetric, fluxional ion. Theoretical calculations at a very substantial
level show that the optimized geometry [B3LYP/6-31 1+G(3df,2pd)] of the ion I'corresponds to
a Cy-symmetric structure, in which a totally planar CHs group is symmetrically bonded to two
eclipsed Si(CH3)3; moieties. Accordingly, the most important conclusion of our theoretical study
is that in I", the central carbon atom is pentacoordinated. The calculations also rationalize the
fluxionality of this ion.
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Fig. 3 (a) FT-ICR mass spectrum of cation I, (b) optimized geometry for I'.
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4.3. Neutral, Ion Gas-Phase Energetics and Structural Properties of Hydroxybenzophenones.9
We have carried out studies of the energetics, structure, and physical properties of o-, m-, and p-
hydroxybenzophenone neutral molecules (Ci3H;00;) and their corresponding anions (obtained

by de-protonation of the OH group). In
particular, we determined the heat of
formation, AfH,,,O(g), for all of these species. A
reliable experimental estimation of the
enthalpy associated with intramolecular
hydrogen bonding in chelated species was also
experimentally obtained. The gas-phase
acidities (GA4) of benzophenones, substituted
phenols, and several aliphatic alcohols are
compared with the corresponding aqueous
acidities (pKa), covering a range of 278
kJ/mol in GA and 11.4 in pK, (Fig. 4).
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Fig. 4 Molecular geometries and correlation of
acidity in the gas phase (GA) and in solution (pK,)

4.4. Towards superacidity in the gas phase: Enhanced Acidity of Phosphine- and Amine-

1
Boranes."”

Our experimental and theoretical study on series of
phosphines, amines and their phosphine-, amine-borane
adducts showed that BH3 attachment leads to a substantial
increase in the intrinsic acidity of the system: from 80 to110
kJ/mol for R-PH;BH3 and almost twice of this range, for R-

NH;BH3;.

This acidity-enhancing effect of BH3 is enormous, between
13 and 18 orders of magnitude in terms of ionization

Fig. 5 Complexes of phosphine-
and amine-boranes

constants. This indicates that the acidity enhancement of

protic acids by Lewis acids observed in solution also occurs in the gas phase. It is interesting to
remark that for R-NH,BHj case, the most significant finding is that typical nitrogen bases, such
as aniline, react with BHj to give amine-borane complexes, which in the gas phase have acidities
as high as those of either phosphoric, oxalic, or salicylic acid; their acidity is higher than many
carboxylicacids, such as formic, acetic and propanoic acid.

4.5. Electronic transfer reactions (ET) on “cage” type hydrocarbons."
It has been experimentally established that the

radical

cation of adamantane (Cj;oH;¢) and 1
adamantylidene-adamantane (CyoHyg) are stable
(albeit very reactive) species. Use of the natural
BC “labelling” of these compounds allowed
experimental determination of the rate constants
for isergonic electron exchange between these
hydrocarbons and their corresponding radical
cations. These rate constants are extremely high

and practically collision-controlled in both cases.

Facultad de Ciencias — UNI

REVCIUNI 15 (1) (2012) 74-81

Fig. 6 Structure of adamantylidene-adamantane



Reactivity, energetics and molecular structure 79

Theoretical computations exploring different possible reaction paths have given insight into the
role that intermediate complexes may play in this ET reaction.

4.6. Photodisociation dynamics and energetics of Tin species. 12

The photodissociation dynamics and energetics of tetramethyltin (MesSn) and hexamethylditin
(MesSny) (Fig. 7) has been studied by TPEPICO spectrometry. Ions are energy-selected, and
their 0 K dissociation onsets are measured by monitoring the mass spectra as a function of ion
internal energy. Me,;Sn" dissociates rapidly by methyl loss, whereas the hexamethylditin ion
dissociates slowly on th€ time scale of the experiment so that dissociation rate constants are
measured as a function of the ion energy. Rice—Ramsperger—Kassel-Marcus (RRKM) theory and
the simplified statistical adiabatic channel model (SSACM) are used to extrapolate the measured
rate constants for methyl and radical Me;Sn’ loss to their 0 K dissociation onsets.Updated values
for the heats of formation of the neutral MesSn and MegSn; are used to derive the following
298.15 K gas-phase standard heats of formation, AfH,,,o(g), in kJ/mol: for Me3;Sn*, 746.3 +
2.9;MesSn,", 705.1 + 7.5; MesSn’, 116.6 + 9.7; Me;Sn, 123.0 + 16.5; MeSn", 877.8 + 16.4.
These. energetic values also lead to the following 298.15 K bond dissociation enthalpies, in
kJ/mol: BDE(Me3;Sn—Me) = 284.1 £ 9.9; BDE(Me3Sn—SnMe;) = 252.6 + 14.8.

(2) (b)
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Fig. 7 (a) Molecular geometry for Me4sSn and (b) staggered MegSn,, (c) TPEPICO ion
time-of-flight (linear TOF) distributions forMesSn; at several selected photon energies.
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4.7. Energetics of trans-hydroxycinnamic acids."

Phenolic acids, such as hydroxycinnamic and hydroxybenzoic acids,
are a diverse group of aromatic secondary plant metabolites. They are
ubiquitously distributed, in both edible and non-edible plants, as
esters or glycoside derivatives. In recent years these acids and
derivatives have attracted much attention due to their various
biological, photobiological and pharmaceutical activities and also to
their industrial or technological applications. Many of these activities
are related to their antioxidant properties, which may be due to their
ability to scavenge free radicals and/or to synergistic effects with . .
physiological antioxidants and several enzymes. In fact, these actions :(l:igc-iss Hydroxycinnamie
could prevent oxidative damage of biomolecules (proteins, membrane

lipids, and nucleic acids) related to various diseases such as cancer, cardiovascular risks or
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diabetes. In this work, we have studied the energetics and structural properties of trans-cinnamic,
coumaric, caffeic, ferulic and sinapic acids. It has been determined the heat of formation,
AeH,(g), for all of these species. These values have permitted to study the energetic effects of m-
donor substituents (~OH and —OCH3) in cinnamic acid derivatives and in the respective benzene
analogues. Our results indicate that the interaction between —OCH; and/or —OH groups in
hydroxycinnamic acids takes place without significant influence of the propenoic fragment.

4.8. Study of oligomerization in icosaedral closo-(car)boranes Lithium clusters.'”

We have carried out an experimental and computational study of the olygomerization in
icosahedral closo-(car)boranes lithium-based clusters, Li,Bj>H> (I) and LiCBH;; (II). The
experiments were performed on a hybrid ESI-TQ-FT-ICR mass spectrometer. According to the
experimental results, the dianion Bj,H;,>~ shows a bigger affinity for lithium than the monoanion
CBi1Hi2™. Signals of olygomer anions of I singly and doubly charged have been detected
(depending on the loss of one or two Li* ions), which were identified, respectively, as [I, — Li]~
(n=1,2,3,4)and [I, - 2Li]2_(n =1, 4,5, 6, 7). As for II, only monomer and dimer singly-
charged anions [II, — Li]” (n=1, 2), were detected. These results are explained and rationalized
by high-level computational studies, finding the most stable structures of I, II and their derived
cluster anions. We have also estimated the bond dissociation energy (BDE) between Li and the
icosahedral borane cages in the processes [X,-Li]™ — X + [X-Li]” with X=1, IL Comparison of
experiments and computations show an excellent agreement for the bond dissociation energy in
process involving I, with AE= 1.5 eV.

100 293423 23428
w2426, | 294419 (- Li)™
% |
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20
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0 Iv'lv]’rv—ﬁ'llvvv||III||vlv|r|llIIIIVIIrT_!vf'v|lv!v’
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Fig. 9 (a) C2 optimized geometry of the homodimer anion [II,-Li]” ([CB11Hi2+-Li-CBy1Hj2])
obtained at B3LYP/6-311++G(d,p) level. (b) ESI-FT-ICR mass spetrum of cluster [II,-Li] in
the negative mode.
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I. ABSTRACT

The development of chemically functionalized materials, such that their physical properties
can vary in response to external mechanical, chemical, or optical stimuli, offers potential
applications in a wide range of fields, namely microfluidics, electronic memory devices, sensors
and actuators. In particular, patterned structures built with stimuli-responsive polymer
materials are attractive due to their inherent lower cost production and for building soft
scaffolds that mimic closer natural bio-environments. In addition, harnessing the construction
of patterns with nanoscale dimensions would not only a) allow building lab-on-a-chip devices
that require minimal chemical reactants volumes, but also b) find applications in the area of
nano-electronics for fabricating flexible, low-cost, and low-voltage-operation integrated logic
circuits devices. To address these potential applications of stimuli-responsive polymer
nanomaterials in the bio and nano-electronics arena, this article provides first a brief review of
radiation and non-radiation based lithography methods used for fabricating nanopatterns. This
introduction helps to put in context a more general description of the Proton-fountain Electric-
field-assisted Nanolithography (PEN) technique, a recently introduced scanning-based method
able to fabricate patterns of nanoscale dimensions using responsive polymer films. We also
outline potential avenues for the outgrowth of PEN by replacing its current top-down
fabrication approach with a bottom-up modality. The proposed outgrowth is to improve the
fabrication speed and the lateral dimensions of the patterns. More specifically, we address the
fact that, since PEN capitalizes on the reversible swelling-response of poly(4-vinylpyridine)
(P4VP) films upon spatially-localized injection of protons (hydronium ions H30%), the diffusion of
the positive charges inside the polymer film matrix limits the patterns lateral resolution. This
shortcoming can be remediated by the integration of ultra-fast optical activation into the PEN
technique in order to gain much finer control over the functionalized sample area where the
polymer molecules are selectively attached to the substrate, which would allow implementing a
diffusion free, nanometer resolution, self-assembly method for fabricating erasable polymer
nanostructures.
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I. The development of PEN in the context of the emerging fields of biomimetic and

nano-electronics

There exists a long standing interest in the biomimetic field for unraveling the inner working
principles of biological systems for, ideally, building devices that closely mimic their functioning.
Lipid bilayers membranes that separate cells from their external environments constitute
specific example of the sophisticated mechanisms observed in biological machineries, where
embedded membrane-proteins facilitate the communication between the interior and exterior
sides carrying out a multitude of tasks, namely signal transduction, transportation of small
molecules, catalytic reactions, etc. (See Ref. 1 provides an interesting review of intriguing
mechanisms by which these molecular machines operate.)® Interesting enough, this fascinating
concerted bio-chemical work is revealed at different dimension scales. Indeed, nature provides
with vast examples of highly organized hierarchical structures whose dimensions range from
the micron-size (cell) to the nano-sized scale.? An example of the latter constitutes the flagella
of bacteria, which rotates at over 10,000 r.p.m. driven by a protons-flow caused by
electrochemical potential differences across the membrane; the diameter of the bearing is
approximately 30 nm, with an estimated clearance of approximately 1 nm.>

On the other hand, there are increasing evidences that living cells are not just chemical
factories (as tacitly implicit in the lines above) but they can also be conceived as mechanical
devices,*? for it is found that cell membranes are very sensitive to the mechanical properties of
its surrounding matrix (affecting their growth, differentiation, migration, and, eventually,
apoptosis.)®’ Incidentally, a recent report indicates that stem cells do not regenerate efficiently
in vitro environment unless the surrounding medium is made out of soft materials.®® This new
mechanical sensitivity characteristic has fueled further the development of synthetic polymer
scaffold for regenerative medicine.’®*"***3 |n addition, there exists special interest for micron-
and nano-sized structures. Their advantage can be contrasted within the field of tissue
engineering where, for example, hydrogel scaffolds'® are found to cause premature death of
cells (necrosis) due to diffusion limitations, even though these artificial scaffolds closely mimic
the chemical and mechanical properties of natural extracellular matrix.'> What happens is that
in large hydrogels it is difficult to control the three-dimensional architecture and cell-cell
interactions, which makes it difficult to replicate the complexity of real tissues. Micron-sized
hydrogels, in contrast, have no such limitations. For example, by using hydrogels of controlled
sizes and shapes®®, it is possible to minimize diffusion limitations while fabricating tissues with
complex microarchitecture.?’

Inspired by the well-coordinated chemical and mechanical processes displayed by living cell
membranes, there has been successful attempts in the design of a variety of building blocks
(gels,”®*® brushes,?® hybrid systems with inorganic particles?!) that respond selectively to
different (pH,** temperature,??* optical,*>* and magnetic?®) external stimuli. One particular
approach within the biomimetic-materials field constitutes the development of versatile stimuli
responsive thin films?” The rationale behind these efforts conceives building complex synthetic
hierarchies (needed to eventually mimic nature) as a combination of functional-domains
separated by stimuli-responsive polymer thin films, the latter regulating the interactions
between the domain compartments.?® This vision constitutes one of the motivations for
developing Proton-fountain Electric-field-assisted Nanolithography (PEN), which aims at
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harnessing the fabrication of nanoscale patterning of responsive polymer films, and whose
description is the subject of this article.

PEN was introduced very recently?® by demonstrating its ability to pattern features (of
nanometer-size in height and micron-size wide) in poly(4-vinylpyridine) P4VP films. The initial
selection of this polymer responded to the fact that its swelling properties, triggered by wet
exposure to acids, had been previously demonstrated in experiments performed at
macroscopic scales.®® PEN has extended this principle to the nanoscale domain,*®aiming to
fabricate artificial scaffolds that closely mimic the mechanical properties of natural
extracellular. In addition, being a polymer of conjugated type (it contains pyridine groups, with
© molecular orbitals, along its chain) P4VP is also being used to explore opto-electronics
applications,* which is timely in the current trend of research interest for developing low-cost,
low-voltage operation, flexible nano-electronic devices.?? Altogether, the potential applications
in the biological and electronics fields have triggered further the interest of our research groups
for developing PEN. The first PEN demonstrations were implemented using a scanning probe
modality, as described in more detail in the following sections. In this article we also explore
new experimental approaches to overcome the inherent slow process associated to its scanning

probe implementation and how to improve the capability to fabricate patterns with finer line
widths.

This article is organized as follows. Section Il provides a brief view on past and current
trends in the fabrication of nanomaterials, including specific examples of the top-down
approach (briefly describing radiation and non-radiation-based lithographic techniques for
building single electron memory devices) and the bottom-up approach (describing the
construction of self-assembly complex architectures using P4VP material.) The purpose of
section Il is to first provide a quick view of the underlying efforts for harnessing the fabrication
of materials with nanoscale dimensions. Section Il offers a summary of early results obtained
using PEN, including technical details of the fabrication process with an emphasis on attaining
an understanding of the working principle of the molecular “glue” used in the fabrication
process; the latter is used to covalently attach polymer molecules to a substrate. Section IV
outlines the integration of ultra-fast optical activation into the PEN technique in order to gain
control over the specific area that will be chemically functionalized and where the polymer
molecules will be selectively attached to the substrate. Such a technical outgrowth would allow

implementing a diffusion free self-assembly method for fabricating erasable polymer
nanostructures.

Il. General trends in the fabrication of nanomaterials

Nanomaterials fabrication methods can be classified according to whether their assembly
followed either i) the so called bottom-up approach, where smaller components of atomic or
molecular dimensions self-assemble together, according to a natural physical principle or an
externally applied driving force, to give rise to larger and more organized systems;** 3* or ii)
the top-down approach, a process that starts from a large piece and subsequently uses finer
and finer tools for creating correspondingly smaller structures.>® These two approaches are

schematically presented in Fig. 1. There are advantages and disadvantages in both approaches,
which are estimated according to their speed, reproducibility, and cost.
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Fig.1 a) Schematic representation of the formation of nanostructures via the top-down and
bottom-up approaches.*® b) A tapered probe, manipuilated by a macroscopic machine,
allows “writing” small features by scratching the probe apex on a soft polymer surface.
Notice the removed material disperses on the sides of the created grooves. Image attained
at Portland State University, Portland, Oregon, USA; courtesy of Rodolfo Fernandez. c)
Example of self-assembling set to occur on previously chemically-functionalized surfaces;
chemisorption happens due to interactions between adsorbing molecules and specific sites
on the substrate. The resulting nano-electronics material emerges with much more effective
functions when proper shapes and microstructures are provided.*’*® Image courtesy of Dr.
Hiroyuki Sugimura, Nanoscopic Surface Architecture Laboratory, Department of Materials
Science and Engineering Kyoto University, Japan.
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1.1 The “top-down” approach to nanotechnology
II.1A Photolithography silicon technology: Radiation-based method for fabricating electronic
devices . o

One of the best examples of the top-down fabrication procedure is photolithography silicon
technology,® 3° which was originally developed for microelectronics (integrated circuits planar
technology) but now it is also used to make miniature machines (three dimensional structures
obtained by exploiting the preferential material-etching along the silicon’s crystallographic
planes.)*®* This revolutionary fabrication process started with the invention of the point-
contact transistor in 1947* that heralded the dawn of microelectronics. Since then, the
industry has been driven by the .demand to build devices that squeeze an ever increasing
number of individual circuit elements onto ever smaller pieces of semiconductor materials.*?

The ability to shrink the size of the devices depends on the particular lithographic technique
used to make the circuit pattern. In the photolithography process outlined -in figure 2, pre-
designed patterns are transferred from a mask (made, for example, using electron beam
lithography) to the target silicon substrate. The process comprises the following typical steps:

i) Spin-coating a thin layer of light-sensitive polymer resist on a silicon wafer sample (Fig. 2b);

ii) Subsequently the sample is illuminated with ultra-violet light through the patterned-
apertures of a mask (Fig. 2c); hence only some regions of the resist are exposed to the uv-
light, which causes changes in the resists’ solubility. There exist two modalities for using the
mask. In the contact mode, illustrated in Fig. 2 c-1, the mask is placed in almost near-
contact with the sample; this modality is prone to cause damage to both, unless very much
care is placed in the procedure. This type of setting is widely used in research labs. But for
applications involving large volume production, where the integrity of the components
becomes an issue, the mask is instead placed at a working-distance from the sample. In this
projection mode the mask features are projected through an optical system, as shown in
Fig. 2 c-2, which offers a safer alternative than the contact mode. Notice however that, due
to light diffraction effects, the resist’s areas exposed to radiation will be larger than the
corresponding opening areas of the mask (i.e. there is a loss in resolution). This imposes
limitations on lithography-based procedures for creating devices of dimensions smaller than
the wavelength. Thus the semiconductor industry has also been driven to use radiation of
smaller wavelength.

iii) The procedure continues dipping the sample in a developer in order to remove the resist
from the places where it has been exposed to light (Fig. 2d).

iv) The resist pattern on the wafer is subsequently used to either etch material from the naked
regions where the resist exposes the wafer to the etching agent (Fig. 2e) or, alternatively, to
deposit additional material as required by the circuit design. Afterwards, the resist is
stripped completely off the wafer (Fig. 2f). .

Notice that after these four steps, features on the mask (step c) will have been transferred to

the Si-substrate (step-f). This whole process is repeated as many times as required by the circuit

design complexity.
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Fig. 2 a) to f) Schematic diagram of a photolithography process. The asteristics on step-c1
and step-f are to highlight the fact that features on the mask are replicated onto the Si-
substrate (except for some limitations impossed by light diffraction, which makes the
features on the silicon to be larger than the ones in the mask.) g) Non-volatile memory cell
with a (80 nm wide and 160 nanometers long) "floating gate" central storage data, built at
Bell Lab using optical lithography. Image of the non-volatile memory reprinted with
permission of Alcatel-Lucent USA Inc.

A representative example of a top of the line device manufactured using a lithography
process is the non-volatile memory device shown in Fig. 2g, which stores data even when its
power supply is turned off. This device is basically a metal-oxide-semiconductor field effect
transistor (MOSFET), except for having a modified gate electrode. For completeness, a
schematic of both is shown in Fig. 3. The top and right sides displays the working principle of a
MOSFET, where a key role is played by the electron conductive channel (separated from the p-
type substrate by a depletion region) that forms upon the application of a sufficiently high gate
voltage (greater than a threshold voltage Vi); subsequent modification of the channel (in
response to different values of the drain voltage Vp) renders transistor operation with very high
input impedance and unequal low-power consumption device. The ability to modulate the
conductance of the channel through a gate electrode that is isolated from the channel by a thin
oxide constitutes one of its main advantages. Fig. 3 also shows a modified MOSFET where a
poly-silicon floating gate is fabricated in between the control gate and the channel, separated
by a thin oxide. When a positive voltage is applied to the control gate, charge is injected from
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the channel region and through the gate oxide into the floating gate. When the applied voltage
is removed, the injected charge can be stored in the floating gate for a long time (days). To
remove the charge, a negative gate-voltage Vg is a pplied.

MOSFET

0<VG <Vy For a fixed VG (With Ve > VT

Vo small

Depletion /

I
region Py 2
Vo
FLOATING GATE NON-
VOLATILE MEMORY Io
Control . nlin v, Vi
Floating il
gate G gate region = ! >
Vp,sat Vo
Vp > Vp cat
Ip
Depletion P LA
region —._l_- . N
Vp,sat Vo

Fig. 3 Top and right sides: A p-type metal-oxide-semiconductor field efect transistor and output I-V
charaxteristics. A conductive channel (or inversion layer) is formed between the source and drain
n* regions when the applied gate voltage exceeds a threshold voltage Vr (the latter is characteristic
of the particular MOSFET device). The current / vs drain voltgeV, response is illustrated for a fixed
Vi voltage. As V;, changes, the corresponding modifications of the channel controls the operation
of the transistor. Left bottom side: Floating gate non-volatile memory. This is basically a MOSFET
that has a mofified gate electrode that comprises a floating gate surrounded by insulator S,0,.
When a positive voltage is applied to the control gate, charge is einjected from the channel region
through the gate oxide into the floating gate. When the applied voltage is removed, the injected
charge can remain stored in the floating gate.
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The finest resolution that can be achieved by optical lithography is hampered by diffraction
effects (step c-2 in Fig. 2). As a rule of thumb, the smallest feature that can be fabricated using
traditional optical methods is of the order of A/NA, where A is the wavelength of the light being
used (A~ 500 nm for visible light, 200 nm for uv) and NA = n Sin6 is the numerical aperture of
the final objective lens used to deliver the radiation on the substrate (n is the index of
refraction of the medium separating the lens and the sample). Still, the 80 nm features in the
memory device shown in fig. 2g was achieved using radiation of 193 nm wavelength. However,
this was possible only due to special procedures that employed a phase-shift lithography
method,* together with special chemically-amplified photoresist materials.*> This example
reveals then that, by 1999, the semiconductor industry was already struggling to continue the
trend of shrinking the size of electronic devices.

The above mentioned limitations imposed by optical diffraction triggered the development
of alternative strategies, including immersion optics (using a fluid to fill the gap between the
projection-lens and the wafer surface in order to increase the numerical aperture);*
absorbance modulation optical lithography AMOL (where two different wavelengths, applied
simultaneously, control the opacity and transparency of selected regions on the sample);*’
electron beam lithography EBL (computer-controlled SEM with means for blanking the “pencil”
electron-beam and “writing” the pattern on the sample one pixel at a time,*®*® or using more
sophisticated procedures to speed up such a process®™" including hybrid EBL-lithography
approaches®?); ion beam lithography (to capitalize on the reduced lateral scattering of ions,
compared to electrons, within the resist film);>? soft x-ray or extreme uv-lithography (currently
the favorite 13-nm wavelength technology to replace optical lithography.>* All these different
options are well documented in Ref. 35. For completeness, let’s mention that progress
following the “top-down” route also includes the fabrication of stimuli responsive polymer
brushes,>® growth of polymers from previously patterned templates,®® and chain
polymerization of monomolecular layer by local stimulation using a sharp tip.>”*®° The use of a
tip to delineate high resolution patterns will be addressed in the section below that describes
Proton-fountain Electric-field-assisted Nanolithography (PEN).

I.1B Nano imprint lithography: Non-radiation based method to construct single-electron
memory devices operating at room temperature

A quite different alternative route to overcome the lateral resolution limitations imposed by
diffraction is fo use no radiation at all. In this new approach, patterns on the resist are
delineated no by chemical reactions triggered by incident radiation but by mechanical means
instead. That is the case of nano -imprint lithography NIL (where the resists is physically
deformed using a patterned mold)®’ and nanostamping (where, as its name indicates, the
specific features are defined by stamping “ink” to a substrate via a pre-fabricated stamp.)®! To
gain some grasp on how does this approach work, let’s describe the NIL with a bit more detail.

Fig 4a shows schematically the NIL imprinting process,®® implicitly illustrating some of its
virtues, namely no diffraction limited constrains (spatial resolution limited only by the ability to
fabricate a proper high resolution master mold), elimination of radiation sources and optical
alignment settings (which would lead to lower fabrication cost), and, very important, a viable
alternative for industrial production (many devices constructed at once). In this process, first a
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compression molding (coated with a thin anti sticking layer) is used to create a shallow
thickness contrast pattern on a thin resists film. Afterwards, the mold is removed, and a very
directional reactive ion etching process62 takes place to transfer the initially shallow pattern
deeply through the entire resist thickness.

The high resolution capability of the NIL constitutes a viable alternative to large scale
fabrication of electronic devices with nanometer-sized features. In particular, for example,
floating gate non-volatile memory devices described in the previous section (Fig. 3), where data
information is represented by storing charges on the floating gate. Such regular MOSFET
devices typically use thousands of electrons to define a binary “1” state. The motivation for
shrinking the size of these devices is the added benefit of faster operation speed and lower
power consumption.63 What would be the ultimate limit in scaling down a floating gate
memory? A provocative answer would be to use just one electron to represent a bit.®* Working
in this direction, early devices of relatively large dimension (~100 nm) required cryogenic
temperatures to work with such sensitivity. However, the potential of single-electron devices
for integrated circuit applications at room temperature was identified as early as in 1988.° A
reduction in the size of the device to ~10 nm, so that the quantized energy level spacing
becomes larger than the thermal noise, lead to an increase in the maximum operating
temperature of single-electron devices to room temperature in 1995.%° The progress has not
occurred, however, without difficulties. At this scale, the normally random distribution of the
individual dopant atoms within the semiconductor becomes a critical factor in determining
device performance. Particularly, the dopants influence the device-to-device fluctuations in the
threshold voltage (Vr in Fig. 3) that turns-on the device. It has been found that an orderly
distribution of the dopant results in less fluctuations.®’” In short, for single electron operation, a
small floating gate is needed to significantly increase both the electron quantum energy levels
(the narrower the gate, the more spaced the quantized energy levels) and the electron charging
energy (due to the small capacitance).

Design, fabrication, and characterization of room-temperature Si single-electron memories
using nanoimprint lithography NIL was reported in 2003.% Although other approaches had
succeeded using grown Si “dots” or isolated nanocrystal Si as storage dots,® the multi-dot
nature and their random location lead to a large fluctuation of the device performance, and,
hence, not amenable for large-scale integration. In contrast, in the NIL approach the floating
dot is formed and self-aligned with the narrowest part of the channel (see Fig. 4b) thus giving
the stored electron maximum screening ability. It is found that in these devices the threshold
voltage shifts with the presence of additional charges in the floating gate. Also, due to the
Coulomb blockade effect,”%’* the voltage increments needed to keep charging the gate
becomes discrete (and well separated). The ultimate limit in scaling down the floating gate
memory is to use one electron to represent one bit.

The NIL fabrication of a single-electron memory device, outlined in Fig. 4, comprises the
following steps:%®
i) The starting material is a silicon-on-insulator substrate composed of a single crystal silicon
layer (35 nm thick) built on an amorphous SiO; oxide. The silicon layer is for (housing) the
channel.
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if) The single crystal silicon layer is subjected to a 2.4-nm-thick oxide thermally growth in
diluted O,. This oxide is to separate the channel from the floating gate to be built on top;
that is, it will constitute the tunneling region for electrons to be injected from the channel
to the floating gate. Attaining a good quality oxide at this stage appears to be a key step to
ensure a long retention time (more than 2 days) memory device. (Previous attempts’?
using much thinner oxides ended up with a device having just five seconds retention time
memory.)

iii) A 13 nm poly-silicon is deposited by low-pressure chemical vapor deposition, which serves
as the basis material to build the floating gate.

Mold S e — Control gate
Resist : Floating gate
Suibstrate P
Buried oxide
Substrate
Imprint
Press mold d)

REMOVE s

mold

Poly Si

i — Oxide
m Silicon crystal
a) b)

Fig. 4 Construction of single electron transistor devices via NIE. a) Schematic diagram of nano
imprinting lithography (NIL) process. A pre-fabricated mold establishes an initial topographic
contrast on the resist, which is then enhanced through the resist’s thickness by a reaction ion
etching process. b) A layered silicon-oxide-polysilicon material (with a buried oxide as a
substrate) is NIE patterned using a high resolution mold. The electron micrograph shown in the
figure reveals the resulting planar tapered shape morphology of the triple layer. c) Upon thermal
oxidation, the top poly-silicon layer is completely consumed except for a 5 nm sized dot
(capitalizing on self-limited oxidation). The dot serves as the memory holder. d) Cross section of
the memory device. Reprinted with permission from [W. Wu, J. Gu, H. Ge, C. Keimel, and S. Y.
Chou, Appl. Phys. Lett. 83, 2268 (2003)]; copyright 2003, American Institute of Physics.

Pattern transfer
via RIE

iv) The Si layer, the oxide, and the poly-silicon layer are patterned using NIL (as outlined in Fig
4a). The double-neck tapered planar geometry of the pattern (see Figs 4b and 4c)
constitutes a clever geometric design that leads, upon oxidation in the next step, to the
formation of a small poly-silicon “dot.”
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v) A 13.6 nm oxide is thermally grown at 850 °C in dry O,. During the oxidation of the (Si, SiO,
poly-Si) patterned layered, the oxide grows faster in the thin poly-Si layer, and, thus, it is
completely consumed except for the formation of a small dot. This occurs due to the fact
that oxidation is a self-limited process.73 Notice, this way the floating dot ends up self-
aligned with the narrowest part of the channel /. The poly-silicon dot serves as the floating
memory gate.

vi) Plasma enhanced chemical vapor deposition of a 33-nm SiO, layer, in ordex to electrically
isolate the silicon dot. The samples are then annealed at 850 °C in N to improve the SiO;
quality. ,

vii) Next, a poly-silicon layer is deposited, and the control gate is patterned to a length of 3
pm, which covers the floating gate and part of the narrow channel.

viii) After source and drain implantation, and final contact connection established, the
fabrication of a memory device is achieved.

1.2 Bottom-up approach to nanotechnology

There exists a variety of examples that exploit a bottom-up route to fabricate nanostructures.
Here we focused in one involving poly(4-vinylpyridine) P4VP, the same material used in the first
demonstrations of PEN. This way we expose a different facet of this interesting material.
11.2A Self-organized P4VP polymer architectures

Self-organizing structural order over several length scales are possible due to several
molecular interactions, including hydrophobic and hydrophilic effects, hydrogen bonding,
Coulomb and van der Waals forces.” In the case of proteins, for instance, multiple interactions
create minima in the local free energy of the molecules as a function of different chain
configurations; without these interactions, entropy causes the molecules to adopt irregular
shapes with little organization. However, the calculation and measurement of energy and
entropy at the molecular level are nontrivial tasks, which expose the need for developing
guidelines for successfully fabricating structures at different scales. Basic principles of the
spontaneous organization of simple synthetic polymers have been addressed, both
theoretically and experimentally.m'75 Self-organization typically renders just the local structures
(i. e. the initial step of a self-organizing process). To fully exploit the opportunities offered by
the symmetry of self-organized structures, and obtain materials with directional properties a't
different scales, additional mechanisms and interactions (hydrogen bonding and hydrophobic
interaction that promote phase separation’®, electric fields,”’ topographically Pattemed

78 o o
surfaces,”™ tailored substrate chemistry,’”®) have to be used. One particular example I

presented next.

Fig. 5a shows a general bottom-up strategy for building ordered polymer structures, which
combines recognition (whereby two molecules with molecularly matching complementary
interactions and shapes recognize each other, thus initially forming a receptor-substraté
supramolecule) with self-organization (forming long range structural order via additioné‘I
interactions).* The process starts with a flexible polymer that has bonding sites along its
backbone (in general some precautions need to be taken to avoid coiling.2%!) The centers are
then “recognized” by, and connect to, side groups (for example molecules with polar—heads an.d
nonpolar-tails as shown in Fig. 5a) via complementary bonds (hydrogen bond,76’82 jonic
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interactions,®® etc.) thus forming comb-shaped supramolecules. Subsequently, such
macromolecules self-organize.

Flexible P4VP polymer with
pyridine bonding sites along

its backbone Pyridine

/ rings sites

e

P4VP

Polar head
(hydrophilic)
?PDP Recognition Self-organization
. Supramolecule formation Microphase separation driven
Non-polar tail due to molecular by hydrophobic interactions)
(hydrophobic) - recognition
a)
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Fig. 5 Schematic description of polymer-architectur)es ?or:mation based on recognition and
self-organization steps using poly(4-vinylpyridine) P4VP and pentadecylphenol PDP. a) The
schematics on the top show i) pyridine groups distributed along the P4VP chains, ii) P4VP-
PDP hydrogen bonding, and iii) lamellar structure separation between the non-polar
surfactant tail layer and the polar polymer layer to which the surfactants are attached.
Adapted from [O. Ikkala and G. Brinke, Science 295, 2407 (2002)]; reprinted with permission
fr?m AAAS.  b) Schematic illustrations of P4VP-PDP hydrogen bonding and lamellar
Microphase-separated structure. Reprinted with permission from [J. Ruokolainen et al,
Macromolecules 30, 2002 (1997)]; copyright 1997 American Chemical Society.

As a specific example, Fig 5b shows that poly(4-vinylpyridine) P4VP works well under this
Strategy (see also Fig 6b):
i) Tl.me Pyridine rings, distributed along the P4VP polymer chains, act as recognition centers.”
0pt'°"a|'y, acid molecules (methane sulfonic acid MSA in Fig. 6b) can be used to protonate
these rings, which helps to stretch out the P4VP (due to the mutual electrostatic repulsion
among the centers) and strengthen their role as receptor centers.®?

6
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a)

P4vP

\ PS

b)

or more homopolymer subunits
linked by covalent bonds) allow buiding more complex architectures followings
similar procedue as the one outlined in Figure 5 above. Adapted from [O. Ikkala and
G. Brinke, Science 295, 2407 (2002)]; reprinted with permission from AAAS. b) Left:
Diblock copolymers (consisting of P4VP-MSA-PDP molecular complex) allow
microstructural control on two length scales. Right: SEM micrograph of the complex
diblock architecture. ¢) Setting the system at 150°C causes disorder in the P4VP-
MSA-PDP domains, leading to the formation of hexagonal cylindrical structures
(within the rest of the plysterene and part of PDP materials). From [J. Ruokolainen et
al, Science 280, 557; 1998]; reprinted with permission from AAAS.

ii) The fabrication process continues by adding amphiphilic surfactants (Imolecules with polar

- i e
heads and less-polar tails, such as pentadecylphenol PDP), which form hydrogen bonds with 5
polymer, (see also Fig. 5b).
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iii) This procedure leads to the formation of structures with mesomorphic order of periodicity
L~ 5nm (Fig. 6b.) The layered structures result from microphase separation between the “non-
polar surfactant PDP tail layer” and the “polar polymer layer” to which the surfactants are
attached. (Microphase separation is similar to that of oil and water; being immiscible they
phase separate.) ‘

More complex architectures can be obtained using block copolymers (polymers derived
from two or more monomeric species, as opposed to a homopolymer composed by only one
type of monomer. See Fig. 6a). Block copolymers are interesting because they can "microphase
separate.”" That is, the different monomeric components have different solubility’”* and,
therefore, they tend to separate out. But, because the blocks are covalently bonded to each
other, they cannot get apart macroscopically; instead they self-organize into lamellar fashion
(like grill-sheets stacked one over another), thus adding another periodicity to the architecture
as the ratio of the polymer length can be arbitrarily selected. As an example, Fig. 6b shows
structures whose starting materials are polystyrene(PS)-block-P4VP, with the P4VP chains
forming the minority blocks.?? Notice the two different periodicities L.= 48 A and Ly = 350 A.

Additional architectures can be obtained by varying the temperature. Fig. 6¢ illustrates the
Case in which one of these ordered structures can be purposely destroyed, hence giving rise to
hexagonal-cylinder porous.

lll. Top-down Proton-fountain Electric-field-assisted Nanolithography (PEN):
Fabrication of erasable polymer nanostructures via chemical and electrical stimuli
The examples in the previous section described the use of poly(4-vinylpyridine) P4VP to
bu.ild extended and complex architectures. This section focuses on complementary efforts,
using Electric-field-assisted Nanolithography (PEN), for harnessing the patterning of raw P4VP
ﬁ!ms in a very localized fashion, delineating polymeric features of micron- and nano-scale
dimensions. PEN could become a useful tool in the materials science and molecular engineering
ﬁe“f for constructing devices that rely on the transduction of environmental signals.®® This
Sectl.on Il describes the scanning-based, top-down approach, implementation of PEN in some
i?ta"' _'tS pO'{entiaI outgrowth, incorporating bottom-up approach procedures, aiming at
Creasing fabrication speed and pattern resolution, is outlined in Section IV.
.1 PEN working principle
by a:il: r’r?irrors the dip-pen nanolithography (DPN) techniqueas'86 where patte.rns are c”re.at.ed
molecm‘;flng molecules onto a surface of proper chemical affinity. But,. contrasting such .pullmg
hanostry tover molecule” approach, PEN was set to instead trigger the forma.tlon of
e|9ctrica|c s 53 result of the substrate’s swelling in respczagnsss to an external c.he!'mcal and
schematicsf;m-u“ .dellvered through a sharp scanning probe.” ' The procedur-e is illustrated
thick pol ally '". Flg: 7. The experimental results suggest that the pattern. forrpatlon orl a 50 nm
aCid-COat\ggeLﬁIm Is triggered by the local injection of protons (hydronium ions H3O from an
Polymer m i arp solid stylus) into the substrate. The transfer of charge'from the stylg: into the
Stylus o ratrlx film .occurs provided that both the ambient humidity is above 609{;9 and Fhe
humidi P es-s.ed against the film with a sufficient strong force, greater than 1 uN. The h!gh
ty facilitate the formation of a water meniscus around the tip-sample contact, which
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works as a bridge assisting in the transportation of the hydronium ions from the tip to the
substrate’s surface. The high force aids the ions to penetrate and subsequently diffuse into the
substrate.

The presence of swollen structures just in the regions where the probe made contact with
the surface suggests that the protons, upon diffusing into the polymer matrix, protonate the
P4VP pyridine centers. Although the polymer matrix is electrically neutral,® the electrostatic
repulsion among the pyridine centers produces a net swelling effect on the polymer,30 as
suggested in the inset of Fig. 7.

It is also observed that, in addition to the dependence on the humidity and the contact
force, the dimensions of the swollen features are also influenced by the duel contact time
(longer times allow more molecules diffusing into the polymer),” and by the application of an

external electric field (for voltages in the 0 to 5 V range the height of the features varyat~ 1
nm/v.)¥

-

Voltage l Force

H3;0" molecules
from an acidic
phosphate buffer

Swollen
feature

TATARATAY;

Fig. 7 PEN working mechanism. An tapered stylus (~ 20 nm apex radius) coated wth acid
is used as a source of hydronium ions H;0". As the probe is brought into contact with the
surface, a water meniscus is formed, which acts as a bridge that facilitates the transport
of ions towads the sample surface. The applied force facilitates the penetration of the
ions into the polymer matrix; upon diffusion the ions protonate the pyridine groups. The
inset suggest that the Coulomb repulsion between the protonated pyridine groups
results into a net swelling. This working principle also implies that, upon de-protonation
the swelling process can be reversed.

Since the protonation can be counteracted by adding a chemical base, the swelling
mechanism can then be made reversible. The latter feature stimulates further the development
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of PEN since it opens a newer nanofabrication method for biotechnology applications (possibly
for creating on/off switching gates, that would allow manipulating the transport, separation,
and detection of bio-molecules; the latter occurring in soft-material scaffolds that mimic closer
natural bio-environments).

.2 Sample preparation: Immobilization of polymer films to flat substrates

lll.2A. Piranha-cleaning

Silicon wafers with their native oxide layer are cut into square pieces (~ 2cmx2cm), and
subsequently cleaned either by sonication in isopropyl alcohol for 15 minutes. Alternatively the
samples are cleaned by immersion into piranha solution (3:7 v/v ratio of H,0, and concentrated
sulfuric acid H,S0.) for 60 min at 80 °C. For this latter process, organic solvents are kept away
from the piranha solution since they reacts violently. First, hydrogen peroxide H,0, is poured
into a beaker and then the H,SO, is added slowly. The mixing is very exothermic and steam will
be visible; if boiling signs are noticed, it would mean the pouring is going too fast. The pieces
are then washed thoroughly with boiling deionized water for 90 minutes and then dried (ideally
under a stream of nitrogen). This cleaning procedure creates a surface rich in functional (-OH)
hydroxyl groups™ on the oxide surface,®® which facilitate the subsequent process (described
below) that uses functionalized molecular-glue to covalently attach a polymer film to a silicon
oxide substrate.

I11.2B Inmobilization of the polymer film via PFPA molecular glue

Spin coating is the most popular method to prepare polymer thin films on flat substrates;
but the physisorption character of this attachment makes the film prone to easy removal. It is
highly desirable to develop more robust film immobilization methods that can make them
withstand harsh environmental and processing conditions. Dr. Yan’s group, at the University of
Massachusetts Lowell, has developed versatile “double-side” molecular “glue” that is just one
monolayer thick®>%* for covalently immobilizing a variety of molecules (including polymers,®
carbohydrates,* and electronic materials such as graphene®) to a variety of substrates (oxides,
metals, and semiconductors).”” When applied to polymers, this method produces films ~6 nm
in thickness®® after activating of the molecular glue with uv light (but avoiding wavelengths
smaller than 280 nm to minimize polymer crosslinks). Additional details of the PFPA covalent
attachment process are provided below as a preparation for the route envisioned for the
outgrowth of the PEN technique described in Section IV.

a. Monolayer-thick PFPA molecular glue

A general approach for covalent immobilization of polymer films to a silicon oxide substrate
uses a family of penta-fluorophenyl compounds that are doubly functionalized with azido% %
and silane’®*®! groups. The silane group attaches to the substrate and the azido group
attaches to a polymer molecule.

i) The functionalization of penta-fluorophenyl compounds with the azido group (containing
three nitrogen atoms) is to exploit the ability of nitrogen to get inserted into the C-H
covalent bonds of polymer strands upon uv activation.®® ®° This first functionalization step
produces perfluorophenyl azides PFPA (see Fig. 8a).
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ii) The functionalization with a silane group (Si atom connected with other four functional
groups), as shown in Fig. 8b, is to exploit its reactivity with, and thus covalently attach to,
hydroxyl groups (-OH) found on a silicon oxide surface.’®'% For completeness, it is worth
mentioning that detailed arrangement of silane molecules at the Si/SiO interface has been
studied by IR spectral analysis.’® Exploiting this reactivity, a variety of silane groups are
widely used to form self-assembled PFPA monolayers.3”-1%°

Further details concerning the preparation of perfluorophenyl azides PFPA can be found in
references 98 and 99. Preparation of silane functionalized PFPA is described in Refs. 92 and 93.
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Fig. 8. Synthesis of molecular “glue” containing a reactive nitride group N3 (which
attach well to molecules containing C-H bonds, i.e. polymers, by undergoing C-H
and/or N-H insertion reactions upon uv-light activation), and a silane group SiY,
(which attach well with hydroxyl groups that are present on a piranha-cleaned
silicon oxide). a) Synthesis of functionalized perfluoro-phenyl azides (PFPA) from
their corresponding pentafluorophenyl.?® b) Synthesis of PFPA-Silane 1.1

b. Functionalization of silicon oxide surface with monolayer-thick PFPA-silane

A piranha-cleaned wafer (with its native oxide and hydroxyl —OH groups) is soaked in a
toluene solution of PFPA-silane (5 mM) for about 4 hours at room temperature. The procedure
is performed in sealed vials to minimize contact with air moisture. Subsequently, the wafers are
removed from the solution, rinsed with a gentle stream of toluene, dried under nitrogen, and
allowed to cure at room temperature for at least 24 hours.*®

Figure 9 shows a suggested model of the molecular arrangement that silane groups undergo
near the proximity of a silicon oxide surface. The initial density of Si-OH groups is important to
establish the final Si-O-Si link arrangements.'* Ellipsometry measurements reveal PFPA layer
thickness in the 6A to 11A range, depending on the soaking time (1 hour to 24 hours.)101
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Fig. 9 The silane/SiO, interface. Attachment of silane groups to a silicon
oxide surface. The self-assembled arrangement responds to interaction
between silane groups and —OH hydroxyl groups that are present on a
piranha-cleaned silicon oxide surface. Reprinted with permission from (R.
Tian et al, Langmuir 26, 4563; 2010); copyright 2010 American Chemical
Society.

c. Immobilization of polymer films on a PFPA-silane functionalized surface via either uv light
or thermal activation

Once a PFPA-silane monolayer is attached to a substrate, the azido groups become
exposed to the C-H bonds of the polymer molecules that are subsequently added via a spin
coating procedure. Polymers in a proper solvent (toluene for polystyrene PS, chloroform for
poly(2-ethyl-2-oxazoline) PEOX or for poly(4-vinylpyridine) P4VP) at typically 10 mg/mL solution
concentration are spin coated at 2000 rpm for 60 seconds. The initial formation of thick layers
(> 30 nm) are purposely attempted (to minimize the eventual formation of voids). The samples
are then blown dry with nitrogen and are ready for the subsequent uv irradiation step.”> % A
medium-pressure mercury-vapor lamp (450 W power, Hanovia) is used to trigger C-H and/or N-
H insertion reactions at the PFPA-polymer interface. (A long pass 280 nm filter is used to
protect the polymer from crosslinking caused by very short wavelengths).

A minimum time of 3 minutes of uv-irradiation is required to immobilize the polymer film,
(the thickness grows rapidly in the first 5 minutes, and no variation occur after 20 minutes).93
The final thickness (~ 2-5 nm) is independent of the starting thickness of the film right after the
spin coating, which supports the argument that only the polymer molecules in the
neighborhood of the PFPA azido group participate in the reaction. The latter result suggest that,
if the process were performed at higher temperatures (thus allowing the polymer molecules to
explore more spatial configurations and, hence, more frequently exposed to the azide groups
on the surface) the efficiency of the C-H and N-H insertion reactions would increase. Indeed,
that turns out to be the case. In the absence of uv radiation, just heating the spin coated
polymer in an oven at temperatures in the range of 140 to 180, similar immobilization results
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are obtained.*® The formation of a polymer film, involving the insertion of N into the C-H

polymer bonds is schematically described in Fig. 10.
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Fig. 10 Schematic description of the attachment of the PFPA azido (nitrogen) groups

to polymer molecules. Reprinted with permission from [L. Liu et al, J. Am. Chem. Soc.
128, 14067; 2006]; copyright 2006 American Chemical Society.
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111.2C Polymer films fabrication via uv-activation of crosslinks with uv light (< 280 nm)

The azido PFPA-silane functionalization method described above is suitable to immobilize
monolayer-thick polymer films to silicon oxide surfaces. When thicker polymer layers are
required there exists a relatively simpler alternative method®’ that comprises spin coating the
polymer and subsequent uv light irradiation to generate crosslinks within the polymer matrix
(no molecular glue is required). This method renders films of thickness ranging from a few nm
to 80 nm depending on the initial polymer concentration, molecular weight, and irradiation
time, which turns out to attach well not only on oxides but also on metallic surfaces.'?’ In this
process, after spin coating a polymer-solvent solution (10 mg/mL) on a clean surface, irradiation
with uv light (mercury lamp, 10 mW/cm? intensity at the sample’s surface, no long pass filter
used in this case) for 20 minutes is sufficient to strongly attach the film. The medium-pressure
Hg lamp has a 222-3673 nm spectral emission with a maximum at 366 nm. For testing purposes,
when using a 280 nm long pass optical filter no polysterene film remains after extraction with
toluene, which indicates high-energy deep uv light (< 280 nm) is responsible for the
immobilization of the films. The film is robust since it remains on the surface after the
unattached polymer is removed by extensive extraction with the solvent. Even after after 30
minutes of continuous boiling the film survives. Since the procedure occurs in oxides as well as
metal substrates, the working mechanism has been attributed to a crosslinking process.

For the PEN applications we have consistently used poly(4-vinylpyridine) (P4VP). A 10 mg/mL
solution of P4VP (Mw ca. 160,000) in CH,Cl, is spin-coated onto the piranha-cleaned silicon
wafer at 2000 rpm for 60 seconds, which yield films of thickness in the range of 50 to 80 nm, as
revealed by ellipsometry measurements. The film is irradiated with a 450 W medium-pressure
Hg lamp at ambient conditions for 5 minutes. The light intensity of the lamp, measured by a
sensor with peak sensitivity at 254 nm, is 12 mW/cm? at the sample-plane. (The 5 minute
irradiation time includes a 2 minute warm-up for the lamp to reach its full intensity.) The
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unbound polymer is removed by soaking the sample in CH,Cl; for 24 hours to give the cross-
linked P4VP film. The thickness of the film was measured with a Gaertner ellipsometer (model
L116A, with a 2 mW He/Ne laser at an incident angle of 70°), assuming a refractive indices
1.465 for SiO, and 1.581 for P4VP in the final estimations.

111.3 PEN top-down approach

The PEN nanoscale patterning process constitutes an extension of previously reported
sweiling of UV-crosslinked P4VP large-area films under acidic stimulation.* In that experiment,
measurements performed before and after soaking cross-linked P4VP films in a pH 4 buffer
solution indicated a 20% increase in the films’ thickness (measured by ellipsometry of the dried
films), while a shift in the (IR-spectra) frequency-band, associated to the pyridyl ring-stretching
modes, provided a signature of the protonation. The increase in film thickness is attributed to
the protonation of pyridyl groups, caused by the added acidic component to form pyridinium
ions, whose mutual repulsions cause the film to expand (see the inset in Fig. 7). Triggering the
polymer swelling mechanism via the delivery of acid through a sharp stylus, as outlined in Fig. 7
establishes a new way to create nanostructures. Here we outline the necessary instrumentation
and typical procedure.

Atomic force microscopy (AFM) system with scanning lithography capabilities: Currently we
use an AFM [X-20 model from Park Scientific, which controls the vertical position of the probe
(a cantilever with pyramid-shape tip at one end, as shown in Fig. 7) while being laterally moved,
in a raster fashion, along the sample’s surface. The system is able to control the force that the
tip exerts over the sample, as well as to establish an electrical potential difference between the
sample and the tip (when using metalized probes and metallic substrates.) In a typical
procedure, a first step constitutes to test the lithographic capability of the system by creating
patterns via scratching a soft polymer film with the silicon tip. Fig 11 shows ‘UN/’ and ‘VALQUI'
patterns written at ambient conditions. Both were “written” in contact mode using an n-type
silicon tip (MikroMasch, NSC15, with the top side coated with aluminum to increase the
reflectivity of the AFM laser system), a probe-sample contact force of 1.8 uN, and writing speed
of 100 nm/s. For the regions where not writing was performed (i.e. going from one letter to the
next) a velocity of 5 um/s and 80 nN (i.e. less contact force). In the case of the VALQUI pattern
the writing force was changed to 1250 nN. The reason for the decrease was to prevent
excessive accumulation of polymer on the tip during the process, since the writing length was
doubled with respect to the first pattern.

Preparation of the acidic fountain tip. A source of hydronium ions H3O" is prepared out of
phosphate buffered solutions, which have the remarkable property that can be diluted and still
keep the same concentration of H;0".1% Different pH values can be obtained by dissolving
corresponding quantity ratios of sodium dihydrogen phosphate (NaH,PO4;) and sodium
hydrogen phosphate (Na,HPO,) in distilled water. For example, mixing 13.8 g// and 0.036 g// of
the two salts, respectively, gives 0.1 M buffer solution of pH equal to 4.0.’® This acidic solution
serves as the source of hydronium ions. Subsequently an AFM tip of relatively high spring
constant (k = 40 N/m) is coated by simply soaking the probe into the buffer solution for about 1

minute (Fig. 7a) and then allowing it to dry in air for 10 minutes or, alternatively, by blowing it
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with nitrogen (Fig. 7b.) Such fountain tip constitutes the probe for delivering hydronium ions
very locally over targeted sites on a responsive material substrate.

Portland State University, Oregon

Fig. 11. Pattern formation by scratching a soft polymer film with an AFM probe. The
logos are aimed to provide tribute to Professor Holger Valqui, in recognition to his
long standing contribution to science and education at Universidad Nacional de
Ingenieria, Lima-Peru.

Pattern Fabrication. The experiments described below used as starting material to 50 nm thick
P4VP polymer film fabricated by crosslink activated by uv radiation (i. e. no PFPA molecular glue
was used).

i) First, the atomic force microscope (AFM), with the “ink” loaded tip, is set in “tapping imaging-
mode,” in which the cantilever probe undergoes oscillations perpendicular to the sample’s
surface. To obtain an initial knowledge of the “blank paper” (a UV cross-linked P4VP polymer
film), an image is taken at a relatively fast lateral scanning rate of 6 um/s (0.5 Hz line scan rate,
6 um line width, 100 pixels per line). It is found that the use of such modest high rates prevent
the transfer of buffer molecules into the substrate.

ii) Once it is verified that the scanned area is free of unwanted topographic features, the AFM
microscope is switched to “contact imaging-mode” for patterning formation under physical
parameters controlled by the operator, namely contact forces of the order of 1 uN, ‘writing’
speeds up to 400 nm/sec (0.05 Hz line scan rate), and fixed bias voltages up to 5V. Patterns of
different planar morphologies can be generated with pre-programmed software designs, which
guide the voltage-controlled XY lateral scanning of the tip while an electronic feedback-control
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keeps the probe-sample contact force constant. In our case, using a Park Scientific AFM 1X-20,
the sample rests on a XY piezo scanner stage (equipped with strain-gauge sensors for
overcoming piezoelectric hysteresis via another internal feedback control*®), while the tip is
held by an independent piezoelectric z-stage. This is a convenient way of decoupling the
sample’s horizontal XY scanning motion from the probe’s vertical z-displacements, which avoids
potential mutual “cross talk” between the lateral and vertical motion of the tip.

iii) Finally, once the pattern process is completed, the AFM microscope is switched back to the
tapping mode for topography imaging in order to verify whether the patterns have been
formed.

Figure 12 shows schematically a sequential process of the pattern formation, as well as a 3D
view of an actual line-pattern created exploiting the responsive characteristics of P4VP. The
cross-linked film swelled only in the area where the phosphate “ink” was intended: to be
delivered by the scanning probe while applying a contact force F of 1500 nN and a bias voltage
Vof +5 Volts. The experiment was performed at ambient condition (local humidity of 60%). It is
widely accepted that a ~ 20 nm thick layer of water (and other potential contaminants) is
present on the surface of any sample at ambient conditions. The image demonstrates the
ability for sequentially creating an initial pattern (while scanning the probe in contact mode)
and then imaging (in tapping mode) the resulting sample topography with the same ink-loaded

tip.

a) <) Swollen
l"‘50 nm Polymer film feature

b) Stylus probe
F ﬂ coated with acid

Water

/ meniscus

0 2 4 5]
um

Fig. 12 Top-down PEN patterning with responsive polymers. The diagram shows the process
at different length scales. a) Fabrication of a 50 nm thick film of macro-scale dimension area
(cm dimension). b) Creation of fine structures using a sharp stylus (apex of ~ 20 nm) loaded
with acid “ink”, and scanned across the sample surface in ontact mode under a pressing force
and a bias voltage. Swollen features of desired lateral morphologies are created as protons
are transeffed from the probe’s tip to the substrate. ) Imaging of the resultant pattern in
tapping-mode imaging modality using the same ink-loaded tip.
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The line profile in Fig. 13 reveals that the line-feature is approximately 25 nm in height and
500 nm in width. This height represents a 50% local increase in thickness, a substantial swelling
that reveals the hydrogel characteristics of the pattern. A hydrogel refers to a flexible (typically)
hydrophilic cross-linked polymer network and a fluid filling the interstitial spaces of the
network. The entire network holds the liquid in place thus giving the system a solid aspect. But
contrary to other solid materials, these wet and soft systems are capable of undergoing very
large deformation (sometimes greater than 100%). Hence, the hydrogel-type structures
fabricated via PEN with P4VP constitute an advantage of the technique for replicating
structures that closely mimic natural bio-environments. Indeed, the role of gels in living
organism cannot be exaggerated. As it is well put by Osada and Gong,**° living organisms are
largely made of gels (mammalian tissues are aqueous materials largely composed of protein

and polysaccharide networks,) which enables them to transport ions and molecules very
effectively while keeping its solidity.

nm

Fig. 13 Hydrogel charcateristics of the pattern. Top view and line profile of the line-
fewture created via PEN with a 50 nm thick P4VP polymer film as starting material.
The substantial swelling of the feature reveals the hydrogel charcateristic of the
pattern, which is suitable for creating structural environments that mimic closer
natural biological environments.
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The dimension of the PEN patterns is influenced by the environmental humidity. By
increasing humidity, one expects an increase in size of the water meniscus around the tip,111
and hence an increase in the amount of the hydronium ions ink that can be transported from
the tip towards the sample’s surface. PEN pattern formation in P4VP films under different
humidity levels has been well documented by C. Maedler.?® Dot-like structures were created by
keeping the probe in contact with the sample during different dwell times and at different
relative humidity inside of the chamber containing the AFM system. By starting at 60% RH and
subsequent continuous decrease of the RH, dots were written at 60%, 50% and 40% RH,
respectively. No structures could be created for RH below 30%. The results are summarized in
the graph in Fig. 14. The formation of no features below 40% of relative humidity suggests that
the transfer of the buffer molecules from the tip to the surface requires a sufficient water
meniscus between tip and sample.112 Buffer molecules probably dissolve in the water before
diffusing into the P4VP polymer. Without dissolution no molecules can be transferred to the
substrate. With decreasing RH the height of the structures decreases, which indicates that the
water meniscus becomes smaller.'? A smaller water meniscus leads to fewer dissolved buffer
molecules and therefore a lower rate of protonation of the pyridyl groups.
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Fig. 14. Humidity dependence on pattern formation a) Dot-like structures form by leaving the
acid-coated tip in contact with the substrate for different amounts of time. The dwell time is
indicated above the peaks. b) Pattern height against dwell time and relative humidity. No
pattern were possible to create below 40% humidity. Reprinted from (C. Maedler et al, Proc.
SPIE, 7364, 736409-1, 2009), and reproduced with permission of the SPIE.

The fabrication process is also affected by the force that the the tip exerts against the
surface as well as by the application of an electric field between the silicon tip and the silicon
- substrate (see setting in Fig. 12b). This has been well documented by Xiaohua Wang, whose
results are summarized in Fig. 15.8” The experiments were performed at ambient environment
23-26°C and 45-55% relative humidity. Notice that the application of a bias voltage alleviates
the need of applying stronger forces (the latter could damage the polymer). For a 5V bias
voltage, structures can be fabricated with forces as small as 0.5 puN, which otherwise wouldn’t
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be able to be created. We attribute the applied voltage helps to drive the hydronium ions into
the polymer matrix; when a negative voltage is applied to the probe no patterns are formed.
Typical bias voltages are up to 5 V, which when applied through a 50 nm film sets a strong
electric field ~ 10° V/cm (still leaving the film apparently undamaged.) Provided that the
humidity is above 40%, the patterns are consistently fabricated with this PEN method. On the
other hand, the application of a force appears to facilitate the insertion of the hydrogen ions
into the polymer matrix. Although the high humidity facilitates the transport of the ion from the
tip to the surface, at the same time it may cause the ions to diffuse along the sample surface. A
gentle indent of the probe into the substrate may create a channel for the ions to get immersed
into the polymer matrix and diffuse towards the pyridine center of the P4VP molecules.
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Fig. 15. Force and bias voltage dependence on the pattern formation (a) Pattern height
(nm) vs. applied bias voltage (V) at various fixed contact forces. (b) The pattern height (nm)
vs. applied contact forces (uN) under different constant bias voltages. Reprinted with
permission from [Xiaohua Wang et al, ACS Appl. Mater. Interface 2, 2904, 2010], copyright
@ 2010, American Chemical Society.

Although the results given above favor the hypothesis of protonation, would the hydronium
ions be the only ones diffusing into the polymer network? To test this hypothesis C. Maedler et
al investigated further the swollen structures.®? Armed with Kelvin Probe Force Microscope as a
tool,’** and following up studies of deposition of charges in silicon,®® Maeder Dilom thay
corroborated to have the sensitivity for monitoring the presence of a net charge in the polymer
structures, if any. But they found none on the P4VP polymer films. This implies that not only the
hydronium ions penetrate the polymer, but they bring with them their corresponding
counterions (see expression below) thus keeping the charge neutrality of the sample. If the
fixed pyridinium cations were the only ions present there would be an exceedingly large
electrostatic repulsion, but such interaction is partially screened by the presence of counterions
resulting from the dissociation of the phosphate salts in water,
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NaH,PO, — Na* + H,PO,”
HoPO,~ + H,O == HO0* + HPO,22 K=631x10%

HPO,2 + H,O == Hz0" + PO,% K=398x1013
Here K stands for the corresponding dissociation constants.

IV Bottom-up Proton-fountain Electric-field-assisted Nanolithography (PEN):

Self-assembly fabrication of nanostructures with responsive characteristics

The PEN top-down approach described in the previous section offers a convenient platform
for fabricating mesoscopic (hydrogel-type) stimuli responsive structures with fine precision.
Such an ability to control the dimensions of patterns with 1 nm per volt precision is suitable, for
example, to study the size-dependence properties of these structures. But to go beyond the
study of fundamental properties and consider massive device production, both the fabrication
speed and the still relatively thick dimension of the patterns are issues that need to be
addressed in order to make the PEN technique competitive with other nanofabrication
techniques. In effect,

i) PEN nanostructures are currently fabricated one at a time in a serial fashion and at a speed
of 400 nm/sec, which is too slow by commercialization and industrial applications standards.

ii) The patterns lateral dimension is limited by diffusion. Basically, upon their injection into the
polymer matrix, the hydronium ions naturally diffuse towards the pyridine centers of the
P4VP matrix (then the mutual repulsion of these centers causes the polymer to swell). It is
the lateral diffusion, then, what limits the creation of narrow features. Even though features
with 60 nm line-with have been created with this top-down approach, better control to
create finer line-width features would be desirable.

This section explores strategies to overcome these two limitations. Essentially, we propose
to use a fabrication procedure based on the self-assembly of P4VP molecules onto a surface
that has been previously chemically-functionalized with high resolution. On one hand, a self-
assembly approach would inherently assure a fast and massive fabrication procedure (provided
that the chemical functionalization is also fabricated by a fast method). On the other hand, pre-
functionalizing the substrate with high lateral resolution would ensure the attachment of
responsive polymer material only to pre-determined well-localized sites; hence when exposed
to an acid bath the diffusion of the hydronium ions would be intrinsically avoided. In addition,
given the reversibility of the P4VP swelling, the nanostructures could be erased upon
immersion in a base-chemical bath. In short, we pursue the design of chemical functionalization
methods that can be implemented with high resolution and ideally also at very fast pace.
Ultimately we envision fast method for fabricating erasable nanostructures.

Addressing the high-resolution and speed fabrication aspects, this section is organized as
follows. The first part of this section outlines a general view of some thermal and optical routes
available for the chemical functionalization of a substrate with high resolution. For the optical
route, conventional. (far-field) and near-field illumination modalities are considered. The far-
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field option is included for its additional capability to undertake the chemical functionalization
at fast pace (when implemented with very short-pulse illumination and exploiting non-linear
thermal material responses). The near-field option offers high resolution although its scanning
implementation limits its fabrication speed; still different near-field illumination strategies
could render the technique very useful. Here far-field refers to conventional optics where the
sample is illuminated through a lens located at a distance greater than the wavelength; hence
the name ‘“far-field’. Near-field refers to a setting where the sample is illuminated through a ~
100 nm aperture located at a distance much smaller than the wavelength. from the sample;
hence the name “near field; see Fig. 17. The second part offers a background on the working
principles behind the highly localized thermal effects produced by the incidence of fempto-
second laser pulses on a material. The high-gradient temperature profile produced by
mechanic/thermal contact is also mentioned. This background helps to put into context the
suggested bottom-up implementation of PEN. The third and fourth parts describe in more
detail the implementation of the high resolution chemical functionalization.
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Fig. 16 Schematic (macroscale) procedure for covalent attachment of polymer molecules to a
surface functionalized with PFPA monolayer “glue’. (1) The silane group reacts with the
native SiO, built on the silicon wafer substrate thus forming a self-assembled monolayer. (2)
Polymer is spin coated. (3) Upon (thermal or uv) chemical activation, perfluorophenyl
nitrenes are generated and undergo C-H and/or N-H insertion reactions with neighboring
polymer molecules; a polymer coating is formed.*** In a nano-scale approach, the
attachment of polymer molecules at more localized sites can be achieved by implementing
step 3 using far- and near-field optical tools (as outlined in Fig. 17).

IV.1 High spatial resolution chemical functionalization

The new strategies proposed here for the outgrowth of the PEN technique build upon the
covalent-immobilization techniques described in section 1.2B above, particularly the
attachment of polymer films to a silicon oxide surface. One of those methods uses PFPA as a
monolayer-adhesive sandwiched between the substrate and the polymer film; while the PFPA’s

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 82-123



PEN: Fabrication of polymer nanostructures 109

silane group attaches to the sample surface and (under either ultraviolet-radiation or thermal
activation) the PFPA’s azido group grabs a polymer molecule in the film (as outlined in Figs. 10
and 16).%

The variation to be introduced in this fabrication process lies in step-3. By integrating high
spatial and temporal resolution optical techniques it would be possible to engineer the
functionalization of PFPA (and the P4VP molecules) on well-localized sites on a sample
substrate (Fig. 17a):

® One option is to illuminate the sample in a far-field modality with very short pulses (750—
840 nm, 9.5 nJ per pulse, 25 fs pulse duration) in order to establish high-gradient
temperature profiles on the substrate that is in intimate contact with the PFPA layer. An
expected Arrhenius-type temperature dependence of the PFPA chemical activation (~Ae
E/kT) implies that the thermal gradient could produce a more localized chemically activated
PFPA region compared to the illuminated region. In other words the laser power can be
selected so that only a small section of the Gaussian diffraction-limited focus exceeds the
required intensity to trigger the chemical reaction. This short-pulse illumination method
would inherently lead to high lateral resolution. The far-field implementation is for attaining
a fast fabrication process since the illuminated spot can be rapidly scanned using resonant
mirrors, %11

Near field
Probe
§uv light

il P4VP
functlgfnallzed patterns
Temperature stiriace (Top view)
gradient Substrate (Top view) Substrate
a) b) c) d)

Fig. 17 Schematic description of a elf-assembly method for fabricating nanostructures using
stimuli-responsive P4VP molecules. a) High-resolution opto/thermal PFPA functionalization of
the substrate. Sample is illuminated through a conventional (far-field) objective lens with
femtosecond pulses to establish non-linear thermal absorption on the substrate. The thermal
gradient produces a more localized chemically activated region of the PFPA layer than the
illuminated region; hence the higher resolution. Alternatively, the sample is irradiated through
a sub-wavelength aperture using a near-field probe (see also Fig. 18). A scanning of the sample
relative to the optical probes allows high resolution pattern features. b) After sonication, a
functionalized surface results. c, d) Self-assembly organization of stimuli-responsive P4VP
molecules. In step c) the functionalized surface is spin coated with, or simply immersed into, a
solution of P4VP; a far-field optical activation leads to a covalent attachment of the P4VP
molecules to the PFA centers. d) After toluene extraction, only the P4VP molecules covalently
attached to the surface remains. Notice the more localized illumination approaches allow
attempting the immobilization of P4VP down to, potentially, single molecules.
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Near-Field
Optical Probe

Fig. 18 Sequences of the fabrication of a Near-field optical probe. A. Optical
image of a commercially available optical fiber glass (120 um cladding, 8 um
core diameter) that has been tapered via chemical etching.**® B. SEM-image
of an aluminum coated fiber glass probe. Since the conditions for total
internal reflection in the fiber has been spoiled in the tapered region, the
metal coating is to prevent the leakage of light and channel the light
coupled at the back of the fiber towards the apex region. C: A focused ion
beam is used to carefully truncate the apex of the probe thus leaving an
aperture.**’

e Another option is to illuminate the sample with uv-light through an apertures of sub-
wavelength dimension (using a near-field probe like the one shown in Fig. 18), **’ provided
that the aperture is placed very near the surface (~ 10 nm) to avoid diffraction; hence the
name “near-field” illumination. This method offers high resolution implementation

It would be interesting to establish a systematic comparison between these two opto/thermal
covalent activation methods for immobilizing PFPA molecules onto a substrate. Harnessing the
functionalization of a surface with PFPA is key for the success of the project, for the remaining
PEN fabrication steps would become straightforward: the post self-assembly attachment of the
stimuli-responsive P4VP molecules onto the PFPA centers will simply require a spin coating
process or, even simpler, jut dipping the functionalized substrate into a solution containing
P4VP molecules (Fig. 17).

In the following sections we describe in a bit more detailed the two far-field and near-field
optical approaches to chemical activation. But first we provide some background on the highly
localized thermal effects on materials produced by very short pulses in order to provide the
context underlying the proposed high-resolution chemical functionalization techniques.

IV.2 Highly spatially-localized thermal effects

Highly localized thermal effects on materials are associated with femtosecond pulses
excitations as well as with nonlinear thermal responses as a result simple contact with heated
probes. In this section we briefly outline these two aspects.
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IV.2A Localized thermal ablation effects produced by femtosecond pulses

The remarkable highly spatially-localized thermal effects produced by ultra-short (sub
picosecond) laser pulses was evidenced in the initial experiments of polymer ablation in 1987.
118 pjIses of 160 fs etched holes on polymethylmethacrylate (PMMA) with sharp edges and no
sign of collateral thermal damaged. Thermal diffusion was absent and there was virtually no
solid deposit of the polymer at the sides of the hole. The interpretation, however, followed
some controversial discussions. Since PMMA has negligible absorption at 308 nm wavelength
the result was initially attributed to multi-photon excitation. But experiments in 2003 ruled out
this hypothesis on the basis that the optical breakdown is independent of the light polarization.
113 Additional explanation would surface later on.

Previous to these experiments, the accepted principle was that laser-induced electron
avalanche ionization (where electrons with a sufficiently high energy cause ionization in
successive collisions, thus creating a new generation in the avalanche) as the mechanism that
determines the breakdown threshold in pure transparent crystalline or amorphous solids and
liquids. Once sufficiently dense plasma has been created, the joule heating losses in the
strongly colliding electron gas become so large that internally localized melting and/or
evaporation takes place. The surrounding matrix may be subsequently damaged by shock
waves induced by thermal stresses.’”® The new paradigm brought by excitation with short
pulses is that sub-picosecond duration time is significantly shorter than the time scale for
electron energy transfer to the lattice. As a result, damage caused by sub picosecond pulses is
characterized by ablation, with essentially no collateral damage.™!

But what produces the first initial seed for avalanche ionization to take place? The question
is daunting since multi-photon excitation has already been ruled out. A clue comes from the
remarkable feature that more deterministic ablation breakdown thresholds are obtained when
using femtosecond laser, which contrast with the more random ablation thresholds measured
when using longer pulses;?? that is, ablation thresholds measured from place to place along
the material is more uniform when using short pulses. For example a row of holes created in
the surface of Corning 0211 glass by single femtosecond pulses (at 527-nm wavelength, average
pulse energy of 7.5 nJ, and focused by a 1.3 NA objective on the distal side of the cover slip)
displayed a striking reproducibility in size. Such reproducibility in the size of the features
combined with the fact that each hole was of nanometer- scales indicates that the initial charge
carriers that seed for avalanche-ionization must has been created in a very reproducible
manner. It is surprising it had occurred in a heterogeneous material such as glass, in which the
band gap varies considerably from spot to spot. Pre-existing carriers cannot explain such
uniformity, since the ablation of holes of such small scale (< 20 nm) and sharp edges (~*4 nm)
with regularity and precision would require initial free-electron densities far higher than
present in large-band-gap materials (an electron density in excess of 10" e/cm?® would be
necessary to ensure at least one seed electron in the volume of a hole). The multi-photon
excitation had also been ruled out. Such pre-existent carriers would vary then randomly along
the sample, subjected to a Boltzmann statistics; different threshold energies may occur then at
different sites, just because this random effect. An accepted explanation for the reproducibility
of the features is that when using femtosecond pulses then the tunneling (Zenner effect) of
electrons from the valence band become more effective to contribute as initial seeds due to the
high electric fields; the uniformity of the valence-electrons population is then attributed tio be
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responsible for the uniformity of the ablated regions. In short, an accepted trend of thought is
that the deterministic character of the optical breakdown is dictated by the material valence-
electron spatial uniformity; in good-quality optical material the energy gap may vary
substantially over small scales but the valence-electron density, which is proportional to the
atomic density, is extremely uniform.™*®

Another important feature to take away from these experiments is that the deterministic
breakdown threshold (producing sharply ablated features) and the Gaussian intensity profile of
a laser pulse (exponential variation of the light intensity) implies an exponential dependence of
the size D of the breakdown zone on the pulse energy. Joglekar et al reported™®® that
D=o[8|n(E/v)]1/2, where D is the diameter, E is the pulse energy, and v and o are fitting
parameters: v gives the threshold ablation energy. One could extrapolate from these results an
exponential dependence of the local temperature established by the fast-pulse excitation,
which gives indication on the high-gradient temperature gradient that can be exploited to
activate chemical reactions by adjusting the experiment to use lower incident power.

IV.2B Modification of physical properties by sub-picosecond pulses

In addition to the very localized ablation of hard materials by sub picosecond pulses,
there exists also evidence of the their effects on just the chemical structure modification of
polymer films (i. e. with no ablation). In one case, for instance, the fast excitation process led to
a change in the film’s wettability properties even though there were not changes in the film’s
roughness (the other possible channel for changing the film’s wettability properties).124 The
non-linear absorption of fs laser pulses was ascribed to photo-degradation, distinct from the
thermal-degradation associated with linear absorption when using wider (ns) pulses'®®. The
short (fs) pulses allowed reaching power absorption threshold-limits for increasing
concentrations of C=0 polar bonds (over the non-polar C-O bonds), hence the modification of
the film’s wettability properties. On the other hand, control of the fs pulse energy can avoid
material ablation and still causing changes in the material’s physical properties. For example,
(20-50 nJ) pulses with energy levels below the ablation threshold where use to locally increase
the refractive index on fused silica, the irradiated regions also developing lower thermal
conductivity. Such results have been interpreted in terms of a localized densification of the
regions exposed to the fs pulses.

119,123,

IV.2C High-resolution chemical activation via high-gradient temperature profiles
Spatially-confined activation by high temperature gradients has been put into evidence by
Cacialli et al,’*® using a setting where a heated stylus is laterally scanned while in mecHanical
contact with a soluble polymer film, poly(p-xylene tetrahydrothiophenium chloride)(PXT). It was
known that this precursor polymer can be turned into insoluble poly(p-phenylene vinylene)
(PPV) upon the application of ultraviolet radiation at the selected places, thus providing an
avenue for creating patterns. It turns out that a heated stylus could equally work well. What is
surprising in this work is that, despite the blunt morphology of the stylus, nanometer-sized PPV
patterns could be created. These results have been explained in terms of the high temperature
gradient on the sample and the strong temperature-dependence of the PXT-to-PPV reaction
rate. With a perspective of large scale production, a potential drawback of this approach is that
the “writing” tip, being in intimate mechanical contact with the polymer sample, would be
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subjected to contamination; the scanning process could be detrimental to samples constituted
by monolayer films (causing scratches) and impose restriction on the writing speed. As an
alternative, we propose establishing high temperature gradients through a far-field illumination
of the substrate (stylus-sample mechanical contact is avoided), as indicated in Fig. 17a. In short
we will pursue high resolution PFPA functionalization using a far-field optics approach to
establish a gradient temperature on the underlying substrate.

IV.3 Thermal activation of PFPA molecules with femtosecond pulses
The above background helps to put in context the proposed ideas for implementing PEN in a
top-down approach, which can now be simply listed.

IV.3A Far-field approach to attain high-gradient temperature profiles on the substrate

An avenue to achieve high resolution chemical functionalization of PFPA monolayer is by
establishing high temperature gradients on the underlying glass or silicon substrate using far-
field illumination optics. As shown in Fig. 17a, fs laser pulses are employed to create nonlinear
absorption on the silicon substrate. The non-linear process on the substrate, under conditions
below ablation threshold, should render a local high-gradient temperature profile to activate
the PFPA very locally. Although not shown in the figure, an added advantage of this far-field
optical setting is that the illuminated spot can be rapidly scanned using resonant mirrors.** 1

90 nmn Fomtosecond
fligdht: puilse 5

Temperature /’

gradient Substrate

Fig.19 Local activation of PFPA molecules with high lateral resolution
by exploiting high-gradients temperature profiles using femtosecond
pulses. The spot is scanned in in two dimensions with the use of a
galvanometer mirror (GM) and a resonant galvanometer mirror
(RGM).**

IV.3.B Local heating activation with a near-field probe

Alternatively one can use metal-coated near-field probes to locally heat the sample. The
apex of a NSOM probe (Fig. 18) reaches temperatures well above the ambient conditions
depending on on the light intensity coupled into it. Placing the apex at a nanometer distance
from the PFPA monolayer (under feedback electronic control) the local high temperature at the
apex (~250°C) could activate the PFPA molecules located underneath (see Fig. 17b and Fig. 20).
A systematic control to heat the probe was first reported in 1995'7 Shortly after, Stihelin et al.
established that the axial temperature distribution at the probe apex was non-uniform.'?® The
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temperature at the apex of the probe was estimated to be 100 °C when 1 mW input power was
coupled into the back of the fiber holding the probe. Coupling 3.3 mW of laser light into the
fiber resulted in a maximal temperature of 230 °C at the apex. This temperature range is well
within the range of temperatures at which PFPA is thermally activated (as described below),
which it can be exploited to create patterned polymer nanostructures by thermal activation.
This feature is attractive and important especially for polymers such as isotactic polypropylene
and poly(ethylene glycol) where heat treatment is essential for successful film
immobilization.

; Input optical

power (mW) Temperature
Glass ' gradient
e ~... Propagating
modes
Al 20 l“"I Evanescent
coating " modes
00 e Temperature
(50-250 °C)
a) ' b) ¢l

Fig. 20 Heat effects ona NSOMprobe. a) Schematic of a probe of tapered geometry. b) Closer
to the apex, the probe’s inner cross-section area gradually becomes too narrow for sustaining
the light’s propagating modes, but evanescent modes are allowed, whose energy is deposited
within the skin-depth of the inner metal interface. ¢) The apex of the probe is placed in the
proximity of the sample. The application of pulses of light can be used to control the probe
temperature and, hence, locally thermally excite the PFPA monolayer.
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Fig. 21 Immobilized film thickness as a function of temperature.
Reprinted with permission from M. Yan and J. Ren, Chem. Mater. 16,
1627 (2004)). Copyright 2004 American Chemical Society.

Studies of PFPA activation at macroscopic scales by thermal means has been reported.94 For
a 5 minute heating time, the thermal activation of the surface azido groups occurred only at
temperatures above 140 °C (see corresponding open squares in Figure 21). Below this
temperature, no film immobilization -occurred. Accordingly, when using a metal-coated near-
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field probe, setting the peak temperature at its apex above, the thermal activation temperature
of the azido groups, film immobilization should take place only in the region around the area at
peak temperature, thus minimizing line broadening. It will be interesting to determine the
temperature at which optimal spatial resolution can be achieved without compromising the
integrity of the immobilized films. In short this approach would constitute a near-field thermal
excitation, exploiting the gradient temperature established on the metallic probe.

IV.3.C The ultraviolet near-field approach

Radiation from a Ti:Sapphire laser system (equipped with non-linear optics for doubling and
tripling the operating fundamental frequency at A=790 nm) can be coupled to sub-wavelength
apertures, which when scanned in the proximity of the sample trigger the PFPA reaction at pre-
determined localized sites. This is the realm of near-field uv-lithography.130 Different types of
sub-wavelength sized apertures can be used for this near-field uv application, including metallic
apertures fabricated at the apex of tapered fiber glass probes (as the ones shown in Figs. 18
and 20 above)'®'; apertures fabricated (using a focused ion beam) at the pyramid-apex of a
semiconductor atomic force microscope probe59; or apertures fabricated out of GaAs, which
latter displaying extraordinary transmission efficiency (due to the intrinsic nature of the uv
radiation).132

In near-field uv-optical lithography, light that exits the sub-wavelength aperture (laterally
scanned in close proximity, 10 nm, to the sample surface) induces chemical reactions very
effectively in the surrounding materials via polymerization, crosslinking, or decomposition.
Distinct irradiated regions, scanned over with the near-field optical probe, can subsequently be
etched out by capitalizing on the differential solubility of the exposed and unexposed regions,
thus creating nanometer-sized structures. The experimental protocol will start by treating
silicon wafers with PFPA-silane. The sample will then be scanned with a near-field probe. PFPA-
silane has a maximal absorption at 256 nm that tails to 350 nm. The un-attached polymer will
be removed by soaking the sample in a solvent. Exposure time will be optimized to investigate
the attainable resolution of a given near-field probe. The spatial resolution and the topography
of patterned films will be characterized using AFM as well as near-field optical microscopy. A
number of parameters will be investigated with respect to spatial resolution, immobilization

yield and film integrity. These include the aperture size of the probe, tip-sample distance,
intensity of the UV laser, and scan rate.

IV.4 Implementation

We will explore PFPA chemical activation via non-linear thermal response of the
surrounding substrate using femtosecond laser pulses. The non-linear response (absorption of
multiple photons) is associated to the high power intensities resulting from the incidence of
pulses of short duration, which results in an intrinsic spatial confinement effects because of the
high temperature gradients. While confined effects are reported in the context of material
ablation applications (features of 20 nm have been fabricated using radiation of 527-nm
wavelength, average pulse energy of 7.5nJ).119 We certainly will not seek material ablation, but
instead study the nonlinear absorption effects for chemical bond modification.
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Fig. 21 Experimental setup for activating (using sub-25fs pulses) and characterizing (using white
light source) the covalent attachment of PFPA molecules to a working substrate (silicon or glass).
Notice the output laser beam is split in order to implement far-field (1) and near-field (2)
illuminations. Tripling the laser output frequency is optional The XYZ scanner is for precise
localization for activating a single stimuli-responsive molecule.
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Abstract

We analyse the constraint structure of the BF model for two dimensional gravity via the
Hamilton-Jacobi formalism. This analysis consists in finding the complete set of involutive
Hamiltonians that assure the integrability of the system. We then calculate the characteristic
equations of the system, also stablishing the equivalence bewteen these equations and the field
equations.

Dedicated to Professor H. G. Valqui on the occasion of his 80th birthday.

Keywords: Hamilton-Jacobi formalism, BF model.

1 Introduction

Until now, there is no satisfactory quantum theory for the four dimensional gravity. In order to
understand some properties of gravity at quantum level, it has been found at lower dimensional
models of gravity interesting topics of research (see [1] and references therein). There are some
trivialities on those models, for example, the three dimensional pure gravity has no degrees of
freedom. For the two dimensional case, it is well known that the Einstein’s tensor is identically
zero, then the Einstein’s equation will be always satisfied for pure gravity.

Because of this trivial behavior of two dimensional gravity it is customary to make some re-
formulations in the Einstein-Hilbert action. One of the most used models is due to Jackiw and
Teitelboim [2], in which the action is given by

IJT=/d2$ gy (R—k),

where 9 is a dilaton field used as a lagrangian multiplier, and k is the cosmological constant. The
Euler-Lagrange (EL) equations for the Jackiw-Teitelboim (JT) model are given by

1
R - k = 0, V,‘Vu";b = §kgp,u¢ = 0’

the first is the constant curvature equation, and the second one is the equation of motion for
the dilaton field which is determined without making further restrictions on the metric. For an
extensive review of two dimensional dilaton models of gravity, we refer to [3].

The JT model can be reformulated as an SO(2,1) gauge theory that can be reproduced through
a BF action [4]. The Hamiltonian analysis of the BF model has been studied in [5] . The aim of
this article is to analyse the constraint structure of the BF model for two dimensional gravity by
means of the Hamilton-Jacobi (HJ) formalism [6].”
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The HJ formalism is an alternative method to analyse constrained systems. It was born as a
generalization of Carathéodory’s work [7] on variational principles and first-order partial differen-
tial equations. In this formalism we obtain a set of Hamilton-Jacobi Partial Differential Equations
(HJPDE) also known as Hamiltonian densities, and the integrability of this system is achieved
if the Frobenius’ Integrability Condition (IC) is satisfied. There are several applications and im-
provements of this formulation [8]. Concerning two dimensional gravity, The HJ formalism has
been used to study the Polyakov’s model in the front-form dynamics [9], the usual Einstein-Hilbert
action [10], and also the linearized gravity [11].

In the next section we briefly discuss the HJ formalism. In section 3 we show an introduction
to the BF model. In section 4 we make the proper constraint analysis which consists in finding the
complete set of involutive Hamiltonians of the theory. In section 5 we compute the characteristic
equations (CE) and analyse the dynamical evolution along the independent parameters of the
theory. Finally- we discuss the results.

2 The Hamilton-Jacobi Formalism

Let us consider a system described by a Lagrangian density L = L(z,i%,t),i = 1,2,...N, with
a singular Hessian matrix of rank P. In this case we separate the variables z* = (z%,z?), where
a=1,2,..,Pand z = 1,2, ..., R with P+ R = N. The variables z® are related to the inversible part
of the Hessian, while z* are related to its zero-modes. Following the Carathéodory’s variational
approach, the necessary and sufficient condition for extremizing the action is given by pg + p.2® +
p.2* — L = 0, where the canonical momenta are defined by p, = 85/9z% p, = 9S/0z* and
po = 9S/ot.

The singularity of the Hessian matrix assures that there are R canonical constraints H, =
Pz — OL/8z* = 0. This allows us to define the canonical Hamiltonian Hy = pai?® + p,&* — L, such
that we have a set of R + 1 first-order HJPDE

H! =p, —0L/dt* =0, a=0,1,2,..R, (1)

where t* = 20 =t,2%). The Cauchy’s method allows to relate (1) to a set of total differential
equations, the characteristic equations (CE)

OH,
ozs

. _ OH,
OPa
Solutions of the first two equations are curves of R + 1 parameters t* on the phase space defined

by the conjugated variables (z%,p,). From (2), and considering ¢t* as independent parameters, the
evolution of any phase space function F = F(z%,t*, pa,Pa) is given by the fundamental differential

dx dt*, dp,=— dt®, dS = pydz® — H,dt®. (2)

dF = {F, H.}dt*, (3)

where the Poisson Brackets (PB) are defined on the extended phase space of the variables (22,1, po, pa)-
Therefore the canonical constraints H}, play the role of generators of the dynamical evolution of
the system: they are considered as the Hamiltonians of the system. Note that for a regular system,
the CE (3) becomes the Hamilton’s equations.

A complete solution of the set of HIPDE is given by a family of surfaces ortogonal to the
characteristic curves. The Frobenious’ Integrability Condition (IC) assures the existence of this
solution, as well as the independence between the parameters t* and it is expressed in terms
of vector fields tangent to the family of surfaces. In terms of the Hamiltonians H’,, which are
generators of these vectors, the IC is written as

{Hg, Hp} = C 3 H,, (4)
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i.e., the Hamiltonians must close a Lie algebra with the PB. Hamiltonians that satisfy (4) are called
involutive Hamiltonians. The presence of Hamiltonians that do not satisfy the above condition, the
so called non-involutive Hamiltonians, is an indicator that the system of HJPDE is not complete,
or the parameters are not independent. .In this case, the equivalent IC dH’, = 0 should provide new
constraints to the system, as well as indicate the dependence between the parameters [13]. The
HJ constraint analysis is actually the search for a complete set of involutive Hamiltonians of the
system.

It is possible that after a complete set of HIPDE is found, there remains a subset of non-
involutive Hamiltonians H;. In this case we may proceed with the method outlined in [13], and
build the matrix with elements M, = {H, Hy}. This way redefines the dynamics by eliminating
the parameters related to these Hamiltonians w1th the use of the Generalized Brackets (GB). If the
M matrix is singular of rank K < R, we have a regular submatrix Mgz, with a =1,2,...K, and we
define the GB by

{A, B} = {A, B} — {A, H;}(M) ' {Hj, B}. (5)

We can write the fundamental differential as
dF = {F,Hy}'dt*, G=0,K+1,.,R. (6)

After the procedure of finding possible new Hamiltonians and eliminating possible dependence
between the parameters, the Hamiltonians H} become the complete set of involutive Hamiltonians
of the system, this time with the PB substituted by the GB.

3 The BF Model

Let us consider a gauge group G acting on fields of a two dimensional manifold M. The BF theory
consists on the gauge connection 1-form A and a scalar field B, also called Background field, whose
action is given by

Isr[B, A] = /M Tr(BA F), )

where the trace is taken on the adjoint representation of G, and the field strength F is related to
the gauge connection 1-form A by the cova.na.nt exterior derivative F = DA = dA+ A A A. The
corresponding EL equations are

F=0, DB=0. (8)

The interpretation of these EL equations is straightforward: we have a flat connection A, since it
has zero field strength, while the B field is parallel to A. With this machinery we may proceed to
make a model for the gauge field of the Poincaré group 7SO(1;1), in which we write the connection
A as a combination of the 1-form zweibein e/ and the 1-form spin connection w

A=elPr+wA,

where I = 0,1, and P; and A are the generators of translations and Lorentz boost respectively. The
zweibein and the spin connection are considered independent, and the Poincaré algebra is given by

[A,Pll=¢/P;, [P1,Pj]=0, 9)

the Levi-Civita symbol is defined such that €p; = 1.
The Killing metric is defined by these generators as

9ab = Tr(Jodh),

with Jo = Py, J1 = P1, and J2 = A. In the two dimensional case, the Killing metric is degenerated,
then, it is not possible to build a consistent gauge theory. To solve this problem it is customary to
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consider the presence of a non-vanishing cosmological constant k, so we can deform the Poincaré
algebra (9) to the (anti) de Sitter algebra

* APy = GIJPJ, [Pr, Py = kerjA. (10)

In this case the Killing metric results to be invariant and non-degenerate:

_( kns O
gab_( 0 1)'

The (anti) de Sitter algebra is expressed in terms of the generators J by [Ja, Js] = fgp, °Jo, where
fab © = €abeg®™, and €012 = 1.
In terms of the zweibein and the spin connection we have the field strength

F= del —wel;ne’) P+ (dw+ ge”eI/\e‘l) A=T'P; + RA,

where T! and R represent the torsion and curvature 2-forms of the zweibein field in the first order
formalism. The flat connection equation F' = 0 becomes

de! —wel; ne! = 0, (11a)

k
dw + 561_}61 Ael = 0. (11b)
Equation (11a) is called the torsion-free equation 7/ = 0, and along with (11b), and considering
an inversible zweibein, it is possible to compute the spin connection in terms of el. In this case
equation (11b) becomes the equation of constant Ricci’s scalar curvature R = k. This is the

standard procedure to show the equivalence between the two dimensional BF gravity with the JT
model (see [4] and [12]).

4 The Hamilton-Jacobi analysis

Instead of using the differential forms, it is prefered to use its components A = AjJ,dz" and
B = B%J,, so the action can be written as

InelB, A = [ da*Bua(@0Af - 0148 + fic “A545). (12)
In terms of the components, the flat connection equation becomes

B0AT — B1AG + ful AGAT =0, (13)
while the equation for the Background field becomes

8Dy B, — 6 DoB, = 0, (14)

where DB, = 0uBa + f 4 "A:"Bc. It is clear that (14) is equivalent to D, B, = 0.

It is well known that the elimination of the divergence terms in the Lagrangian density does not
modify the EL equations, but it changes the functional form of the canonical momenta. Therefore
we consider the equivalent action

Ipr|B, A = / &zl = / &>z (BaBoA$ + ASD1By) . (15)

The absence of the 8o B, term as well as the linearity of the velocity of the field A}, make of (15) a
first order action. Since first order actions are written in the canonical form L = ¢ip; — Hy, so we
clearly identify the canonical conjugated momenta
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oL oL
B o= =8B, I*=_———_=0,
e = 3(Gedz) ~ 8(80Ba)

as canonical constraints of the theory. The canonical Hamiltonian density Ho = ﬂ{,‘@oAZ—i-H"aoBa—
L is given by »

Ho == —AngBa.
We have then the set of HIPDE
H = n+Ho=0, —2°=¢, (16a)
HY = 10=0 — A=), (16b)
He = ml—B,=0 — A%=)3, (16c)
H® = I°=0 — B,=e,. (16d)

The left hand side of these equations are the Hamiltonian densities for which we have related the

set of parameters (z°, Al €a). The Fundamental PB of the theory are given by

{AL(=), 7 (W)} = 8580z —y),  {Ba(x), ()} = 688(z — y), 17)

and the fundamental differential is given by

dF = / dy [{F,H'(y)}dt + {F, H¥'(y) }dXa (v) + {F, 1 (y) }dea(y)] - (18)

~ The fundamental differential is used to test the IC of the system in order to find another possible
Hamiltonian densities to complete the constraint analysis constraint of the system. We may proceed
in another way: we analyse the algebra of the previous Hamiltonian densities, build the GB, and
then find the remaining constraints. For this particular case, the later method simplifies calculations
and clarifies certain aspects of the formalism.
Notice that the subset of Hamiltonian densities h® = #'* and h' = H"! is not involutive, then
we build the matrix M(z,y) with components

M) = (@)= (02 0 ) ae ),

where r,s =0, 1. The inverse matrix M~!(z,y) is given by

—1 _ [ Osx3 —13x3 _
Mrs (IL‘, y) = ( 13x3  Oax3 )6(-’1: y)

With this matrix, we eliminate the parameters (t$, €q) related to the non-involutive Hamiltonian
densities by building the GB

{F(z),G(y)}" = {F(2),G(y)} - /dzdw{F(x),h’(Z)}Mél(z, w){h*(w), G(y)}-
The only non-zero GB are given .by
{ALm} =8z —y),  {Ai(2)By(v)}* = 626L8(x — y). (19)

The reduction of the phase space is now evident, since B, and IT® are not canonical conjugated
anymore. In fact, now B, plays the role of 7r,}. It is still necessary to test the integrability of the
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Hamiltonian H/. For this purpose we notice that after the construction of the GB the fundamental
differential is now given by

dF = / dy [{F, H'}dt + {F, HF}*dr] ,

where we have renamed \* = A¢.
Since {#2,H'}* = —D; B,, to achieve integrability we have to consider the new Hamiltonian

density
C‘Iz = D1 Ba =0. (20)

It is straightforward to see that the IC for C. is satisfied they are in involution with the other
Hamiltonians under the GB. In particular, we have the algebra

{Ca(2), CLW)}" = fap “Ce(z)d(z —y), (21)

and the IC programme is closed for this system.

5 The Characteristic Equations

In the HJ description, we consider the complete set of involutive Hamiltonians H’, H?? and C., as
generators of the dynamical evolution of the system. Note that the functions H' and H? are related
to the parameters ¢ and A* respectively. However, C. is not related to any variable of the theory.
To consider this Hamiltonian as a generator we expand the phase-space with a new set of variables
w®. The fundamental differential of the system is then given by

dF = /dy [({F,#H (W)} dt + {F, Hg (¥)}*dX*(y) + {F, Co(y)}"dw?(v)] - (22)

From (22) we obtain the CE

dB, = —f, °Be [Agdt—dwb], (23a)
 dI* = 0, (23b)
and
dAS = 6pd\* + 8,D1Agdt — 8Dy duw®, (24a)
dr# = 60[DyB,]dt — 8% f °B. [Agdt—dw"]. (24b)

These equations should be equivalent to the EL equations (13) and (14). Because of the presence
of the parameters w?, we need to clarify under what conditions the equivalence of these equations
are valid. ‘

The integrability assures independence between the parameters (¢, A\%,w?), so the dynamics in
the direction of any parameter is independent of the others. In this case, we have that temporal
evolution alone gives

DyB, = 0, (25a)
Il* = 0, (25b)
and
&A% = §,D143, (262)
dom# = 63D1B, — 6, fop “B.AS. (26b)
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We see that (25a) is one of the EL equations for the B field (14). Eq. (25b) represents the IC for the
Hamiltonian (16d), note that this relation is related to the fact that the B, fields serve as Lagrange
multipliers in the action. The component 1 = 0 for eq. (26a) states that A§ has no dynamics,
while the component p = 1 is the EL equation (13). For u = 0, (26b) yields 8yn° = Dy B, = C.,
which is zero by imposition of integrability. Therefore, this equation reproduces the EL equation
DB, =0. At last, for u =1 (26b) gives

Bomy + fap SB.AS = 0.

Using (25a) it becomes Gyml = 89B,, which corroborates the interpretation of B, as a conju-
gate momenta related to Af. Therefore, we showed that the time evolution of the characteristic
equations, (25-26), is completely equivalent to the EL equations (13) and (14).

The evolution in the direction of the parameters (A%, w?), on the other hand, gives the following
set of infinitesimal transformations

SA, = {ALHPYON + {A3,Ci}*0ub = 6367 — 51Dy 6we, (27a)
6B, = {B,,C;}*0u® = f,, °B.Su’. (27b)

These variations left invariant the action (12) if we choose
ow® = _£a’ oA = Doﬁa, (28)
in other words, the BF theory is invariant under the gauge transformation

§AZ = D, (29a)
5B, = flBie. (20b)

Since the set of involutive Hamiltonians #{ ,C3) generates the transformation (27), we have that
the generator of the gauge transformation is given by

G = / dy [H2(y)dX(y) + CL(y)du ()]
- / dy [M2(y) Dot®(y) - CLw)E*(w)], (30)

and it can be directly verified from the GB that

{Ba.)G"}‘l = fab chawb,
{43,G}" = 636w — 61Dybwn.

6 Final Remarks

In this work we have dealt with the Hamilton-Jacobi constraint structure of the two dimensional BF
gravity. The Frobenius’ integrability conditions are a cornerstone of the mathematical structure
of this formalism. We saw in section 4 that the Poisson algebra of the canonical constraints of
the BF model allowed the construction of the GB, due to the presence of the two non-involutive
Hamiltonian densities #,#'®). We built the GB and by proceeding with the integrability we
obtained the set H',HQ,C.) as the complete set of involutive Hamiltonian densities of the theory.

We built the fundamental differential (22), from where we obtained the characteristic equations
(23-24) of the system. These equations depend explicitly of the parameter w® related to the
Hamiltonian Cg, and at principle this dependence does not spoil the equivalence between the CE and
the EL equations of the system. This is so because integrability implies that the parameters must
be independents, therefore time evolution is independent of the dynamics of the other parameters.
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As a final remark we notice that all the involutive Hamiltonians contribute to the construction
of the gauge generator (30) and now we can count the degrees of freedom of this theory. The
dimension of the phase-space of the BF model is eighteen, six of these dimensions are related to
the (Bg,II%) canonical variables, and twelve are related to A,“‘,r:). The construction of the GB
reduces the phase-space since we identify the variable B, with one conjugated momenta 7} and
eliminate I1°. Our reduced phase-space has now the dimension of twelve. On the other hand,
we have six generators of gauge transformation, three for each involutive Hamiltonians. These
generators reduce the number the dynamical variables‘in twelve. As a result we have zero degrees
of freedom for BF gravity.
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Abstract

In this work we study the Higgs-Strahlung process because this is one of the major candidate
for lead the Higgs boson in the prospective International Linear Collider (ILC). We analyze
this process in the frame of the electroweak extension of the Standard Model SU(3),®Un(1)
with heavy leptons. In that order we need to develop the scalar sector of the model after the
Spontaneous Electroweak Symmetry Breaking (EWSB) to identify the potential mediators of
the interaction. From there we calculate the total cross section for this process and examine
its variation as a function of the C.M. energy for the range of values established by existing
colliders.
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1 Introduction

Based on the construction of the proposed (ILC) International Linear Collider, we investigate
one of the main processes that would account for the existence of the Higgs boson, the Higgs-
strahlung process [1]. The experimental discovery of this particle (Higgs Boson) would set
the basis for the mass generation mechanism, spontaneous electroweak symmetry breaking
(EWSB) proposed almost fifty years ago by Higgs, Brout, Englert, Guralnik, Hagen and
Kibble [2], since according to this, the Higgs boson is responsible for generate mass to the
other particles which includes the model. Currently the only collider that is trying to detect
the Higgs is the LHC(Large Hadron Collider) at CERN. In this accelerator the collisions
are given between protons, hoping to reach energies up to 14 TeV in the CM. There are
no official data about the detection of the Higgs in the two detectors CMS and ATLAS,
but there is speculation that they will soon have conclusive results for a Higgs mass of 124
GeV around [1].One of the latest attempts to perform an accurate detection of the Higgs
has been planning what would be the International Linear Collider (ILC), is predicted that
this new collider begin construction by 2020, which consist in two linear accelerators about
31 km in length in which collide electrons e~ and positrons et with energies of 500 GeV
in the CM, allowing in a second stage of the project to extend the accelerator to 50 km,
reaching energies of 1 TeV. [3]. Although the effective collision energy at the LHC is greater,
the measurements in the ILC would be more accurate. The collisions between electrons
and positrons are much simpler to analyze than those in which energy is distributed among
their constituents (quarks, antiquarks, gluons, baryonic particles, etc.)as in the LHC. As
one of the main roles of the ILC would be to precise measurements of particles discovered
at the LHC. We perform the study of this process in the extension SU(3); ® Un(1) of the
electroweak Standard Model. We find such extension useful becouse realizes the appearance
of a set of new particles like U**, V* and Z’ bosons. We want to highlight before boarding
the calculation in the SU(3), ® Un(1) electroweak model, we reproduced the total cross
section of Higgs-strahlung process in the SM as shown in the literature [4]; [5).

2 The model

We are working in the “SU(3)r, ® U(1)n electroweak extension with heavy leptons” proposed
by Pleites and Tonasse [6]. In this model They enlarge the group symmetry, so that compared
with the SM its basic structure is not altered. This leads to an increase in the content of
particles, such as Z; and the bileptons (V*, U*).

We are going to divide the full electroweak Lagrangian in sectors, depending on particle
content and interactions:

£331=£L+LB+£H+£Y

where L, is the leptonic Lagrangian density, £p is the bosonic Lagrangian density, Ly is the
Higgs Lagrangian density and Ly is the Yukawa Lagrangian density. We consider important
to note that both the leptonic sector and the bosonic sector will not be treated here because
these have already been developed in previous work [6], [7], but we will focus on the scalar
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sector, due to its dependence the terms of interaction on needed to analyze Higgs-strahlung
process.

2.1 Scalar Sector

As mention at the beginning, the full development of this sector is necessary to perform the
computation of the total cross section of Higgs-Strahlung process; which is the objective of
this work. This requires explicitly determine the kinetics of the Lagrangian and obtain the
relationship between the fields of the symmetry and the physical fields of the model. In this
context, it is necessary to generate mass to all particles in the model, three scalar triplets
with the following representation [8]:

n° pt X~
n=| o | 3,0); p=]|F° 3,1); x=|x"1@GB-1 (2.1)
ny ptt x°

This model proposes a scalar Lagrangian based on the introduced fields:
Ly=T+V (2.2)
where:
T = (Dun)' (D*n) + (Dup) {D*p) + (Dux)' (D*x) (2.3)
the more general potential V' has the form [9]:
V=v®_Lye _Ly®w
with

V® = @i n'n+ 15 p'o + 3 x'x (24)

v® — I i nipj Xk + h.c. (2.5)

Ve = (n'n)" +aa (p')” + a3 (x'x)” + s (o'p) (n'n)
+ a5 (x'x) (1) + a6 (x'x) (p'p) + oz (o'n) (n'p) +as (x'n) (n'x) +
+ a9 (x'p) (p'x) + [0 (x'n) (p'n) +hc.] (2.6)

the local gauge invariance of the Lagrangian requires that the covariant derivative takes the
form:

- G
D”‘Pk=[a#—?g/\jAg""i‘ig,B#Ncp](Pk (2.7)

REVCIUNI 15 (1) (2012) 133-143 Facultad de Ciencias — UNI



136 D. Romero and O. Pereyra

where o =7, p, X
The vacuum expectation values for the neutral scalar components are define as[8]:

() =25 ()= ()%

based on the EWSB we expand the scalar fields around the vacuum:

1 vy + Hy(z) 0 ” 1 0
N=—= 0 y =— v+ Hpy(z) |, Xx=-—F5 0 :
V2 0 ‘/_ 0 V2 vy + Hy(z)

(2.8)

2.2 EWSB for the Kinetic term in the Scalar Lagrangian

After the EWSB and to develop the covariant derivative in function of the gauge fields in
(2.3) we obtain:

1 1 1
T = 2 (8uHy) (0" Hy) + 3 (0uH)p) (0" H,) + 3 (OuHy) (0*Hy) + Ap + Ap + Ay

+ [94_2 (53 +3)| wiw 4 2 (i )| vrver s 1 2+ vg)] UrUm

2, .2 1 (2 _ .2 _912
o 75(1),, v5) 2Zv; A3m

2
e (A3 A%, B) gf 75 vz —v}) L2+ 02 +42) 2 -‘1'(1) +202) A8k
—2%‘1}3 2 3‘(1} +202) 499—7(1),, +v2) BH
(2.9)

where A,, A, y A, are the interaction terms.

A, = 28 (c"’_w) Z,Z"(v2 + 2uyHy + H?)

/ 2 Cow ) 2
— 4—\/5 1-— 4SW (—c?) Z,_,,Z” (’U,’ + 2’!)1’H17 + H’))
2 1—-14 2
+ gs_ 1—de 362; ‘i’lz;,z'#(vf, + 2u, H, + H2)
g2
+ 5 WIWH (vg + 20y Hy + Hy)

2
+ TVIVE ] + 20, Hy + HY) (2.10)

A, = 2g°s%, A, AM (v§ + 2vp,H, + H;‘,’)
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2 2 '
£ (‘:2—”’-) Z,Z" (v2+ 20,H, + H})

8 \ew
Sw Cow
g ( p~ ) Au2* (v2 +20,H, + H)
1—10s? Cow 2
; \/_ " \/__i ) Z,2" (v + 2v,H, + HY)
9> (1 -10s},)

A Z" (V2 +2v,H, +H2)
\/— 3 ,/1-4s2, (CW) # i
g2 1—IOsW) 1

Z,z" 2v,H, + H>
24 1—4s2)) c‘ﬁ,) (05 +20H, + H})

92 + (,2 2
= Wowrt (0] +20,H, + Hy)

2
O py——
T UmUrt (v + 20,H, + Hy) (2.11)

29%s%y A, AP (v2 + 2vy Hy + H2)
2

2 s\
— 2 2
= - ) 2,2 (v + 20 Hy + HY)

2 s?v u (.2 2
il el 4 (v2 + 20y Hy + H2)
9® (Tsiy —1) sy
4v3 V1 —4s%, cly
2g (73 —1) (sw
w—1) (7) A,z (v2+ 20 Hy + HY)

\/_ ‘/1 —4sW

42 T -1 1
24 1-4s%,) &

) Z,Z" (v + 2vHy + H)

) Z;‘Z"‘ (vi + 2vy Hy + Hi)

g_ V‘hL (v + 2v, H, +H2)

4
It (2 + 20 Hy + H2 2.12
4 m ’Ux + ’Ux X + x) ( ® )
t /
= m, =4/g (2.13)

From the interaction terms we group those containing the coupling between the fields H,ZZ,
(¢ =m, p, x) necessary to calculate the cross section of the process that interests us, resulting

in:

2
4 ¢

2 2
L= S—W) Z,Z" (vyHy + v,H, + vy Hy) (2.14)
%4 N
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Now, the diagonalization of the mass matrix shown in (2.9) was already developed in [7],
which reproduce the results shown in [8], where it was found the following relationship
between the physical fields and the gauge fields:

Ai = SwA,,+CWz“
V1 —4s?
A, = ~VBsw A, —VBswiwz,- LY 7
w
B, = 1—43%VA,‘—tw\/1—43%’4,Z,,—\/§thl’l (2.15)

where t = ¢g’/g = tan@.

2.3 EWSB for the Potential in the Scalar Lagrangian

The expansion of scalar fields for potential (2.5),(2.6) on the basis H,, H, y H, allows us to
find the mass matrix for neutral fields [9]:

8a1v? — fiuwfv  dogvu + fiw dasvw + fiu
1
M? = = dagvu+ fiw  8azu® — fivw/u  doguw + fv (2.16)
dasvw + fiu dosuw + fiv  8azw? — frvu/w

where:
Up =V, UYp=U, V=W

The diagonalization of this mass matrix allow us to find the physical states and their respec-
tive masses. Using the approximations and the results obtained in [9] and [10] we have:

as ut — oy vt :
mgl ~4 (2—1)2—UT1 ’ (2.17)
v2 4+ u? |
Mgy = ( 5ot (2.18)
ma; = —4 a3 w?, (2.19)

and the relationship between the physical fields and the symmetry fields:

v u
H ~ —H) +—— __ K9 2.20
n ('U2 +u2)1/2 1 (’U2 + u2)1/2 2 ( )
u v
H ~ —— —HY— 2.21
P ('U2 +u2)1/2 1 ('U2 +u2)1/2 2 ( )
H, ~ HO (2.22)
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From the values obtained for the Higgs masses, we note that one of them Eq (2.17) does
not depends on the value of w. Moreover we know that the expectation values for the scalar
fields satisfy the relation w >> u, v [8] so we can identify the field HY with mass mg, as the
Higgs boson predicted by the SM. If we replace the equations (2.20), (2.21) in (2.14), we
obtain:

2 2
9z [ Cow 1/2
Luzz=2 (cz—w) (2 +2)" Z,208) (2.23)

Based on this Lagrangian, we calculate the total cross section of scattering for the non po-
larizated process, obtaining:

2 2 2 i 401 _ 2
o(etem — ZH) = ma? _I_(_) (K% +3M2) (1 — 2zw)" (1 — 4zw + 8z)

6 V5) (s-M3)’ . ah(l-aw)
(2.24)

where:

Tw = sin? 6,

. \/s2+ (M2 — M2)? — 2s (M2 + M2)
— 4s ’

We have denoted s as the square of the CM energy.

3 Discussion

The experimental conditions in the proposed International Linear Collider (ILC)[3] provide
us with an ideal environment for precise studies on the production of the Higgs with well
defined initial conditions and cleaning signals without parallel. The Higgs-Strahlung process
e~ +et — Z + H is one of the main mechanisms for Higgs production at the ILC. With
this process it is possible to detect the Higgs mass (Mpy) either by directly decay or by
reconstruction of the Z Boson decay in leptons e~et, p~ut [11].

3.1 Constraints on the Higgs Mass

At present, the SM is strongly supported by experiments. However, the Higgs boson has
not been observed experimentally. Nevertheless there are both experimental and theoretical
restrictions on this fundamental parameter.

From direct searches of the Higgs boson, the lower limit is My > 114 GeV a 95% confidence
level given by LEP2 [12], [11]. The recent combined CDF and D¢ excludes the mass range
between 160 and 170 GeV at 95% confidence level[13], [11].

From the theoretical standpoint there is an upper limit to which the behavior of the pertur-
bation theory is valid, and a lower limit of stability derivative from the Higgs potential. If
My is very large, the Higgs coupling diverges at a scale A below the Planck scale and if My
is very small, then the scalar potential develops a second minimum (global) [14].
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3.2 Results and Phenomenolgy

Based on the results obtained in the previous chapter, equation (2.24), we can express the
cross section as a function of the cross section of SM, as follows:

o} = (1 — 2sin? HW)“af,Ag (3.1)

where oy is the cross section of the SM with a Higgs boson of mass My, and 6y is the
Weinberg angle. Our goal now is to study the behavior of both cross sections, as a function
of the CM energy (/3), for this, we plot both magnitudes for fixed values of the Higgs mass
My, taking into account the restrictions detailed in the previous section.

Below is shown a graph of the total cross section o (b) versus CM energy /s (GeV) for a
fixed value of the Higgs mass My, in models 331 and SM.

Note that the range of energies that have been considered, are directly related to the possible
values that could come in the future linear collider (ILC), which will cover energies from 500
GeV to 1 TeV. On the other hand we have excluded the energy values already verified in
the LEP2 (0 — 200 GeV).

s (fb) Proceso Higgs-Strahlung
250{f \ = emema- SU(3), ®U(1),
200 ME
150 M, =120GeV
100
50

Figure 1: Comparative Plot of o vs /5 for the Higgs-Strahlung process in the
SU(3)L ® U(1)nx and SM models, for the Higgs mass of My =120 GeV.

Since the SM is the current reference, it was expected that the model SU B)RU(1)N
present a total cross section of the same order of magnitude or otherwise the total cross
section depends on parameters which when carried to the limit of SM effectively reproduce
the same section. However this does not happen, because the Weinberg angle 6y is a
parameter that is independent of the model and that takes a value of approximately 0.23 [7].
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One possible solution to this inconsistency could be solved, if we consider another possible
Higgs boson couplings to the Z’. This was not considered initially because this boson,
the Z’, is a hypothetical particle predicted by the model, but has not yet been detected

experimentally.
Below we show a graph in which we analyze the variation of o vs /3 in the model SU(3), ®

U(1)n, for different values of the Higgs masses, according to the restrictions of these values
bounded above:

Procm Higgs-Strahlung

o (fb) 20

18

M,= 120 GeV

16 —_—— — — M, =150 GeV

14 M= 180 GeV
12

10

300 400 500 600 700

Js (GeV)

Figure 2: Plot of o vs /s for the Higgs-Strahlung process in the SU(3), ® U(1)y model
considering Higgs mass values of My =120, 150 y 180 GeV.

The figure shows that as the Higgs mass increases from 120 GeV, the cross section decreases.
Looking at one of the graphs for a fixed value of the Higgs mass, we note that the effective
section [equation (2.24)] increases sharply at the threshold of a maximum at /s ~ Mz +
V2My, henceforth, is reduced as 1/s [15],[11].

Now we show a graph in which we analyze o vs My in the model SU(3), ® U (1)n. In this
case we will keep fixed CM energy /s and vary the Higgs mass Mpy.
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Proceso Higgs-Strahlung
c(fb) 25 -

— \/g =230GeV
——— J5=250GeV
......... Js =350GeV
Js =500GeV

SN
\ ..................

\ o
\
100 120 140 160 i 200
M, (GeV)

Figure 3: Plot of o vs My for the Higgs-Strahlung process in the SU(3); ® U(1)y model
considering C.M energy values of /s =230, 250, 350 y 500 GeV.

One can see that the cross section decreases as the Higgs mass increases, and for moderate
values of the Higgs masses, the cross section is large enough for small CM energies. The last
two are showing that to get the most effective section, you should choose the CM energies,
close to the maxima of the graphs. It is for this reason that the Higgs-strahlung is the
dominant production process for moderate values of energy.
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Abstract

Some properties of the correspondence between the non-commutative versions of the (generalized)
sine-Gordon (NCGSGi,2) and the massive Thirring (NCGMT},2) models are studied. Our method relies
on the master Lagrangian approach to deal with dual theories. The master Lagrangians turn out to
belthe NC versions of the so-called affine Toda model coupled to matter fields (NCATM,,2), in which
the Toda field g belongs to certain subgroups of GL(3), and the matter fields lie in the higher grading
directions of an affine Lie algebra. Depending on the form of g one arrives at two different NC versions
of the NCGSG1,2/NCGMT},2 correspondence. In the NCGSG; ; sectors, through consistent reduction
procedures, we find NC versions of some well-known models, such as the NC sine-Gordon (NCSG,,2)
(Lechtenfeld et al. and Grisaru-Penati proposals, respectively), NC (bosonized) Bukhvostov-Lipatov_
(NCbBL;,2) and NC double sine-Gordon (NCDSG1,2) models. The NCGMT,,2 models correspond to
Moyal product extension of the generalized massive Thirring model. The NCGMT;,2 models posses
constrained versions with relevant Lax pair forraulations, and other sub-models such as the NC massive
Thirring (NCMT},2), the NC Bukhvostov-Lipatov (NCBL; 2) and constrained versions of the last models
with Lax pair formulations. We have established that, except for the well known NCMT} ;2 zero-curvature
formulations, generalizations (nr > 2, ng =number of flavors) of the massive Thirring model allow
zero-curvature formulations only for constrained versions of the models and for each one of the various
constrained sub-models defined for less than nr flavors, in the both NCGMT},2 and ordinary space-time
descriptions (GMT), respectively. The non-commutative solitons and kinks of the GL(3) NCGSG;,2

models are investigated.

Keywords: Integrable hierarchies, non-commutativity, solitons, integrable field theories.
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1 Introduction

Field theories in non-commutative (NC) space-times are receiving considerable attention in recent years in
connection to the low-energy dynamics of D-branes in the presence of background B-field (see e.g. [1]). In particular,
the NC versions of integrable systems (in two dimensions) are being considered [2]. On the other hand, conformal
theories on the usual two-dimensional space-time play an important role in various aspects of modern physics, from
string theory to applications in condensed r;latter. So, one might ask about the role played by QF T’ in (1 + 1)-dimen-
sional non-commutative space-time. Indeed there is reason to believe that similar applications would emerge and they
deserve further investigations, since it is possible to define notions of conformal invariance, Kac-Moody and Virasoro
symmetries in this context [3]. Furthermore, there is some optimism regarding the following analogy with the
usual known relationship: it is believed that the integrable models, defined on two-dimensional NC Euclidean
space, would be the NC versions of statistical models in the critical points and in the off-critical integrable directions.

The sine-Gordon type and other related integrable systems have appeared frequently in diverse areas of
physics, from condensed matter to string theory, in connection to such properties as soliton solutions,
integrability and duality. So, the study of their properties and the search for their solutions have greatly
attracted the interest of the scientific community. In condensed matter, we can mention for example the work
(4] on the nonlinear dynamics of the inhbmogeneous DNA double helices chain. In topics of string theory we
can mention the recent works on the magnon-type solutions on the R x Sn (n = 2, 3) background
geometry (5, 6].

Some non-commutative versions of the sine-Gordon model (NCSG) have been proposed in the literature [7,
8,9, 10, 11, 12]. The relevant equations of motion have the general property of reproducing the ordinary sine-
Gordon equation when the non-commutativity parameter is removed. The Grisaru-Penati version [7, 8] introduces a
constraint which is non-trivial only in the non-commutative case. The constraint is required by integrability but it is
satisfied by the one-soliton solutions. However, at the quantum level this model gives rise to particle production as
was discovered by evaluating tree-level scattering amplitudes [8]. On the other hand, infroducing an auxiliary
field, Lechtenfeld et al. [12] proposed a novel NCSG model which seems to possess a factorisable and causal S-matrix.

Recently, in ordinary commutative space the so-called s!(2) affine Toda model coupled to matter (Dirac) fields
(ATM) has been shown to be a Master Lagrangian (ML) from which one can derive the sine-Gordon and massive
Thirring models, describing the strong/weak phases of the zhodel, respectively [13]-[16]. Besides, the ML approach
was successfully applied in the non-commutative case to uncover related problems in (2 + 1) dimensions regarding
the duality equivalence between the Maxwell-Chern-Simons theory (MCS) and the Self-Dual (SD) model [17].

In this paper we extend some properties of the so-called sl (3) generalized affine Toda model coupled

to matter fields (GATM) [15] to the NC case. We define the NCATM model by replacing the products of
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fields by the x—products on the level of its effective action. The effective action associated to this model in
ordinary space gives rise to equations of motion which can be derived from a zero-curvature equation plus
some constraints. In fact, the ATM model is a constrained sub-model of an off-critical model related to the so-
called conformal affine Toda model coupled to matter fields (CATM) which possesses a Lax pair formulation
[18]. So, we expect the NCATM model defined in this way does not belong to those class of NC field theories
associated to a Lax pair formulation [11]. The NC GL(2) case has been considered in [9], there the master
Lagrangians turn out to be the NC versions of the ATM model associated to the group GL(2), in which the
Toda field belongs to certain representations of either U(1) x U(1) or the complexified U(1)c, such that they
correspond to the Lechtenfeld et al. (NCSG;) or Grisaru-Penati (NCSG2) proposals for the NC versions of the
sine-Gordon model, respectively. Besides, the relevant NC massive Thirring (NCMT}2) sectors are written
for two (four) types of Dirac fields corresponding to the Moyal product extension of one (two) copy(ies) of the
ordinary massive Thirring model. The NCSG; 2 models share the same one-soliton (real Toda field sector of
model 2) exact solutions with their commutative counterparts, which are found without expansion in the NC
parameter 6 for the corresponding Toda field. Here the GL(3) extension presents the above known feature
regarding the appearance of two versions of f.he NC (generalized) sine-Gordon model (NCGSG, 2) and the
corresponding NC (generalized) massive Thirring models (NCGMT) 2), and some new phenomena such as
the appearance of the associated sub-models: three copies for each version of the NC sine-Gordon (NCSG; 2)
models, (bosonized) Bukhvostov-Lipatov models (NCbBL;2), double sine-Gordon models (NCDSG; 2), and
three copies for each version of the NC massive Thirring models(NCMT 2), Bukhvostov-Lipatov models
(NCBL;,2) and the constrained NCBL; 2 models, respectively. In addition, we have the known NC soliton
solutions in the NCGSG;,2 sectors and the appearance of a NC kink type solutions for the NCDSG, 2 sub-
models. Even though we have discussed the integrability properties of the NCGSG; 2 models only for certain
integrable directions in field space, i.e. in the NCSG; 2 sub-models, the NC generalized massive Thirring
(NCGMT} 2) sectors present intriguing properties regarding integrability: the NCGMT); 2 models encompass
a Lax pair formulation only for a sub-model with certain egs. of motion provided that some constraints are
satisfied. Moreover, we established the integrability of certain constrained versions of the NCBL; 2 models
by providing a corresponding recipe to construct a Lax pair for each of them. The extension of the above
features for the GL(n) NCATM; 2 models are straightforward.

The study of these models become interesting since the su(n) ATM theories constitute excellent labo-
ratories to test ideas about confinement [16, 19], the role of solitons in quantum field theories [13], duality
transformations interchanging solitons and particles [13, 20], as well as the reduction processes of the (two-
loop) Wess-Zumino-Novikov-Witten (WZNW) theory from which the ATM models are derivable [18, 15].
Moreover, the ATM type systems may also describe some low dimensional condensed matter phenomena,
such as self-trapping of electrons into solitons, see e.g. [21], tunneling in the integer quantum Hall effect [22],
and, in particular, polyacetylene molecule systems in connection with fermion number fractionization [23].

It has been shown that the su(2) ATM model describes the low-energy spectrum of QCD; (one flavor and
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N colors in the fundamental and N = 2 in the adjoint representations, respectively)[19]. The si(3) ATM
model .and its related dual sub-models GSG/GMT have been used to provide a bag model like confinement
mechanism for “quarks” and it has been shown that the ATM spectrum comprises of solitons as baryons.
and qualitons as constituent quarks in two-dimensional QCD [24]. Moreover, the sl(3) GSG model has been
found to describe the low energy effective action of QCD2 with unequal 'quark’ masses, three flavors and N
colors. This model has recently been used to describe the normal and exotic baryon spectrum of QCD; [25].

The paper is organized as follows. In the next section we present the NC extensions of the ATM model
relevant to our discussions. It deals with the choice of the group representation for the Toda field g. We
introduce two types of master Lagrangians (NCATM], 2), the first one defined for g € [U(1)]® with the
same content of matter fields as the ordinary ATM; the second one defined for two copies of the NCATM,;
such that in this case g, § € H C SL(3,C). In section 3 the non-commutative versions (NCGSG;2) of the
generalized sine-Gordon model (GSG) are derived from the relevant master Lagrangians through reduction
procedures resembling the one performed in the ordinary GATM — GSG reduction. In section 4 we present
the two NC extensions (NCGSG; 2) of the GSG model, as well as their associated sub-models such as the
NCSGy,2, NCbBL; 2 and NCDSG; 2 models. In section 5 we 'decouple’ on shell the theories NCGSG 2
and NCGMT), 5, respectively. We discuss the conditions which must satisfy the constraints in order to
have a complete decoupling, in particular for the soliton solutions. In section 6 we consider the NCGMT}
models, as well as their global symmetries, associated currents and integrability properties of the constrained
sub-models. In these developments the double-gauging of a U(1) symmetry in the star-localized Noether
procedure to get the currents deserve a careful treatment. We discuss their associated sub-models such as
the integrable NCMT} 2, the non-integrable NCBL; 2, and the (constrained) NCBL; 2 models regarded as
integrable sub-models. In section 7 we present the soliton and kink type solutions as a sub-set of solutions
satisfying the both GSG and NCGSG; 2 models simultaneously. Some discussions and possible directions of
research to pursue in the future are presented in section 8. The Appendix A provides the usual GSG model
as a reduced sl(3) affine Toda model couple to matter. Some results of the zero-curvature formulation of the
CATM model are provided in Appendix B, and the Lagrangian formulation of the ordinary ATM model is
summarized in Appendix C.

2 The NC affine Toda models coupled to matter fields (NCATM, )

In this section we present the NC versions of the so-called affine Toda model coupled to matter fields
(NCATM,2). The case of GL(2) NCATM model has been studied at the classical level in [9] and the
related NC sine-Gordon/massive Thirring correspondence has been considered at the quantum level in [10].
Even though we present detailed computations for the GL(3) case it can follow directly for any GL(n).
Two different NC extensions of the ATM model (184) are possible as long as each of them reproduce its

ordinary equations of motion in the commutative limit. The commutative Toda field g in (174) belongs to
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the complexified abelian subgroup of SL(3,C). The symmetry group SL(3) of the ordinary ATM model
(see Appendix B) when considered in the NC case is not closed under the Moyal product *; then, the NC
extension requires the GL(3) group. In the next steps we define two versions of the non—cqmmutative GL(3)

affine Toda model coupled to matter fields (NCATM, 2). Let us define the first NC extension (NCATM; ) as
Sncarm, = Slg,W*, F¥]
2
1
= Iwzwlg] +/d2z Z{E <O_W3_,.*xEs, W,]>—
m=1

1
3 < [B_s, WH*x0, Wi, >+ < Fr %0, W} >+

<O_W,*xF}t>+<FoxgxFlxg !>}, (1)

where FxG = Fexp(%(ﬁa__) - &ﬂ))G and g € [U(1)]3. In fact, we have written the NC version of the
ATM model presented in the eq. (184) of Appendix C. The fields W, F£, as well as the generators E43 of
the model are defined in eqs. (168)-(173). Iwzw/|g] is a NC generalization of the WZNW action for g

1
Iwzwlg] = /dzz' [6+g*8_g‘1 +/ dyg™! x 0y * [!7_1 *049,§7" *3—§] ] i (2
0 *

where the homotopy path g(y) such that §(0) = 1, §(1) = g ([y,z+] = [y,z-] = 0) has been defined. The
WZW term in this case gives a non-vanishing contribution due to the non-commutativity. This is in contrast
with the action in ordinary space, i.e. the WZW term in (184)-(185) vanishes for g belonging to an abelian
subgroup of SL(3,C). From (1) one can derive the set of equations of motion for the corresponding fields

2

0-(97 %049) = Y [Fm,g*Fing™| 3)
m=1

a+er_1 = [E—3$6+W3-_f.—m], a—F;':_'[E&a—W:S_—m]’ (4)

Wy = —gxFixg™!, O-Wo=-g"'xF_xg. (5)

Notice that these set of egs. closely resemble their commutative counterparts (186)-(188) of Appendix
C. Substituting the derivatives of W’s given in the egs. (5) into the eqs. (4) one can get the equivalent set

of equations
0+F, = —[E_3,gxF3  xg7], O_F} =[E;, g ' xF;_,. *g) (6)

Notice that in the action (1) one can use simultaneously the cyclic properties of the group trace and the

* product. Then, the action (1) and the equations of motion (3)-(5) have the left-right local symmetries

given by
g — hi(z-)*g(z4,z_)*xhp(zy), (7)
Ff — hg'(z4)*Fi(zs,2-) *hr(zy), W, = hgl(z4) * W (24, 2-) * hr(z4), @®)
Fo - ho(z)*Fa(@n,o-)«hi @-), Wik - hy(o-)«Wik(z4,2_) x b7l (z.). (9)
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The system of eqs. (3)-(5) is invariant under the above symmetries if the following conditions are supplied

hr(zy) * Eshg'(z4) = Es, hy'(z_) *E_shr(z_) = E_s, (10)
where hy p(zx) € ’Hé‘ / R, 'H{,’ R being Abelian sub-groups of GL(3). These symmetry transformations

written in matrix form [15] are extensions of the ordinary ones to the NC case in a straightforward manner.
Notice that in the ordinary space-time, in terms of the field components, the above transformations are given
in the Appendix A [see eqs. (152) and (154)-(155)]; obviously, the form of the expressions given in these egs.
will change in the NC case.

Next, we define the second version of the GL(3) NC affine Toda model coupled to matter NCATM, as
SNCATMQ ES[g, W:hrFi]'f'S[g,Wiy]:i]a (11)

where the independent fields g and g, related to the set of matter fields {W=, F*} and {W=, F£}, respec-
tively, belong to a co‘m_plexiﬁed subgroup H of GL(3) to be specified in the subsection 4.2. As above the
action S[., ., .] is defined as the Moyal extension of (184). The motivation to introduce a copy of the action
functional with the set of fields g, W*, F* will be clarified below. Let us mention, in the mean time, that
the second version of the NCATM; model has also been considered in [9] for the SL(2) case.

The equations of motion for the NCATM, model (11) comprise the egs. (3)-(5) written for g € H C GL(3)
and a set of analogous equations for the remaining fields g, F* and W=. Moreover, in addition to the

symmetry transformations (7)-(9) one must consider similar expressions for g, F* and W=.

3 NC versions of the generalized sine-Gordon model (NCGSG; )

In order to derive the NC versions of the generalized sine-Gordon model (NCGSG;,2) we follow the master
Lagrangian approach [26, 15|, starting from the NCATM;, 2 models (1) and (11), respectively, as performed
in the GL(2) case [9]. So, let us consider first the equations of motion (3)-(5). We proceed by integrating
the egs. (4)

F~ =[E_3, Wi ]+ fn(z_), F*=—[Es, Wi |- f(zs). (12)

with the f*(z1)’s being analytic functions. Next, we replace the F* of egs. (12) and the L W= of (5),
written in terms of W, into the action (1) to get
2
1
S'lg, W™, f*] = Iwzwlg + /dzz Z{E <[EB_g, W3] *gx fxg™' >+
m=1

el o=l _ e
3 <9, frxg*[Es, Wi_,] >+ < gl xfrrgxfi >} (13)

As the next step, one writes the equations of motion for the f*(z4)’s and solves for them; afterwards,

. - . - . . ..:1- .
substitutes those expressions into the intermediate action (13) getting

2
1 .
S"[g, Wi] = Iwzwlg] v Z/d2$ Z <.[E._3,W;__m] * g% [E3,W3—_m] *g‘l - (14)

m=1
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Notice that (14) has inherited from the NCATM action the local symmetries (7)-(9). Therefore, one

considers the gauge fixing
2iA;, = [E_3, W5 ], 2iA}, = [E3, W, ,], (15)

where A* € G, are some constant generators in the subspaces of grade +1 in (182)-(183).

Then for this gauge fixing the effective action (14) becomes

Sncesc, gl = S[g]
' 2
= Iwzwlg]+ /dzz Z[< A, xgxAfxg7t > (16)
m=1

Thus, we get the equation of motion for the field g as

2
(g7 xdr9) = D [An, g% A7 | (17)

m=1
The action (16) for g € [U(1)]® will define the first version of the non-commutative generalized sine-

Gordon model (NCGSG;). The second version requires a copy of the above action for the field g
Sncesc,l9l = Slg] + S[g], (18)

where g € H C SL(3) (H will be specified below).

Thus, the actions (16) and (18) are the multi-field extensions of the NC sine-Gordon models proposed
earlier by Lechtenfeld et al. and Grisaru-Penati, respectively. As we will see below, these models contain
as sub-models the relevant versions of the NCSG; 2 model (in fact, each version contains three NCSG; 2
sub-models) proposed in the literature, i.e. the Lechtenfeld et al. and Grisaru-Penati proposals for the
NC extension of the sine-Gordon model, respectively. Moreover, the NCGSG; » models give rise to new
phenomena with interesting properties, such as the appearance of two versions of the NC Bukhvostov-
Lipatov model and the NC double sine-Gordon model, respectively, as well as their NC soliton and kink type
solutions.

We present below the two NCGSG, ; versions related to GL(3), each one involving multi-field scalar

fields.

4 The Toda field g parametrizations

In this section we present the two possible parametrizations of the field g, thus obtaining the two NC
versions NCGSG; 2 of the GSG model, and furthermore we obtain their relevant sub-models associated to

them through consistent reductions.
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4.1 First parametrization: g € [U(1)]® € GL(3,C)
Let us write the field g in the representation

e 0 0

g= 0 €% o = g1 * g2 * g3, where (19)
0 0 ei¢’
e o 1 0 O 00 O
g = 0 1 0], 9=]|0¢€” 0|,93=]01 o0 (20)
0 0 1 0 0 1 0 0 €

with ¢; being real fields (¢ = 1,2,3). As we will see below, this parametrization constitutes the GL(3,C)
extension of the Lechtenfeld et al. proposal of the non-commutative version of the sine-Gordon model
(NCSG,) [12].

For the A;’s taken as

A} = ARES + ARES + A%LE!,,,

Af = AE;}+ALE°, +A}E°,,,

A} = ARES, +AREl, +A%RE!,,.

A; = ALEZ}+ALE;} +A}E°,,, (21)

the action (16) for g given in (19), upon using twice the Polyakov-Wiegmann identity

Iwzw(91 * 92) = Iwzw(91) + Iwzw(g2) + /dzz <ot *;3—91 *xBig2x g3t >, (22)
can be written as
SncsGi[91592,931 =  Iwzwla1] + Iwzw(92] + Iwzw|[gs] +
/ Po((AARel? x 7% + A A%l x e5 ] +
[ALALel xe;™%2 1 A} ALei?? xe]i01] +
[A2A%ei%2 x e]1%3 + A2 A%ei% x e i"”]). (23)
Notice that the last term in the Polyakov-Wiegmann identity (22) vanishes when written for each pair of

the fields in the parametrizations (20). Then, the relevant eqs. of motion become

o~ (e: " 3+ei¢‘) = [ALARel x e[ — AL Akel® x e 7] +

[ALARel x e[ 9t — R ARel?' x e7*%] (24)
o_ (e: 240, ei"”) = [AZA%ei% xe[ %2 — N2 A%ei?2 x e 193] +

[ALARei® x e 92 — A} ALei?2 x e i91). (25)
a- (e: ids *6+ei¢3) = [A3A%ei® x93 — A3 A%ei%s xS i91] +

[A2 A€l x ei%3 — A2 A%ei%s % o] 1%2). (26)
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Setting
A A, =€ M;/8, j=1,2,3 (27)

for M;, §; some constants, we define the system of egs. (24)-(26) as the first version of the non-commutative
generalized GL(3,C) sine-Gordon model (NCGSG;). Notice that it is defined for three real scalar fields.

In the commutative limit 8 — 0 the above equations can be written as

% ¢ = M;isin(¢a — 1 + 61) + Masin(¢s — ¢1 + 83); (28)
8 ¢2 = Masin(¢s — ¢2 + 62) + My sin(¢1 — b2 — 61); (29)
8% $3 = M, sin(¢2 — ¢3 — 52) + M3 sin(¢1 — @3 — 63). (30)

From the above system of equations one gets a free scalar equation of motion
2® = 0, ®=¢;+d2+ ¢s. (31)

For the particular solution ® = 0 of (31) and making M; - —Mj, ¢; — —¢;, one can write the first

two equations (28)-(29) as

?¢1 = M;isin(¢z + ¢1 + 81) + M3sin(2¢1 — ¢2 + 83); (32)
P ¢2 = Mysin(2¢2 — ¢1 — 82) + My sin(é1 + ¢ + 61). (33)

This system of eqs. is precisely the commutative generalized sine-Gordon model (GSG) [24, 25] [the form
written in (32)-(33) corresponds to egs. (163)-(164) of Appendix A].
In the following subsections we will examine certain sub-models obtained through consistent reductions

of the NCGSG, system (24)-(26).

4.1.1 Non-commutative sine-Gordon model (NCSG;): Lechtenfeld et al. proposal

We show that the model (24)-(26) contains as sub-models the Lechtenfeld et al. proposal for the NCSG,
model. So, setting Mz = M3 = 0, M; = 8M, ¢3 = §; = 0 and changing ¢2 — —¢@2 we get the system of

equations [12]

3_ (e:i¢1 * a+e:¢l) — M[e:ﬁpz * e:i¢1 — ei¢l * ei¢2] (34)
0- (ef:”2 *0 ey “”) = Mlei® xeif? — gi%2 4 g[i%1], (35)

In fact, there are additional two possibilities for meaningful reductions, ie., 1) M; = M, = 0, M3 =
8M, ¢ = 8; = 0; ¢3 = —¢3 and 2) My = M3 = 0, Mz = 8M, ¢1 = §; = 0; ¢3 — —¢3 respectively,
providing in each case a Lechtenfeld et al. NCSG; model.
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4.1.2 Non-commutative (bosonized) Bukhvostov-Lipatov model (NCbBL,). First version

Another reduction is possible by making M; =0, Mz = M3 = —M, and ¢; — —¢1, in the egs. (24)-(26)
followed by the substitution ¢3 = ¢1 — ¢2. So, one gets the set of equations

o (e*ii¢a 5 a+efi¢a) — __Asﬁ [ei(¢1—¢’) . e.:::i(ﬁa — Fida 4 e:i(¢1—¢a)] , a=1,2 (36)
0 = o_ [ei¢1 * a+e:i¢1 + e*—i¢z * a+ei¢2 5 e:i(d’l —¢2) a+ei(¢1 —¢2)] ,
(37)

where the upper (lower) signs in (36) correspond to the index a = 1(2) for the field ¢,. In the commutative
limit the veq. (37) becomes trivial, whereas the set of equations (36) become 0%¢, = Msin(2¢; — ¢2) and
3%¢ = Msin(2¢5 — ¢1). Defining the new fields ¥1 = 1(¢1 + ¢2), ¥2 = 32@(¢1 — ¢2) we arrive at the
model 82y, = Msin(y; )cos(v32), 8%y = M+/3cos(;)sen(v/312). This system of equations is precisely
the bosonized form of the so-called Bukhvostov-Lipatov model [27, 28, 29, 20]. In view of these relationships
we define the model (36)-(37) as the first version of the non-commutative bosonized Bukhvostov-Lipatov
model(NCbBL;).

4.1.3 Non-commutative double sine-Gordon model (NCDSG;). First version

The usual double sine-Gordon model (DSG) is defined in terms of just one scalar field ¢ and the potential
terms [cos(p) + cos(2¢)] in the action. So, we would like to reduce the above model in a consistent way
in order to get a sub-model defined for just one scalar field. Let us take advantage of a particular solution
of the free field equation (31). So, we consider the reduction ¢; = —¢3 = ¢, ¢2 = 0 and substitute these

relations into the equations (24)-(26). Then we obtain the next two equations
o- (e:i“’ * 6+ei¢) = M(e]'® — %) + Ma(eS*® x e ¢ — €i¢ x ei?), (38)
0 (e x0ye%) = Mi(elf — e7'%) + My(el x it — &7 ;) (39)
plus an equation which reduces to a trivial identity (we have imposed M; = M, 6; = 0).
The above two equations can be written in the equivalent form
a_ (efj’ *yeliP — i 5 a+ei¢) —  4iM sin,¢ + 4iMs; sin, 26 (40)
a_ (e;"¢ * 04l + e« a+e:"¢) = 0. (41)
The system (40)-(41) constitutes the first version of the non-commutative double sine-Gordon model
(NCDSG;) defined for just one scalar field.
The first equation (40) contains the potential terms which is the natural generalization of the ordinary
double sine-Gordon potential, whereas the other one (41) has the structure of a conservation law and it can

be seen as imposing an extra condition on the system. In the commutative limit, the first equation reduces

to the ordinary double sine-Gordon equation (DSG), whereas the second one becomes trivial. The equations
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are in general complex and possess the Z; symmetry of the ordinary DSG (the invariance under ¢ — —¢ is
easily seen in (38)-(39).

4.2 Second parametrization: g € H C GL(3,C)

Let us consider the parametrization

e xef° 0 0
g= 0 ey F11e2 4 g¥0 0 = g1 * g2, (42)
0 0 e, ¥? xef°
with
ef? 0 0 10
aa=| 0 et 0 ,2=¢€¢| 010 |, (43)
0 0 ex ¥? \o0oo0 1

where the fields ¢;, j = 0,1,2 are general complex fields. The additional field g is defined by substituting
the fields ¢; above as cp;. The fields g and g are formally considered to be independent fields.

This parametrization becomes the G L(3) extension of the Grisaru-Penati proposal for the non-commutative
version of the sine-Gordon model (NCSG:) [7, 8].

The following equations of motion can be obtained directly from the first term S[g] of the action (18) for

the parametrization (42)

o_ (e:vo *xe Pl %0y (ef‘ * ef°)) — [A}‘A}ze:“’”""’ *xe P — A}‘A}tef‘ *ef17v2)
[A3A%e 92 x e 1 — A3 A% el x 2] (44)
o (e:vo * P12 59, (e:<p1+«pz » efu)) = [A2ZA%e;%? x 1792 — R2AZe 10 4 P2] 4

[ALARef* »ef1 =9 — ALALe ¥ *92 w e %]

(45)
0- (e:""’ *xef? %0, (e:“” * ef")) = [A3A%ef xef? — A} A%es %2 % ¥ +

[ARAkes #1402 xef? — AZALer# xef1~2).
(46)
Introduce the parameters M;, d; as in (27). So, we define the system of eqs. (44)-(46), supplied with the
relevant egs. of motion for the fields qa} derived from the second term S[g] of the action (18), as the second
version of the non-commutative generalized GL(3,C) sine-Gordon model (NCGSG;), where the three scalar

fields ¢; are in general complex.

Next, let us examine the commutative limit. Redefining ¢, — i, (where the new /s are real), using

definition (27) and taking the limit # — 0 in the above system of equations (44)-(46) one can get

%p1 = Msin(2p; — w2 — 1) + Mssin(p; + @2 — 83) (47)
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P = M, sin(2p2 — 1 — d2) + M3 sin(p1 + @2 — 83) (48)
o 0. (49)

Thus, in (47)-(48) we recover again the equations of motion of the commutative generalized sine-Gordon
model (GSG) (24, 25]. Notice that the field @o decouples completely from the other fields in this limit,
becoming simply a free field.

In analogy to the results of the first parametrization it is possible to get some sub-models as consistent
reductions of the system (44)-(46). In the following we discuss the reductions associated to this second

parametrization.

4.2.1 Non-commutative sine-Gordon model (NCSG;): Grisaru-Penati proposal

A reduced single field model follows by setting My = M3 = 6; =0, po = 2 = 0, M} = —M and ¢; = ip
(¢, complex field). So, one gets the model

o_ (eq':izpa+ e:tigo) = :!:M(e:!:ﬁqp _ e:|=2itp)’ (50)

which is the Grisaru-Penati proposal for the NC extension of the sine-Gordon model (NCSGy) [7, 8]. In
fact, in this proposal one must consider additionally a couple of equations for ¢! obtained from the second
piece in the action (18). Additional reductions, each one providing a Grisaru-Penati NCSG, model, are
achieved by setting My = M3 =6; =0, oo =1 =0, My = - M p2 =1p, and My = My = §; =0, 9 = 0,
M; = —M ¢, = @3 = i¢p, respectively.

4.2.2 Non-commutative (bosonized) Bukhvostov-Lipatov model (NCbBL;). Second version

A reduction leading to a two field model follows as M3 =0, M =M, =—-M, ¢, >ip, (n=0,1,2). So,

one gets the model

il ) . . M7 it . ) 210
o_ (e* ipo o efW’u o a+ (efupa % e:wo)) - _? [e* i(p1—p2) * ej:up, _ ei&w), * e:(‘Pl ‘Pa)] ,
a=1,2 (51)
0 = 0- [e: 100w e 1 % Oy (€91 eiv0) 4 e W0 4 giv2 4

04 (e % el¥0) 4 e[ *%0 % eilpr=e2)

By (exio1w2) ei“’“)] , (52)

where the upper (lower) signs in (51) correspond to the index a = 1(2) of the field ¢,. In the commutative
limit the eq. (52) reduces to a free scalar field equation of motion 8%pg = 0, whereas the set of equations (51)
become 6%p; = Msin(2p;1 —2) and 8p; = Msin(2p2—¢;). Defining the new fields 1; = Lp1+p2), ¥ =
j?(cpl = ¢2) we arrive at the model 8%y, = Msin(y;)cos(V31s), 0% = M \/§cos(¢1)se;1(\/§¢2). As we
have seen before this is just the bosonized form of the so-called Bukhvostov-Lipatov model [27, 28, 29, 20].
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In view of these relationships we define the model (51)-(52) as the second version of the non-commutative
(bosonized) Bukhvostov-Lipatov model(NCbBL3).

4.2.3 Non-commutative double sine-Gordon model (NCDSG;). Second version

In order to reduce the NCGSG, system of equations into another version.of the NC double sine-Gordon model
one takes advantage of certain properties of its commutative counterpart. In fact, the above commutative
model (47)-(49) possesses the symmetry ¢; <> @2; M; <> M in the GSG sector, whereas the auxiliary
o field completely decouples in this limit. So, in the second parametrization case (42) we can impose the
conditions ¢; = @2 = —ip, M; = M>,8; = 0 into the system of eqs. (44)-(46) and obtain the following

system of equations for complex ¢

O (e: 90 % el % Oy (eI W ef“)) = 2iMsin, ¢ + 2iMs sin, 2¢
(53)
a_ (e;«:o Dy €0 ) - 0 5
O_[er %0 xeif w0y (o5 wefo) + €% x e x
oy (et xerr)] = 0. )

The system (53)-(55) constitutes the second version of the non-commutative double sine-Gordon model
(NCDSG:) defined for two complex scalar fields.

The first equation (53) contains the potential terms generalizing the ordinary double sine-Gordon po-
tential. The second and third ones (54)-(55) have the structure of conservation laws and can be seen as
imposing extra conditions on the system. Let us examine the commutative limit § — 0 of the NCDSG,

system. In this limit it reduces to the usual DSG model plus a free field o equations of motion

0_04+p = —2M,;sinp — 2M3sin2p (56)
6_6+<p0 = 0. (57)

Notice that in this limit the field o decouples completely from the DSG field .

Some comments are in order here.

1) The NC models obtained above reproduce the usual models in the commutative limit § — 0. So, the
both versions of the GL(3,C) non-commutative generalized sine-Gordon model (NCGSG;,2) reproduce the
ordinary GL(3) GSG model in this limit. The both versions of the non-commutative double sine-Gordon
model NCDSG;, 2 reproduce the usual DSG model in the ordinary space. Likewise, the both versions of the
non-commutative bosonized Bukhvostov-Lipatov model NCbBL,,  lead to the usual BL model. Notice that
the GSG model in ordinary space-time also contains as sub-models the variety of theories we have uncovered

above, i.e. the usual SG model, Bukhvostov-Lipatov model, and the double sine-Gordon model [20, 24].
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2) Regarding the integrability of the NCGSG; 2 models they are hardly expected to possess this property
since they contain as sub-models the relevant NCDSG; 2 and NCBL; > theories. The NCDSG; 2 models
are not expected to posses this property since their commutative counterpart is not integrable. The same
behavior may be expected for the NCBL; 2 models since their commutative counterpart is not classically
integrable (see [20] and refs. therein), except for some restricted region in parameters space. Nevertheless,
see more on this point in subsection 6.1.2 when the relevant spinor version of the (constrained) NCBL; model
is discussed in relation to integrability. .

Related to this issue, let us mention that we have not been able to write in a zero-curvature form the eq.
of motion (17) of the NCGSG; model (17), it mainly happens due to the presence of the summation index
m = 1,2 on both entries of the commutator. Actually, the eq. (17) differs from the integrable system of
non-abelian affine Toda equations [30, 18].

3) The Letchenfeld et al. (34)-(35) and Grisaru-Penati (50) NC sine-Gordon models proposed in the
literatﬁre appear in the context of the generalized NC sine-Gordon models as reduced sub-models of the
corresponding NCGSG; and NCGSG2 models, respectively. So, they are analogous to the results obtained
in the commutative case in which the GL(3) GSG model contains three SG sub-models as reduced models,
each one associated to the positive root of the gi(3) Lie algebra[24]. The group structure of the GL(3)
NCGSGj,2 models allowed us to get three NCSG; 2 sub-models, respectively, for each version, as in the
commutative case.

4) In the three-field space of the NCGSG;, 2 models it is remarkable the appearance of three integrable
directions as NCSG, 2 sub-models, respectively. It suggests that there are at least three integrable directions
in reduced field space of each one of the. NCGSG;,2 models . Examples of non-integrable reduced directions
are provided by the relevant NCDSG;,, and NCBL;, > models. However, the existence of more integrable
directions is suggested by the presence of certain integrable sub-models in the spinor sector of the NCGMT; 2
models, i.e. the scalar duals of the corresponding NC(c)GMT} 2 and NC(c)BL,; , spinor models, respectively
(see section (6.1.1) and subsection (6.1.2)).

5) Finally, the role played by the SG model in the context of the generalized SG models is analogous to
the one which happens with the correspondence between the A¢* model and the deformed linear O(N)-sigma
model, as it was first noticed in [31]. It could be interesting to study several properties of the generalized
SG models, including their non-commutative counterparts, as for example by applying and improving the
quantization method described in the last reference. Let us mention that the ordinary DSG model has been
in the center of some controversy regarding the computation of its semi-classical spectrum [32, 33], however

it seems that the point has recently been clarified in [34].
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5 Decoupling of NCGSG;; and NCGMT; ; models

In the commutative case some approaches have been proposed in order to recover the GSG and GMT dual
models out of the ordinary sl(rn) ATM model [24, 13, 14, 15, 20]. Among them, the one which proceeds by
decoupling the set of equations of motion of the ATM model into the corresponding dual models [13, 15] has
turned out to be more suitable in the NC case [9]. This procedure is adapted to the NC case by writing a
set of mappings between the fields of the model such that the egs. (3) and (6) when rewritten using those
mappings decouple the scalar and the matter fields. So, following the procedures employed in the ordinary

sl(n) case [15] and in the non-commutative GL(2) ATM case [9] to the case at hand, let us consider the

mappings
S [romte], = 3 [ onio]. @
[Bos 0Fme™], = [Bos, B - 2w [T r . £2] Lt (59)
n
[Bs, 7 Fiimg], = [Bo, P - 2o [T B L (60)
n
Fr = F(Bis, Wi ., (61)
[Fz*,gq“ngil]* = 0, (62)
where
JF = [17";:_ ns WE n]; k1, k2 = constant parameters. (63)

The hatted fields have the same algebraic structure as the corresponding unhatted ones except that
they incorporate some parameters re-scaling the fields, those parameters will give rise to certain coupling
constants between the currents of the model. Notice that the fields J and the constant matrices LE carry
zero gradation and these will be defined below. The field g in the relations above, as defined in section 2, is
assumed to belong to either [U(1)]3, as in subsection 4.1, or % C GL(3,C) , as in the second parametrization
in subsection 4.2.

The relationships (58)-(61) when conveniently substituted into the ATM egs. of motion (3) and (6)
decouple them, respectively, into the NCGSG; eq. (17) and certain equations of motion incorporating only

matter fields, which in matrix form become

[B-s04Wit,] = +[E_s, (B, W3l -

b o L)

? =1 [n’[E 3’W3 m]]* m (64)
[B2,0- W3], = -[Bs,[B_s, W7, -

2 Z(Lm) (4, (o, Wi L (©5)
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We define these set of eqs. as the first version of the non-commutative (generalized) massive Thirring
model (NCGMT,).

The egs. (62) are the constraints imposed in ref. [15] written in a compact form. These constraints, which
are missing in the GL(2) case, have been imposed in the non-trivial GL(3) extension in order to be able to
write a local Lagrangian for the off-critical and constrained ATM model out of the full set of equations of
motion of the so-called conformal affine Toda model coupled to matter (CATM) [15, 18] (see the Appendices).
Actually, the above ’decoupling’ eqs. maintain the same form as their commutative analogs presented in
egs. (6.1)-(6.5) of the ref. [15]. We must clarify that the above *decoupling’ egs. (58)-(60) do not completely
decouple the scalar fields from the spinor-like fields due to the presence of the constraints (62). There are
some instances of total decoupling, e.g. in the soliton sector of the commutative limit [20, 15]. Notice that
we have not used the constraint equations (62) in order to get the eqs. (64)-(65). In order to be more specific
in the discussions below we provide, in the following set of equations, the constraint eqs. (62) in terms of
the component fields. Let us take the spinors as defined in (168)-(173) and the scalar field g presented in

the first parametrization eq. (19), so one has

P xYpre P x ] = YL x PR x e, (66)

P wyhwes w Py = —uf xeibrufPaer (67)

et xPhxe M xypl = —Pf xeltuphxes (68)
and

S kP x e x Pl = Phxe Pl it (69)

e g el kPl = —Yhxelay} xel®?, (70)

e % .‘2,'}: *xe xyd = —1‘/:}z * e P13 x eifs, (71)

associated to the grades (—1) and (+1) of (62), respectively.

Analogously, one can write another set of equations for the second parametrization (42) of g

el x e¥0 x 1/,}2 * e 0 % ef1792 5 'l’f, — .wi * ef27P1 5 e¥0 4 w?{ * e, PO xef?, (72)

eP2TP w0 xptxe PO xef2 xhy = —YIre P2 xef0 xphxe P xe v, (73)

e;%? % ef° % w?{ *e %0 xe Pl % "!’}. — _w% * P! xef0 w}lz *xe 0 xef1m¥2, (74)
and

e%0 x w‘f{ * e PO % ef17¥2 5 "/’}, *xefl = ef?x ../)% * ef27P1 5 0 x 1/)}2 *x e %0, (75)

e xPpxe P el xhl kP27l = —elP %y} ke P2 x el xYh ke[ %0, (76)

e *xPphxe P xes? kPl xefP? = —ef1T Pl xeft xefO xp}h ke %0, (77)

associated to the grades (—1) and (+1) of (62), respectively.
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Even though that the full set of the 'decoupling’ equations have not been used in order to write the
egs. (64)-(65), we expect that a non-commutative version of the usual (generalized) massive Thirring model
(GMT}) [15] defined for the fields W+ will emerge from these equations. In fact, we assume this point
of view and study the properties of the system (64)-(65) in its own right. Nevertheless, we will recognize
below certain relationships between the relevant sub-models of the both NCGSG; 2 and NCGMT, ; sectors.
Remarkably, these relationships will arise for certain reduced sectors obtained such that the constraints (62)
become trivial, or completely decouple the spinors from the scalars in the soliton sector, which is equivalent
to take the commutative limit (see below). The model (NCGMT};) (64)-(65) is new in the literature and it is
expected to correspond to the weak coupling sector of the NCATM; model whose strong coupling sector is
described by the first version of the non-commutative generalized sine-Gordon model (NCGSG;) presented
in subsection 4.1.

In the ordinary space the GMT equations of motion can be achieved through Hamiltonian reduction
procedures, such as the Faddeev-Jackiw method, as employed in (15] for first order in time Lagrangian;
however, in the NC case, to our knowledge, there is no a similar procedure since the action of the NC GATM
model involves higher order in time derivatives; actually, an infinite number of terms of increasing order in
time derivatives. So, we have used the decoupling method and assumed the forms of the decoupling equations
(58)-(63) to resemble the ones in the ordinary case [15], important guiding lines being the gradation structure
and further, the locality of the Lagrangian in the NCGMT sector which will depend on the nature of the
terms appearing in the eqs. of motion; e.g, notice the absence of terms bilinear in the spinors in the right
hand side of the eqs. (64)-(65). In fact, the terms appearing in the above equations will give rise to usual
kinetic and mass terms, and four-spinor coupling terms in the relevant action. The Lagrangian for the model
(64)-(65) and a Lax pair formulation for a constrained version of it will be discussed below.

In order to recover the dual of the second version NCGSG, one must write similar decoupling expressions
for the full set of fields {g, F*, W%} and {g, F*,W*}. Thus, following similar steps to the previous
construction we expect to recover another version of the NC generalized massive Thirring model (NCGMT})
defined for the fields {W#*, W*}. In the next section we propose two versions of the non-commutative
(generalized) massive Thirring theories (NCGMT, 2) by providing the relevant equations of motion and

discussing their zero-curvature formulations.

6 The NC generalized massive Thirring models NCGMT, ,

We will consider the fields 17, %7 as c-number ones [9] in order to define the NC generalization of the so-called
(c-number) massive Thirring model (MT) [35, 36]. In ordinary space-time these type of classical c-number
multi-field massive Thirring theories have long been considered in relation to one-dimensional Dirac model
of extended particles [37]. The quantization of the two-dimensional fermion model with Thirring interaction

among N different massive Fermi field species has recently been performed in the functional integral approach
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(38].

The assumption for the fields to be c-number fields will allow the zero-curvature formulations of the
NCGMT} 2 models to be constructed resembling analogous algebraic structures present in the GATM model
in the context of the affine Lie algebra SL(3). This means that the c-number fields P, 17;1 will lie in certain
higher grading directions of the principal gradation of the affine SL(3) Lie algebra, as it is presented in the
egs. (170)-(173) of the Appendix B.

In ordinary space the field components of the MT model are considered to be either anti-commuting
Grassmannian fields or some ordinary commuting fields (see [9] and refs. therein). Notice that the relevant
(Grassmannian) GMT model would need a slightly different algebraic formulation from the one followed here

for the c-number case.

6.1 NCGMT,

We propose the NCGMT; action related to the egs. of motion (64)-(65) for the fields W as

2
SwE] = /dzz[ > {5 < [Bs, Wil 0, W% > —% < [Es, Wi | #0_Wz > —
=1

2
1 « =
< [B_s, Wil % [Ea, Wi >} -5 3 <J;;*J,;>]. (78)

m,n=1
In the last action the first two terms inside the summation provide the kinetic terms, the third one
the mass terms and the last term the current-current interactions. The current-like matrices JZ with zero

gradation appearing in the eq. (63) have the same algebraic structure as the matrix-valued currents [15]
Jm = £3 [[E;a, ] Wi e (79)

except that they are defined in terms of some hatted variables Wz which are constructed from the relevant

unhatted ones W in eqgs. (170)-(173) by making the re-scalings

oL - (2 5 ) /YL, s (22 ), «h—»( 2)ay3. (80)
$ <5‘)1/4wu v2 - <52>‘“¢L, 7 (% )"4w3 (81)
Uk~ (540, ¢'R—>( > ) /AU, 1/)3—*( ) 4%k (82)
‘—»(7)‘“«/»3, vh - (2 )"4¢R, - (& )‘/“wa, (83)

where the \; d;, a;j, B; are constant parameters. These constants are introduced with the aim of recovering
some coupling constants between the currents of the model.

Actually, in matrix form we have the following relationships W} = LEWE(LE)™ and W = LW, (L)
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The L'f, LT matrices, respectively, take the following forms

12 f‘f‘ 0 0 112/;‘% 0 0

0 12/ o 0 and 0 12 ‘;ﬁ- 0 (84)
0 0 2/ 0 0 1248

supplied with the replacements  — A for L}, y — f for Ly, z — a for L7,and y— 4§ for L.

Some relationships between these parameters will emerge below mainly arising from the consideration of
current-current (generalized Thirring) type interactions among the various flavor species and integrability
requirement through the zero-curvature formulation of the equations of motion.

In the following we will consider the egs. of motion (64)-(65) in term of the field components. For future

convenience let us introduce the fields A% R, L @S

AL = ¢ Otxﬂl Yhwl + & ﬂaaa Bss 3 o 3 (85)

A2 = ¢ azﬂz 2Pz a2 G2 _ Otxﬂl i (86)

AR = ‘ﬂ"’“?'wR i+ |, "‘2"321/)3 V- (87)
and |

ap = (R plxdi+ By (88)

A = ¢ 6“2 Vi« 97 — | ‘“‘ DL P} (89)

a4 = M" %33 3wl + { "2“ %222 72wyl (90)

In terms of these fields the currents in (78) become

[ A, 0 o0 [ AL o0
jl— = ~2" = —% 0 A%z 0 and Jt =Jf = —% 0 A% 0 (91)
0 0 -4} 0 0 -43

Therefore the action of the NCGMT; model (78) in terms of the Thirring field components become

=3

SncemT, /d$2 Z { [21 L*OLYL + 2 RxO_h+imi( Lk — gl * R)]
- 24« R)}, (92)

Next let us write the equations of motion for the field components derived from the action above. The

following three equations of motion

4 63A3

1
oy} = —§m3¢R —— {¢§ » AR + Ak x v} (93)
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- 1 1A =
0L = —gmi k+i{/— {91 * Ak - AR * 9L} (94)
- 1 O2)\ ~ -
01 = —gma htif| 2 (UL AR+ AR« 91}, (95)

will correspond to the matrix form (64) for m = 1.
One can obtain the equations of motion

1 =3 4 63A3

0+ 1 = —gma R+iy[— {AR*vL + 9] * AR} (96)
.4 6 A

o v} = —%mlﬂ/)n : I{AR * YL — YL * AR} (97)
NE ,\

0,92 = —%mpr ,/ 202 (42 y2 4y A}, (98)

which in matrix form corresponds to eq. (64) for m = 2.

Similarly, one can obtain the equations of motion

1 ;8 aaﬁa

O-Yp = Zmavy—i {Wh* AL + AL vR) (99)
L = -;-ml L+ig "“ﬂ‘ {$hx AL — A} * PR} (100)
6.7% = ima3+if "2”2 (Fhx A3+ AL » 93}, (101)
corresponding to m = 2 in (65).
Finally, the equations
~ 1
6.7 = gms L+if/ 2R (4 x PR+ PR A1) (102)
1 1 i 0131 .
O_yp = §m1¢L {AL* Yk — YR+ A}} (103)
1
O-vp = mayi —i {/ azﬁ"’ (A2 x 9% + YR« A3}, (104)

can be obtained from (65) in the case m = 1.

The set of equations of motions (93)-(104) are the GL(3) extension of the equations of motion given
before for the case GL(2) NCMT; ( see egs. (5.11)-(5.14) of ref. [9]). In fact, the later system is contained
in the GL(3) extended model. For example, if one considers ¥} = Y2 = ~}, = -i = 0 in the eq. (93) then
it is reproduced the equation (5.13) of reference [9] describing the single Thirring field 93 provided that the
parameters expression \‘/ éﬁé%%‘igé corresponds to the coupling constant 2 of that reference.

The four field interaction terms in the action (92) can be re-written as a sum of Dirac type current-current
terms for the various flavors (j = 1,2, 3). In the constructions of the relevant currents the double-gauging of

a U(1) symmetry in the star-localized Noether procedure deserves a careful treatment [39, 9]. So, one has

two types of currents for each flavor [9]

i = Ty, (105)
WP = Ty, k=1,2,3. (106)
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Notice that in the commutative limit one has j,(cl) k= j,(f) #. In order to write as a sum of current-current

interaction terms it is necessary to impose the next constraints on the a;, ;, 8;. \; parameters

0iAj
a;B;

Then the four-spinor interactions terms in (92), provided that (107) is taken into account, can be written

=k=const.; j=1,2,3. (107)

i

as current-current interaction terms

3
O : . (2) | (2 ) ) ) )
—2) ALAR = —gn G %3+ 500 % 5" — 920 GE) w5 + 5 % 5EM)
i=1
933 (5§}, 357 + 580 % 5) + gra (5{3) 3§24 -
g23 (Jély) *jzgl)“) = 913(]'52‘2 *jgz)“), (108)

where

1 1 ) .
9ii =7 VaiBididj, gjk = 3 ViBidkAk, (3 #k); j.k=1,2,3. (109)

These parameters g;; define the coupling constants of the NC generalized Thirring model (NCGMT,),
even though that they are not mutually independent. Notice that considering the relationships (107) and

(109) one has the three constraints
9ij = 2\/9ii 955, L1 F#J. (110)

Taking into account the constraints (110) we are left with three independent coupling parameters at our
disposal, so in order to study further properties such as the integrability and the zero-curvature formulations
of the model one must consider the remaining three parameters, say the independent coupling parameters

911, 922, g33- Then, substituting in the action (92) the current-current interaction terms (108) one has

i=3
SncemT, = / dxz{ > [21'152 * 4P, + 20l x O_vh + imi (Y], x Yk — v * 15}%)]
i=1

= o GO %3 4+ 37 % 5P) = 922 (E]) % 550 + 52 % 55 —

933 (35, % 38 + 580 % 5PH) + gia (G % i) —
‘s 0 (2 .
923 (35} * 35V) — 913 (G2) *J§2)")}- (111)

We define this model as the NC (generalized) massive Thirring model NCGMT; written in terms of the
component fields. Its matrix version is understood to be the action (78) once the parameters relationships
(107) are taken into account.

M @) g

The two types of U(1) currents jy ,, jy,, 1,2,3), respectively, satisfy the conservation equations

Or( ExvE)+0-(ThxvR) =0, d,(wfx F)+o_(whx H)=0, k=123 (112)
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6.1.1 (Constrained) NC(c)GMT); zero-curvature formulation

The zero-curvature condition encodes integrability even in the NC extension of integrable models (see e.g. [9]
and references therein), as this condition allows, for example, the construction of infinite conserved charges for
them. In order to tackle this problem it is convenient to consider the matrix form of the equations of motion
of the GL(3) NC Thirring model (64)-(65) and intend to write them as originating from a zero-curvature

condition. So, taking into account the gradation structure of the model let us consider the following Lax

pair
A_ = E_3+a[E_3,Wi]s +b[E_3, Wil + gi[[E-3, W], WS s + ga2[[E_s, W], Wit]..
(113)
Ar = —Ey3+b[Eis, Wils+alEys, Wy ke + G1[[Eqs, Wi |, Wy s + G2([Eys, W3 ], Wi I,
(114)

where a, b, g1, g2, 91,92 are some parameters to be determined below. Notice that the potentials A4 lie in
the directions of the affine Lie algebra generators of grade G 1,2,3 and Go,_1,—2,—3, respectively.

These matrix valued fields must be replaced into the zero-curvature equation

[a+ $ A0, 0. A_] =0, (115)

*

We will use the following relationships which can easily be established

AJ7 = 4J; = —[[Eys, W], W5 |a = —[[Ey43, W5'], Wi ], (116)
4Jt = 4J} =[[E_3, W}, W3], = [[E_s, W3], W], (117)

So, the Lax pair can be rewritten as

A_ = E_z+alE_3, W[, +blE_3, Wil + ki J} . (118)
Ay = —Ey3+b[Ei3, Wi l«+ alEss, Wy |« + kaJy, (119)
where we have introduced the new parameters ki 2 such that g; + g2 = -L‘}, and g; + g2 = %‘-

In order to get the relevant equations of motion (64)-(65) it is useful to take into consideration the
gradation structure of the various terms. So, the terms of gradation (—1) in (115), taking into account
(116), become

[B-0.0:W3] | = +Es, (B, Wil - ka(L) T [Boa Wi ILLE + (R F5 |
(120)

The equation (120) has the same structure as the equation of motion (64) ( for m = 1) provided that we
set L = LT , and impose the constraint

[F1+, F{]* =0, (121)
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Next, looking for the gradation (+1) terms in (115) and using (117) we may get the equation
[Bs0-Wi], = B [Bs Wil — ba(L3) U 1B, Wi Il Ls + [ FT| . (122)
In a similar way, identifying L; = L7, and imposing the constraint
[F;‘, F;]* =0, (123)

one notices that the equation (122) is equal to the equation of motion (65) (for m = 1).

Following the process we can write for the (+2) gradations and conclude that in order to obtain the two
equations of motion in (64)-(65) for m = 2, it is required the same conditions L¥ = L as above, without
any new constraint.

We notice that the conditions L¥ = LT which are related to the equations of motion for the gradations

(%£1), (2) provide the following constraints between the initial parameters (o, B;, Ai, 0i)
aifi=r1; XNibi=r, ©=1,2,3; r, ro = constants. (124)

In fact, these constraints are consistent with the parameters relationships (107) established above; how-
ever, egs. (124) incorporate additional constant parameters r;, r2 such that K = r2/r;. Additional re-
lationships between the parameters arise by requiring that the above matrix equations derived from the
zero-curvature equation to be consistent with the egs. of motion (93)-(104). So, together with the relation-
ships (124), it is required

aazas = FiBaBs =% Mdads =860 =137, ki = 22/4r)/%, Ky = P/
(125)

So, the set of current-current coupling constants g;; in (111), which in the last section have been assumed

to be equivalent to three indépendent parameters, in view of the additional relationships (125) they reduce

to only one independent parameter g defined by

1 1 .
912 = 9B=013=7350; Gi=7 g, i= 1,2,3; g=(rir2)"/4. (126)

Finally, for the zero gradation term there appears the following equation
k184 I — ked_J — ab[F3, Fy] — ab[Fy, Fy | + kako[J;, Ji] = 0. (127)

We require this equation to be consistent with the full equations of motion (93)-(104) and the constraints

(121) and (123). These constraints in terms of the fundamental fields become
R*VL=VL*VR YR* L=-YL* R L*YR=— Rk*¥L (128)
and

3, 2_ 3.2 ~1.,3 _ _~1..,3 ~2.%1_ =2."1
R* L=—YL* R L*YR=— R*¥L, R* L= L* R (129)

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 144-181



Noncommutative (generalized) sine-Gordon / massive Thirring correspondence 167

respectively.
In order to establish specific relationships between the parameters a,b and r1,7; let us write (127) in

terms of the fundamental fields

i(k104 AL — kp0_AL) = "1"2 (AL % AL — AL x AL) — 2ab{im, ({22 gk b+
6 Jenis, R X i
(2L g} x Bh) + ima({f 22208 2 9 + ﬂl“wiwi)}
(130)
3 2 2 _ k1k2 2 . 42 2, 42 ! A ﬁz -2
1(k16+AL = kza_AR)* = (A AL — AL * AR) — 2ab{tm ( '/)R L +
~ . o = A -~
‘ —"ffzw%*w’ﬂ)—zml(\‘/—’f%}z*wh ‘ —’3‘4 L34 v}
‘ (131)
i(k104 A3 — koO_A3), = ’“1’“2 B1%2 43, % A3 — A3 % A) — 2ab{ims({ B‘**" * P} +
6 x
22258« yh) + ima({f 258 w0 + { ‘92 232 % ¥h)}.
(132)

Substituting the fields A7 R,L»J = 1,2,3 in the form (85)-(90) into the egs. (130)-(132) and taking into

account the set of equations of motion (93)-(104) one gets the following relationships

2ab = ‘/g; (2)V4 =r/® 4 r3/8. (133)

Therefore, we have established a zero-curvature formulation of a constrained version of the NCGMT;
model. From this point forward this constrained model will be dubbed as NC(c)GMT;.

Notice that the set of equations (130)-(132) contain the relevant eq. associated to the SL(2) NC massive
Thirring model written for its relevant zero gradation sector analogous to (127). So, for example, if one

reduces the eq. (132) to get an equation for just one field, say 3, one has

i[lc; \‘/%am/}g *%3) — ks \‘/%—‘a__(zzg * ¢g)] - —2iabrn3( ﬂ‘*’\*" Py xpd +

4 5303

kik 17
=7 * 11’%)"‘ 123‘ . 2('/’3 VR
L*'/’L— B rvdx Bavd).

(134)

Now, taking into account az = B3 = 83 = A3 [r; = r2 = r] and the identifications ¥3 — irl/ 161/;
ri/2 & [m37] — my, we arrive at the equation 9_( R*:/;R) 6+( L*YL) = m,,,( R*YL+ L*
) —iM(R*YR* L*YL— L*Yr* r*vgr), which is the eq. (5.18) of the ref. [9] .
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6.1.2 NCGMT,; sub-models

In the following we discuss some reduced models associated to the action (111) and its equations of motion
(93)-(104).

NC massive Thirring (NCMT,;) models

The reduction of the NCGMT; model equations of motion (93)-(104) to a model with just one spinor
field, say the components ‘l/)R L w R,L (consider the reduction 1/1,1 L = ’/’R 1 = 0) reproduces the NCMT,;
model which has been presented in [9, 10]. Notice that in this case the constraints (128) and (129), as well
as the decoupling equations (62) [or in components (66)-(71)] become trivial. Let us emphasize that the full
decoupling egs. are satisfied by a subset of soliton solutions of the field equations of the GL(2) NCATM,
model such that the two sectors NCSG;/NCMT; completely decouple [9]. Reducing in this way it is clear
the appearance of three copies of the NCMT; model associated to the spinors %, 92 and 2, respectively.

NC Bukhvostov-Lipatov (NCBL;) model

Consider a reduced model with two fields, say 112 R.L 17; R.L» achieved through the reduction %3 RL= 1/) RL=
0. So, the Lagrangian (111) becomes

=2

Snerm / dxz{ > [2"/’1, * 04y, + 2ihh * D_Yh + imi(P], * Ph — ¥ * 1/)3)]

i=1

—g11 (53 % M + 53 4 58 _ gy (G5 % 38 4+ 52 5 M)
+912 (G % 357 }. (135)

Remember that in ordinary space there is no distinction between the type of jgl) and jfz) currents for
each flavor ¢ ; so, the model (135) when written in ordinary space-time is known in the literature as the
Bukhvostov-Lipatov model (BL) [29]. It has been claimed the classical integrability of the model in two
special cases g12 = 0 (2x MT model) and g11 = gz = 0 (BL model) [in both cases consider m; = mg](see
[27] and refs. therein). The quantum integrability of the BL model has been discussed in [28]. In view of -
the above discussion we define the model (135) as the first version of the NC Bukhvostov-Lipatov model
(NCBL;). Actually, there are additionally two reduction processes to arrive at NCBL; models, i.e. by setting

! =0 and 92 = 0 in (111), respectively.

(Constrained) NC Bukhvostov-Lipatov (NC(c)BL;) and Lax pair formulation

Let us discuss a constrained version of the model (135). In view of the developments above one can
establish the zero-curvature formulation of a constrained model associated to the model (135) by setting

3 =03 r = 0 in the matrices Wf‘fz of the Lax pair egs. (113)-(114), provided the constraints (128) and
(129) given in the form ¢} + ¢ = ¥} * ¥} and ¥} * P} = 2 x P}, are considered. So, we claim that the
model (135) is classically integrable provided that the above constraints are taken into account. In this way,
provided that for version 2 one writes a copy of the model and their relevant cohstraints, one defines the
(constrained) NC(c)BL; 2 models amenable to a Lax pair formulation .

In connection to this development, let us mention that a version of the BL model for Grassmanian fields
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in usual space-time has also been recently shown to be associated to a Lax pair formulation provided some
constraints are imposed [40].

In Fig. 1 we have outlined the various relationships. Notice that we have the two versions of NCATM;, 2
and their strong/weak sectors described by the models NCGSG,2 and NCGMTy, 2, respectively, as well as
the relevant sub-models. We have emphasized the field contents in each stage of the reductions.

Some comments are in order here.

1. The action (111) (or its matrix form (78)) defines a three species NC generalized massive Thirring
model. We have tried to write its eqs. of motion (64)-(65) [or in components (93)-(104)] as deriving from a
zero-curvature formulation. We have proposed a Lax pair reproducing the same equations of motion provided
that the constraints (121) and (123)[or in components (128) and (129)] are imposed. This fact suggests that
the NCGMT; model (78) becomes integrable only for a sub-model defined by the egs. of motion (93)-(104)
provided the constraints (121) and (123) are satisfied [41]. So, one expects that a careful introduction of the
constraints trough certain Lagrange multipliers into the action will provide the Lagrangian formulation of
an integrable sub-model of the NCGMT} theory.

2. Regarding the action related to the full zero-curvature equations of motion without constraints,
determined by the set of eqs. (120) and (122), and the relevant egs. in (64)-(65) written for m = 2, it is
interesting to notice that the quadratic terms in the spinors present in the first couple of egs. of motion
(120) and (122) make it difficult to believe that one can find a local Lagrangian for the theory. Obviously, in
that case we could not have a generalized massive Thirring model with a local Lagrangian involving bilinear
(kinetic and mass terms) and usual current-current terms. This fact is intimately related to the presence of
the egs. (62) [or in components (66)-(71)] in the set of decoupling egs. (58)-(63). In the commutative case
the equations of type (62) have been incorporated in order to write a local Lagrangian for the GATM model
in ref. [15]. Notice that the original theory (without constraints) allows a zero-curvature formulation; in
fact, its Lax pair is just the one of the so-called conformal affine Toda model coupled to matter fields [18].
However, it does not posses a local Lagrangian formulation in terms of the fields of the model; namely, the
Toda and the spinor (Dirac) fields.

3. Notice that in Fig. 1 we have emphasized the duality relationship NCGSG; +» NCGMT; since in this
case the symmetry U(1) x U(1) x U(1) of the NCGSG; model is implemented in the star-localized Noether
procedure to get the three U(1) currents of the NCGMT; sector. Regarding the relationships between the
sub-models of the both sectors NCGSG; and NCGMT}, it is clear the appearance of the duality NCSG;
< NCMT, which has been discussed in the literature [9, 10]. This duality has also been discussed in the
context of noncommutative bosonization of the massive Thirring model [42]. In addition, it is expected
the duality relationship NCbBL; <» NCBL;, since in the ordinary space-time the former is the bosonized
version of the later model [27, 28]. Regarding this type of duality relationships between the remaining
models a more careful investigation is needed, e.g. we have not been able to describe neither the spinor

model corresponding to the NCDSG; model, nor the scalar sectors of the (constrained) NC(c)GMT; and
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NC(c)BL; models, respectively.

6.2 NCGMT,

As mentioned in the last paragraph of section 5 we expect that another NCGMT, version, with twice the
number of fields of the NCGMT]; theory, will appear when one performs a similar decoupling procedure for
the extended system with {FX, W} and {FZ, Wz} fields. In fact, a copy of the NCGMT; action (78), as
well as the relevant zero-curvature equation of motion can be written for the fields {FX, WZ}. Following
similar steps one can construct a copy for each one of the sub-models presented above. Since it involves
a direct generalization we will not present more details; however, see a corresponding construction for the
GL(2) case in ref. [9]. In this way one can get the NCGMT, model which is expected to be related to the
NCGSG2 model. Similarly to the NCGMT; case, one can expect that only a sub-model of NCGMT, will
posses a zero-curvature formulation provided that a set of constraints similar to the eqs. (121) and (123),

and a copy of them written for the fields it (m = 1,2) are considered.

7 Non-commutative solitons and kinks

It is a well known fact that the one-soliton solutions of certain models solve their NC counterparts. This
feature holds for the SG model and its NCSG;2 counterparts [9]. In the multi-field models, this feature
means that the GSG model and its NCGSG; 2 extensions have a common subset of solutions, in particular
the one-soliton and kink type solutions as we will see below. Of course the additional constraints, in the
form of conservation laws which we have described before, e.g. the egs. (41) and (54)-(55), respectively in
the two versions of NCDSG models, must also be verified for the common subset of solutions. In fact, as we
have noticed before they become trivial equations in the commutative limit.

The properties mentioned above reside on a simple observation: it is known that if f(zo,z1) and g(zo,x1)
depend only on the combination (z; — vzg), then the product f x g coincides with the ordinary product
f.g [11, 43]. Therefore, all the * products in the NCGSG; system (24)-(26) reduce to the ordinary ones,
so for these types of functions one has: NCGSG; — GSG model; the GSG model was defined in (32)-(33)
[see also eqs. (163)-(164)]. In the following we record the solutions with this property, i.e, the one-soliton
solutions of the NCGSG; model and the kink type solution of the NCDSG; sub-model. Actually, the same
analysis can be done for the NCGSG;, case.

7.1 Solitons and kinks

Next we write the 1-soliton and 1-kink type solutions associated to the fields ¢; 2 of the NCGSG; model,
which in accordance to the discussion above reduce to the GSG system of egs. (32)-(33). We will see that

these solitons are, in fact, associated to the various sine-Gordon models obtained as sub-models of the GSG
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theory, and the kink type solution corresponds to the double sine-Gordon sub-model [24].
1. Taking ¢; = —¢po and M3 = M>, §; = 0 in (32)-(33) one has

¢1 = darctan{d exp[y1(z — vt)]}. (136)
2. For ¢ = ¢2 and My = M3, M; = 0 one has
¢1 = 4arctan{d exp[y2(z — vt)]}. (137)

Another SG model is given by setting ¢; = ¢2 and My = M3 = 0 in (32)-(33) which leads to another
soliton solution.
3. The kink solution is associated to the reduced double sine-Gordon model obtained by taking ¢; =

¢2 = ¢ and M3 = My, M; # 0. So, one has

¢ := 4arctan [dx sinh[yk (z — vt)]], (138)

which is the usual DSG kink solution [44].

The 71,2,7k,d,dk,v above are some constant parameters.

8 Conclusions and discussions

Some properties of the NC extensions of the GATM model and their weak-strong phases described by
the NCGMT; > and NCGSG; 2 models, respectively, have been considered. The Fig. 1 summarizes the
relationships we have established, as well as the field contents in each sub-model.

In the § — 0 limit we have the following correspondences: NCATM,; 2 - GATM; NCGSG; . (the real
sector of model 2) — GSG(plus a free scalar in the case of model 2); NCbBL,; 2 — bBL; NCDSG; 2 (the
real sector of model 2) — DSG(plus a free scalar in the case of model 2); NCGMT; 2 — GMT (two copies
in case of model 2); NCBL; 2 — BL (two copies in case of model 2). In addition, the constrained versions
NC(c)GMT;,2 and NC(c)BLy 2 give rise, in this limit, to the relevant (constrained) GMT and BL models,
respectively, in ordinary space. To our knowledge, these are novel spinor integrable models.

The NCGMT, » Lagrangians describe three flavor massive spinors (case 2 considers twice the number
of spinors) with current-current interactions among themselves. In the process of constructing the Noether
currents one recognizes the [U(1)]® symmetry in both NCGMT} 2 models (in fact, as a subgroup of [U(1)c]?
in the model 2). We have provided the zero-curvature formulation of certain sub-models of the NCGMT 5.
In fact, in order to write the egs. of motion (93)-(104) as a zero-curvature equation for a suitable Lax pair
one needs to impose the constraints (128)-(129), defining in this way the NC(c)GMT; 2 models. Likewise,
the (constrained) NC(c)BL;,2 models possess certain Lax pairs.

The generalized sine-Gordon model, the usual SG model, the Bukhvostov-Lipatov model and the double

sine-Gordon theory appear in the commutative limit of the both versions of the NCGSG; 2 models. We have
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concluded that the NCGSG;,2 models possess the same soliton and kink type solutions as their commutative
counterparts. The appearance of the non-integrable double sine-Gordon model as a. sub-modei of the GSG
model suggests that even the NCGSG; 2 models are non-integrable theories for the arbitrary set of values of
the parameter space, since they possess as sub-models the corresponding NCDSG; 2 models. However, the
NCGSG;,2 models possess certain integrable directions in field space, as remarkable examples one has the
NCSG; 2 sub-models. In view of the presence- of the (constrained) NC(c)GMT;,2 and NC(c)BL; 2 models
with corresponding zero-curvature formulations, it is expected the existence of other integrable directions in
the scalar sector, which we have not pursued further in the present work.

Actually, the procedures presented so far can directly be extended to the NCATM model for the affine Lie
algebra si(n). Therefore one can conclude that, except for the usual MT model, a multi-flavor generalization
(nF > 2, np =number of flavors) of the massive Thirring model allows certain zero-curvature formulations
only for its various constrained sub-models, in the both NC and ordinary space-time descriptions.

Except for the NCSG; 2 models, which must correspond to the NCMT) 2 models, whose Lax pair formu-
lations have already been provided in the literature, we have not been able to find the Lax pair formulations
of the NCGSGj,2 remaining sub-models. The relevant scalar field models, and their Lax pair formulations,
which must be the counterparts of the (constrained) NC(c)GMT},2 and NC(c)BL; 2 models are missing; if
such Lax pairs exist they are expected to contain certain nonlocal expressions of the fields of the N CGSG, 2
models. These points deserve a careful consideration in future research.

Various aspects of the models studied above deserve attention in future research, e.g. the NC solitons
and kinks of the NCATM], 2 models and their relations with the confinement mechanism studied in ordinary
space [24], the bosonization of the NCGMT)} ; and their sub-models, the NC zero-curvature formulation of
the bosonic sector of the NC(c)GMT}, 2 and NC(c)BL;,2 models, as discussed above. In particular, in the
bosonization process of the NCGMT; ; models, initiated in [10] for the NCMT; > case, we believe that a
careful understanding of the star-localized NC Noether symmetries, as well as the classical soliton spectrum
would be desirable. In view of the rich spectra and relationships present in the above models it could be
interesting to apply and improve some quantization methods, such as the one proposed in [31], in order to
compute the soliton and kink masses quantum corrections. Another direction of research constitutes the NC

zero-curvature formulations of the NCGMT, 2 type models defined for Grassmannian fields.
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A GSG as a reduced affine Toda model coupled to matter

We provide the algebraic construction of the si(3,C) conformal affine Toda model coupled to matter fields
(CATM) following refs. [15, 18]. The reduction process to arrive at the classical GSG model closely follows
the ref. [24]. The sl(3,C) CATM model is a two-dimensional field theory involving four scalar fields and six
Dirac spinors. The interactions among the fields are as follows: 1) in the scalars equations of motion there
are the coupling of bilinears in the spinors to exponentials of the scalars. 2) Some of the equations of motion
for the spinors have certain bilinear terms in the spinors themselves. That fact makes it difficult to find
a local Lagrangian for the theory. Nevertheless, the model presents a lot of symmetries. It.is conformally
invariant, possesses local gauge symmetries as well as vector and axial conserved currents bilinear in the
spinors. One of the most remarkable properties of the model is that it presents an equivalence between a
U(1) vector conserved current, bilinear in the spinors, and a topological currents depending only on the first
derivative of some scalars. This property allow us to implement a bag model like confinement mechanism
resembling what one expects to happen in QCD. The model possesses a zero-curvature representation based
on the §l3(C) affine Kac Moody algebra. It constitutes a particular example of the so-called conformal affine
Toda models coupled to matter fields which has been introduced in [18]. The corresponding model associated
to s12(C) has been studied in (16] where it was shown, using bosonization techniques, that the equivalence
between the currents holds true at the quantum level and so the confinement mechanism does take place in
the quantum theory.

The off-critical affine Toda model coupled to matter (ATM) is defined by gauge fixing the conformal
symmetry [14] and imposing certain constraints in order to write a local Lagrangian for the model [15]. These
treatments of the sl(3,C) ATM model used the symplectic and on-shell decoupling methods to unravel the
classical generalized sine-Gordon (GSG) and generalized massive Thirring (GMT) dual theories describing
the strong/weak coupling sectors of the ATM model [20, 15, 14]. As mentioned above the ATM model
describes some scalars coupled to spinor (Dirac) fields in which the system of equations of motion has a local
gauge symmetry. Conveniently gauge fixing the local symmetry by setting some spinor bilinears to constants
we are able to decouple the scalar (Toda) fields from the spinors, the final result is a direct construction of
the classical generalized sine-Gordon model (GSG) involving only the scalar fields. In the spinor sector we
are left with a system of equations in which the Dirac fields couple to the GSG fields. Another instance
in which the quantum version of the generalized sine-Gordon theory arises is in the process of bosonization
of the generalized massive Thirring model (GMT), which is a multi-flavor extension of the usual massive
Thirring model such that, apart from the usual current-current self-interaction for each flavor, it presents
current-current interactions terms among the various U(1) flavor currents [45].

The zero-curvature condition (165) supplied with the potentials (166) gives the following equations of
motion for the CATM model [18]

& o o~ o o
Gier = ™Ml UYL + e Gyl + mle PRy} + e O GRyd) a=1,2 (139)
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2~ —~ - B ?
—6—4’1 = ime?" YLy} + imee® PRy + imge" B YRy} + m?e®, (140)
—20,9F = mye™Ttfiy}, —20, 9% = mge™t029% (141)
: ; 1/2 S o~ :
20_vk = mie?" Oy} + 2R Ven(—vhiie™ — hvie ™), (142)
. 1/2 ~ ~. .
20y} = mpe® i yf +2i(T0) Ve whvle™ + Shufe™), (143)
. 1/2 . .
20,] = mae®™yh +2i(T0) T N~ vlvhe'™ +yivke™), (144)
20_yf = mae" oy},  20_vk = mie™ 0y, (145)
- - 1/2 ~ : ~ :
-20,9; = mlez”“"‘w}q+2i(":;":3) e"(—pivpe % — Yiphe?), (146)
— B 1/2 ~ . ~, ;
20,92 = mgezﬂ-tﬂg¢%+2i(%n?) e"(YLode i + PRyhei®), (147)
20_9% = maeTtif2y2 —20, 93 = mge" sy}, (148)
~ i 1/2 e — e
20_0% = mee™ O] +2i(T ) NGhiEe™ — PhiLe™), (149)
Py = 0, (150)

where 0; = 2¢; — ¢2, 02 = 2¢2 — ¢P1, 03 = @1 + P2. Therefore, one has
63 =0, + 6, (151)

The ¢ fields are considered to be in general complex fields. In order to define the classical generalized
sine-Gordon model we will consider these fields to be real.
2 2
Apart from the conformal invariance the above equations exhibit the (U (1) L) ® (U (1) R) left-right

local gauge symmetry

ba — Pa +§i(z+)+£g(x—-)s a=1,2 (152)

v o Vv, n—1n (153)
W o HIITHE)HA-1)E () i (154)
P o e iHWEDE)-I1-1)ED(E-) gi =12 3: (155)

=1 — 2 -2 -3 _ = —_
Sl =+ 726, =2 =+¢l 7262, =3 =2} + =3

One can get global symmetries for £ = F£& = constants. For a model defined by a Lagrangian these
would imply the presence of two vector and two chiral conserved currents. However, it was found only half
of such currents [46]. This is a consequence of the lack of a Lagrangian description for the si(3)(*) CATM in
terms of the B and F* fields (however see Appendix C for a local Lagrangian description of an off-critical

and constrained sub-model). So, the vector current

3
JH = ij,/;j,yu,/,j (156)

—1
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and the chiral current

3
JoH =" mii s + 20, (midy + mad2) (157)

ij=1

are conserved
OuJ* =0, 8,J°*=0. (158)
The conformal symmetry is gauge fixed by setting [14]
n = const. (159)
The off-critical ATM model obtained in this way exhibits the vector and topological currents equivalence

(18, 14]

3
ijJ)j‘Y"W = "0, (m1¢1 + mad2), m3z=my+my, m;>0. (160)
=1

In the next steps we implement the reduction process to get the GSG model through a gauge fixing of
the ATM theory [24]. The local symmetries (152)-(155) can be gauge fixed through

i Jg? =iAj=const; Jysy? =0.. (161)

From the gauge fixing (161) one can write the following bilinears

Vvl + Uik =0, j=1,2,3 (162)
so, the egs. (161) effectively comprises three gauge ﬁxihg conditions.

It can be directly verified that the gauge fixing (161) preserves the currents conservation laws (158), i.e.
from the equations of motion (139)-(150) and the gauge fixing (161) together with (159) it is possible to
obtain the currents conservation laws (158).

Taking into account the constraints (161) in the scalar sector, eqs. (139), we arrive at the following
system of equations (set = 0)

¢ = M'sin(2¢1 — ¢2) + M3 sin(¢y + ¢2), (163)
¢ = M?sin(2¢2 — ¢1) + M3sin(¢; + ¢2), M: =4A;m;, i=1,2,3. (164)
The system of equations above considered for real fields ¢; 2 as well as for real parameters M*® defines

the generalized sine-Gordon model (GSG).

B The zero-curvature formulation of the si(3) CATM model

We summarize the zero-curvature formulation of the sl(3) CATM model [18, 46]. Consider the zero-curvature

condition

3+A_ = 6_A+ + [A+, A_] =0. (165)
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The potentials take the form
A, =-BF*B™!, A_.=-0_BB'+F-, (166)
with
Ft* = F}t+Ff, F~ = F +F;, (167)

where B and F~ contain the fields of the model. Let us define

Fi = F[Eis, Wi,)] (168)
1

Ess = gl@mi+ ma)Hy! + (2ma +mu)Hy'], m3=mq+my (169)
- 47 . 47 ~

Wr = —y\;pvkEs + wRE-c.l +\ g VRE a2 (170)
+ 4 150 4i 23 11

Wi = 'm—’/’LEax ki 1/’1. 1/’t,E—aa (171)
= - 41 ~

Wy = - v wREo& + ‘/’RE—as (172)

Wy = —-w;’:E° - w E! w E! (173)

ms a3 L&Y—al — L&Y -2

B — ei91H?+i92Hg egc e'lQppa! = ge;C e”Qlel. (174)

Ej ,HY,H and C (i = 1,2,3; n = 0,£1) are some generators of s1(3)"); Qppar being the principal

gradation operator. The commutation relations for an affine Lie algebra in the Chevalley basis are

2 o
[Hma Hn] = mC_Kab5m+n,0 (170)
[H"‘ E;‘:a] = j:KaaE'"'*‘" (176)
2
[Em, En,] = ; ISHT+™ 4 ~5MComn,0 (177)
[Ex, E3) = e(a, B)EL if o + B is a root (178)
D, EZ) =nEy, [D, Hy] =nHj. (179)
where Koo = 2a.aa/a = nyKpe, with nJ and I being the integers in the expansions a = nja, and

aja? = I2a,/02, and €(a, B) the relevant structure constants.

Take K;; = K22 = 2 and K12 = K91 = —1 as the Cartan matrix elements of the simple Lie algebra sl(3).
Denoting by a; and a2 the simple roots and the highest one by 9 (= o; + a2), one has =1 =1,2),
and Ky = Ky2 = 1. Take g(a,B) = —e(—a,—B), e12=¢(ar,a2) =1, e.13=¢e(—a1,¥) =1 and e_23 =
e(—az,¥) = -

One has Qppal = ZLI SqAY.H +3D, where \! are the fundamental co-weights of sl(3), and the principal
gradation vector is s = (1,1,1) [47]. This gradation decomposes 5(3/26) into the following subspaces

Go=CH ®@CH,®CCo®CD=CH,®CH,®CC & CQppal, (180)
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and
Gsm = CHP@®CHP, m#0, (181)
Gsm+1 = CER ®CET ®CE™, (182)
Gsm+2 = CE™f!©CE™}'@CER. (183)

C The off-critical and constrained si(3) ATM model

The off-critical and constrained si(3) affine Toda model coupled to matter fields (ATM) is defined by the

action (15!

2
1 = -
FRev = wawwlol+ [ Pa(3 [<FrioFhet >
m=1

—% <E_3,[Wh,0,Wi |>+<F;,0,Wt>

+%<[W;,a_W;_m],E3>+<6_W;,F,ﬁ > (184)
where
1 1 ..
Iwznwlg] = 3 /M dzzTT(anga"g_l)-F'ﬁ /D d*z 7% Tr(9710,997 1899 8rg), (185)

is the Wess-Zumino-Novikov-Witten (WZNW) action for the matrix scalar field of the model. The first term
inside the summation of (184) defines the form of the interactions and the remaining terms are the kinetic
terms for the matrix fields associated to the spinors. The equations of motion derived from this action

2

O_(97%0+9) = [F,Z ; gF.”:_g“] (186)
m=1

a+F7'—l = [E—3’ a'|' W;-—m]’ a_F‘;"; = _[E-'!’ a- Wa——m]’ (187)

O+W,t = —gFtg™', o_Wg= -g7'F g, (188)

are equivalent to the above CATM equations of motion (139)-(150) provided the following constraints

n = 0 (189)
[Fff,g*‘ng*‘] = 0, (190)

are imposed. The first constraint defines an off-critical model, whereas the second ones allow a local La-
grangian description of the model. Let us emphasize that the constraints (190) amount to drop all the terms
with spinor bilinears on the right hand side of the set of equations (142)-(144), (146)-(147) and (149), re-
spectively. These constraints were introduced in refs. [20, 15] since they are trivially satisfied by the soliton
type solutions of the full CATM model.
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Fig. 1: NCATM, 3: dual sectors, sub-models and field contents.

NCATI:/II doubling N(_:ATMz
g €U®1)] > 9, € H CGlgzg
eraFn:*,: € Gi1,42 W,i,F,ﬁ, -Fr:rbw W%
NCGSG; NCGMT, NCGSG,
geU@)? L, 4 g, € H CGl NCGMT;
Wa ’ GO wE, Wi
— I
/ \ / T
NC(c)GMT; INC(c)GMT>
NCbBL, NCbBL,
Y1 P2 Po
¢1, $2 NCSG, NCSG,
Y geUQ)P 91,52 € U(1)c
#\Y — Lechtenfeld et al. NCDSG9 Grisaru-Penati
é Yo, P < y
. ¢ _IncBL,
NCMT; NCBL, NCMT; f+—— b
1 is ¢2 1, lIll 1, ¥2,
\I’ly ‘Il2
NG(c)BL; NC(c)BLy

Duality: S= strong sector; W = weak sector; D= S - W duality. A Laz pair is
available for NCSG,2/NCMT, 2, NC(c)GMT; 2 and NC(c)BL, 2, respectively.
Dual sectors of the models NC(c)GMT, 2, NC(c)BL, 2 and NCDSG, 2 are missing

in the table above and deserve future investigations.
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Abstract

We consider a two-dimensional integrable and conformally invariant field theory possessing two Dirac
spinors and three scalar fields. There are two types of interactions, the ones which couple bilinear
terms in the spinors to exponentials of the scalars and the self-interaction of one of the scalar fields.
Its integrability properties are based on the si(2) affine Kac-Moody algebra. The off-critical sub-model
is related to a variety of fermion-soliton systems studied in the literature in which the shape of the
static soliton is prescribed. In this paper we uncover the weak and strong sectors of the submodel as
being the (variable mass) Thirring and sine-Gordon models, respectively. However, certain topological
configurations in between are identified in which the both scalar and spinor type fields interact to greater

or lesser extent. The spectrum of the Thirring sector is obtained.
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1 Introduction

Many aspects of soliton-fermion systems in two dimensions, such as the quantum corrections, have been
studied in the literature; however, some important features at the zero order are yet to be investigated. In
this context, the s/(2) conformal affine Toda model coupled to matter fields (CATM) is a two dimensional
integrable and conformally invariant field theory with spinor and scalar fields, which presents topological
solitons in the pseudoscalar field. It has two Dirac spinors coupled to a pseudoscalar field ¢ and a scalar
field  which plays the role of a conformal symmetry ‘gauge’ connection. By choosing a particular constant
solution 1 = const. of the equations of motion the conformal symmetry is broken, thus obtaining a massive
theory, the so-called affine Toda model coupled to matter (Dirac) fields (ATM) involving the Dirac spinors
and the pseudoscalar field ¢ only. The integrability of the theory is established using a zero curvature
formulation of its equations of motion based on the 51(2) affine Kac-Moody algebra. The general solution
as well as explicit one and two soliton solutions have been obtained in [1, 2]. Besides the conformal and
local gauge symmetries, the model presents chiral symmetry and some discrete symmetries. However, one
of its main properties is that for certain solutions there is an equivalence between the U(1) Noether current,
iilvolving the spinors only, and the topological current associated to the pseudoscalar soliton. That fact was
stablished in [1] at the classical level, and in [2] at the quantum mechanical level. It implies that the density
of the U(1) charge has to be concentrated in the regions where the pseudoscalar field has non vanishing space
derivative. The one-soliton of the theory is of the sine-Gordon type with fractional topological charge, and
therefore the charge density is concentrated inside the soliton. The CATM model constitutes an excellent
laboratory to test ideas about confinement [2, 3], the role of solitons in quantum field theories [2], duality
transformations interchanging solitons and particles [4].

The off-critical affine Toda model coupled to matter (Dirac) fields has been considered in many physical
situations related to a fermion-soliton system. Some of which consider the shape of the static soliton as
prescribed. It appears in the study of the dynamical Peierls energy gap generation in one-dimensional
charge-density wave systems [5], quantum field-theory description of tunneling in the integer quantum Hall
effect [6], discussions of fractional charge or topological charges induced in the ground state of a Fermi system
by its coupling to a chiral field [7, 8], the spectrum and string tension of the low-energy effective Lagrangian
of QCD; [9]. It is also closely related to the integrable variable mass sine-Gordon model presented in [10].
Recently, an exact numerical solutions have been presented for a related version of the model [11] and the
Casimir energy of that system has been computed, such that a static pseudoscalar field is prescribed with
two adjustable parameters [12].

In [2] the general soliton solutions of the ATM model have been obtained using two techniques: the
dressing transformations and the Hirota’s method. The basic idea was to look for vacuum configurations
where the Lax potentials lie in an abelian (up to central terms) subalgebra of ;1(2). The solitons are
obtained by performing the dressing tranformations from those vacuum configurations. Such procedure led
quite naturally to the definition of tau-functions, and then the Hirota’s method was easily implemented
too. The authors discussed the conditions fof the solutions to be real, and evaluate the topological charges. »

The interactions of the solitons was studied by calculating their time delays. It has been shown that it
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is attractive, and the time delays have shown to be the same as those for the sine-Gordon solitons. An
interesting aspect of the solutions is that when the two Dirac spinors of the theory are related by a reality
condition, then either the soliton or the anti-soliton disappears from the spectrum. It has been interpreted
as indicative of the existence of a duality involving the solitons and the spinor particles.

We show that the pseudoscalar can represent topological solitons with infinitely many different shapes
such that the topological charge can take any real value depending on a particular gauge fixing condition.
This is a consequence of the fact that the ATM model does not possess a particle conjugation symmetry
[7]. An important property of the model under consideration is that it possesses special type of scalar and
spinor particles. That is envisaged by mapping the system to either, the sine-Gordon model or the massive
Thirring model through different gauge fixing procedures. In that scenario the solitons of the sine-Gordon
model are interpreted as the spinor particles of the Thirring theory. Thus, the ATM theory is related to the
sine-Gordon and the massive Thirring models and its N-soliton solutions can be constructed using the well
known solutions of these models. The role played by the local gauge symmetries and the physical soliton
spectrum on the Noether and topological currents equivalence at the classical level deserve clarification. The
first thing to be established is if such equivalence is maintained by the gauge invariant fields. That issue can
be established exactly by implementing a continuous transformation between the strong and weak coupling
sectors of the model. This is reminiscent of the so-called smooth bosonization technique interpolating between
the sine-Gordon and the massive Thirring theories through convenient gauge fixings [13].

In the intermediate region of field space in which the spinor and scalar fields interact to greater or lesser
-extent the system possesses a rich physical properties. This intermediate model defines a fermion-soliton
system which has been widely studied in the literature.

The paper is organized as follows: in section 2 we summarize the main properties of the model, following[2].
The submodels are presented: in section 3 the variable mass Thirring model and in section 4 the sine-Gordon
model. In addition, in subsection 3.1 it is found the bounc! states and the energies in the massive Thirring

sector of the model. Finally, section 5 discusses the main results.

2 The model

Consider the two-dimensional field theory defined by the Lagrangian?®
1 - _—
L=-3 up O + Py O — my P et 8/"‘”"¢+-;- ,‘ua"n—gm?’,ez" (1)

where ¢,  and v are real scalar fields, and v is a Dirac spinor. It is defined 9 = JT Yo, With {5 being a
second Dirac spinor. In many appications of [2] it has been considered the reality condition

Y=eyp¢” (2)

where ey, is a real constant. It has been shown that the sign of e, plays an important role in determining

the spectrum of soliton solutions. The theory (1) in [1] is defined for a general complex fields, i.e. a complex

1Lagrangian (1) follows if one makes ¢ — \/% @0, v — % v, Y = \/% v, P \/—{ ¥ in the model of ref. [2]. The CATM
model is related to the Wess-Zumino-Novikov-Witten model, and k = 2, n € Z.

2x?
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Lagrangian. In order to define a suitable physical Lagrangian one can follow the prescription to restrict the
model to a subspace of well-behaved classical solutions [4]. For example, for ey, = —1 one can drop an overall
minus sign from the Lagrangian in order to get usual kinetic terms for the spinor and ¢ scalar fields in such
a way that one defines a submodel with a Hamiltonian bounded from below. In fact, the one and two soliton
solutions for ¢ and the corresponding spinor solutions satisfy the reality conditions (2).

One of the main conclusions in ref. [2] is that without the reality condition (2) the theory (1) has two
Dirac spinors and it also has the soliton and anti-soliton solutions associated to ¢, since both signs of the
soliton charge are admissible. However, if one imposes the reality condition (2) the theory (1) looses one Dirac
spinor and also one-soliton (two-soliton) solution, since for a given choice of ey, only one topological charge
Qtopol = sign (ey) % [Qtopot = sign (ey) | corresponding to one-soliton (two-soliton) or one-anti-soliton
(two-anti-soliton), is permitted. That is indicative of the existence of some sort of duality between solitons
and antisolitons associated to ¢ and the spinor particles v, J, respectively. So, one can have (without
(2)) soliton and anti-soliton solutions with ¢ real. However, a charge zero solution corresponding to the
scattering of a soliton and anti-soliton for ¢ real does not exist. Such solution exists, however, for ¢ complex
but asymptotically real.

The corresponding equations of motion are?

FPo = imy \/% ysemtiVEeny, 3)
3v = —2m, BertivEersy _ gmfpez", 4)
&n = 0, (5)
O = my ertivEen Y, (6)
Y = my er-iVier ¥, (7

The integrability properties, the construction of the general solution including the solitonic ones and
many other properties were discussed in [1, 2]. We want to discuss some special features of the theory at
the classical level as well as the soliton solutions. In particular, we will identify the gauge invariant scalar
and spinor fields associated to soliton solutions. We start by reviewing the symmetries of (1) and the egs.
of motion (3)-(7).

Left-right local symmetries. The Lagrangian (1) is invariant® under the local U(1), ® U(1)r transforma-

tions
k
<p—>¢+\/;€+(z+)+\/§§—(x—); vov;  n-oq 8)
and

P et [(1+75)€+ (z+) - (1—y5)€- (z-)] ¥ 17,'_) e"[(1+‘75)€+(=+)—(1—‘75)E—(I-)]17; 9)

U(1) global symmetry. Notice that, by taking &4 (z4) = —€— (z_) = —1 6, with 6 = const., one gets a

o -1 {0 1 1 o0
2wetake‘yo=_t(1 0),71=_1'(1 0)175=70'71=(0 1)

3Notice that the eqs. of motion are invariant under these transformations, whereas the Lagrangian" (1) is invariant up to a
surface term.
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global U(1) transformation
eoe;  vovs non; Yorely;  goe iy (10)

The corresponding Noether current is given by

1-
J“=E1/)'y“1/), 9, J* =0. (11)
Chiral symmetry. In addition, if one takes &, (z4) =&-(z-) = —% a, with a = const., one gets the
global chiral symmetry

YT PoeT™Y;  pap—a;  vow; noq (12)

with the corresponding Noether current

o 1s 1 /2 u

I3 =g + 54/ 7 0% OuJs =0 (13)

Topological charge. One can shift the ¢ field as Y —=>p+nmw \/g , keeping all the other fields unchanged,
that the Lagrangian is left invariant. That means that the theory possesses an infinite number of vacua, and

the topological charge

y " 1 2
Qtopol. = / deO ’ j* = g E "o, p (14)

can assume non trivial values. This model possesses fractional topological charges as we will see below.

CP-like symmetry. In addition, the Lagrangian (1) is invariant under the transformation
T T Poieny; Yo —ieyl; @ o p; nen; vev (15)

where € = +1. The reality condition (2) breaks such CP symmetry, for any real value of the constant eyt.
In addition, the theory (1) is not invariant under spatial parity. In general, solitons are transformed into
anti-solitons by parity transformations; so, it is very unlikely that the theory has the both. type of solitons
associated to ¢ for a given choice of ey in (2). However, the both type of solitons arise for a submodel
defined for a gauge invariant field, which turns out to be the sine-Gordon field, see below.

Conformal symmetry. The model (1) is invariant under the conformal transformations®
T4 '_)j‘.#- =f(x+): A =g($_), (16)

with f and g being analytic functions; and with the fields transforming as

‘P(z+ »ZT-) — P(Z+, £_)= Pz, z_),
e—u(z.,. ,zT_) N e—:‘)(:i‘:+ &) (fI)J (g1)6 e-v(z+ &) , (17)
e~ Mz+ zo)  _y o—i(E4,2o) _ (f')% (g')% e~ M@+,2-)

V(Es,z-) — 1&(5:4_ L E_) = e§(1+‘75)los(ff)-i-}-}(l——y,v,)log(yr)‘i W(zy , z_),

4The CP symmetry is preserved if one takes ey = £i.
5We are using z+ = t + z, and so, 9+ = 1(8£8;:),and 82 = 82 — 92 =40,0_.
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where the conformal weight 4, associated to e, is arbitrary, and 1; transforms in the same way as 1.

Associated to the conformal symmetry (16) there are two chiral currents

o - 1~ 2
J=—%WYLme+¢g&¢+&m J=%WWL~M¢+¢;&¢+&n (18)

satisfying
_TJ=0; 8;F =0. (19)

Observe, from (17), that the currents J and J have conformal weights (1,0) and (0,1) respectively.

Under the conformal transformations (16), the chiral currents transform as

J(@+) — [nf'(@)]7 (T (z+) = [Inf'(z4)])), (20)
J(@-) — [ng'(z-)]"! (F(z-) - [Ing'(z-))) (21)

Then, given a solution of the model, one can always map it, under a conformal transformation, into a

solution where

J=0; T =0 (22)

Such a procedure amounts to gauging away the free field n [4]. In other words, (22) are constraints
implementing a Hamiltonian reduction. So, for every regular solution 7 = 7 the CATM defined on a space-
time (z4,z_) will correspond to an off-critical submodel, the so-called affine Toda model coupled to matter
(ATM). For the particular solution 77 = 0 the CATM and the ATM are defined on the same space-time. The

Lagrangian for the set of equations of motion corresponding to the Toda and Dirac fields becomes

L=- %6;499 o+ 'i"/_)'Y“auw —my e” PeVElkews g (23)

This Lagrangian is not conformal invariant and defines the ATM model. As presented in [1] the soliton
masses of the theory have a topological character due to the spontaneous breakdown of the conformal
symmetry; in fact, the behavior of the space derivative of the field v at z = 00 provide the soliton masses
in the framework of the dressing method implemented on the orbit of the vacuum N=p=9¢ = IZ =0, v=
—%mix._gz_.

The structure of the vacuum of the system (23) is rather complicated due to the presence of the spinor
fields and the left-right local symmetry (8)-(9) which remains as a symmetry of the ATM model. Of course,
the vacuum solution is not unique, and it was remained an open problem to identify which one provides the
absolute minimum of the energy. In the next sections we will address this point and provide the possible
values for 7] at the classical level. |

Let us mention that the field n plays the role of a Higgs field, since it not only spontaneously breaks the
conformal symmetry, but also because its vacuum expectation value sets the mass scale of the theory [1]. The

vacuum solution 77 = 0 was used in [1, 2] to perform the dressing transformation in order to obtain soliton
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solutions, which are in the orbit of a vacuum solution. It can be also noticed that these transformations do
not excite the field 7 and the solitonic solutions are solutions of the gauge fixed model.

One can easily check that the constraints (22), once we have set 7 = 79 =const., are equivalent to

1 /2 T
]2 v - Tn
amVE € % ¢ kﬂ}/)')‘ ¥ (24)

Therefore, in the reduced model, the Noether current (11) is proportional to the topological current (14).
That fact has profound consequences in the properties of such theory. For instance, it implies (taking 1‘5
to be the complex conjugate of 1) that the charge density %1% is proportional to the space derivative of
. Consequently, the Dirac field is confined to live in regions where the field ¢ is not constant. The best

example of that is the one-soliton solution of (1) which was calculated in [1] and it is given by

p = 2\/§arctan (exp (2m¢ (z — 2o —vt) /V1— vz)) (25)

(l-v) 14 1
1+4+v 1+i82m"’ (z—zg-vt)/V 1-v2

= Vke? /my eMv(z—zo—vt)/VI=v? ”s
’ " () 1 (26)
A 1—ie2my (e=z0—vt)/V1-0Z
k
il _5 lOg (1 + exp (4m'/’ (x — o — Vt) /m)) - gmiz.,.x_ (27)
n =0 -
and the solution for % is the complex conjugate of 3. Notice that, from (14), one has Qtopol. = 3 for the

solution (28) which is in accordance with the topological charge definition in [1]. In fact, this is a fractional
charge and it differs from the one presented in [2] where the charge has been defined as twice that of the ref.
[1]. In Fig. 1 this solution is plotted in the static case. -

Notice that the solution for ¢ is of the sine-Gordon type soliton, and therefore 9, is non-vanishing only
in a region of size of the order of m;l. In addition, the solution for ¢ resembles the massive Thirring model
type soliton. One can check that (28) satisfies (24), and so is a solution of the reduced model. However, one
must emphasize that these solutions are not truly sine-Gordon/massive Thirring solitons, e.g. its topological
charge is +1/2 whereas the 1-=soliton of the usual sine-Gordon model possesses integer charge +1.

We point out that the condition (24) together with the equations of motion for the Dirac spinors (6)-(7)
imply the equation of motion for ¢, namely (3). Therefore in the reduced model, defined by the constraints
(22), one can replace a second order differential equation, i.e. (3), by two first order equations, i.e. (24).

On the other hand, in the so-called smooth bosonization method [13] the bosonic and fermionic formu-
lations of the same theory is understood as two different gauge fixings of a larger gauge-invariant action
containing the both fermionic and bosonic fields. Equivalence of the both sectors of the theory then amount
to the usual gauge-fixing independence of the S-matrix elements in gauge theories. This method has been
used to derive the bosonization rules for certain models. It implies that the standard bosonization and
fermionization prescriptions interpolate two extreme field representations of a “larger” theory which in a
completely smooth way can be brought to almost any desired form in between. The equivalence Between
certain bosonic and fermionic theories (e.g. sine-Gordon/massive Thirring) then has profound consequences

in the properties of the original gauge invariant theory, extending to a continuum of theories in which fermions
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JUx). §(x)

15

Figure 1: The graphs of the charge density [¢y] and \/g [¢ + m/2]—kink corre-

sponding to the parameters k =1, my =1, g =0, v =0 for time t = 0.

and bosons appear interactively to a greater or lesser extent. This is the main idea of the so-called smooth

bosonization and we will follow in the next sections.

3 Gauge invariant spinors: variable mass Thirring
Let us consider the transformation

v = etVEe My yp=eTVECrIy (29)
b = eTVEe g Jp=eiViiNg, (30)

Then, one can rewrite the Lagrangian (1) as

.. 8 i
L = —20,90-p+2ixr0O-xr+ \/;XRXR(a—SO + 0-7) + 2ixL0+ XL —
8 . k . - -
\ o XLXL(0+¢ — 047) + 204101 — §m.2p€2" — tmye"(XRXL — XLXR)- (31)

The following eqs. of motion arise

40_0,p = \/ga_ (XrRXR) — \/§a+().(LXL), (32)
v = —knjﬁ €®" — 2imye"(XRXL — XLXR) (33)
2i0_xp = —\/§XR(3—‘P + 0-7) +imyexL, (34)
—2i0_Xr = —\/gik(3—<ﬁ + 9-7) — imye"xL, (35)
204 xL = +\/§XL(6+‘P — 047) — imye"xr, (36)
-2i04 XL = +\/g>21,(6+<p — 047) + imye"xr, (37)
8% = o (38)
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From the set of eqs. (34)-(37) one can get®

9;(XLxr) + 0-(XrxR) =0, (39)

which together with (32) implies the next relationships

1 /8, .
Orp = ) E(XRXR)+6+03 (40)
iy = 1\/5( ) —a (41)
—‘P - —2 k XLXL _0',

where o is a free scalar field satisfying 820 = 0. Notice that the U(1) current conservation equation (39) is
precisely the compatibility condition of the system of eqs. (40)-(41). As noticed before, the ATM second order
eq. (3) allows to be replaced by a system of first order egs. (40)-(41) also in the new spinor parametrization.
However, now it needs the introduction of an additional free field . In order to decouple the spinors from

the scalars fields ¢ and s one can choose
¥ =o, (42)

i.e. s being a free field, and then substitute the derivatives of the ¢, s fields appearing in (40)-(41) into the
right hand sides of the egs. (34)-(37). The outcome will be the set of egs.

(43)
(44)

2i0-XxR — gXRXLX] — imyeTxy =
4611,
k

0,
210+ xL — 9XLXRXR +imye"™xXr = 0, g

plus two eqs. arising by taking the complex conjugates of the above. This is the massive Thirring type
model coupled to the 7 field. In fact, for every regular solution of the free field 7 these eqs. correspond to a
MT model with variable mass. The case 7 = 1o defines the usual MT model with fermion mass mye™ and
coupling constant g = %ﬂ. Notice that the x field (Xr,L = eyXk, 1 ) inherits the relationship (2) and it is
responsible for the appearance of the parameter ey in the eqs (43)-(44).

Finally, let us rewrite the currents equivalence (24) in terms of the scalar field ¢ and the spinor x; so,

taking into account (29)-(30) one can write the eq. (24) as

1 8 2€¢
2.8 — v _ u
2r \/;e Ovp xk X7 X (45)

where x = x1+°.

3.1 1-soliton solution of the MT model and Hamiltonian eigenvalues

For later purpose let us write the 1—soliton solution

TR TL o TR o~ TL
b == ’ - L) = 1) 46
XR=7T"5 XL=T5 Xr o XE= (46)

6 Alternatively, one can obtain the eq. (39) as an equation of motion for the lagrangian (31) associated to the field v.
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where the tau functions become

™ = 1-— i%eﬂ‘(u,r-), n=1+ i%“;ezrm.:_)’ (47)
S m,/,kze%q Y CONESS I mwke%‘l &t D(z4,2-) : (48)
€y 2 Z€y 2
;R = mw—kzeﬂ} g'.ler(z-i-vz—)’ ?L —_ — m_¢keﬂzﬂ. g:er(z+!z—), (49)
ey 2 zey 2
1 ' =
MNzy,z-) = T gne (z:c+ - —z_) (50)
2 z
= ﬂe”"(z%—l/z) (z—vt), v= 1_22. (31)
2 ’ 1+ 22
The complex parameters a., a— must satisfy [a;ra_] € R.
It is convenient to introduce the static version of the system (43)-(44) as an eigenvalue problem
: dey * . o
WsXR + - XRXLXL + imye™xL = Ec XR, (52)
. dey £ : -
—i0XL + —=XLXRXR — imye™XR = ExXL- (33)

We will use the eigenvalues and eigenfunctions of the Hamiltonian associated to the MT model in our
discussions of the ATM system below. So, let us supply a family of bound state solutions for the system
(52)-(53). The following modified tau functions

E2 2 X e E2+K,2 .
ro(k) = 1—ia+a_(~n—t")e"’e2~a (k) = 1+ia}at (FEg e e, (54)

/. kem is/2. - —imgke™ ..o

Tr(k) = m':—¢616/2a+en1:’ (k) = e_'f’p_e 16/2a+en.t, (55)
~ . k o > _ _im kem . .

TR(K,) = %e—tJ/Zd_enz, TL(K) - _ ’_:J;_eadﬂa_enz, (56)

_ K
E. = =% /mle¥m —x2 §= arctan[EK-], (57)

replaced into the relationships (46) provide the relevant static solutions of (52)-(53) with eigenvalues E,.
Notice that in the limit E; — 0 one has x — mye™, § — 7/2, and the tau functions (54)-(56) become
the static version of (47)-(49) provided that z =1, a4 = Sfe™*"/2, 4_ = . Therefore, the static soliton
solution provided by (47)-(49) is an eigenfunction with zero (Ex = 0) eigenvalue.

In the next sections we follow, at the classical level, related ideas considered in the smooth bosonization.
The off-critial model (23) still possesses the left-right local symmetry (8)-(9); so, in order to study its
classical soliton spectrum we consider certain gauge fixings such that the solutions are easy to obtain. So,
we will pursue certain gauge invariant fields in the both sectors of the ATM theory (23), i.e. in the purely
scalar or spinor formulations, respectively. In the process we will have the opportunity to visualize certain

intermediate models in which the scalars and spinors appear interactively to certain extent.

REVCIUNI 15 (1) (2012) 182-195 Facultad de Ciencias — UNI



192 H. Blas and J. M. Jaramillo

4 Gauge invariant field 6: sine-Gordon model

In order to identify a gauge invariant scalar we introduce a linear system associated to the spinor components
xT = (xr, xz)- In order to accomplish this construction one notices that the Dirac equations (34)-(37)
expresses 0y xr and O_xr in terms of xgr, XL, however the derivatives 8, xr and _xr are missing. Let us

assume that the all derivatives of x to be written in terms of x itself as
d+x =Mx, 0-x=Nx (58)

where the 2 x 2 matrices M, N are defined by

M= 4 B y_[(%n ™ sﬂ'ﬂe”, (59)
—-m 8+¢2 C D

\/'(90+'7) @——-[(¢ 7, (60)

with A, B, C, D being in general complex fields. Then, one has eleven real fields defining our matrices M, N,
i.e. the set {A, B,C, D, i¢1,i¢2, m}. This field space will be reduced below to a set of gauge invariant fields.
The integrability condition for the system (58) becomes

0-M - 94N+ [M,N]=0 (61)

which provides
0,0_¢ —0_A-—m?-BC=0 (62)
3_8+¢2 - 8+D - BC - m2 =0 (63)
04C+mo_¢ + AC —COy¢po —mD+0_m=0 _ (64)
6_B+mA+ BD — BA_¢; —mOypy —0_m =0 (65)

From the eqgs. (62)-(63) one gets the relationship
0-(04+¢1 — A) = 04+(9-¢2 — D) (66)
Hence, there exists a potential © such that A and D can be written as
D=0_(¢2-0), A=0,(¢1-6) (67)

Since the fields ¢; » are purely imaginary, the last relationships amount to write AR = 3, 0%, DR = 5_OF
which implies 3_ AR — 9, DR = 0. The superscripts R, I label the real and imaginary parts of the fields.
Similarly, one has iA! = 84 (¢, —i©7), iD' = 3_(¢2 — i©') implying i(0_ A — 8, DT) +8,0_(¢2 — ¢1) = 0.
S_mce the real and imaginary components of the fields A and D, respectively, are related to each other one
has that the number of fields for M, N are reduced to nine.

Taking into account (67) the eqs. (62)-(63) reduce to the single equation

0-0,0 -m? - BC =0, (68)

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 182-195



The variable mass Thirring/sine Gordon duality and continuous topological configurations 193

whereas, the eqs. (64)-(65) become

O_-B—-B8_Ay = moiA1+0im (69)
a+C = Ca+A1 = —ma_Az i B_m, (70)
A, = O+ (¢2 — ¢1), Ao =06 — (¢2 - ¢1) (71)

So, the initial system of egs reduce to (68) and (69)-(70). Since B, C, © are in general complex fields one can
consider an equivalent system of six real differential equations. However one has at our disposal nine fields,
i.e. six real fields related to B,C,©, and three real fields associated to the real scalar m and the purely
imaginary fields ¢;,2. Then, one is left with three gauge freedoms for M and N, since the nine real field
components are related by six real differential equations.

Let us parametrize the fields B,C as
B = f*(z4)e?* + mpre™™ (72)
C =g (z_)eM + mpye 2 (73)
where f*,g™ and p; 2 are complex fields. Substituting these parametrizations into (69)-(70) one has
e’ 3_ (mpre~P1722) = md Ay + 0;m; €M 8, (mpae™217A2) = —mo_A; — O_m. (74)

Notice that the expressions for B,C in (72)-(73) satisfy, respectively, the relevant homogeneous equations
arising in (69)-(70) in the case m = 0.

The remaining three gauge freedoms allow us to choose the conditions
0-p1 =0, O4p2 =0, m=mgy = const. (75)

then one has p; = p7 (z+), p2 = p5 (z-), i.e, still remains one gauge freedom since one has the two arbitrary

chiral fields p{, p; . The remaining gauge freedom is fixed by choosing
eRf =0, 6/ =9, (76)

where 0 is a real field and the real component of the field © is considered to be vanishing. Taking into

account the parametrizations (72)-(73) and the above gauge conditions the eqs. (68) and (69)-(70) can be

written respectively as

i0,0_6 — [f*g‘e2‘° + prp;mée'“"] — [m§ +moftp; +megTpt] = 0 (77)
2ipf0_0 = -—d,eM, (78)
2ip;0,0 = 0_eM (79)

Notice that from (71) one has 2@ = A; + A3, then, due to the gauge fixing (76), in the eqs. (78)-(79) we
must have

AS=20- A, AR=AR=0. (80)

Therefore the system (77)-(79) is equivalent to six real equations for the fields 8, AL, pf, 05, f+, 9.
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4.1 sine-Gordon

The eq. (77) contains a sine-Gordon equation as a sub-model. In order to see this let us notice that the
products (pf p;) and (f+g~) appearing in the terms containing the 6 field in (77) are irrelevant since they
can be absorbed into a redefinition of the function § and a change of the coordinates z,, z_. So, let us

assume
ft=-mo/a, g~ =amo, pf =b, pz =1/b, a,b= const. (81)
Then (77) becomes
0.8 + 4m3 sin (8 — 6) cos (0 + 0p) = 0, sin (260) = (1+r %)/2, e (82)

In fact, (82) reduces to the sine-Gordon model

2
0,0_6+ %‘; sin V8RO = 0, (83)

provided that 6y = n §, n € Z. The parameter k has been introduced by redefining § — v/2k 8 according to
the definitions (60), (71) and the gauge fixing (76). In fact, the usual kinetic term for @ in the lagrangian
would reproduce the term \/56.,.06_0. The sine-Gordon coupling constant 3 defined by sin 88 B = \/S_k)
in (83) and the massive Thirring coupling g in (44) are related by

2 _ 326,/, 4
B y (84)

This is a manifestation of the strong/weak duality between the SG and MT models. Since the quantum
equivalence between the models is established for 32 = 47/(1 + g/7) we can consider (84) as a classical limit
of this relationship.

Once the 6 field is found as a solution of (82) the remaining field A{ can be obtained from (78)-(79) taking
into account (80) and the parametrization (81). The duality relationship in the case with m(z) deserves a

careful treatment, a research in this direction is in progress.

5 Discussion

We have considered a Fermi field chirally coupled to a pseudoscalar field which evolves into a soliton. We
have provided the both weak/strong sectors of the system as being related to the well known massive
Thirring/sine-Gordon correspondence. Moreover, we have found the bound states of the fermion sector. In
the intermediate region of field space in which the spinor and scalar fields interact to greater or lesser extent
the system possesses a rich physical properties. This intermediate fermion-soliton system has recently been
considered in the literature (for recent results see [18]).
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Abstract

Recent measurements of the cosmic microwave background radiation (CMB) from
the WMAP satellite led to formulate a successful concordance cosmological model,
termed ACDM. This model satisfactorily explains the origin and structure of the CMB
temperature fluctuations, from small to large angular scales, and moreover it accu-
rately fits —with only six parameters— the CMB angular power spectrum. Despite of
their triumphs in describing the observed WMAP data, we notice that some ACDM
cosmological parameters can attain, due to their error bars, slightly different values
and this degree of freedom could produce a significant impact in our understanding of
the primordial universe. We are talking about the degeneracy problem, that is cos-
mological models with parameters that are a little bit different from those given by
the ACDM model but fits equally well the angular power spectrum of the CMB data.
Our interest here is to investigate the Gaussian statistical property, at large angular
scales, in two sets of Monte Carlo CMB maps produced by seeding them with slightly
different ACDM angular power spectra.
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1 Introduction

Recent data releases from the Wilkinson Microwave Anisotropy Probe (WMAP) [1] confirm
the validity of the standard cosmological model, that is, the ACDM. This model is obtained
through the best-fitting of the cosmic microwave background radiation (CMB) angular power
spectrum, as a result it provides the best values for the cosmological parameters, which of
course are not sharp values but values within small intervals due to the error and uncertainty
limits. For this, it is interesting to investigate synthetic CMB maps obtained from angular
power spectra generated by very similar (but not equal) cosmological parameters that fit the
WMAP data as well as the ACDM model. One such parameter is the spectral index of prim-
ordial fluctuations ns, which is fundamental for our understanding of the physics of the prim-
ordial universe, The main difficulty to establish the correct spectral index value is that it de-
termines the form of the angular power spectra at the largest scales (i.e. low multipoles), pre-
cisely the region where the cosmic variance uncertainty is large and dominates other effects.

The importance to determine, with the highest degree of accuracy, the value of the
spectral index ms is because it is related to physical processes of the primordial universe
(remember that the CMB radiation is -with present techniques- the oldest cosmological
observable). And because such processes probably left imprints in the statistical attributes
of the observed CMB, it deserves a meticulous analysis the relationship between the spectral
index and the Gaussian properties of the CMB temperature field. For instance, the value
ns = 1 means that the CMB temperature fluctuations correspond to a statistically Gaussian
random field, therefore small variations from this value should be correlated with small
deviations of Gaussianity in the data.

For these reasons, besides the determination of the spectral index ns by fitting the CMB
angular power spectrum, the released data from the WMAP [1] is nowadays under rigorous
scrutiny for the possible deviations from Gaussianity [2] and from statistical isotropy[3] in
the CMB data, properties that could be, in some sense, related. Moreover, a detection or
non-detection of primordial non-Gaussianity in the CMB data is crucial to discriminate
among inflationary models, and to test alternative scenarios of the early universe [4].

We shall investigate the effects caused on the statistical properties of two sets of
Monte Carlo CMB maps produced by seeding them with slightly different angular power
spectra, each one obtained using the same cosmological parameters as the ACDM model
except that we consider different spectral indexes values: ns = 0.96 and 1.00,
respectively. To detect the presence of Gaussian deviations in these CMB maps we use
two recently published non-Gaussian indicators [5], based on the application of skewness
and kurtosis in large-angle patches of CMB temperature maps, which allow us to
construct the S— and K—maps (for details see section 3) from which we calculate their
angular power spectra (APS). After that, we compare the APS of the two sets of S
—maps obtained by applying our skewness tool to both sets of Monte Carlo CMB maps.
Similar procedures are done with the two sets of K—maps. Our results show that, in
the mean, the Gaussianity property of these sets of Monte Carlo maps is different, and
this fact seems to be crucial when one has to quantify the confidence level of some data
analysis result. That is to say, the statistical-significance evaluation of a result concerning
a WMAP CMB map is model dependent.
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This work is organized as follows. In Section 2 we explain how to produce the sets of
simulated Monte Carlo CMB maps based on the ACDM angular power spectrum, and also
the ILC WMAP map, used in the analyses. In Section 3 we describe our method to analyze
the statistical properties of the CMB maps. Finally, in Section 4 we summarize our results
and formulate our conclusions and perspectives for future works.

2 ACDM Angular Power Spectra and Monte Carlo CMB
data

The degeneracy problem in the concordance cosmological model consists on having two-or
more APS similar to that one of the ACDM model obtained with slightly different cosmo-
logical parameter value(s), but all of them consistent with current data because of the error
bars.

Here we shall study two ACDM APS with the spectral indexes attaining slightly different
values: n, = 0.96, 1.00. For this, we use the CMBFAST tool [7] to generate the corresponding
APS seeds that are then used in the SYNFAST algorithm [8] to produce two sets of 1000
random realizations each. As we show in Fig. 1, left panel, the ACDM APS corresponding
to n, = 0.96 is very similar to the APS obtained with the same cosmological parameters as
the concordance model, except that n, = 1.00. Moreover, we also observe in the right panel
that both APS fits suitably the APS from WMAP data. The comparison of the statistical
properties between these two sets of Monte Carlo CMB maps constitute the target of our
analysis.

It is well known that foregrounds introduce non-Gaussianities in the CMB data. For
these the WMAP science team have performed substantial efforts to minimize the presence
of foregrounds in the measured CMB data. The recently released seven-year foreground-
reduced ILC map represents well a CMB map that is consistent with Gaussianity, after the
application of the KQ75-7yr mask [1]. We find interesting to use this WMAP map to test
the mean statistical properties of these two sets of Monte Carlo CMB maps.

In the next section we shall describe our method to analyze the statistical features of
the CMB maps, both Monte Carlo and WMAP ones. The comparison of the statistical
properties between these two sets of Monte Carlo CMB maps, together with the analysis of
the ILC map, will be performed in the last section.

3 The Method For Statistical Analysis

In this section we briefly present how to construct two non-Gaussinity indicators. For a
detailed discussion of these indicators we refer the readers to ref. [5].

Consider a discrete set of points {j = 1,...,N.} uniformly distributed on the sphere
S? as the center of spherical caps of a given aperture v, and calculate for each cap j the
skewness and kurtosis values

— Np _
Max(T-T)  K=pay(n-T)'-s,
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Figure 1: (Left panel) Angular power spectra for ACDM models with slightly different values
for the spectral index: n, = 0.96 (dotted curve) and n, = 1.00 (dashed curve). (Right panel)
The same angular power spectra appearing in the left panel plus the angular power spectrum
from WMAP-7yr data (continuous noisy curve).

where Ny is the number of pixels in the j* cap, T; is the temperature at the i *® pixel, T; is
the CMB mean temperature on the j** cap, and o; is the standard deviation for each j. The
sets of values {S;,j =1,...,N.} and {Kj,j = 1,..., N.} can then be viewed as a measure of
the non-Gaussianity in the direction (6;, ¢;) (which corresponds to the center of the j** cap).
Patching together the {S;} and {K;} values, we obtain the functions S = S(6, ¢) and K =
K(0,¢) defined on S?. Throughout this work the sky map representation of the functions
S =85(0,¢) and K = K (0, $) are named, respectively, S—map and K—map. Clearly, one can
expand each of these functions in their spherical harmonics and calculate their corresponding
angular power spectrum. For the skewness function S = S(6,¢) = {8;,i=1,...,N.}, for
example, one has

o0 e 1
S(0a¢) = Z Z bem },lm(ei(ﬁ) — Sf = WZlblmF )

=0 m=—¢

where S, is the corresponding angular power spectrum. Similar expressions hold for the
K =K(6,9).

Thus, to obtain quantitative information for each multipole component ¢ about the non-
Gaussianity at large-angles (low £) from the S— and K—maps, which were obtained from the
CMB temperature maps, we calculate their power spectra S, and K,. Finally, to compare
the statistical properties of the spectra {S;} and {K,}, obtained from the analyses of the
different Monte Carlo CMB sets, we compare their corresponding mean S, and K, and 2-

sigma values (i.e., 95% CL). Here we concentrate on the large angular scales, that is, for
£=1-10.
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4 Results and Conclusions

In this section we report the results of Gaussianity analyses performed by applying our
indicators, discussed in the previous section, to the Monte Carlo and WMAP data described
in section 2.

In Fig. 2 we show the APS of the S—maps and K—maps calculated from the Monte
Carlo CMB maps, which were produced by the APS with slightly different spectral indexes,
namely ns, = 0.96 and 1.00. As expected, the similarity in the CMB APS implies in the
similarity of the angular power spectra obtained from the S— and K—maps. We also exhibit
in these plots the APS from the S— and K—maps obtained from the ILC-7yr WMAP map
(with the corresponding mask to ensure Gaussianity properties, see section 2).

Our main conclusion is that, as observed in Fig. 2, Monte Carlos generated through
APS with a different spectral index n, have different statistical properties and therefore
they show different confidence level when used to evaluate the statistical significance of
some result obtained from WMAP data. For instance, the confidence level of the APS {S,}
and {K¢} for the WMAP ILC-7yr foreground-reduced map reveal that it is more likely non-
Gaussian (n, = 0.96) than Gaussian (ns = 1.00). In order to quantify the possible correlation
between data from WMAP and data from the sets of Monte Carlo maps we use the reduced
x>-goodness-of-fit test which gives an overall measure between two data sets by quantifying
how related they are. For this we shall calculate the value x2/dof = x2,,, where dof stands
for degree of freedom, between pairs of data sets regarding the APS values S; and K,, for
¢ = 1— 10, calculated from the ILC map versus the mean-APS S, and K, obtained from
the two sets of Monte Carlo CMB maps, those produced with ns; = 0.96 and n, = 1.00 (see
Fig. 2).

Our results are: x%.; = 1.8(1.3) between the APS of the S—map (K—map) from the
ILC versus the mean APS of the S—maps (K—maps) obtained from Monte Carlo CMB
maps with n; = 0.96. Similarly, we obtain x2,; = 4.7 (4.3) between the APS of the S—map
(K—map) from the ILC versus the mean APS of the S—maps (K—maps) obtained from
Monte Carlo CMB maps with n, = 1.00. Remember that a x? value near 1 means a high
correlation between analyzed data, while larger values means poorer correlations. Thus, our
results indicate that is more probable that (the {S,} and {K,} APS from) the WMAP ILC
map plus the KQ75-7yr mask corresponds to the case n, = 0.96, with a p—value of ~ 15%,
than to the Gaussian case ny; = 1.00, with a p—value of less than 0.1%.

Summarizing, our APS analyses of S— and K—maps produced from the two sets of Monte
Carlo CMB maps (seeded by ACDM spectra with n,= 0.96, 1.00, respectively) show that, in
the average, these data contain different amounts of non-Gaussianity. Furthermore, Monte
Carlos seeded on the ACDM concordance model spectrum (n, = 0.96) can not be considered
as the absolute reference for Gaussian properties in CMB maps. Additionally, our results
show that, in the average, the Gaussianity property of these sets of Monte Carlo maps is
different, and this fact seems to be crucial when one has to quantify the confidence level of
some result. That is to say, the statistical-significance evaluation of any result concerning
WMAP data is model dependent.

It would be interesting to test the Gaussian properties of these two sets of Monte Carlo
CMB maps using some statistical tools available in the literature.
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Figure 2: Angular Power Spectra for the S— and K—maps, left and right panel, respectively.
The dot-dashed (dashed) line corresponds to the 20 level, that is, 95% confidence level of
the S— and K—map’s power spectra, maps obtained by applying our statistical tools to
1000 Monte Carlo CMB maps produced from a ACDM model with spectral index n, = 0.96
(ns = 1.00).
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Generacion de soluciones exactas
de las Ecuaciones de Einstein

con ayuda de euclidones

Pauyac Huaman, J. Anibal

1. Introduccién
e LaTeoria General de la Relatividad (Einstein, 1915) es
una teoria del campo gravitatorio.
e Para conocer la estructura del espacio-tiempo tetra-
dimensional hay que resolver las ecuaciones de Einstein.
e Un drea de investigacion es la busqueda de soluciones
exactas de las ecuacidnes de Einstein axialmente simétricas.
e Dos clases de soluciones axialmente simétricas:
- estaticas
- estacionarias.
e Algunas soluciones que han encontrado una interpretacién fisica
definida: Schwarzschild, Kerr .

2. Ecuaciones fundamentales
Ecuaciones de Einstein:
Rik = %(Tm

4
c

1
——g.T
2glk )

donde es el tensor de Rici

=

="

es el tensor de energia-impulso
es el tensor métrico-

=

Es la constante de gravitacién universal

N o= N
S

1]
N

Meétrica:

ds® = g, dx'dx* (2)
La magnitud fundamental que caracteriza la curvatura de un espacio
cuatridimensional es el tensor de Riemann

. . 1
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donde I}, sellaman Simbolos de Christoffel
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El tensor de Rici
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En el vacio (en el exterior de un cuerpo):
R, =0
Soluciones axialmente simétricas estaticas
Cuadrado del intervalo métrico, en coordenadas candnicas de Weyl
ds* = £\e¥ (dp* + dz* )+ p*dg? |- fir*

Ecuaciones del campo

Sf =ViVf
27,2 =ﬁ-_2fpf:z
4y, =/j_2(f,;2’ —fzz)
Cambio
_2¥
Entonces f=e
AY =0
Método de Waylen

Y(p,z)= %J:{C, u)+C, (u)lnli;p-sin2 0}}(10, u=z+ipcosf

0

m
C)y=——"— , C,=0
1(®) z+ipcosf 2

m

,p2+zz

Y-

. El euclidén

Método de las fuentes singulares
AY =—-4ro(p,z)
= 1 o(e , z}dV
4 v |r —r1

a(p',z')=‘5(—”;L°)a(po,z')

Po =0, 0(py,2') =0,(z")0(z")

0, m<z'<-m

o) =
I, —m<z'<m
1 pm o,(z')dz'
‘P( ’ == 2
Ps2) 2.[-me2+(2_2.)2

a.Si 0,(z')=1 entonces

_ 2 _ 2
‘I’(p,z)=%lnz m+\/p +(z—m)

z+m+\/p2+(z+m)2
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%
b.Si 0o(z')=0; =const entonces f= (1——2—mj

-
c.Si 0,(z')=0(z")/2  entonces ¥(p D ..
/pz 42
d. Si
/2, 2'>0
o,(2")=
-1/2, z'<0

entonces obtenemos el EUCLIDON

‘I’=%ln[z+W+ p2+(z+W)2:|

4. Generacion de nuevas soluciones con ayuda de euclidones

Mediante la combinacién lineal de euclidones se pueden generar nuevas
soluciones

V=3 CW,, C,=%l, k=I..2N

De acuerdo a si el desplazamiento es + o — y al valor de Ck, se obtienen
diferentes resultados.

Soluciones bi-eucliddnicas

Combinacion de 2 euclidones desplazados a la izquierda, con C1=1y C2=-1

N W +yp +(z+ W)

2 z+W2+Jp2+(z+W2)2

Asi, podemos escribir las otras combinaciones.

No todas las combinaciones son soluciones fisicamente aceptables. Sélo las que
a distancias grandes tienden a un espacio plano

En la combinacién mostrada en el centro, si C1=-1, C2=+1, y ademds W1=W2,
entonces se obtiene la solucién de Schwarzschild.

A
O ©

w‘ W, 2 vl‘ 2 Vlz Z Wy W,
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Soluciones tetra-euclidonicas

a) 1 {2+W +y P2 +(z+ W3)2"z+W4+,/p2+(z+W4)2]
=—In == ,
2 [z+W+,/p +(z+W,) z+W2+\,p2+(z+W2)2:|
\\‘/ |
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b) )
1 [z+W2+Jp2+(z+W2)2JLz+W4+,/p2+(z+W4)2]
¥ =—In
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c)
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Conclusion

De esta manera, combinando euclidones se obtienen nuevas soluciones, las cuales
deben ser analizadas e interpretadas fisicamente.

A note from the Editors:

This talk was based on the authors PhD Thesis. So, for additional references we suggest
to contact the author to the email: jpauyac@hotmail.com
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OA-UNI: an Astronomical Observatory at UNI

A. Pereyra®, W. Cori®, E. Meza®, J. Ricra®, and G. Granda®

¢ Instituto de Astrofisica de Canarias (IAC)
C/ Via Léctea, s/n, La Laguna
Tenerife - Spain
® Grupo Astronomia
Facultad de Ciencias
Universidad Nacional de Ingenieria
Av. Tipac Amaru, s/n, Rimac
Lima - Peria

Abstract

We summarized the status of an ongoing project which aims to implement an astro-
nomical observatory for the Faculty of Science of the National University of Engineering
(FC-UNI). This observatory (OA-UNI) will be installed at the peruvian central Andes
using the facilities of the Instituto Geofisico del Peru at Huancayo. We shown exam-
ples of science projects that could be initiated along with the future perspectives for
its upgrade. We also comment the impact of the OA-UNI to open new possibilities to
develop pre-professionals training in astronomy for last-year students at FC-UNL
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1 Introduction

The project of an astronomical observatory for the National University of Engineering (OA-
UNI project) started in early 2009. The enthusiasm and strong collaboration of the members
of the Astronomy Group (GA) at FC-UNI was fundamental to this purpose. Recently, the
acquisition of a high quality optical tube of a 0.5m Ritchey-Chrétien telescope was completed
at FC-UNI with local funds. The implementation of OA-UNI includes the construction of a
dome building along with the acquisition of a robotic astronomical mount, CCD detectors
and a spectrograph. OA-UNI will be located at the Peruvian Andes mountains and will let
to develop the astronomy in undergraduate and graduate levels at FC-UNI. Astronomical
projects could be feasible with a special focus in site testing, stellar photometry including
mid and long term variability, spectroscopy and polarimetry. Astronomical outreach also
will benefit with OA-UNI.

2 Antecedents

We began in 2001 a program to measure the quality of the sky (seeing) for astronomical
observations at the site of the Huancayo’s Observatory (OH, 3300 m.a.s.l, central Peruvian
Andes, 300km from Lima). This site has a full structure (accommodations, electric power,
etc.) to let several astronomical observational runs per year. Historically, the OH was
used to collect measurements of the earth magnetic field. Our program of astronomical
observations used small telescopes with the appropriate adaptations. Since then this site
was routinely used by the members of GA to develop astronomical undergraduate programs.
The program of site testing will be extended to other sites in the future and will be improved
by the implementation of OA-UNI. The previous work of members of GA in this and other
programs yielded several publications ([1, 2, 3, 4]).

The philosophy of the OA-UNI project is driven by the following aims: (1) to implement
an astronomical observatory which contributes to the development of the astronomy in Peru;
(2) to strengthen the UNI in Peru, as an institution with research in astronomy; and, (3) to
promote the inclusion and/or collaboration between professionals, students and researchers
of several areas in science/engineering to apply modern technologies to the development of
the astronomical observatory.

We consider important to appoint that the OA-UNI project is a joint effort between two
institutions dedicated to the development of astronomy in Peru: FC-UNI and the Astronomy
Area at IGP. We consider that this collaboration must be preserved in time.

3 Science Projects

The professional astronomy in Peru is giving its first steps and it is necessary to prepare to
new potential astronomers with a solid background. Observational projects with small tele-
scopes are the first interaction of the students with the astronomical techniques. In
particular, the experience in the site testing program will have as final aim to select the best
place to install the first professional astronomical observatory in Peru.
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The science cases where we believe that OA-UNI will be competitive include:
{a) To detect extrasolar planets using photometric methods.
(b) To study light curves of variables stars of short and middle period.
{c) To implement the astronomical polarimetry technique to investigue the interstellar medium.
{(d) To continue the site testing program in potential astronomical sites.
{e) To develop the Differential Imaging Motion Monitor (DIMM) technique to monitor the
influence of atmospheric turbulence in astronomical imaging quality.
{f} To promote the teaching/outreach of astronomy in schools, institutes and other univer-
sities.

4 'The next steps

As we mentioned above, in this phase of the project, the OA-UNI will be located in the
installations of IGP at Huancayo. Later studies of site testing, inside peruvian territory, will
let to find the best site for astronomical observations. The portability of OA-UNI will be
extremely useful for this program. In the middle term, OA-UNI will be relocated to this
new site. Actually, we are focused to the acquisition of the remaining equipments for the
OA-UNI, including the robotic mount and dome. When this phase was completed, we will
be ready to begin the first observations of science cases.

The possibility of develop astronomy programs at FC-UNI will have a positive impact for
the physics students. In this sense, we believe that an important number of Physics thkesis
in astronomy could be carried out helped by data gathered with OA-UNL The acquired ob-
servational experience at OA-UNI also will be an additional plus when postgraduate studies
in astronomy will be the natural next step in the academic life of a graduate student.
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Abstract

We consider certain boundary conditions supporting soliton solutions in the gene-
ralized non-linear Schrédinger equation (AKNS). Using the dressing transformation
(DT) method and the related tau functions we study the AKNS, system for the van-
ishing, (constant) non-vanishing and the mixed boundary conditions, and their asso-
ciated bright, dark and bright-dark N-soliton solutions, respectively. Moreover, we
introduce a modified DT related to the dressing group in order to consider the free
field boundary condition and derive generalized N-dark-dark solitons. We have shown
that two—dark—dark—soliton bound states exist in the AKNS, system, and three—
and higher—dark—dark—soliton bound states can not exist. As a reduced submodel
of the AKNS, system we study the properties of the focusing, defocusing and mixed
focusing-defocusing versions of the so-called coupled non-linear Schrédinger equation
(r—CNLS), which has recently been considered in many physical applications. The
properties and calculations of some matrix elements using level one vertex operators
are outlined.
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1 Introduction

Many soliton equations in 1+ 1 dimensions have integrable multi-component generalizations
or more generally integrable matrix generalizations. It is well-known that certain coupled
multi-field generalizations of the non-linear Schrédinger equation (CNLS) are integrable and
possess soliton type solutions with rich physical properties (see e.g. [1, 2, 3, 4]). The model
defined by two coupled NLS systems was earlier studied by Manakov [5]. Another remarkable
example of a multi-field generalization of an integrable model is the so-called generalized
sine-Gordon model which is integrable in some regions of its parameter space and it has
many physical applications [6, 7]. The type of coupled NLS equations find applications in
diverse areas of physics such as non-linear optics, optical communication, biophysics,
multicomponent Bose-Einsten condensate, etc (see e.g. [1, 2, 3, 8, 9]). .The multi-soliton
solutions of these systems have recently been considered using a variety of methods
depending on the initial-boundary values imposed on the solution. For example, the
direct methods, mostly the Hirota method, have been applied in [10, 3] and in ref. [11] a
wide class of NLS models have been studied in the framework of the Darboux-dressing
transformation. Recently, some properties have been investigated, such as the appearance
of stationary bound states formed by two dark-dark solitons in the mixed-nonlinearity
case (focusing and defocusing) of the 2—CNLS systems [4]. The inverse scattering trans-
form method (IST) for the defocusing
CNLS model with nonvanishing boundary conditions (NVBC) has been an open problem for
over 30 years. The two-component case was solved in [12] and the multi-component model
has very recently presented in [13]. The inverse scattering [12, 13] and Hirota’s method
[10] results on N-dark-dark solitons in the defocusing 2-CNLS model have presented only the
degenerate case, i.e. the multi-solitons of the both components are proportional to each other
and therefore are reducible to the dark solitons of the scalar NLS model.

The 7—CNLS model is related to the AKNS; system, which is a model with 2r depen
dent variables. As we will show below this system reduces to the r—CNLS model under a
particular reality condition. Moreover, general multi-dark-dark soliton solutions of generali-
zed AKNS type systems available in the literature, to our knowledge, are scarce. Recently,
there appeared some reports on the general non-degenerate N-dark-dark solitons in the
7—CNLS model [4, 14]. In [4] the model with mixed nonlinearity is studies in the context
of the KP-hierarchy reduction approach. The mixed focusing and defocusing nonlinearity 2-
CNLS model presents a two dark-dark soliton stationary bound state [4]. Here we show that
similar phenomenon is present in the AKNS2 system. However, three or more dark-dark
solitons can not form bound states. In [14] general multi-dark-dark solitons have been
obtained in the framework of the algebro-geometric approach of the CNLSr model.

In this paper we will consider the general constant (vanishing, nonvanishing and mixed
vanishing-nonvanishing) boundary value problem for the AKNS: (r = 1, 2) model and show
that its particular complexified and reduced version incorporates the focusing and defocusing
scalar NLS system for r = 1, and the focusing, defocusing and mixed nonlinearity versions of
the 2-CNLS system, i.e. the Manakov model, for r = 2, respectively. Recently, an extended
version of this paper has been published in [15]. We will consider the dressing transformation
(DT) method to solve integrable nonlinear equations, which is based on the Lax pair
formulation of the system. In this approach the so-called integrable highest weight
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representation of the underlying affine Lie algebra is essential to find soliton type solutions
(see [16] and references therein). According to the approach of [16] a common feature of
integrable hierarchies presenting soliton solutions is the existence of some special “vacuum
solutions” such that the Lax operators evaluated on them lie in some Abelian (up to the
central term) subalgebra of the associated Kac-Moody algebra. The boundary conditions
imposed to the system of equations must be related to the relevant vacuum connections
lying in certain Abelian sub-algebra. The soliton type solutions are constructed out of
those “vacuum solutions” through the so called soliton specialization in the context of the
DT. These developments lead to a quite general definition of tau functions associated to
the hierarchies, in terms of the so called “integrable highest weight representations” of the
relevant Kac-Moody algebra. However, the free field boundary condition does not allow the
vacuum connections to lie in an Abelian sub-algebra; so, we will introduce a modified DT
in order to deal with this case. We consider a modified DT relying on the dressing group
composition law of two successive DT’s [30]. The corresponding tau functions will provide
generalized dark-dark soliton solutions possessing additional parameters as compared to the
ones obtained with constant boundary conditions.

Here we adopt a hybrid of the DT and Hirota methods [7, 19] to obtain soliton solutions
of the AKNS system. As pointed out in [18], the Hirota method presents some drawbacks
in order to derive a general type of soliton solutions, noticeably it is not appropriate to
handle vector NLS type models in a general form since the process relies on a insightful
guess of the functional forms of each component, whereas in the group theoretical approach
adopted here the dependence of each component on the generalized tau functions become
dictated by the DT and the solutions in the orbit of certain vacuum solutions are constructed
in a uniform way. The generalized tau-functions for the nonlinear systems are defined as
an alternative set of variables corresponding to certain matrix elements evaluated in the
integrable highest-weight representations of the underlying affine Kac-Moody algebra. In this
way we overcome two difficulties of the methods. The Hirota method needs the tau-functions
and an expansion for them, but it does not provide a recipe how to construct them. That is
accurately solved through the DT method, which in its turn needs the evaluation of certain
matrix elements in the vertex operator representation. We may avoid the cumbersome matrix
element calculations through the Hirota expansion method. Since this method is recursive
it allows a simple implementation on a computer program for algebraic manipulation like
MATHEMATICA.

The paper is organized as follows. In section 2 we present the generalized non-linear
Schrodinger equation (AKNS,) associated to the homogeneous gradation of the Kac-Moody
algebra sl;. The 2—component coupled non-linear Schrodinger equation (CNLS,) is defined
as a particular reduction by imposing certain conditions on the AKNS, fields. In section
3 we review the theory of the DT, describe the various constant boundary conditions and
define the tau-functions. In 3.1 we present the modified DT associated to the dressing group
suitable for fee field boundary conditions. In section 4 we apply the DT method to the
vanishing boundary conditions and derive the bright solitons. In section 5 we consider the
non-vanishing boundary conditions and derive the AKNS, (r = 1, 2) dark solitons. Moreover,
the general N-dark-dark solitons with free field NVBC of the AKNS, are derived through
the modified DT method. In 5.3 we discuss the dark-dark soliton bound states. In 6 the
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dark-bright solitons are derived associated to the mixed boundary conditions. Finally, we
have included the s(2) and si(3) affine Kac-Moody algebra properties, in appendices A and
B, respectively. In C the matrix elements in sl(3) have been computed using vertex operator
representations.

2 The model

The AKNS, model can be constructed in the framework of the Zakharov-Shabat formalism
using the hermitian symmetric spaces [20]. In [21] an affine Lie algebraic formulation based
on the loop algebra g ® C[\, A7!] of g € sl(3) has been presented. Here instead we construct
the model associated to the full affine Kac-Moody algebra G = sl(3) with homogeneous
gradation and a semi-simple element E®). So, the connections are given by

2 2
A = EW4 Z UFED + Z \I/;Ef”', +¢:C, (2.1)

B = E®4 Z UHES + Z 7 EY) + Z 0, UF Ef — Zaz\p;EE”i ~
=1 =1
(o7 — Q) (HO + H§°>) [qmp— — Q,)H® —

U ER) 5 — WHUTED o + ¢,C, (2:2)

where U}, U7, ¢, and ¢, are the fields of the model. Notice that the auxiliary fields ¢, and ¢»
lie in the direction of the affine Lie algebra central term C. The existence of this term plays
an important role in the theory of the so-called integrable highest weight representations of
the Kac-Moody algebra and they will be important below in order to find the soliton type
solutions of the model. The connections (2.1)-(2.2) conveniently incorporate the terms with
the constant parameters €, , in order to take into account the various boundary conditions,
so, these differ slightly from the ones in [22, 21].

In the basis considered in this paper one has

1 2
EY = : z_jl aH® (2.3)

The f; in (2.1)-(2.2) are positive roots defined in (B.24). Notice that the connections lie in
the subspaces
A€Got+g, BEG+a+a (2.4)

The zero curvature condition [§; —B ,8, — A] = 0 provides the following system of
equations

2
1 "
8Tt = +ag\p;+_2[Zw;\p;—§(ﬁ,..9)]\pj, i=1,2 (25)
J=1
2

a7 = -3 +2 YUY — (B D)y, (2.6)

j=1
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Oy — Outpy = O; (2.7)

2
Q DB, (B1Q) =20+, (B2.0) =20+
=1

Notice that the auxiliary fields ¢; » completely decouple from the AKNS, fields \Il;t The
integrability of the system of equations (2.5)-(2.6), for Q,, = 0, and its multi-Hamiltonian
structure have been established [22]. The system of equations (2.5)-(2.6) supplied with a
convenient complexification can be related to some versions of the so-called coupled non-
linear Schrodinger equation (CNLS) [5, 1, 2, 3]. For example by making

t— —'l,t, [‘I’j]* = —uo; \I’l— = —uo; 'lpi, (28)

where * means complex conjugation, u € IRy,0; = %1, we may reduce the system (2.5)-(2.6)
to the well known 2—coupled non-linear Schrodinger system (2 — CNLS)

2

’iat’(/)k + 6§¢L + 2,U (Z O'j I’tpjlz = %I(ﬂkﬁ)o ’(,Dk = 0, k= 1,2. (29)

Jj=1

The parameter p > 0 represents the strength of nonlinearity and the coefficients o; define
the sign of the nonlinearity. The system (2.9) can be classified into three classes depending
on the signs of the nonlinearity coefficients o;. For g; = g, = 1 this system is the focusing
Manakov model which supports bright-bright solitons [5]. For o; = o5 = —1, it is the
defocusing Manakov model which supports bright-dark and dark-dark solitons (10, 12, 23]. In
the cases 0, = —03 = %1 one has the mixed focusing-defocusing nonlinearities. In this case,
these equations support bright-bright solitons [24, 3], bright-dark solitons [25]. This mixed
nonlinearity has recently been considered in [4] through the KP-hierarchy reduction method
and dark-dark solitons have been obtained. The system (2.9) has also been considered in
the study of oscillations and interactions of dark and dark-bright solitons in Bose-Einstein
condensates [26, 27]. The multi-dark-dark solitons in the mixed non-linearity case are useful
for many physical applications such as nonlinear optics, water waves and Bose-Einstein
condensates, where the generally coupled NLS equations often appear.

The focusing CNLS system possesses a remarkable type of soliton solution undergoing a
shape changing (inelastic) collision property due to intensity redistribution among its modes.
In this context, it has been found a novel class of solutions called partially coherent solitons
(PCS) which are of substantially variable shape, such that under collisions the profiles remain
stationary [1, 28, 29]. Interestingly, the PCSs, namely, 2-PCS, 3-PCS, ..., r-PCS, are special
cases of the well known 2-soliton, 3-soliton,..., r-soliton solutions of the 2-CNLS, 3-CNLS,...,
r-CNLS equations, respectively [2, 3]. So, the understanding of the variable shape collisions
and many other properties of these partially coherent solitons can be studied by providing
the higher-order soliton solutions of the r-CNLS (r > 2) system considered as submodel
of the relevant AKNS,. We believe that the group theoretical point of view of finding the
analytical results for the general case of N-soliton interactions would facilitate the study
of their properties; for example, the asymptotic behavior of trains of N solitonlike pulses
with approximately equal amplitudes and velocities, as studied in [17]. Notice that the set
of solutions of the AKNS model (2.5)-(2.6) is much larger than the solutions of the CNLS
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system (2.9), since only the solutions of the former which satisfy the constraints (2.8) will
be solutions of the CNLS model (2.9). This fact will be seen below in many instances; so,
we believe that the AKNS soliton properties with relevant boundary conditions deserve a
further study.

We will show that the three classes mentioned above, i.e. the focusing, defocusing and
the mixed focusing-defocusing CNLS model can be related respectively to the vanishing,
nonvanishing and mixed vanishing-nonvanishing boundary conditions of the AKNS model
in the framework of the DT approach adapted conveniently to each case. The (constant)
non-vanishing boundary conditions require the extension of the DT method to incorporate
non-zero constant vacuum solutions. Therefore, the vertex operators corresponding to the
vanishing boundary case undergo a generalization in such a way that the nilpotency property,
which is necessary in obtaining soliton solutions, should be maintained. Using the modified
vertex operators we construct multi-soliton solutions in the cases of (constant) non-vanishing
and mixed vanishing-nonvanishing boundary conditions. The free field NVBC requires a
modification of the usual DT of [16] by considering two successive DT’s in the context of the
dressing group [30]. However, the same vertex operator generating the dark-dark solitons in
the (constant) NVBC will be used in the free field NVBC case with a modified tau functions.

3 Dressing transformations for AKNS,

In this section we summarize the so-called DT procedure to find soliton solutions, which
works by choosing a vacuum solution and then mapping it into a non-trivial solution, follow-
ing the approach of [16]. For simplicity, we concentrate on a version of the DT suitable for
vanishing, (constant) non-vanishing and mixed boundary conditions of the AKNS, model
(2.5)-(2.7). The free field boundary condition requires a modified DT which is developed in
subsection 3.1. So, let us consider

lim \II]i — pj—“; ¢12 — 0; p;-E = const. (3.1)

|z| =00

We may identify the NVBC (3.1) to certain classes of trivial vacuum solutions of the
system (2.5)-(2.6):
1) the trivial zero vacuum solution

Ve =0 =0, j=12 (3.2)

J,vac
2) the trivial constant vacuum solution
Ve =07 #0, j=1,2. (3.3)
Notice that (3.3) is a trivial constant vacuum solution of (2.5)-(2.6) provided that the
expression [Y7_, p} p; — 1(B:.)] vanishes for any i = 1,2; which is achieved if Q; = Q, = Q
implying 3°5_, pf pj = Q.
3) the mixed constant-zero (zero-constant) vacuum solutions
) Ui e=PF #0, U3 pee=p; =0, (3.4)
“’) ‘I,:lt,vac = pf: = 07 ‘Ilat,vac = p;t # 0. (35)

bl
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The first mixed trivial solution (3.4) requires 2p7 p7 = 2Q; + Q,, whereas for the second
trivial solution (3.5) it must be 2p3 p; = 20y + ;.
The connections (2.1)-(2.2) for the above boundary conditions (3.1) take the form

Ave = EO 4 pfEQ) + pr B, + pF BS) + 07 ES),, (36)
B¢ = E® +ptEy) + oy EG), + o3 By) + 03 B}, — ot p7 ES). 5, — 0} 0T ES) 5, —
(ot o7 — )(H + H”) = (pf o7 — W) HS". 3.7)

Notice that [A¥*¢, B¥*] = 0. These connections are related to the group element ¥
through

Ae) = 5, GO[FO@)-1; Bla) — 5 FO[gO@]-1 (3.8)

where
Q(0) — ezAvac+thac (3.9)

The DT is implemented through two gauge transformations generated by ©. such that
the nontrivial gauge connections in the vacuum orbit become [16]

A = 6hArIEh]1 4 5.0 01! (3.10)
B = ©hBrgh]! 4 5,0k [0"] ! (3.11)

where

o" =exp (Z a_n) , O =M"'N; M =exp(o,), N =exp (Z a,,.) ,  (3.12)

n>0 n>0

where [D, 0,,] = no,. Therefore, from the relationships
A=0,(TM[T"Y; B =5,(Th)[e", ¢t =0ervO), (3.13)
one has
Ot 1ot = $Oh[wO] 1 (3.14)

where h is some constant group element.
One can relate the fields UF, ¢; and ¢, to some of the components in o,. One has

A = A"+ [0_1, E(l)] + terms of negative grade. (3.15)

B = 5%+ [oon B+ foon, B9+ ] oo o, B9 + oo S 28] 4

[a_l, S i EY) ] + terms of negative grade (3.16)
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Taking into account the grading structure of the connection A in (2.4) we may write the
o,s in terms of the fields of the model. In order to match the zero grade terms of the both
sides of the equation (3.15) one must have

2 2 2

o1 ==Y (U = ANEL Y + 3 (% — o) ESS) + 30 02 HIY. (3.17)
=1 =1 a=1

In the equation above, the explicit form of 2, in terms of the fields UF can be obtained by

setting the sum of the (—1) grade terms to zero. Nevertheless, the form of the 0%, will not

be necessary for our purposes.

Following the above procedure to match the gradations on both sides of egs. (3.15)-(3.16)
one notices that the o_, s with n > 1 are used to cancel out the undesired components on
the r.h.s. of the equations.

From the equations (3.12)-(3.13) and (3.14) one has

AIMTTNY = (A [TOREO] XY, (3.18)

where (A\| and I)\'> are certain states annihilated by G« and G-, respectively. Defining

2
0o=3 02E® + 3 0;°EQ + 3 6°HO + nC (3.19)

a>0 a>0 a=1

and choosing a specific matrix element one gets a space time dependence for the field n

e = (of [TOREO] |xo) (3.20)

= 7o, (3.21)

where we have defined the tau function 7. Next, we will write the fields ¥F in terms
of certain matrix elements. These functions will be represented as matrix elements in an

appropriate representation of the affine Lie algebra 5l(3) We proceed by writing the eq.
(3.14) in the form

exp — Za_n) o) = [\I:<°>h\p(°>—1] IAo) 7571, (3.22)

n>0

where the egs. (3.12), (3.19) and (3.20)-(3.21) have been used.
Then the terms with grade (-1) in the both sides of (3.22) can be written as

[\I;(O)h\p(o)—l] y IAo)

—0_-1 I)\o) = T (x, t) (3.23)
or equivalently
2 2 2 W) pg0)-1 I)‘ )
ST - pEGY =3 (U7 - p)ES) -3 a‘ing—U) Ao = [ J i Po
=1 i=l a=1 7o (2, t)
(3.24)
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Acting on the left in eq. (3.24) by E(il}t and taking the relevant matrix element with the
dual highest weight state < )\,| we may have

+ —

UF=pf+2 and Uy =pr -l i=12 (3.25)
) 70

where the tau functions 7%, 7o are defined by

7t (x,t) = (A EY), [\p<°>h\p<°>—1](_1) 1Ao) (3.26)
i (z,t) = (A EY [w‘O)h\IJ@)—l](_l) (3, (3.27)
70(z,t) = (Ao [\I:(O)h\II(O)—l](O) o) - (3.28)

Notice that in order to get the above relationships we have used the commutation rules
for the corresponding affine Kac-Moody algebra elements, as well as their properties acting
on the highest weight state (see Appendix B).

According to the solitonic specialization in the context of the DT method the soliton
solutions are determined by choosing suitable constant group elements A in the egs. (3.26)-
(3.28). In order to obtain n—soliton solutions the general prescription is to parameterize the
orbit of the vacuum as a product of exponentials of eigenvectors of the operators € (e; =
A¥¢, g2 = B**) defined in (3.6)-(3.7); i.e h = II_ e, where [g;, F;] = ALF}, , such that
(F;)™ # 0 only for m < m;, m; being some positive integer. The relationships between
DT, solitonic specialization and the Hirota method have been presented in [16] for any
hierarchy of integrable models possessing a zero curvature representation in terms of an
affine KacMoody algebra. The DT method provides a relationship between the fields of the
model and the relevant tau functions, and it explains the truncation of the Hirota expansion.
The Hirota method is a recursive method which can be implemented through a computer
program for algebraic manipulation like MATHEMATICA. On the other hand, the DT
method requires the computation of matrix elements as in egs. (3.26)-(3.28) in the vertex
operator representations of the affine KacMoody algebra. Actually, these matrix element
calculations are very tedious in the case of higher soliton solutions.

3.1 Free field boundary conditions and dressing group
As a generalization of the constant NVBC (3.3) consider the free field NVBC

. 4 il _ EotbE
Lm U3 — 57(z,t) = pife =it (3-29)
where pi, af, bf are some constants such that af = —ay; b} = —b;. Notice that (3.29)

is a free field solution of (2.5)-(2.6) such that b% = +(a¥)2 F 2A,, for A; = [Z§=l by by —
%(,B,-.ﬁ)] = const. However, a direct application of the DT approach of [16] is not possible

since the relevant connections /i"“, B**¢ do not belong to an abelian subalgebra (up to the
central term). So, in order to consider the NVBC (3.29) we resort to the dressing group
[30] composition law of two successive DTs. In fact, the relevant connections can be related
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to the Ave¢, Bv%¢ in (3.6)-(3.7) through certain gauge transformations generated by ©% such
that

Vo = 04 (a, )V "[0% (z, ] + 804 (3, DO, O] Vs = A%, Ty = B, (3.30)
where i = 1,2, 7; = , 7, = t, Vi = A", V, = B"*, and ©4% € SL(3). One must have
7O - §O = 99 (z,£)T@ = 09 (z,8)¥0g, V) = 5, FO[FO] 1, (3.31)
g is an arbitrary constant group element, and
0% = €X0e2n>0 . G = e™X0e2n>0 =5 [, %] =1 ¥ans (3.32)
From (3.30) one has e X Elexe = E(®) | 5o

Xo = Eg:)—ﬂz + Xo E( —B1+B2 + Z XZH(O) + X C (333)

X-1

—_22:[,-+<x,t>—pr]E;:1’+z[f,-(x,t) 1B + X B, (334

i=1
Therefore, a modified DT procedure can be implemented with [30]
[©%9) 1M = $OK [HO)1 = @9 (z,t) Y OR[TO] 1[04 (z, t)]};. h=gh!, (3.35)
through
A = eh 9 A(vac) [eh'g] 148, oh g[e g] 1 B = el;:’gB(uac)[eg:’g]—l + 3tel;:’g[e’:lt'9]—1' (3.36)

So, the equation (3.35) can be used instead of (3.14) in order to derive general dark-dark
solitons with free field NVBC.

4 Bright solitons and vanishing boundary conditions

For simplicity we first apply the DT method to the VBC (3.2) and show the existence of
bright-bright soliton solutions [31]. The connections A*% = E(®) Bv*¢ = E® are related to
the group element ¥, as

AP = 8, o[Wo] ™Y BM) = g 0[Wo] Y W = eEVHE?, (4.1)

In order to obtain soliton solutions the simultaneous adjoint eigenstates of the elements
EW, E® play a central role. In the case at hand one has the eigenstates

+o00 +00
Fi= Y vESY; Guv= Y AEL"; Gik=1,2 (4.2)
n=-—00 n=-—0oo
such that
[zE® +tE® Fj| = —pi(z,t)F;;  @i(z,t) = v; (z + v;t) (4.3)
[zE® +tE® Gj| = m(z,1)G;, ni(z,t) = p; (z + pjt) . (4.4)
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4.1 j**-component one bright-soliton solution

Consider the product
h = e%1Fi1 bi2Ciy , (4.5)

where j; and j, are some indexes chosen from {1,2}. Using the nilpotency properties of Fj,
and Gj, (see Appendix C) one gets

[h¥5'] = (1+e ¥y Fy) (1+e¥b,;,G;,) (4.6)
= 14+e¥n aj, Fjl + e”beszjz + a;, bjze_“’jl ez F}IGJ‘,, (47)

with ¢;, and n;, given in (4.3)-(4.4). The corresponding tau functions become

A 1 I/. p.
— b Cs . e~ Pi1 M P Rt N S
To = 1 + a]lechl,Jze e 12, CJl,Jz - 2 511,.12a (4‘8)
(’/J'x - p]'z)
+ = 5. .b.p. M =8 as v p—Pi
73 - al,nb]zp]ze 127 T = 61,]1 a’Jl V.h € “v (4'9)

where the matrix element Cj, j, has been presented in (C.2). In order to construct one-soliton
solutions we must have j; = j, = j in (4.8). Therefore one gets !

b’ Pi e a; Vv; e ¥i
‘I’+ = 1 U = — 1“1 L 4.10
i 1 + a; b,; Ciie_‘Pi en’ i 1 +a; bi C,;ie—‘Pi e’ 1 75 ( )
U =0, i#j (4.11)
Impose the relationships p} = —v;, b = —poa; v;,a; € C; so from (4.8) one has Goo =

—(gj’; )?. The equations (4.10)-(4.11) with the complexification (2.8) provide a solution of
the CNLS system (2.9)

— e vir_ipirgeah y Xo , )} — 9
i(:v,t)={ eHsech (g + ) T (4.12)

nolajv;|?
1#]

v |2 . .
where eXo = %’;ﬁ'w% =v; (x — ivt) = pjr +ip;1.
The solution (4.12) for the j’th component is known as a ‘bright soliton’ in the context
of the scalar non-linear Schrédinger equation (NLS).

4.2 1-bright-bright soliton solution

The main observation in the last construction of the jt**—component one-soliton is that it
has been excited by the group element & in (4.5) such that j; = jo = j. So, in order to excite
the two components of ¥ (i = 1,2) and reproduce a bright soliton for each component let
us consider the group element

h = ea.1F1 eb1Gx eazpzebzcz, (413)

If j1 # jo in (4.8)-(4.9) one still has certain trivial solutions, since in this case Cj,.j» =0 implying 70 = 1
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where the exponential factors contain F's and G's of type (C.1). The tau functions become

T = bipie",  mi=pi(T+pit) +po, j=1,2 (4.14)
7}._ = a,J-l/je_‘pj, ©Y; =Vj (IL’ -+ Vjt) + Woj, .7 = 11 2. (415)
To = 1+ albl()’ue_“’le"l + agbzczze,_mem, (416)

where Cj; = ﬁ_ﬂ%;. Let us set bj = —poja;, p; = —v; = —vi,then 9} = —p; = —¢; =
—(¢1r + ip11), (vj,a; € C) in the relations (4.14)-(4.16). Therefore, the vector soliton
solution of the 2-CNLS eq. (2.9) arises

t XoX .
:g;t; ) - ( j; ) virsech (SOIR i —29) e, (4.17)
where A, = — a;y; . eXo — > ; o5lajvil?
F WY (5lav )T N 7E )

Notice that this 1-bright-bright soliton possesses 3 arbitrary complex parameters, namely,
a1, a3 and v; = v g +1ivy;. This solution in the case of mixed nonlinearity o3 = —o, = 1, may
have a singular behavior if the sum 21 (ojlav; 2)!/? in the denominator of the expression of
A; vanishes, such that the soliton amplitude in (4.17) diverges. The N —bright-bright soliton
requires the generalization of the group element in (4.13) as h = e®F1¢b1G1__ ganFn gbnGN

5 AKNS, (r=1,2), NVBC and dark solitons

In this section we tackle the problem of finding dark soliton type solutions of the system (2.5)-
(2.6). The associated coupled NLS model (2.9) with nonvanishing boundary conditions has
been considered in the framework of direct methods, such as the Hirota tau function approach
(seee.g. [10, 32, 23, 33]), and recently in the inverse scattering transform approach [12,13]. In
the last approach the relevant Lax operators have remarkable differences and rather involved
spectral properties as compared to their counterparts with vanishing boundary conditions
(see [34] and references therein), e.g. in the NVBC case the spectral parameter requires the
construction of certain Riemann sheets [34, 35, 36, 37]. So, it would be interesting to give
the full Lie algebraic construction of the tau functions and soliton solutions for the system
(2.5)-(2.6) with NVBC.

5.1 AKNS;: N-dark solitons

For simplicity, firstly we describe the entire process for the system (2.5)-(2.6) with just two
fields ¥*. So, in order to study a NVBC for the system sl(2)-AKNS consider the Lax pair

A = EO 40+ EQ + B9 + 4,0, (5.1)
B = E?4++EW + v-EW 4
0, B — 5,0 ED — 2 (M0 — p*™) HO + 4C, (5-2)
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where U*, U~ are the fields of the model (p* = constant). In this case one considers the
generator EO = H®. The ¢; and ¢, are introduced as auxiliary fields. Therefore the
equations of motion suitable to treat NVBC become

{Ut = Ut _2 (\11+\11- = p+p-) as (5.3)
8U~ = U +2(THUT —ptpT) U, (5.4)
Oipr — Op2 = 0. (5.5)

We will show that the §l(2)—AKNS model, through a particular reduction, contains as
sub-model the scalar defocusing NLS system

idp+2y—2( P-p*) =0 (5.6)

This equation is suitable for treating nonvanishing boundary conditions (NVBC) [37, 34,
35]

, T — —00 i -
(x’t)={ 262, T — +00 e=¢ peR. (5.7)

In fact, this boundary condition is manifestly compatible with the eq. of motion (5.6).
The defocusing NLS equation (5.6) with the boundary condition (5.7) is exactly integrable by
the inverse scattering technique [38]. This model has soliton solutions in the form of localized
“dark” pulses created on a constant or stable continuous wave background solution.

In the system of egs. (5.3)-(5.4) consider the transformation

t —» —it, T —iz, (5.8)
U= 5 §0EeT (5.9)

where the factor €¥2 is introduced for later convenience. Furthermore, the identification
=yt = (T7)*, (5.10)

where the star stands for complex conjugation, such that ¥gW¥; — —p? allows one to
reproduce the defocusing NLS equation (5.6).
Let us take as vacuum solution of (5.3)-(5.4) the constant background configuration

Ut = p* = pe¥2,  ¢,,=0,, p, €= const. (5.11)

Therefore the gauge connections (5.1)-(5.2) for the vacuum solution (5.11) become

Avee = £ = E(1)+p+E_(|?)+P_E-(-O) (512)
BY = g, = E® +p+E_(*_1) +p_E(_1) (513)

We follow eq. (3.8) in order to write the connections in the form

A®) = 5 O 1§© -1 B = 9,5, (9, 1, (5.14)

nubc nvbc
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with the group element

0
‘I,Sw)bc = e.‘l:(-:]_ +tea

= exp [z(ED + p*EL + p" EQ) + 4 E® + p*EL + pEY)|  (5.15)

Let us emphasize that this group element differs fundamentally from the one associated
to the case with VBC. First, the difference originates from the constant boundary condition
terms added to the relevant vacuum gauge connections. However, they must be related since
hm \Il,wbc — Wy, where ¥, is the group element in the VBC case (4.1). Second, the vacuum

connectlons €12 in the DT procedure will require another eigenvectors under the adjoint
actions in analogy to egs. (4.3)-(4.4), as we will see below.

Another proposal for this group element ‘%, has been introduced in [39]. There it
has been considered a group element inspired in the inverse scattering method, possessing
double-valued functions of the spectral parameter A\. This fact motivates the introduction of
an affine parameter to avoid constructing Riemann sheets. This construction involves some
complications when used in the context of the DT method. The main difficulty arises in the
computation of the matrix elements associated to the highest weight states in order to find
the relevant tau functions. However, the group element given in (5.15) will turn out to be
more suitable in the DT procedure. In fact, a similar group element has been proposed in
[40] to tackle a NVBC soliton solutions in the so-called negative even grade mKdV hierarchy.

The DT procedure in this case follows all the way verbatim as in section 3 adapted to the
sl(2) case. It follows by relating the relevant connections (5.1)-(5.2) with the connections in
egs. (5.12)-(5.13) corresponding to the vacuum solution (5.11).

Next, we will write the fields U* in terms of the relevant tau functions. According
to the development in section 3 these functions will be written as certain matrix elements
in an integrable highest weight representation of the affine Lie algebra si(2). So, it is a
straightforward task to get the following relationships

+ P
\Il+=p++?—o and \Il'=p_—:f—0 , (5.16)
where the tau functions 7%, 7o are given by
= | BY [T AT ), (5.17)
= O B [T AT ), (5.18)
T = (ol [omch T | ) 1%) (5.19)
with the group element &), given by (5.15).
5.1.1 AKNS; and 1-dark soliton of defocusing scalar NLS
Let us consider the group element
B = &2 Vi) (g =1,2) (5.20)
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where a? is some constant.
The vertex operators V! and V? in (A.10), respectively, satisfy

e, VI =29V, [e2, VI = (-1)"" 29(7* - p*)/?V9, ¢=1,2. (5.21)

Notice that these eigenstates V¢ exhibit a more complex structure in comparison to their
counterparts F; and G; corresponding to the VBC as in (4.3)-(4.4). Therefore one has

[we1 + tea, V70, 0)] = [274 (2 + (—1)20gt) | VI3, p), (5.22)

where v, = /72 — p?. Denoting @, = 27, (z + (—1)7"'v,t) one can write
[whh B = exp(efia,V7) (5.23)
= 1+e%q,V9, (5.24)

where we have used (V9)" =0, for n > 2, that is, V7 is nilpotent (A.15)-(A.16).
So, in order to find the explicit tau functions in (5.17)-(5.19) it remains to compute
the relevant matrix elements. Using the properties presented in the Appendix A and the
(3.26)-(3.28) one gets the tau functions 7()) = 1+ ¢l e¥e; 75 = s*@p*evs, where
the matrix elements c@ = a@ (\,| V1 |\,), s¥@ = a@ (p%)=1 ()| Eg Ve |Ao) have been
considered. They are given in the Appendix A, eqs. (A.11)-(A.12), respectively. Therefore,
the relations (5.16) provide
+ g% (9)

2¢c(a)

()
tanh{'yq[a:+(-—1)q“1vqt]+lo‘qzc L (5.25)

st@.  pts
TE@(z 1) = pF[1 + 2 ]:t

2c(9)

The solution in the case ¢ = 1 allows the imposition of the conditions (5.10) in order

to satisfy the defocusing NLS equation (5.6). So, let us make the transformation (5.8) and
the complexification v, — 4y, p = ip, v, = 8, = V/p>—72% (p > 7). Choose a; =
—iy/. Moreover, considering the transformation (5.9) one gets the functions satisfying

the complexification condition (5.10). Therefore, the function ¥(z,t) = —ie?¥*, where
Ut =4e2{p+ (E’E‘:—,’) liz(:(:),,} @(x,t) = 2v(z — U,t) + o, obtained in this way is a solution

of the defocusing NLS equation (5.6). In fact, the function 1 can be written as
(z,1) = e“‘”””{%tanh[ﬂy(x 2t) + 70/2] + ——ipe”}, a= tan'l(ﬁl), (5.26)
Y
which is the dark soliton solution of the defocusing NLS equation (5.6) (see e.g. [32]). Notice
that this solution satisfy the NVBC zli)rinoo| (z,t)]* = p°.

Similarly, one can consider the case ¢ = 2. In this case one gets U+ = ie*zp[ F
%ei""tanh('yx +0,t) + 1 F %Pei"‘s], 0 = tan~!(%, /7). However, they do not satisfy the
condition (5.10), hence these functions would not be solutions of (5.6).

From the previous constructions it is clear that the two types (each one associated to

the index ¢ = 1,2) of N-dark solitons of the AKNS; model will be associated to the group
element

hq = eaévq('ﬁ’l’)eaqu('yzrp) e Qq Vq(‘Yq ,p)’ q == 1’ 2 (5.27)
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5.2 AKNS,: N-dark-dark solitons

Consider the non-vanishing boundary condition (NVBC) for the system (2.5)-(2.6) in the
form (3.1) and its associated constant vacuum solution (3.3). The vacuum connections (3.6)-
(3.7) associated to this trivial snlution commute [A¥*¢, B**| = 0 if one takes ; = §; =
2(pfpi + p3p3). Consider the notation A" = ¢;, BY* = g,.

1-dark-dark soliton. Let us choose the group element h? = €
some parameters, in the eqs. (3.26)-(3.28), such that

a?Wi(k) a9 and k9 being

€1, W9 = KTWS, g=1,2; (5.28)
€2, W9 = wIW1 (5.29)
where
w? = e, k9\/ (k)2 — 4pf p7 — 4p5p7, €g=(-1)"" (5.30)
So, one has
[ze) + tea, W = (k%z + wit)W? (5.31)

The vertex operator W9 (see (C.7)) is associated to the 1-dark-dark soliton and it can be
shown to be nilpotent. So, using (3.26)-(3.28) the following tau functions correspond to the
element h? given above

B B O ) (5.32)
rE@ = pEst@e k"w+w"t i=12 (5.33)

where c@ = a? < A JWIA, >, 5@ = (pF)1a? < A\|ESLWIA, >. The above tau
functions provide a 1-dark-dark solution for the fields ¥ of the system (2.5)-(2.6), such
that the following relationships hold between the parameters

(7@ = s O (Septpp) o 57O+

S+ (q)s— (9)
st+(9)s—(9) : T st — - (q)(

(@) — - (B2 —
& —s+(q>_s—(q)’(")

k%)%, (5.34)
Then, the relations (3.25) provide
+
Pj =
pE@ = 71[(1 + (")) + (—1+ ()*) tanh{(k%z + w't + log?)/2}|,  (5.35)
where j =1,2; y?= i’—(ﬁi The condition ¢!@ > 0 requires that y9 > 1and y? < 0.

Taking into account (C.7) one can compute the relevant matrix elements, which define
st in order to get

o E e/ @R g (530
b — eq\[(k0)? — 45, 5} o5 |

Notice that for any value of the index g, if 3=; pjpj" > 0 the last relationship implies
y? < 0 and if 3°; pf p;; < O then y? > 0.
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Some remarks are in order here.

First, the solitons associated to the pair of components (¥7 , ¥5) and (¥7, ¥5), re-
spectively, are proportional, so they are degenerate and reducible to the single dark soliton
of the sl(2) AKNS; model (5.25). Whereas, the solitons associated to the pair of compo-
nents (¥}, ¥7), respectively, are not proportional, so they are non-degenerate presenting
in general different degrees of ‘darkness’ in each component. In this way the solution in
(5.35) presents a non-degenerate 1-dark-dark soliton in the components, say (7, ¥3) of
the AKNS,; model. A nondegenerate 1-dark-dark soliton in the defocusing 2-CNLS has been
given in [23, 10] through the Hirota’s method. The inverse scattering [12, 13] and Hirota’s
method [10] results on N-dark-dark solitons in the defocusing 2-CNLS model have presented
only the degenerate case.

Second, as in the AKNS; solution (5.25), one can show that the 1-dark-dark solitons
(5.35) allow the imposition of the conditions (2.8) for the pair of fields (¥, ¥;), i = 1,2,
in order to satisfy the 2-CNLS equation (2.9). In fact, consider the parameters y? = fff—}
and a complexification procedure as in (2.8) provided with a convenient set of complex
parameters in (5.35), k9 — ik9, pf — ipf such that y? = e 27 = 55%\/4 >; 05 p; — (k9)?,
¢4 being real, so the equation (2.8) can be satisfied if

(0F)* = pojp; . (5.37)

Notice that, as it was shown in the AKNS; case and its 1-dark soliton (5.26) particular
reduction, in order to get 2-CNLS 1-dark solitons one must consider ¢ = 1 in the both com-
ponents (\Ilf , ¥7 ). Therefore, the relationship between the parameters pi determine clearly
if these solutions will correspond to the defocusing (o; = —1) or to the mixed nonlinearity
(01 = —o2 = 1) 2-CNLS system, respectively.

Third, let us discuss the extension of our results to the.case of free field NVBC (3.29).
In order to compute the relevant tau functions analog to the ones in (3.26)-(3.28) one must
consider the expression (3.35) instead of (3.14). So, the tau functions become

79z, t) = (V| EYLO (2, ) TOR[TO]1|2,) e7X, (5.38)
= (5 (z,t) — pF)7e(z,t) + Vo] [e X EX), X | TOR[T@]-12,)  (5.39

Bi
#9(x,t) = (ol B 0% (2, t) TORTO]1|A,) e7X, (5.40)
(=47 (2,) + p7)F3(,1) + (Ao [e X ESex | TORTO]1|2,)  (5.41)
7§ (z,t) = (Ao TORTO]1|A,). , (5.42)

where the group element ©7(z,t) is defined in (3.31)-(3.32) and x(z,t) is an ordinary func-
tion. We have used ©% from eq. (3.32) and the decomposition (3.33) for xo, as well as
the properties (B.15)-(B.16) of the highest weight representation. The tau functions (5.38)-
(5.42) exhibit the modifications to be done on the previous egs. (3.26)-(3.28) in order to
satisfy the NVBC (3.29). These amount to introduce the group element ©% and the factor
e X. Then from (5.38)-(5.42) and the analog to (3.25) ¥ = p;*+—+£-; and VU] =p; — IIT:;
one can get ° °

~ A

& T _ ~ T—
U o= Bt W=t - = (5.43)
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e = (ol [ EG | TORTOIT ) 6 =0 = (A TORTO] |A,) (5.44)

In fact, the relations (5. 43) can be formally obtained from the ones in (3.25) by making
the changes pf — p(z,t), 7 — 7%, 70 — 7. The soliton type solutions can be obtained
following similar steps as the previous ones; i.e. for 1-soliton choose h? = e**W*) and the
adjoint eigenvectors of €1 2 become precisely the vertex operator W7 as in (5.28)-(5.29), then
the expressions (k% + w?t) of the tau functions (5.32)-(5.33) do not change.

Next, let us describe the general properties of the solutions (5.43)-(5.44). i) Notice that
the form of 7, remains the same as the one in (5.32). ii) The modified DT and the related
tau functions 74 (5.44) will 1ntroduce some new parameters into the tau functions 7 in
- (5.33). In (5.33) the factor pf must be replaced by pi(z,t) and s*@ in general will depend

on th- index ‘¢ and the space-time, i.e. s*@ — s*(@9(z, ¢). The explicit form one gets from
s¥@i(z,t) = (pE(z,t))a? < A |[ "“Em ex°] WYX, >. In the case of 1-dark-dark-soliton

it is required an element ¥, such that s* (" Wz,t) = sE@yF@ 2@ #@ peing constant
parameters. So, under the above modified DT one has the general form of the 1-dark-dark
soliton

+ afz+blt
gr@ _ AiC ’2 [(1+ @) + (—1+ @)*) tanh{(k% + wt + log c9) /2}], (5.45)
where j = 1,2; yj—m(!, af = —aj, b = —b; and
2
-1 = = =
bii = i(aii)z + 2[2 P}ij - 5(.3&-9)]; P # B2 (5.46)
j=1

The solutions (5.45) are the general 1-dark-dark solitons of the AKNS, model and the two
versions ¢ = 1,2, to our knowledge, have never been reported yet. A complexified version of
this soliton for g = 1, which is a solution of the 2—CNLS model, has recently been reported
in [4, 14].

2-dark-dark solitons. In order to get the two-dark-dark soliton (N = 2) solution one
must choose the group element h§ = e21Wi(k1) gazW(k2)  Then, following 81m11ar steps one has

To = 1+ ¢ eklz+w1t +cy ekzz-l-—wzt + clc2d06k11+u,'1tek21:+w2t, (5-47)

Ti:i: = p [ + kiz+wit +S:2h ekaztwat +S:Ihszzi:d:l:eku:+w1tek2:c+wzt]’ i=1,2 (5.48)

where

Vstsz — \fsrst

(sys3 — s7s3)

do = ydE = —— do; 5.49
<\/sl‘s{ - \/sl+s'2") (sT —s7)(s3 — 53) (5.49)

_ _Spsa (st = s7)?(Ckea it 0E) . Sp+sn o
= e (kn)? = e U= k2, (n = 1,2)(5.50)

The above process can be extended for N—dark-dark soliton solutions, in that case the
group element in (3.26)-(3.28) must take the form h§ = e®1Wi(k1)ga2Wi(ks) canWi(kn) e
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relevant tau functions follow

SmSn kne+wnt
To = RETR ¢ mn=123.N (5.51)
I \/s \/s sy A
= g {'6,,ln_+s,j\/1+cmn ghna+unt NxN—l}, i=1,2. (5.52)

2
. _stst 1{3 Sn—V/ Sm st
where | |yxn stands for determinant, cp, = —méa—Smsa _ s 1 and wy, k,
(sm=sm)(sn =sn) \ \/smsn—\/shst ) ’

are the same as in (5.50). Notice that cmn = Cpm, Chn = 0. We have omitted the index
(¢) in all the parameters above. Let us mention that we have verified these solutions up
to N = 3 using the MATHEMATICA program. The above solutions associated to the two
(5.47)-(5.48) or higher order (5.51)-(5.52) dark-dark-solitons are in general non-degenerate.
Notice that in the CNLS case the two— and higher—dark-dark solitons derived in [10] are
actually degenerate and reducible to scalar NLS dark solitons. So, regarding this property
our solutions resemble to the ones recently obtained in [4, 14] for the r-CNLS system.

Let us remark that the free field NVBC (3.29) requires the introduction of more parame-
ters into the N-dark-dark tau functions (5.51)-(5.52) through the modified DT. So, following
similar steps to get (5.45) one has: i) the parameters s¥ entering the tau funct1on To in
(5.51) remam the same. ii) in (5.52) the factor p must be changed to pi oy by t. 111) the
parameters s> entering the tau functions 77 in (5 52) must be changed as s* — s¥yi.

So far, to our knowledge, general multi-dark-dark solitons in the AKNS model incorpo-
rating the cases ¢ = 1,2 have never been reported yet. In [4] the general non-degenerate
N-dark-dark solitons in the r-CNLS model with mixed nonlinearity has been reported in the
context of the KP-hierarchy reduction approach, and in [14] the r-CNLS model has been
addressed in the algebro-geometric approach.

5.3 Dark-dark soliton bound states

So far, reports on multi-dark-dark soliton bound states in integrable systems, to our know-
ledge, are very limited. Recently, it has been shown that in the mixed-nonlinearity case of
the 2-CNLS system, two dark-dark solitons can form a stationary bound state [4]. Then, in
order to have multi—dark—dark soliton bound states in the N-soliton solution (5.51)-(5.52)

the constituent solitons should have the same velocity, i.e. denoting y, = = (¢ [0,1])
then 32 = hkn = v (assume v > 0) for certain soliton parameters labeled by n=1,2,.

We show that the signs of the sum 3=, p;-”pj“ determine the existence of these bound states,
for the positive sign bound states can be formed, whereas for the negative sign they do not

exist.
First, consider 3°; pi p; > 0, then from (5.50) it follows that k, = y"l_ll(zi pi pi)M? for
Yn

Yn < 0. Therefore, in order for multi—dark—dark soliton bound states to exist the equation

(Jyn| = 1)2
(1l + 1)1/ lynl \/Zm, pi

c>0 (5.53)
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must give at least two distinct positive solutions for |y,|. In fact, one has the following two
solutions

¢ Vib+E | JI2E+ A+ A
= 1+—+ =+ , 5.54
[y1.al 471 22 (5:54)
where A = %;ﬁé These exaust all the possible solutions with the condition (5.53).

The right hand side of (5.54) with either + or — signs provides ly1.2] > 0 for any ¢ > 0.
The other possible solutions ys 4 do not satisfy the above requirements, since they possses
a term of the form v/12¢2 + ¢cf— A, which is imaginary for any positive value c¢. Therefore,
two—dark—dark—soliton bound states exist in the si(3)—AKNS system, and three— and
higher—dark—dark—soliton bound states can not exist. These results hold for any value of
the index g. Notice that in order to reduce to the 2-CNLS system the parameter relationship
(5.37) must be satisfied. So, from (5.37) one has ¥, pipr = %['—”31'—2 + '—”iﬁ] < 0 (remember
that under p — ipE the sum > pFp; reverses sign); so, it is possible if o; = —o, (e.g.
01 = —03 = —1 for |pf| > |pF|), this case corresponds to the 2-CNLS with mixed focusing
and defocusing nonlinearities. Thus, the two-dark-dark soliton bound state solution we
have obtained here corresponds to the Manakov model with mixed nonlinearity. The case
0; = —1(i = 1,2) defines the defocusing Manakov model which does not support multi-dar-
dark-soliton bound states [4].

Second, the condition ¥; pf"p;” < 0 will provide only a single positive solution for y? > 0
in the equation %2 =v > 0. So, one can not obtain two or more solitons with the same
velocity and therefore bound states in this case are not possible.

6 Mixed boundary conditions and dark-bright solitons

One may ask about the mixed boundary conditions for the system (2.5)-(2.6), i.e. NVBC for
one of the field components of the system, say U, and VBC for the other field component,
¥5. So, we will deal with the mixed boundary condition (3.4). Moreover, taking into account
sequence of conditions as in (2.8)

t— —it, [Uf]'=—po; V7 =—po;e;, (6.1)
the system (2.5)-(2.6), for (5;.p) being real, can be written as

2
. 1
1O + b + 26 [ 3 0 2 — S(Bed)] k=0, k=1,2. (6.2)
=1
Precisely, the system (6.2) in the defocusing case ( o1 = g, = —1) and possessing the first

trivial solution (3.4), i.e. p1 # 0; py = 0, has been considered in [27] in order to investigate
dark-bright solitons which describe an inhomogeneous two-species Bose-Einstein condensate.
The system (2.5)-(2.6) with the mixed trivial solution (3.4) can be written as

2
O} = U F2[Y U5 - pipr| U, (6.3)
j=1
+ ) 2\ 2 g Lo . 3 ==
0%y = *OUFF YUY — pfor — S|, (6.4)
j=1
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From the previous sections we can make the following observation: the vacuum connec-
tions relevant to each type of solutions must exhibit the fact that dark solitons are closely
related to NVBC, whereas bright solitons to the relevant VBC one. Since Q, and €, are some
parameters satisfying 2Q; + Q, = 2p{ p7, for simplicity we will assume Q, = 0, Q; = pf p7
in (3.6)-(3.7). Therefore, the connections (3.6)-(3.7) for the mixed (constant-zero) boundary
condition (3.4) take the form

Ave = g =EW + pfEY + o7 EY) | (6.5)
B = & =E® +ptEp) + o7 BY, (6.6)

The relevant group element \pﬁg,’,c is given by

T = "t | (6.7)

In order to construct the soliton solutions we must look for the common eigenstates of
the adjoint action of the vacuum connections (6.5)-(6.6). So, one has

€, > Txp] = £k*Tap,, (6.8)
[, Tap| = w'Tup, w*= (k)2 - ptor (6.9)
where the vertex operators I'1g,(k*) are defined in (C.3). We expect that these vertex

operators will be associated to the bright-dark soliton solutions of the model.
Let us write the following expressions

[z85, +t25, . Tal = ¢*(z,8)Tp,; ot (z,t) = ktz + wtt (6.10)
[ﬂfbl +185, F—ﬂz] = —p (z,t)[_p,; ¢ (z,t)=k"z+wt (6.11)

The 1-dark-bright soliton is constructed taking h in (3.26)-(3.28) as
h=e " T+s2 7 T-82  4* = constants, (6.12)

where the vertex operators in (C.3) have been considered. Notice that due to the nilpotency
property of the vertex operators, as presented in the appendix C, the exponential series must
truncate. So, replacing the group element (6.12) in (3.26)-(3.28) one has the following tau
functions 2

FE o= eyt < A|EY Tis T gl Ao > (6.13)
B o= ey < A\ |EY Tug A, > (6.14)
To = 1+e” 4ty < A\|Tu5 Tog|Ao > (6.15)

?There exist other eigenstates [€}, , V4] = AVJ; [€3 , VA] = (-1)971A(A2 — p2)1/2 V5., wherep} =
4p7 py and VB"1 (¢ = 1,2) is given in (C.5). However, these eigenstates are related to purely dark-solitons for
the first component \Illi, e.g. if one takes the group element h = eV , it will not excite the second component

\112i since the matrix elements of type < z\olE(l) Vl.;’1 |A\o > vanish.

FB2

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 212-241



Generalized AKNS System, Non-vanishing Boundary Conditions and N-Dark-Dark Solitons 233

These tau functions resemble the ones in (5.32)-(5.33) for the 1-dark soliton (5.35) and the
egs. (4.8)-(4.9) for the 1-bright soliton (4.10) components, respectively. The matrix elements
in (6.13)-(6.15) can be computed, and will depend only on the parameters k%, pE. So, one has
six independent parameters 7%, k%, pi associated to the these tau functions . Let us write the

- a = + +4 = -+ +: - —
tau functions in the form 7y = 1 + co eF ztutte—kTa-—wTt pk — gF ghtrtutte—kTz—wTt ok
+ tktrtwtt + _ (1.+)2 + —. ata~ at _ kol 4 ramy(kt _
b“e ) where w™ = (k ) —P1P1; C0 = a+p —a— P;l a— k‘pl-’b b- = (pl—)(k—

1)(k*k= + pT p7). So, using these tau functions in (3 25) one has

+ +_ + =

+ o+, 0 (kr =k )z + (wt —w™)t
U= () [1+ tgnh 5 ] (6.16)
E = b* 3k +k )z +(wF +w )] go (K — k7)z + (w* — w‘)t. (6.17)

2\/e 2

This is the 1-dark-bright soliton of the si(3) AKNS model (6.3)-(6.4) (for Q, = 0). Notice
that this solution has six independent complex parameters, say a~,b~, k%, pi.

The construction of the 2—da.rk—br1ght solitons follows similar steps. The group element
h = " T+6, (k1) ¥ T-8, (k1) 73 T+, (k3) 72 T-52(k3) does the job. We record the relevant tau

functions

’7'0 = 1+
2 .
Z Conm ehmatwmt  —knz—wit COek;“z+w;‘te—k;z—w;tek;fz+w;fte—k;z—w;t (6.18)
m,n=1
7—_1:!:. = Z amn ekmm+Wmt —kp z—wn t +d:|:ek+z+w1t —ky T—wi ek :t+w2 te—k z—wyt (6 19)
m,n=1
£ + + + +
,7.2:1: — Z b’:i,:le:tkmzi:wmt + e:l:k :z::i:w1 te:i:k2 x:!:wzt[z: = eq:km:cq:w,:f.t], (620)
m=1 m=1

_ + - + Kkt p+ dtd- dt k+k+p+
wherew k!:t — o7 ; Cm =T§uin£m;n_+_-ﬁgn.=.4_&- =F1—1—+-—1:=‘J_‘:—2_—]:
( ) P1 P15 n AmnP; —GmnpPy ’ amn kn py » Co 1 P1 —dl Py’ d) ki k3 oy

gn' (_:‘k.‘__+ A;Ib_‘+ tar azz(k;—ki)(k{kﬁ'ﬂ? P — 0. b = LR R +olpl) -
2 i 17]
1k —ky ) (KT Ky +67 p7)) a21(k1 —k3 ) (k1 k3 +P1 Pl) =i oy ki Py s

b — _ o O k)~ 2Ok kE kg )k ke el e Wik +ofpr). by apphi (ki —ki)(rkstotor),
1 (k+_,;: gz(k_—kﬂ(k*‘—k )(k+—k )2P1 (k7 ky +p7 p7 ) (k3 kz +pyp1)’ by anky (K7 kD) (K Ky +oip7)’
ok (F)? 1 )" (kEkE + pif o7 )at s M =n7 =3—4 mi =n} =i

¢ = For EhE Iy ke R
These tau functions resemble to the ones in [25] prov1ded for the 2-CNLS model. The
generalization to N-dark-bright solitons require the group element h to be

: . _ _ _ ~ ~ ~
h = e’YfT+ﬂz (k1) en T_p, (K )67;P+Bz (k3) e T_g, (k3 )_.__e’htrﬂﬂz (kl.tl) e7NF—ﬁz (kN)_ (’()'_2]_)

7 Discussion

We have considered soliton type solutions of the AKNS model supported by the various
boundary conditions (3.2)-(3.5): vanishing, (constant) non-vanishing and mixed vanishing-
nonvanishing boundary conditions related to bright, dark and bright-dark soliton solutions,
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respectively, by applying the DT approach as presented in [16]. The set of solutions of the
AKNS, system (2.5)-(2.6) is much larger than the solutions of the r-CNLS system (2.9). A
subset of solutions of the AKNS, system, (2.5)-(2.6) for r = 2 and (5.3)-(5.4) for r = 1 ,
respectively, solve the scalar NLS (5.6) and 2—CNLS system (2.9), under relevant complex-
ifications.

Moreover, the free field boundary condition (3.29) for dark solitons is considered in the
context of a modified DT approach associated to the dressing group [30], and the general
N-dark-dark soliton solutions of the AKNS, system have been derived. These soliton compo-
nents are not proportional to each other and thus they do not reduce to the AKNS, solitons,
in this sense they are not degenerate. We showed that these solitons under convenient com-
plexifications reduce to the general N-dark-dark solitons derived previously in the literature
for the CNLS model [4, 14]. In addition, we have shown that two—dark—dark—soliton bound
states exist in the sl(3)—AKNS system, and three— and higher—dark—dark—soliton bound
states can not exist. These results hold for any value of the index ¢. In the case of reduced
2—CNLS when focusing and defocusing nonlinearities are mixed, this result corresponds to
2-dark-dark soliton stationary bound state [4].

In the mixed constant boundary conditions we derived the dark-bright solitons of the
sl(3) AKNS model. These solitons under the complexification (6.1) reduce to the solitons
of the 2-CNLS model (6.2) which will be useful in order to investigate dark-bright solitons
appearing in an inhomogeneous two-species Bose-Einstein condensate [27].

Another point we should highlight relies upon the possible relevance of the CNLS tau
functions to its higher-order generalizations. We expect that the tau functions of the higher-
order CNLS generalization are related somehow to the basic tau functions of the usual
CNLS equations. This fact is observed for example in the case of the coupled scalar NLS+
derivative-NLS system in which the coupled system possesses a composed tau function de-
pending on the basic scalar NLS tau functions [41].
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A sl(2) matrix elements

The commutation relations for the si (2) affine KacMoody algebra elements are

[H™ , H™ = 2mbp.noC, (A.1)
[H™, EP] = 2, (A2)
[BS™, ED) = H™" 4 9mé,,00C; (A.3)

[D, T = mT™; T = (H™), B} (A4)
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The central extension ensures highest weight representations (h.w.r.) of the affine algebra
(see e.g. [16]). So, in the h.w.r. {|Xo >, [A; >} one has the following relationships

E.(;P)I/\a > =0 (A.5)
EfXA> =0, m>0 (A.6)
H™N\,> = 0, m>0; (A.7)
HO > = 6>, (A.8)

Clxg> = |Ae> (A.9)

where @ = 0, 1. The adjoint relations (E{™)t = EE™ | (HM)t = Hm) allow one to know
their actions on the < \,|. Next, consider the vertex operators

00 +
—-n n P (n)
Vi(r.0) = 7= ) e [HO) B +
) = 3 02— e [H® — i B

2 _ 2
P (n) Y- —P-\1/2 . _ )
Y+e, (72— p2)1/2E— ] +eq (= 7_2 J 0.0C}; ¢=1,2; (A.10)

where e, = (—1)7L.
The following matrix elements can be computed using the properties (A.5)-(A.9)

2 _ 212
QVeA), = ¢ T2 (A1)
Ml EQVIN) = F 20" (72 — p2)V2. (A.12)
VT eg(v? — p?)H2

The matrix element (Ao V9(v1, p)V(72, p) |Ao) can be computed by developing the products
and keeping only non-trivial terms, then one makes use of the commutation rules to change
the order, and eventually to get some central terms C. The double sum can be simplified to a
single sum and each term can be substituted by power series like % z" = ) T 2" =
(lf—z), and }°0°  nz" = (_1—IT)2 So, one can get

Ko(’Yh’Yz)
(’\O Vq(fy 7:0 Vq ’Y b} /\0 = 2+ 2K L}
I 1 ) ( 2 p)l ) [ (71 72)] [1 _ K0(71772)]2
K 2
Y172
2 2 2 2 2 2
Y2—p . - — P —NY
where Ko(71,72) = Z‘z; K(m,7) = Vit = e \/22 _— (A.14)
M —p

In order to prove the nilpotency property of the vertex operator V4(v,, p), when evaluated

within the state [A\o >, it is convenient to write (A.13) in the following Laurent series
expansion

2 _ 2 1 2 _ 2 _
VI,V ) N = —6p2y =y~ L2 :,/272 —yE Ry
V2 — 1772
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[_1_ 10y, (m—m) " 15(673 + %) (n —1)* _
a4 (F-p) 3 (g — p?)? 6!
42072(293 + %) (1 — 7)?
02 = ==t ], (A.15)
From this, it is clear that
Jim ol Ve, V(2. 0) M) =0, g=1,2 (A.16)

B  The affine Kac-Moody algebra sl3(C)

In the following we provide some results about the affine Kac-Moody algebra G = §3(C)
relevant to our discussions above. We follow closely [42, 19]. The elements of the sl3(C)
Lie algebra are all 3 x 3 complex matrices with zero trace. Consider the corresponding root
system A = {+oy,+ay,+a3}, such that the three positive roots are a;, 1 =1,2,3, with a,,
a = 1,2, being the simple roots and a3 = a; + . We choose a standard basis for the Cartan
subalgebra H such that

1 00 00 O
H=[0 -1 0|, H,=|01 0|, (B.1)
0 00 0 0 -1
and the generators of the root subspaces corresponding to the positive roots are chosen as
010 000 0 01
Eio,=100 0], Eio,=| 00 1], Eioz=|100 0 (B.2)
000 0 0O 000

For negative roots one has E_, = (E,4)7. The invariant bilinear form on sl3(C), (z|y) =
tr(zy); z,y € sl3(C) induces a nondegenerate bilinear form on #* which we also denote by
(-|-). This definition allows one to write

(alo) =2,  (alas) =2,  (oula) = —1. (B3)

On the other hand, the generators 70™ = {H{™  H{™ E{™}, wherem € Z and a € A,
together with the central C and the 'derivation’ operator D ([D,T™)] = mT™) form a
basis for si3(C). These generators satisfy the commutation relations

[H™, B = m(culos) Coming, (B.4)
[H, ER] = +(cules) ES™, (B.5)
[EG), E®.] = HE™ 4 mCopng, (B.6)
[EG, BX,] = H™™ + HI™™ 4 mComino, (B.7)
[EP, BEQ)] = Blm), (B.8)
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[EG, EY)] = - E&m, (B.9)
|EM, B, | = E&, (B.10)
[D,C] = 0, (B.11)

where a,b = 1,2, 4 = 1,2,3 and m,n € Z. The remaining non-vanishing commutation
. . . . T - -
relations are obtained by using the relation [Eg") , Eé")] = — [Eiam), E(_ﬂn)].

In this paper we use the homogeneous Z-gradation of §l3(C) which is defined by the
grading operator D, such that

(€)= @D Gy [Gons Gu] C G (B.12)
meZ

Where G, = {z € sl3(C) | [D, ] = mz; m € Z}.
The subspace Gy is a subalgebra of sl3(C) given by

G=CH&6CH,®CE®oCCaoCD (B.13)
and for the subspaces G,, (m # 0) we have

Gn = CHM @ CH™ ®@ CE{™ © CE{Y @ CE{™ ® CE™) @ CE™), & CE™),
(B.14)

We use in the paper the fundamental highest weight representation | )g ), satisfying
HO%)=0, E®@|X)=0, C|X)=]) (B.15)
for a,b=1,2, and @ € A. Such state is annihilated by all positive grade subspaces
Gm|Xo) =0, m > 0, (B.16)

and all the representation space is spanned by the states obtained by acting on |\ > with
negative grade generators. This representation space can be supplied with a scalar product
such that one has

(HMY=H™,  (Bp)t=Ep (B.17)

e

ct=C, Dt=D. (B.18)
It follows from (B.13) and (B.14) that
(gm)f — g—m, (Blg)

and therefore
<Xl G_m =0, m > 0. (B.20)

In addition to the subalgebra go it is also convenient to consider two additional subalge-
bras

Geo = @ Gm, Gso = @ G_m. (B.21)

m>0 m>0

REVCIUNI 15 (1) (2012) 212-241 Facultad de Ciencias — UNI



238 A. de O. Assuncao, H. Blas and M. J. B. F. da Silva

These subalgebras and the corresponding Lie groups play important role in the DT
method.

The next relationships are useful in the AKNS, (r = 2) model construction. The special
element E® in the basis presented above can be written as

BO = J(HO +280%), (D, BY] = 1E®. (B.22)

1
E© — —
3(

The roots entering in the AKNS, construction are

Then the matrix E© becomes

OO

0 0
1 0 (B.23)
0 -2

bpr=az=ar+ a2 f2=a. (B.24)

Moreover, the following commutation relations hold

[EY | H™] = 165,C14mo, a=1,2, (B.25)
[E®, B = +EH™, j=1,2. (B.26)
BV, B -p] =0, (B.27)
H™, B =B, [H™, BQ] = FEG™ (B.28)
_H‘"" ES) | =+EBG™, [H™, EG)) = +2E5 (B.29)
H™ , Ef) 5] = 22850, (B.30)
5, Bl p,| = F B (B.31)

C sl(3) matrix elements

Consider the vertex operators associated to bright soliton solutions

+o00
F; = Z V;E(—;}?)’ Z an(—n), 7=12; v;, p; €C. (C.1)
n=-—00 n=-—o0o

It can be shown that they are nilpotent, i.e. sz = 0, G;‘? = 0. The matrix element
(Aol FGk |Ao) can be computed by developing the products and keeping only non-trivial
terms, then one makes use of the commutation rules to get the central term C. The double

sum can be simplified to a single sum, which provide the power series >-72 | nz" (1 3
So, one has
V; Pk
ol F5Gi | Aoy = (V_J_”pk)_zaj,k (C.2)
j
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Let us consider the deformation of the vertex operators F;, G5 as

+00 w__+__

6 (K5) = 3 (D) R ER) ~ pTES 2p), wE = (%) - ol (C.3)
n=-—o00
It is a direct computation to show the nilpotency of these operators, i.e. I‘iﬁz = 0.
Similar computations to the one in (C.2) provide the following matrix element
wrw k¥k~
M| T ()T _g,(K7) A = , C4
Mol 8 (k™) ﬁz( ) [Ao) (k.,_k__*_p-li-pl—)(k_,._k_)g (C4)
Consider the vertex operator analog to the one in (A.10)
VEGum) = 3 {0 ) oleg [P + ) - ALl
o Miesitt d " 19 . A—e,(NZ—R)2 A
- i A2 — p2)1/2
N B ] +e, AR5 0y g=1,2 (C.5)

Ate,(\2—g)/2 - 2

where e = (—1)9"! and pf = 4p7 p7. The next matrix element computation follows similar
steps to the one performed to arrive at (A.13), except that one must take into account the
sl(3) commutation rules. So, one has

1 Ko(A1,A2)
q q _ I ) ;
<A0| ‘/ﬂ; (’\17p0)Vﬂ; (’\2’p0) I’\0> e 4{[2 + 2K(’\1’ A2)} [1 _ KO(Als /\2)]2 a
2
[——K(Aj’f) B1k 9=12, (C:6)
112

where Koand K are given in (A.14). Since this two-point function, except for an overall
constant factor, is similar to the one in (A.13) one can use the relationships (A.15)-(A.16)
to show that the operator VJ (A1, po) is nilpotent.

The vertex operator generating the dark-dark soliton solution becomes

) 2 2
= = —\—n n (n
Wq(k,/h,z) = E {(x* - 4ZPi pi) /2[eq]n [slHl(n) + 32st '+ Ze:-(q)Eﬁ.-) +
n=-—00 =1 i=1
N - (k* — 4 X2, pipi)'?
z; € (Q)E(—ﬂ)i + eEEIg?l-ﬂz + elZEgz)—ﬂl] Té 2kl : 6"'00}
1=
(C.7)
gt L ¥P{?’: 8y = 1 s = l pipL et = lp';“.—p;
O kT e (R —4x i o) T2 T T 20T T 2 g
— qg-—1
eg = (1)

Notice that the vertex operator (C.7) reduces to the one in (C.5) in the limit p¥ — 0.
The nilpotent property of this vertex operator can be verified as follows

" n T1T2, Ty — I; 18— 422 '
(ol W (v, o 2) W (2, 5 5) [No) = (IT)m T + Z?—&-_Sl(xz — 1) + ) (C.8)

where z; = ,/kf —48, 25 = ,/kg —48,S=Y; p;rpj—. In the limit z; — z; (or k; — k;) the
r. h. s. of eq. (C.8) vanishes.
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AKNS solitons with constant boundary conditions via dressing

transformation and tau function approach
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Abstract

We consider constant boundary conditions (cbc) for the Ablowitz-Kaup-Newell-Segur(AKNS) system in
the framework of the si(2) affine Kac-Moody algebra formulation. Through the dressing transformation and
the tau function approach we obtain its soliton solutions and classify them according to their regular or
singular behaviors. Moreover, by the analytic continuation method it is obtained the dark soliton solution
of the well-known nonlinear Schrodinger equation (NLS) with cbe, which turns out to be a submodel of the
AKNS system.
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1 Introduction

An interesting area of research in the context of integrable systems is the study of algebraic methods to solve the
nonlinear partial differential equations which arise in those systems. Among the various methods available one
has the dressing transformation method (DT) which turned out to be a convenient tool to tackle the problem
with nonvanishing boundary conditions, as recently presented in [1]. The dressing transformation method works

by mapping certain trivial solutions into new solutions, in particular the soliton type solutions.

In this work one follows the DT method as presented in [1, 2, 3] to find certain solutions of the Ablowitz-
Kaup-Newell-Segur(AKNS) system associated to constant boundary conditions (cbc). The model is defined by
(1, 3]

1 1
¢t — 5%z + (gr — goro)g =0, 7+ 5Tee — (gr — goro)r =0, (1)

where ¢ = g(z,t),r = r(z,t) are real functions and go,7o € R are some parameters. When go = ro = 0 one
has the usual AKNS system conveniently written to consider vanishing boundary condition (vbc), it has been
studied in ref. [4] in the context of the DT method and the soliton type solutions have been found. For an earlier
reference on this model see [5] in which the theory of highest weigth representations of the affine Kac-Moody
algebra si(2) is applied to find soliton type solutions with vanishing boundary condition.

The AKNS model (1), through convenient change of variables which involves analytic continuation of the

parameters (see below), can be reduced to the model
. 1
Pt — §‘P== + [of® - Az) p=0, AE€R, )

which is precisely the nonlinear Schrodinger model (NLS) conveniently written to study cbc. In this model
one has ¢ = ¢(z,t) € C. The signs + define the defocusing and focusing NLS model for (+) and (-) signs,
respectively 1. The dark soliton solution of the first model will be obtained in this paper. The focusing model
has recently been considered in [6].

An extension of the above model for 4 AKNS fields has been considered in [1, 7] in which the cbc, vbc and the

mixed cbc-vbe have been discussed.

2 AKNS system with cbc

Let us consider the Lie algebra valued connections U,V € sla(C)

U = HD +qE® +rE® +nye
~ 1 1 1
V = H® +qE,(,_1) +7E® 4 mye— -2—(qr — qoro)H® + §q,E_(,?) — Er,E(_o) 3)

1Some care must be taken in the literature about the focusing/defocusing convention. The present paper convention differs from
the one in [1], there the sign of the 92¢ term has been fixed to be positive, so the * signs above become multiplied by a minus
sign, therefore one recovers the standard convention (+) for focusing and (—) for defocusing.
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where the fields g, r define the AKNS model and ny, 7y are auxiliary fields. These fields will play an important
role in our approach since they lie in the direction of the central term of the affine sl(2) Kac-Moody algebra,
the central term is essential in order to define an integrable highest weight representation of this algebra. See
the appendix for the sl(2) Kac-Moody notations and conventions. The connections (3) allow us to construct
the system of egs. (1) through the zero-curvature representation (27). Next, let us discuss the vacuum solutions
of (1) and the related boundary conditions. First, the vbe: g(z), r(z) — 0 as |z| — oo is compatible with the
trivial solution g(z) = r(z) = 0 of the system. Second, the case with cbc defined as: {g(z), 7(z)} = {do, 7o} as
|z| = oo is compatible with the trivial solution g(z) = o, r(z) = 7o provided that §o7o — goro = 0. In what
follows, for the sake of simplicity, let us assume §o = go, 7o = 7o. Let us find the solution of the system (26) for
¥ related to the cbc discussed above. One has

Uo=HW +¢10E.(f) +70E®, V%=H® 4+ qu(l) +1roEW, (4)
therefore
¥y =exp (zUp + t Vo) (5)
2.1 Vertex operators

It will be useful to consider adjoint eigenstates of the the combination zUp + tVy. The first eigenstate is

=1 ™ ™|, 0~
- el (n) _ n n =
X 20" [H 0E +0E ] -G, (6)
where 6 = /22 — gorg. Then one has
[zUo + tVo, X] =€ X, €& =2z(z+ 0t). )
The group element
g=exp(aX) = Vog¥;! =1+aexp (€)X (8)

defines a vertex operator which will be associated to soliton solutions. Notice that the eigenstate X is a nilpotent
operator, i.e. X2 =0.

Next, consider another eigenstate, as it is showed in ([7]),

X (- 1) ( (m) , _T0_ g 0.
Y = n) _ n _Za
E i L R ©)

In fact, one can see that

[zUo +tVo,Y] =7Y, n=2z(z—6t). (10)

In addition, it can be shown that it is also nilpotent Y2 = 0.

Facultad de Ciencias — UNI REVCIUNI 15 (1) (2012) 242-250



AKNS solitons with constant boundary conditions 245

3 Dressing transformation and tau functions

The gauge transformation (29), using (3)-(4), provides
DY =g HCY — %(q = QO)E.(;I) + '21'(1' - To)E(__l), a; €ER (11)
where D(-1) is the expression in (30) for j = —1. Next, from (28) for an arbitrary degree n € Z one has
* (pol ‘1’09‘1’61)(") lro) = (1ol 9:196'19+)(n) |0) (12)

where |uo) is a highest weight vector in a fundamental representation of ;lg(C).

The tau functions 7,, (a = 0,%), by making use of (12), can be defined as

e = (uolEY Wog¥st)_y ko), (13)
0 = (ol Yog¥5")q ko) (14)

and using (11) one has that the fields of the model become parametrized as

g=gq+27F, r=r-2-. (15)
7o To

In fact, these egs. provide a solution of the system (1) provided that the tau functions 7, are constructed
by using the relationships (13)-(14). In the following we present the two types of solutions associated to the

eigenstates X, Y, respectively.

3.1 X AKNS Solitons

From (15) and taking into account (8), (13)-(14) for c = ag, f== %‘% one has

g=qo (1—22?(;), r=ro (1—3f;). (16)

Notice that for ¢ > 0 one has a regular solution, whereas for ¢ < 0 the solution is singular. In particular for the

numeric values a = 1,z = 2, go = 1,79 = 1 one has plotted the Fig.1 representing a regular 1-soliton,
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@(x, 1)

Fig. 1: 1-Soliton of AKNS for cbc: gg=1,7p =1 anda=1,z = 2.

Solucion Singuler AKNS

grix, )

Fig. 2: Singular solution in AKNS for cbc: gp = 1,79 = 1.

3.2 Y AKNS solitons

From (15) and taking g = exp (aY') in the relationships (13)-(14) one gets

229, 229,
= 1 N = 1 )
e QO( +z+7) " rO( +z—7

(17)

where ¢ = ag and g, = ﬁ;up%y. Similarly to the case above, one notices that for ¢ < 0 one has a regular
solution, whereas for ¢ > 0 the solution is singular. For a = 1,z = 2 we have plotted the Fig. 2 which is a

singular solution.

3.3 The NLS submodel and dark solitons

Let us make the following analytic continuation on the AKNS (1) system

(z,t) = (iz,it), (go,T0) — (iA,2A) and (q,7) — (ig,ir).

(18)

So, one gets a defocalized NLS model in (2) provided the identification ¢ = g = r* is made. Moreover, in the

solutions obtained for g, in (16) let us make a — ia,z — iz in order to get

= —2:(z+6t), 0=+A2- 22
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1-Soliton NLS

@ri(x, )

Fig 3: 1-soliton for defocusing-NLS model with ¢bc: A = 1.

and %iaf
12 fc
Then, defining %* = (¢ + In (%c)), one has

+sech?(yt), c>0,

21
—csch?(y™), c<0, 1)

Itpl"’=A2—22X{

For a =1,z = £ (c > 0) we have plotted the Fig. 3.

Now,‘ one can use (17) to obtain NLS solutions. Thus using the same conditions and change of variables

mentioned above, one has
n=-2z(x—-6t), 0=A2-22 (22)

and 9
i2gc
= — —_— 2
p=—A (1 e +?) (23)
Then, defining y* = -;— (7 + In(=*c)), one has

+csch®(yt), ¢>0,

24
—sechz(w‘), c<0, (24)

I50|2=A2+z2><{

Fora=1,z= % (c > 0) we have plotted the Fig. 4 which shows the singular solution for NLS. Finally, one notices
that the both type of solutions for the AKNS, the singular and regular solitons, under the complexifixation
process emerge as solutions of the NLS model.

3.4 2-solitons

In order to construct the 2-dark-soliton of the defocusing-NLS model one uses the group element g = exp (aX,) exp (bX}),
where X,, X} are two copies of the eigenstate defined in (6). Following similar steps as in the previous con-
structions one can get the 2-soliton. We simply provide its profile in Fig. 4.
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Singrdar Sedution NLS

Fig 4: Singular Solution for defocusing-NLS model with cbe: 4 = 1.

2-—-Seliton AKNS
¢
gl
L5 =
1 " o7’ ¥
@i ?
/'/
of
rFe
2z X /
-1 /] 16

RY

Fig 5: 2-soliton for a = 3,b = —2 and cbe: qg =79 = 1.

4 Discussion

We have obtained regular and singular soliton solutions of the AKNS model related to sl(2) affine Kac-Moody
algebra in the framework of the dressing method and its associated tau function parametrization of the fields.
Through an adequate analytic continuation we have obtained a defocusing-NLS as a sub-model and constructed

its dark soliton solutions.
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A Algebraic formulation and dressing of the AKNS model

In this appendix we summarize some useful constructions, as well as the notations and conventions, regarding
the si(2) affine Kac-Moody algebra formulation and the dressing transformation for the AKNS model. The
.;lz(C) algebra commutation relations for the elements H(™) E_(l_") and E™ become

[H<m>, H(")] = 2B 08, [H<m>, Eg‘)] = +2E{™™ [Efz"’, E{(_")] = HO™™ L m 0@ (25)

Let G be a semisimple Lie algebra. The loop algebra 5, with infinite dimension, is defined by
G=G6®Clz,z7Y,

where C[z,271] is the set of Laurent polynomials in the variable z € C. An affine Kag-Moody Lie algebra G is
defined by

G=GeCeaCd,
where C'is the so-called central eztension which commutes with every element of G. The operator d is a derivation

operator and defines a homogeneous gradation of the algebra G through the relationship [J ; §(j)] =3 G4,

The algebra G can be expanded as a direct sum of graded subspaces Z

§ = @ G\U ), J - grade of the subspace.
A

Let us define a linear system of eqs
v =U0¥, 6,V =VV¥ (26)

where the ¥ is a group element and U, V' are some Lie algebra valued connections. Many well known integrable
systems admit the linear system of equations (26), whose compatibility condition implies the zero-curvature
equation [§]

[6: —U,8, - V] =0, (27)

which is equivalent to the system of eqs. defining the integrable system.

A.1 Dressing transformation

The dressing method is related to the factorization problem
Tog¥yt = 0-19;0,, (28)

where W is a trivial solution of (27) and g is a constant group element. The result (28) guaranties that the
dressing operators

O_ :=exp (Z D("')), O :=exp (D(o)), O_ :=exp (Z D("))

map a trivial solution (vacuum solution) of (26)-(27) into a new nontrivial solution through the gauge transfor-

mation
U= eier.I.l + a,,.eiO;‘, V= eiVoe;l + 6¢6i9;1. (29)
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The operators DY) € GU) for j € Z become

DY) := g;HY) +p;EY) 4 c;EVY) (30)
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1. Avances en la formacion de comunidades LA de investigacion

2. Perspectivas préximas

3. Asuntos claves

Avances en la formacién de comunidades LA de investigacién

1.1 Visita a ONCYT de los paises miembros

Objetivo:

Procurar un mayor consenso entre los actores de la investigacion, la
administracion y la politica, para la expansion de la infraestructura y los
servicios de redes avanzadas para CTI.

Metodologia:

Visita a autoridades publicas de CTI

Encuentros con las RNIE

Talleres con grupos nacionales de investigacion
Visitas realizadas (doce paises)

Conclusiones basicas:

Los proyectos mas adecuados para utilizar redes avanzadas son aquellos
cuyo interés atraviesa las fronteras de los paises y son de interés publico.
Esta Gltima condicidn se relaciona con el hecho de que los proyectos que
utilizan redes avanzadas deben contar, en muchos casos, con el apoyo
financiero del Estado.

El mayor reto para las redes avanzadas es entender bien lo que los
cientificos, las comunidades de investigacion y, en general, los actores
académicos requieren para integrarse, comunicarse y colaborar mas vy
mejor entre si. La tarea mds importante de la RAAP (Red Académica
Avanzada Peruana) para el desarrollo de la e-Ciencia es explicar a los
investigadores las innovaciones que introduce en sus trabajos e identificar
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los campos en que la red avanzada se constituye en la mas adecuada
solucidn técnica para sus requerimientos, asi como las ventajas del trabajo
colaborativo entre paises.

Importantes funciones de la Red Avanzada son la creacién de una base de
datos sobre fuentes financieras y posibles socios de investigacién en el Peru
y en otros paises y constituirse en foro tematico virtual para atraer
investigadores al uso de RA, por su mejor desempefio y el logro de mas
importantes resultados de investigacion. La RAAP debe apoyar a sus
instituciones socias a vincularse entre siy con sus pares de otros paises ’
Una opinién difundida en AL es que deben usarse redes avanzadas para
proyectos de clima, ambiente, ciencias sociales, gendmica, diversidad
bioldgica, altas energias, imdgenes médicas, cartografia, datos espaciales,
gobierno electrénico, bioinformatica y, general, todos los que demandan
una alta capacidad de almacenamiento, procesamiento y transmisién de
informacién.

Las Teleconferencias de Informacién sobre grandes convocatorias
internacionales de cooperacién cientifica, son formas efectivas de
comprometer a mas investigadores del Peru con los de otros paises de AL y
de otras regiones del mundo.

Siendo Telesalud y Telemedicina, para servicios publicos de salud a
distancia, entrenamiento médico profesional e investigacion en salud,
campos de gran importancia para RA, ellos deben constituir una
preocupacion central de la RAAP.

El campo de la Cultura es uno de los mas promisorios para las RA y tiene un
gran potencial de innovacion de estos sistemas.

Repositorios con informacién de buena calidad certificada, pueden ser
organizados en la RAAP para las comunidades nacionales de investigacion y
educacion, para satisfacer sus principales necesidades de informacion.

Un observatorio de TIC puede ser un mecanismo importante a ser montado
por la RAAP en el Peru para informar a sus instituciones socias sobre los
avances y prondésticos de avances de esas tecnologias y sus costos, a fin de
que ellas tomen decisiones pertinentes sobre compras de equipos y
software.

Para permitir la expansién y autosostenimiento de la RAAP a mediano plazo
es urgente incorporar mayor nimero de miembros y gestionar la red de
manera que los investigadores estimen que es una herramienta eficiente y
de facil uso.

Organizar talleres temadticos (desastres naturales, biodiversidad,
telemedicina, etc.) para provocar lluvias de ideas y detectar las principales
dreas de cooperacién en investigacién, con impacto regional, nacional e
internacional
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1.2 Identificacion -de servicios requeridos por comunidades

Un estudio fue realizado por CLARA (ALICE2 D02.5-03) en el 2010,
dedicado a identificar las necesidades generales y especfficas de los
grupos de investigacion promovidos por CLARA para desarrollar sus
trabajos y sus comunicaciones en los mejores términos y para
consolidarse. Los servicios mas requeridos son:

1) Servicios H.323

2) Browser para Redes Avanzadas (RAUDO)

3) Base de Datos de proyectos, fuentes financieras, etc.

4) Portal sobre fuentes financieras y servicios / sitio web para las
comunidades

5) Wikis

6) Calendarios comunes

7) Gestion de documentos (DSPACE, Google docs)

8) Mapas de intereses (inteligo)

9) Indicadores de e-Ciencia

10) Observatorios

11) Servidor de flujo de video (HD)

1.3 Incentivos para crear y consolidar comunidades

* Pago de 12 meses a un coordinador de las actividades de la Comunidad
para que realice su trabajo anual bajo la direccidn del lider de ésta.

* Financiamiento para la participacion del lider y del coordinador de la
Comunidad en algin encuentro internacional de importancia en su
especialidad en el que se utilicen RA.

* Financiamiento parcial para realizar un encuentro de los miembros de la
comunidad con el objeto de dar forma final a proyectos que estén
pensando presentar a alguna fuente financiera.

* Una vez que la comunidad ha definido sus aplicaciones necesarias,
podra desarrollarlas con apoyo técnico de CLARA-RAAP.

* Entrenamiento para técnicos e investigadores en e-Infraestructuras y
SUS USOS.

* Entrenamiento para los investigadores de las comunidades para
preparar proyectos exitosos a ser presentados a fuentes financieras
tales como FP7, ALFAIIll y CYTED.

* Participaciéon remota en Conferencias Virtuales de Informacién para
programas FP7.
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Informacién sobre fuentes de financiamiento para &reas de
investigacion seleccionadas.

Espacio en el sitio web de la RAAP para su comunidad, con la
informacion pertinente sobre sus trabajos.

Videoconferencias con el apoyo de la RAAP y CLARA

Apoyo para encuentros cientificos orientados a la constitucion de
nuevas comunidades que utilicen redes avanzadas.

Financiacion de la participacion de, a lo sumo, dos expositores en
encuentros cientificos (congresos, talleres, seminarios, etc.) de grupos
de investigacion que tratan, de constituirse como usuarios de redes
avanzadas.

La RAAP puede organizar, a solicitud de los investigadores interesados,
conferencias de informacion virtual y talleres. Estas actividades pueden
ser grabadas para usos futuros.

1.4 Trabajo con agencias internacionales

Son indispensables para establecer nuevas relaciones para impulsar la
e-Ciencia entre los organismos socios de la RAAP, para fortalecer a sus
institutos de investigacion. Las agencias con las que pueden
establecerse relaciones fructiferas son BID, OEA, NSF, CYTED, RICYT, OEI
y UE.

http://cordis.europa.eu/fp7/ict/e-infrastructure/docs/work-
programme.pdf

Lista de los 14 proyectos presentados en julio del 2010 a la conferencia virtual
de informacion del FP7 sobre e=infraestructura:

Repositorios de Datos Federados para el Ambiente, FEDRE NET
Rodrigo Torrens; Universidad de Los Andes, en Merida, Venezuela

Opportunities for Federating Global Earth Science Digital Repositories:
the experience of GENESI - DR. L Fusco, R. Gargana from Canada

Customized Opportunistic Grid. Harold Castro, University of Los Andes,
in Colombia

Infrastructure for Microorganisms, Agriculture and Food Research.
Doris Zufiga, National Agrarian University La Molina, in Peru

Tele Diagnosis of Tuberculosis and Multidrug Resistance Determination
using internet and mobile telephony. erko Zimic, Peruvian University
Cayetano Heredia, in Peru.

Seismic Tomography for clusters and volcanoes. Sebastidan Araujo,
Salesian Politechnic University, in Ecuador,
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1.5 Reuniones de informacién virtual con Unién Europea

* Learning and transferring best practices and tools from successful
virtual research communities (Lea PT-VRV). Ysabel Bricefio, Universidad
of Los Andes, in Merida, Venezuela

* Model of the Ecuadorian Atmosphere. Enrique Palacios and Sheila
Serrano, Salesian Politechnic University, in Ecuador.

* Model for evaluation of Climate Change in Tropical Ecosystems. Norma
Sénchez Santilldn and Victor Hugo Lépez. Autonomous Metropolitan
University, in Mexico

* latin American Virtual Platform for Nanotechnology Modeling. Allan
Campos Gallo. High Technologies National Center, CENAT, in Costa Rica

* AToolkit for VRE (TK-VRE). Carlos Jaime Barrios Hernandez. Venezuela

* 2-Infrastructure for Chemical Weather SAEMC. Eugenio Almeida, Space
Research National Institut, INPE, in Brasil

* Vegetal Biology Academic Network. Aida Osuna Fernandez from the
Metropolitan Autonomous University, UAM, in México

* Quality Water Laboratory. Aida Malpica from the Metropolitan
Autonomous University, UAM, in México

Los temas tratados en las tres conferencias virtuales de informacion en julio
del 2010 con la UE (por acuerdo con la International Scientific Cooperation
EU Office (Dr. Cornelia Nauen) fueron:

* 19 July 2010 (9 points connected and about 350 by streaming)
1) Food, Agriculture, Fisheries and Biotechnologies (Presented by
Matthiessen-Guyader / Dietlind Jering / Elisabetta Balzi), and
2) Social Sciences and Humanities (Presented by Maria Pilar
Gonzdlez Pantaledn).
* 22July 2010 (27 AV connections & 347 by streaming)
1) Environment (including Climate Change, presented by Birgit de
Boissezon / Nick Christoforides),
2) Transport (including aeronautics, presented by Arnoldas Milukas /
Lionel Banége / Karsten Krause / Pablo Pérez lllana), and
3) Nanosciences, Nanotechnologies, Materials and New Production
Technologies (NMP, presented by Maria Pilar Aguar Fernandez).
* 27 July 2010 (23 points connected & 345 by streaming)
1) Health (Presented by Stephane Hogan / Gianpietro Van De Goor),
and ’
2) People Programme (Presented by George Bingen / Carmen Madrid /
Vanessa Debiais-Sainton)
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1.6 Base de datos, proyectos, instituciones, lideres e investigadores

* Se ha construido una Base de Datos para CLARA. Hasta el presente hay
140 proyectos LA que corren sobre redes avanzadas y se da cuenta de
las instituciones e investigadores involucrados en ellos.

* Una segunda Base de Datos con alrededor de 1000 investigadores de
AL.

Perspectivas Proximas

Consolidar comunidades LA de investigacion en los campos de mas
relevante interés para la region.

Fortalecer las relaciones entre las RNIE (RAAP en el Peru) y los ONCyT en
cada pais de AL.

Fortalecer las relaciones de CLARA con las principales agencias
internacionales de financiamiento para promover las comunidades LA de
investigacion y su asociacion con comunidades de otras regiones del
mundo.

Proveer un paquete de servicios a las comunidades LA de investigacién que
utilizan RA.

Asuntos Claves

¢Cémo consolidar las oportunidades de cooperacién LA en investigacién mediante
una mas profunda relacién entre las RNIE y CLARA?

¢Cudles son los compromisos especificos que las RNIE y CLARA deben asumir para
lograr ese objetivo?

éDebe CLARA preparar una propuesta de cooperacién (ALICE3) con la UE,
orientada principalmente a financiar investigacién cooperativa y la infraestructura
para los paises menos beneficiados en las versiones 1y 2 de ALICE?

Nota: Esta presentacion estd basada en informacién elaborada por el autor como
Gerente de Relaciones Académicas de CLARA en el afio 2010
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Reglas para la Preparaciéon de Articulos
para la Revista REVCIUNI

En la revista REVCIUNI se publican articulos de investigacién actual y divulgacion cientifica. bdsica o aplicada. en
las dreas de Fisica, Matemética, Quimica, Ciencia de la Computacién. y afines. Los articulos se reciben cn cl Instituto
de Investigacién de la Facultad de Cicncias de la UNL

Los articulos deben de ser originales, inéditos, que no sc hayan publicado previamente ni se encuentran bajo con-
sideracién para ser publicados en otras revistas. Los articulos no deben de presentar conclusiones conocidas. triviales,
obvias y/o sin fundamento.

Los articulos serdn recibidos por ¢l Comité Cicntifico cl cual los enviard a uno o mas drbitros para su revision.
El Comité Cicntifico comunicard a los- autores que somctieron el articulo la decisién de publicacién asi, como las
observaciones de los drbitros. Todos los articulos serdn tradados de forma conficencial hasta su publicacién.

Los articulos deben de ser escritos en laTex2c tal que la redaccién y el formato del articulo deben scguir las
siguicntes indicaciones:

= El tipo de letra es normal Roman o equivalentes.
=« Los margenes son: de los lados derccho e izquierdo 1,5¢cm y de arriba y abajo 2cm.
= El titulo debe de estar centrado y cscrito con letra normal de tamaino 14pt y negritas.

= Dcbajo del titulo deben de ir los nombres completos de los autores con letra normal tamano 10pt. Después del
nombre de cada autor, deben indicarse el lugar de trabajo y el correo electrénico con letra cursiva y tamano
10pt.

= El resumen debe escribirse en inglés y/o espaiiol, con letra normal tamaiio 9pt. con un ancho del texto de 16.2cm.
debe contener entre 50 y 150 palabras e indicar al final las palabras claves. Primero va el resumen en cl idioina
en que se redacté el articulo.

= El texto se escribe con letra normal tamaiio 10pt. En dos columnas separadas en 0.7cm. Y debe ser divido en
sccciones numeradas con mimeros arabigos. El nombre de las secciones deben ser escritas en negritas tamanol2pt.
y centradas. Las subsecciones con letras negritas y centradas. Se recomienda que los articulos contengan las
siguientces secciones: Introduccién, Conclusiones y Agradecimicntos (esta dltima no se numera).

s Al tltimo va la seccién sin numerar designada como Apéndice: Nombre del apéndice. en caso de haber varios
apéndices van en sccciones designadas como Apéndice A, Apéndice B, ctc.

s Las férmulas deben ser nummeradas con nimeros arabigos entre paréntesis en la margen derecha. La referencia
de las férmulas en el texto debe de haberse colocado entre paréntesis su mimero correspondiente.

s« Toda letra latina que se utiliza en las féormulas debe estar escrita en cursiva.
= Las funciones seno, coscno. logaritmo natural, y otras cn esta categoria, se escriben sen, cos. In, ete.

= Las tablas y figuras s¢c cnumeran con nimeros arabigos. En la parte superior de la tabla ¢ inferior de la figura.
sc colocard: Tabla y Figura correspondiente después el ntimero. punto con letra negrita v la leyvenda con letra
cursiva, todo en tamano 10pt.

s Las citaciones del texto se hacen colocando ¢l mimero correspondiente de la lista de referencias entre corchetes
= Lista de referencias

e Las referencias que se citan en cl articulo es con nimero ardbigos. en cl orden de citacién y va al final del
articulo debajo de una linea horizontal, en dos columnas separadas en 0.7cm. El tamaiio de las letras es de
Ipt.

S. Frittelli, C. Kozamch, and E.T. Newman. J Matth. Phys. 36 (1995) 4975.

e Cada entrada cn la lista de referencias debe estar citada en el texto.
e Las comunicaciones personales se citan en ¢l texto, pero no se incluyen en la lista de referencias.
e Cada referencia tiene el formato de pérrafo francés (hanging indent) v a doble espacio.

e Orden alfabético por apellido del primer autor.
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Reglas 276

Obras de un mismo autor se ordenan cronolégicamente por la fecha mas antigua.

Apellidos primero, seguidos de las iniciales del nombre. Hasta tres autores.

Si tiene més de tres autores, se escribe ¢l nombre del primer autor seguido de la expresién et. al.

e Se utiliza el signo & antes del iltimo autor. En espaiiol, se acepta la y en vez de &. En inglés, se acepta la
and en vez de &.
Parry, J. H., & Sherlock, P. (1976). Historia de las Antillas. Buenos Aires, Argentina: Kapelusz.

e En el caso de que la obra no tenga un autor, se coloca primero el titulo de la obra y luego la fecha.

e Después de los nombres de los autores se coloca el nombre de la revista o libro con indicacién al volumen,
paginas y afio.

e Cuando la referencia es a un capitulo de un libro editado, se escribe el nombre del editor sin invertirlo, y
precedido por la abreviatura Ed.
V.L. Arnold, Mathematical Methods of Classical Mechanics (Ed. Springer, Berlin, 1980).

Detalles mas completos para la preparacién de los articulos se encuentran en la pégina web http://fc.edu.pe/revciuni.
Los articulos serdn presentados previamente para su revisién en formato Portable Document Format (PDF) al e-mail:
postgradofc@uni.edu.pe.
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