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1 Introduction

The irrelevant 77T deformation of two-dimensional Lorentz invariant models introduced
in [1] has many interesting properties. In particular, if a seed model is integrable then the
TT deformed model is also integrable at least at the classical level [2, 3]. Assuming the
TT operator is well-defined at the quantum level, the factorisation of two-point correlation
functions at large separation and a CFT limit at short distances, one can show that the
spectrum of a TT deformed model is governed by an inhomogeneous inviscid Burgers
equation. If the spectrum depends regularly on the deformation parameter then it is
completely fixed by the spectrum of the seed model [1]. The Burgers equation can be used
to derive the CDD factor which relates the S-matrices of the deformed and seed models [2].
The same CDD factor appears in the world-sheet S-matrix of the light-cone gauge-fixed
AdSs5 x S° string sigma model [4] and in the study of effective bosonic string theory in
flat space [5]. It also describes the world-sheet scattering of light-cone strings on AdSs
backgrounds without RR fields [6-8]. Its relation to the TT' deformation was pointed out
in [9]. For many other aspects of TT deformed models see the lecture notes [10].



There are various connections of TT deformed relativistic models to two-dimensional
gravity. A TT deformed S-matrix and the partition function can be obtained by coupling a
seed model to the flat space Jackiw-Teitelboim (JT) gravity and its generalisations [11-13].
This leads to the interpretation of the TT deformation as a nonlocal field dependent change
of space-time coordinates of the seed model [14]. The partition function of a deformed
model can also be derived by coupling a seed model to a random geometry [15]. The action
of a TT deformed model can be obtained by interpreting it [16, 17] as the action of a non-
critical string sigma model in a parameter dependent uniform light-cone gauge introduced
in [18]. Most of the TT deformed Lorentz invariant actions [3, 16, 19-28] derived by using
other methods are particular cases of the TT deformed action for a very general system of
any number of bosons and fermions with an arbitrary potential which was derived in [17]
by using the light-cone gauge approach. In fact, for TT deformations with the canonical
stress-energy tensor this action is universal and can be applied to any model.

The TT deformation of non-Lorentz invariant models is also very interesting to study
even at the classical level. Many non-relativistic models, for example the nonlinear
Schrodinger (NLS) equation, the Landau-Lifshitz (LL) equation and the Gardner equation
which is a combination of the Korteweg-de Vries (KdV) and the modified KdV (mKdV)
equation, play important roles in describing various phenomena in nonlinear optics, hy-
drodynamics, plasma physics and condensed matter physics. Some aspects of non-Lorentz
invariant TT deformed models have been studied in [29-34].

The light-cone gauge approach to TT deformed models works equally well for rela-
tivistic and non-relativistic models. In particular, as was mentioned in [17], it could be
used to derive the TT deformed action for the chiral SYK model and the matrix nonlinear
Schrédinger model.

In this paper we derive the TT deformed actions for the matrix NLS equation, the LL
equation and the Gardner equation by using the light-cone gauge approach. The resulting
actions are written in the first-order form and depend on auxiliary fields. For the deformed
matrix NLS and LL models, the auxiliary fields satisfy algebraic equations of motion and
can be eliminated leading to Nambu-Goto type actions. The 77T deformed Gardner model is
more involved because the auxiliary fields appear in the deformed action together with their
space derivatives, and it is unlikely that there exists a local deformed action depending only
on the physical field. Moreover, the Gardner field which appears in the Gardner equation
is not the physical field of the Gardner model action but one of the auxiliary fields.

We then find one-soliton solutions of the deformed NLS and KdV models. The de-
formed NLS soliton clearly exhibits the general phenomenon of widening/narrowing the
width of particles under the TT deformation recently discussed in [30]. However, in the
nonrelativistic case whether the soliton’s size is increasing or decreasing depends not only
on the sign of the deformation parameter but also on soliton and potential parameters. As
to the TT deformed KdV soliton, we find a one-parameter family of solutions where the
extra parameter is related to the time dependence of the physical field at space infinities.
If one fixes the dependence, then the extra parameter can be interpreted as the parameter
of the deformation by the time component of the conserved current due to the invariance of
the TT deformed Gardner model under constant shifts of its physical field. The parameter



modifies the properties of the soliton, in particular, it appears in the dispersion relation.
All these solutions reduce to the usual KdV soliton once one takes the TT deformation
parameter to 0.

The TT deformed action for the (non-matrix) NLS model has been also found in [32-34]
by using different and substantially more complicated methods than the light-cone gauge
one, and some deformed soliton solutions have been analysed in [33].

The paper is organised as follows. In section 2 we first review the universal T7T de-
formed action derived in [17] and introduce our notations. Then in section 2.1, as a warm-
up, we obtain the well-known TT deformed Lagrangian of a sigma-model of scalar fields
with arbitrary potential and B-field. In section 2.2-2.4 we get the TT deformed actions
for the matrix NLS, the LL and the Gardner models. In section 2.3 we also show how the
deformed NLS and sine-Gordon models can be obtained from the deformed LL model by
taking appropriate limits generalising the well-known results for the seed models [35]. In
section 3.1 we discuss a one-soliton solution of the TT' deformed NLS equation with the
potential which in addition to the usual quartic term also includes the density of particles.
This term is unimportant for the undeformed NLS model because it can be removed by a
time dependent U(1) transformation of the fields. The TT deformed model and its solu-
tions however depend on it in a nontrivial way. In section 3.2 we consider a one-parameter
family of one-soliton solutions of the 7T deformed KdV equation which is the simplest case
of the Gardner equation. In Conclusions we summarise the results obtained and discuss
numerous open problems. Technical details can be found in several appendices.

2 Lagrangians of TT deformed models

All models we are going to discuss in this paper are TT deformations of a seed model
described by the following action

So = / dedt Lo, Lo = PLU)3,U" + PF(0)9, 0% — V(). 2.1)

Here W%, a = 1,...,n are bosonic and fermionic fields which can be real or complex. If
a field is complex then the set (¥%) also includes its complex conjugate field. P!, P* and
V are chosen so that the action (2.1) is real and Grassmann even but otherwise they are
arbitrary functions of the fields ¥®. The seed action is written in the first-order formalism
with respect to both time and space, and as a result many of the fields are non-dynamical.
If each ¥ belongs to a Lorentz group representation and P!, P* belong to the conjugate
representation, and V is a Lorentz scalar then the seed model is Lorentz invariant.

The light-cone gauge approach to TT deformed models developed in [17] then leads to
the following deformed Lagrangian

K4+ KZ - V4 a(KIKE - KEKY) Lo — §€7°e, KEKY

L
1+aV 14+ aV ’

(2.2)

where
K! = Plo, v, K!=Pro,v*, y=tum, (2.3)



=€® =1 =€,y = €. To

and the skew-symmetric Levi-Civita symbol is defined by €%
get (2.2) from the Lagrangian (3.53) in [17] one should make the following replacements in
(3.53): Wi — W, WKL — —i P, WK, — —i PT, 0, — 0y, 0_ — Oy

The canonical stress-energy tensor of the deformed model can be easily calculated

oL
™, = ——09,V* — 4L 2.4
YT 99,we " v (2.4)
Ttt — _Kg +V :ct — K%q o Ké T —K% +V (2 5)
1+aV ’ 1+aV’ T l4aV’ T 1l4aV ’
and used to check that the deformed Lagrangian (2.2) satisfies the flow equation
oL
% —_ TttT:cw _ Tthxt (2.6)

Since any seed model can be written in the form (2.1), the TT deformed Lagrangian (2.2)
is universal. However, in a non-relativistic case the seed Lagrangian (2.1) may also include
total derivative terms which do not change the equations of motion of the seed model but
they do change the canonical stress-energy tensor and as a result the Lagrangian and the
equations of motion of the deformed model may depend on the total derivative terms. This
dependence does not seem to be spurious, and we do not think that it can be undone by
a field redefinition.

2.1 TT deformed sigma model

As a warm-up, in this subsection we discuss the well-known deformation of a sigma-model
of n scalar fields described by the Lagrangian

1 o 1 o
Lo = 5770fﬁa,lXZaﬂXJ Gij(X) + 5&58&)(%65)@ Bi;(X) - U(X), (2.7)

where n*? = diag(1, —1), €”! = €® = 1 = ¢4, and U is an arbitrary potential.
To bring the Lagrangian to the form (2.1), we introduce the momentum vectors

oL )
"= 50 )O(Z = (™ Gij + € Bij) 05 X7 . (2.8)

The component P! is the momentum conjugate to X*.
Solving these equations for 9,X*, one finds

0o X" = (110 G + €ap BY) P/, (2.9)
where G and B satisfy
GG + B;B* =6F,  GiB* 4 B;;G'* =0, (2.10)
which can be solved as
G (G, — BjyG"™ By) = 0, BY = -G*BpGY = —-G* B GY . (2.11)

Note that G is symmetric and Bis anti-symmetric.



It is then straightforward to rewrite Ly in the first-order formalism
1 o -
Lo=P'o, X" — E(nw G + ¢y Bij)PﬂPf -U. (2.12)
It is the form of £y we need. The set (U?) consists of X*, and P, and

Ki=Plo, X", K%=Po, X' K. =PoX", Ki=PoX,

1 ~ij B\ pYpP (2.13)
V = i(nWPG + G’VPBij)Pi Pj + U
Thus, the TT deformed Lagrangian of the sigma model is
L= POy X" = 5 (0 G + €vp Eij)P?Pjp —U- %Ewewaﬂavxip]?@p)(j (2.14)

One can get rid of the auxiliary fields P by using their equations of motion and, choosing

a proper solution of the resulting quadratic equation on £, one gets the well-known answer!

11 1 . : . o
Lon=——+5=+ ﬁ\/uw(ﬂ —X7?)—4a2(X2X7? — (XX")2)+ X' X" B;;,  (2.15)

where
X?=GyuX'X7, X?=GuX"X", XX'=GiyX'X7, a=a(l+al). (2.16)

It is worth stressing that the Lagrangian (2.14) describes both the perturbative and non-
perturbative in « solutions of the quadratic equation on L.

2.2 TT deformed matrix nonlinear Schrédinger model

The Lagrangian of the matrix nonlinear Schrédinger model is

Lo= (@ — ) — W ~U, U =iy — pii. (27)
Here
V= (Ya), Y=9"=®L), a=1,....,n,i=1,....m (2.18)

are complex n X m and m x n matrices hermitian conjugate to each other. Then, the trace
is implied in (2.17), i.e.

W = Vigthai, VPP = VeV - (2.19)

To bring the Lagrangian into the desired form we introduce two auxiliary matrices hermi-
tian conjugate to each other

A= (Ay), A=AT=(4), a=1,....,n,i=1,...,m, (2.20)

!To find L, which depends only on the physical fields X* it is not necessary to solve the equations of
motion for P;*. Since £ depends just on K, and V it is sufficient to know only them to find Lyn. This
can be done by expressing V in terms of £ and K,
P{*. This leads to simple linear equations for K which can be easily solved. The consistency condition

and substituting it into the equations of motion for

of the solution with the expression for V in terms of £ and K leads to a quadratic equation for £ with
coefficients which depend only on the physical fields.



and rewrite (2.17) as
Lo = L(0 — ) — Ay~ FA+ AA-U (2.21)

Thus, the set (U?) consists of 1,1, A, A, and
Ki= 2(0d —ov), Ki=—Ay -4,
: , (2.22)
K, = S(@w ), Kf=-Ap—9A, V=U- A4,

where the trace is implied.
The TT deformed Lagrangian of the matrix nonlinear Schrédinger model, therefore, is

Kl — A — /At AA — U — a(KHAY + ' A) — KL (A + A))

L= —
1—a(AA—-T)

(2.23)

Eliminating the auxiliary fields A, A by using their equations of motion and, choosing the
regular in « solution of the resulting quadratic equation on L, one gets
1 14+aKl+VA

Lop=——+-—"tTV2 5= a(l+al),

a 24 (2.24)

A= (1+aK})?(1 — 4ad'y) + dad(l + oK) KL (g + ') — da® @ (KL)% g

where in the expression for A the trace is implied.

It is clear that the deformation drastically modifies the Poisson structure of the model,
and developing a Hamiltonian formulation requires dealing with an intricate system of
second-class constraints. The same seems to be valid for any non-relativistic model.

2.3 TT deformed Landau-Lifshitz model

We mostly follow the notations in [35].
The Landau-Lifshitz equation is

0S5 1 925y,

W = ﬁei‘jk Sjiax2 + €ijk S]JkSk > (225)

where S? = R?, and we sum over repeated indices even if there are 3 of them.
The fields S; have the Poisson structure

{Si(x), Si(y)} = —meijr Sk(x)d(x —y), (2.26)

and the LL equation follows from the Hamiltonian

where the constant .J3 R? guaranties the vanishing of the Hamiltonian density in the rapidly
decreasing case where we impose the conditions Si(+00) = dx3R. By rescaling Sy and z,y



one can set R =1 and n = 1. We prefer to keep these two parameters to simplify taking
the limits to the NLS and sine-Gordon models.

To find the TT deformed LL model we need its Lagrangian description. To this end
we multiply (2.25) by €,,;Sm, and, changing the indices, get

2
emksjagik =— (517 RQSS) (%SJ + R*J; S) S? = R%. (2.28)

These equations can be derived from the following Lagrangian

055 0Sk, 1 /08,\? 9 9
LO—/da:/ dr RQel]kS 5 Bt /d 277< <8x> +JpS;—J3R° ), (2.29)

where Sy are subject to the sphere constraint S; = R?. In the first term Sy depend

on an extra radial coordinate r, and satisfy the conditions Sk(z,t,7)|,—0 = Sk(z,t),
Si(z,t,7)|r=0c0 = O3 R. This is a WZNW type term, and its variation is
0S; 8Sk Eijk 0Sy

5/da;/ dr RQWS % /d 5168, (2.30)

where the variation §Sy is tangent to the sphere, i.e. it obeys the constraint 0SSy = 0.
Because of this, any products V;0Sk have to be replaced with Vi (0g, — S’“Sm)éS It
produces all the terms on the r.h.s. of the equations of motion (2.28). Introducing any
coordinates ¢%, a = 1,2 on the sphere Slg = R?, one can bring the WZNW term to the
total derivative form

1 0S;05: 0 [, 0¢a\ O 8¢a>
nR2 ki g, or ot or (P“ ot ) o (P“ or )’ (2:31)

where P, satisfies the condition P,(x,t,00) = 0 to ensure the absence of the contribution

from the first term at r = co. We will always drop the total time derivative term, integrate
the remaining term over r and, as a result, use the following Lagrangian (density) for the
TT deformation

2
_ 1 2 2
27]R2 or ) + %(Jkskz — J3R ) - Uadd(Sk) , (2.32)

where Pj, are such that PkS'k = Pan“, and Uy,qq is an additional potential term which can
be an arbitrary function of S;,. We will choose it later so that the 7T deformed NLS model
could be obtained as a special limit of the TT deformed LL model.

In particular, in spherical coordinates

S1 =cos¢sing, Sy =sin¢gsinf, S3=cosb, (2.33)

the WZNW term takes the form

Pp.Sk = n;ﬁ(cose —1)¢ = —% sin’ g . (2.34)



Now, introducing an auxiliary vector A;, the LL model Lagrangian can be written as

R

2
Lo = PiSi+ ArSh + A + f<JkSk J3R%) — Uyaa (2.35)

We see that the set (U%) consists of Sk, Ay, and

=P.S,, K. =D, K'=A.S,, K¥'=A.S;,

j X (2.36)
V:—%A%—FU, U:—%(Jksg—JgRQ)‘FUadd-
Thus, the TT deformed Lagrangian of the LL model is
. 2 : S
_ PuSi + AS) + U AT + 5 (JkSE — J3R?) — Usad + a Py Ai(SyS] — 5;.51)  (237)

1— @1 A2 — (], S} — J3R?) + alaa

One can get rid of the auxiliary fields Ax by using their equations of motion and, choosing
a proper solution of the resulting quadratic equation on £, one gets

1 l—i—osz—l—\/K
+ —
« 20

A (2.38)
A= (1+ ak})? (1 — 75 ) n;@(l + aK})KL S, S —

2026

nR2

The similarity of this Lagrangian with (2.24) for the NLS model is obvious, and not

accidental. It is well-known that the NLS model can be obtained from the LL model [35].

Since the NLS model has a U(1) symmetry we need to set J; = Jo = J. Then, the LL

model also has the symmetry and Sj is proportional to the density of the U(1) current,

and it can be added to the LL Lagrangian while preserving the integrability of the model.
Thus, the potential U we are going to use is

U= 2177(J3 _ )R = S2) 4+ v(R—Sy), (2.39)

where v is any constant.
Next, we use the spherical coordinates (2.33), and get

KiszSkf—%sm — ¢, Ktx—PkS,'C——qusinzcb’,
77;%2 S = W(@'2 +sin? §¢'?) , 7];{@25% R2 (6% + sin” 09?) (2.40)
R2 SkSk nR2 (99 + sin? 9¢’q§) , U= %(Jg — J)sin? 6 4 v(1 — cos ).
Now, we set R = 1, and rescale the angle 6 as
0=2np. (2.41)



We want to take the limit 7 — 0 and get a finite Lagrangian. We first obtain

Ki— —p’0, K. — —p2¢>’, 25 —2(p” + p*¢"?)

ntt (2.42)
R2 —5 Sk = 200" + p*¢%) R2 — S5k = 2(0'p + p°¢' ).
To make contact with the NLS model, we introduce 1,1 as
h=pe?, p=pe?, (2.43)
and find
“Ph=G W), g =G0 ), -

202+ =200, 207 +0%67) =20, 20+’ d) =Py
This is exactly what we have in (2.24), and the only question remaining is what happens
with the potential U in the limit. Expanding the potential in powers of p, one gets

U= (Js—J +m)p* én(ny AT+ 4T+ 0. (2.45)
Now, to reproduce the NLS model potential we impose the conditions
J3—J+nv=—pu, —én(ny—4J+4J3):/€, (2.46)
and get
Jz = J+3—2:, 1/:127/;—?7;. (2.47)
It is then easy to check that in the limit n — 0
U= kp* = pp® = 5 ()* — pip, (2.48)

which is indeed the NLS model potential.
The sine-Gordon model is also a limiting case of the LL model. To get the SG model
we set Upgq = 0, and parametrise Sy as [35]

2.2 2.9
S1= 6 u ﬁ¢ =1/ R?2 — pem cos@, (2.49)
4 2
where [ is a new constant, and 7 and gb are the fields parametrising Si. We then get
. BQ . ,82
= PS5 = EW@ K. =P.S, = f7r¢ ;
Lo 1 5° (¢’2 (6272 —4R?) +16R27r’2)
nR2"F T R 64R2 163272 )
1., 1 B8P —4RY)+16R> )
ni? %= nR? 64R2 16322 ’
Ly 1 5 (¢’¢3 (62w2—4R2)2+16R27r’7'r)
RO R 64R?—165°x2 !
B (Ja(cos(B) —1) = J3(cos(B¢) +1)+2J1) +4 (Js—J2) R*(cos(Bp)—1)

16m
(2.50)



Now, we choose n = %2, take the limit R — oo, and get

; 1 1 . . 1 . .
Kiond, Kiomd, —mSPod? —mSiodt oSS dd. @5
Finally, we choose Jj as [35]
m2

Jo=J1+1, ‘]3:J1+1+ﬁ’ (2.52)

and in the limit R — oo get U
1 2
U= 5772 + %(1 — cos 39) . (2.53)

Thus, in this limit we get the 7T deformation of a model with the seed Lagrangian

2

6% %71_2 _ %(1 — cos 34) (2.54)

which is indeed the SG model Lagrangian.
2.4 TT deformed Gardner equation
The Gardner equation is a combined KdV-mKdV equation
o+ pu +6gur —6huiu' +u” =0, (2.55)

where g, h and u are constants. If u satisfies periodic boundary conditions then p can be
removed by a constant shift of u

u—u-—c, hcz—i—gc—%:(), (2.56)

which also changes g. For decreasing boundary conditions such a shift is obviously forbid-
den. The Gardner equation is the continuity equation for the current

Ji=u, J"=put+3gu’—2hu+u’, (2.57)

and if the charge @) = [ dx u exists then it is conserved. In what follows we only consider
the case where () exists.
The Gardner equation can be derived from the action

So= [ dadtLo. Lo=r (=G0 — o — 200 + ho'" + ¢, (2.58)
where the field ¢ satisfies the boundary conditions

¢(t7 OO) - ¢(t7 —OO) = Q¢ = const , (259)
k is any constant, and w is related to ¢ as

u=¢'. (2.60)

~10 -



Obviously, in the undeformed case Q4 = ). The equation of motion for ¢ is invariant under
a shift of ¢ by any function of time. By using this invariance one may require ¢(t, £00) to
be constant. However, as we will see, in the deformed case this invariance is broken, and
different time dependence of ¢(t, ) leads to different solutions.

To write the Lagrangian (2.58) in the form (2.1), we first introduce an auxiliary field
A satisfying the equation of motion A = ¢”, and cast Ly into the form

Lo =r (¢ — pg” — 296 + hg/" + 249" — A?) . (2.61)
Then, we introduce auxiliary fields for ¢’ and ¢
1 850 ’ 1 a»CO ] / 2 13 /
=——— = B=—— = 2 6 —4h 2A 2.62
P 9, S og 012w+ 090 9"+ 24, (2.62)
and get the desired form of the Lagrangian
Lo=k (—uéﬁ — B¢ +2A0 +uB — pu? —2gu + hu' — A2> : (2.63)

Clearly, the auxiliary field u is the Gardner field u, and the existence of the conserved
current (2.57) is the consequence of the invariance of £y under constant shifts of ¢.
We see that the set (U*) consists of ¢,u, B, A, and

K! = —kud, KZ = —k B¢ +2r Av', K. =-ku¢', Kf= —k B¢+ 2k A1t
V=—kuB—pu®—2gu® +hut — A?).
(2.64)
Therefore, the TT deformed Lagrangian of the Gardner model is
—u¢— B¢ + 240 +uB — pu? — 29w + hut — A2 — 20k Au(u'¢p — 1 ¢)

[ —
" 1—arx(uB—pu?—2gud+ hut — A?)

, (2.65)

where the field ¢ satisfies the same boundary conditions (2.59) as in the undeformed case.
The undeformed Lagrangian (2.63) changes under the transformation

df

6= o+ f(t), BoB+, (2.66)
by a derivative term
o (df

The TT deformed Lagrangian (2.65), however, transforms in a nontrivial way, and therefore
the time dependence of ¢ at © = 4oo changes physical properties of the TT deformed
Gardner model.

In the undeformed model the auxiliary field u coincides with the Gardner field u. It is
therefore reasonable to use the same identification in the 7T deformed Lagrangian (2.63).
One might try to use the fact that the Gardner equation is the continuity equation, and to
identify ¢ or Jt = —%g—g with u. Both ¢’ and J¢ are time components of conserved cur-
rents and coincide with u in the undeformed case. Our analysis of the one-soliton solution
of the TT deformed KdV equation indicates that the auxiliary field u is a better choice.

It is impossible to get rid of all the auxiliary fields and get a local Lagrangian because
the Lagrangian depends on derivatives of u. In what follows without loss of generality we

set kK = 1.

- 11 -



2.5 Comments

Here we discuss similarities and differences of the TT deformed Lagrangians for relativistic
and non-relativistic models obtained in this section, and comment on possible approaches
to quantising the models.

All the Lagrangians depend on auxiliary fields which are introduced in a seed model
to bring it to the first-order form (2.1). If the physical fields of a seed model do not
depend on second- or higher-order derivatives then auxiliary fields enter a TT deformed
Lagrangian algebraically, and can be eliminated leading in the cases considered to Nambu-
Goto type actions. More complicated seed models (even relativistic invariant) may lead to
TT deformed Lagrangians which are solutions to high degree polynomial equations.

A Nambu-Goto type Lagrangian obtained by eliminating auxiliary fields has a square
root sign ambiguity. If a model is considered on a line then the requirement of finiteness of
the energy singles out the perturbative in « branch of the deformed Lagrangian depending
only on the physical fields. However, if the model is on a circle then one has to find
additional requirements to single out the perturbative branch. For example if one considers
the TT deformed free massless scalars and chooses the negative sign in front of the square
root in the TT deformed Lagrangian (2.15) then for o < 0 the energy is not bounded from
below. In quantum theory it would clearly be unsatisfactory. On the other hand if a > 0
then the energy of any solution is bounded from below,? and diverges in the limit o — 0.
Thus, if one calculates, for example, the partition function of the TT deformed model
then there seems to be no reason not to include the contribution from the nonperturbative
branch to the path integral over physical and auxiliary fields. It would imply that for a > 0
the spectrum of TT deformed relativistic models previously discussed is incomplete and
must be supplemented by a nonperturbative part.

The physical fields of the Gardner model depend on second-order derivatives. As a
result the 7T deformed equations of motion for the auxiliary fields are not algebraic, and
depend on space derivatives of the auxiliary fields. Eliminating the auxiliary fields (which
we have not managed to do) would lead to an action non-local in space. The TT deformed
Gardner model is, therefore, expected to have properties noticeably different from the seed
model already at the classical level. Indeed in the next section we will see that solutions
of the TT deformed KdV equation are very sensitive to the behaviour of the field ¢ at
space infinities.

We have seen that the deformation drastically modifies the Poisson structure of all the
non-relativistic models we considered, and developing a Hamiltonian formulation requires
dealing with an intricate system of second-class constraints. This actually makes TT
deformed non-relativistic models more complicated than the relativistic ones where the
Hamiltonian formulation is straightforward.

One may wonder whether the 7T non-relativistic deformed models exist as quan-
tum theories. We do not expect any principal difficulties in perturbative quantisation of
the TT deformed NLS and LL models. For example, the expansion of the deformed La-

2Note that if there is no potential and B-field then the equations of motion do not depend on the branch
of the square root.
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grangian (2.24) of the NLS model in powers of « is straightforward, and the standard tech-
nique can be used to compute the scattering matrix. It is expected that the TT deformed
S-matrix would be different from the undeformed one only by the TT CDD factor. It might
be necessary to tune properly counterterms but the relation between the S-matrices is very
general and should be considered as a part of the definition of a quantised TT deformed
model. For integrable models the relation follows from the interpretation, discussed at
length in [17], of the homogeneous inviscid Burgers equation as the condition of the gauge
invariance of the target space-time energy and momentum of the string theory which pro-
duces a TT deformed model in a-dependent light-cone gauge. The UV behaviour of the
TT deformed NLS model should be milder than for relativistic ones because of the absence
of virtual particles production.

The spectrum of the TT deformed NLS (and LL) model on a circle can be also studied
perturbatively. At each order in « one can remove all interaction terms with time deriva-
tives of ¢ by a field redefinition producing new terms with higher space derivatives. The
resulting model has the undeformed Poisson structure and can be easily quantised. The
spectrum of the Hamiltonian can then be found as an expansion in powers of a.

For finite o another, more pragmatic, approach to the TT deformed spectrum is to
postulate that it is governed by the usual Bethe equations with the 77T deformed S-matrix.
It was done in [31] for the deformed NLS model in the repulsive regime, and it was found
that the properties of the model were similar to the properties of TT deformed CFT’s. In
particular, for o < 0 the spectrum is well-defined but there exists an upper bound for the
temperature while for o > 0 there exists a critical value a, which depends on the number
of particles and the radius such that for @ > a, the spectrum becomes complex. However,
there is no argumentation why the Bethe equations would not be replaced by a more
complicated system of TBA-like equations. It would be interesting to compute the spectrum
as an expansion in powers of «, and compared it with the Bethe ansatz predictions.

To conclude this subsection let us mention that we do not think that the approaches
discussed above can be applied to quantum 77 deformed Gardner model. In the simplest
KdV case the spectrum of quantum KdV theory is described by massless TBA equa-
tions [36] which are derived by quantising the second Hamiltonian structure of the KdV
equation and diagonalising the infinite-dimensional abelian subalgebra of the Virasoro al-
gebra which gives commuting integrals of motion of quantum KdV model. It is unclear how
these deep relations are modified under the 7T deformation, and we suspect that quantum
(and even classical) TT deformed KdV model may hide many surprises.

3 Deformed one-soliton solutions

In this section we derive one-soliton solutions of the deformed NLS and KdV models in
order to see whether they exhibits the general phenomenon of widening/narrowing the
width of particles under the TT deformation recently discussed in [30].

3.1 TT deformed NLS soliton

In this subsection we discuss a one-soliton solution of the TT deformed NLS model. Let
us first recall some properties of the seed model. Its Lagrangian is given by (2.21) where
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0,1 (and A, A) are complex fields conjugate to each other. The Lagrangian is invariant
under the Galilean transformations

i

x—x—vt, t—t, — eZUQtfiwz/J, A — eiv’tim5ve (A — 2vzp) (3.1)
which implies the usual nonrelativistic dispersion relation for a one-soliton solution, and
allows one to recover a full solution from a soliton at rest. It is also invariant under the
U(1) transformations 1) — 1), A — ¢’ A, and the finite density term 1)) is proportional

to the time component of the conserved U(1) current. It can therefore be removed by the
following time-dependent U(1) transformation

e Py A e AL (3.2)

Thus, in the rapidly decreasing case the finite density term plays no essential role in the
undeformed NLS model.

The one-soliton solution we are going to deform exists for k < 0, and to simplify the
formulae below we introduce a new coupling constant g > 0 related to x as

=—=. 3.3
K 1 (3.3)
Then, the one-soliton solution is given by

_u !
g cosh (%(z —vt))

: t
e ¢:B(:c—vt)+—<u2+vz+4u), A=, (3.4)
2 4
where v is the velocity of the soliton, and u > 0 can be chosen to be positive without loss
of generality.
The U(1) charge @, the momentum P and the energy E of the soliton are

oy
Q= [ dwiu=23,
2uv :2£ Q

o ¢
P——/_Ood:nTz—g2—mv, m 9225, (3.5)

o0 w?  uwd dup P2 1
E = deTl = — — — — — = — — —g'm?® —
\/700 X t 92 392 92 2m 249 m /‘LQv
and up to a constant the dispersion relation is indeed nonrelativistic, and the U(1) charge
is twice the mass of the soliton.
To find a TT deformation of the soliton (3.4), we begin with the TT deformed La-
grangian (2.23) which for the NLS model simplifies to

(h — oip) — A — P A+ AA — U + ak (A + pA) (i) — /1))
1-a(AA-T) ’

U= % ()2 — i 37
=7 e (3.7)

L=2

(3.6)

It is clear from the Lagrangian (3.6) that the U(1) transformation (3.2) does not remove
the p-dependent terms, and therefore, TT deformed soliton properties depend on it.
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It is convenient to introduce the polar coordinates for ¢ and redefine the auxiliary
fields as follows®

h=pe® Pp=pe® A=pre, A=pre?, (3.8)
because the U(1) symmetry is realised just by shifts of ¢, and the Lagrangian depends only
on the derivatives of ¢. Clearly, p is the amplitude and ¢ is the phase of the soliton. In
terms of the fields the Lagrangian (3.6) takes the form

. _ . _ _ 2 _ . .
_ =0 (pa+pa)p +ilpa—pa)p® +papa+pp +pp® —ap*(pa+pa)(pd’ —p'd)

L ;
L—a(papa+ T p*+pp?)

9

(3.9)
where p4 and p4 are complex conjugate to each other.
The deformed one-soliton solution can be derived by explicitly solving the equations
of motion by using the following ansatz

p(t,z) = p(z —vt), pa(t,z) = pa(z —wvt),  p(£oo) =0,
2,2 (3.10)
p=wt+ px—ut), w:qu +

The phase ¢ of the soliton is at most the sum of a linear function of x, ¢ which we can choose
without loss of generality to be the same as in the undeformed case, and of a function of
x — vt due to the restricted dependence of the other fields.

The derivation is sketched in appendix A, and the solution can be expressed in terms
of p as follows

20\ = v
/ — 4+ = _ ( + 2 .2 2)
P 4+ap2 (7292/)24»”2*’02*4,&)7 PA 2p (A m ,

1w
2coth (Jm> - avu? —¢?p? (¥ + 30" + 120+ 2¢%°)  (3.11)
u 6g* 7

v (u2 o gzp2)3/2

692

r—vt=x9 %

1 1
¢:§v(x—vt)+1t(u2+v2+4u)i

Since the phase ¢ and the auxiliary field p4 are smooth functions of z and ¢ if the amplitude
p is, we discuss only the properties of p. Unlike the undeformed soliton, the amplitude has
a nontrivial dependence on the chemical potential ;. However, it enters the amplitude only
through the combination v? 4 4. Without loss of generality we can set ¢t = 0 and zg = 0.
Clearly, the maximum of p(z) is equal to u/g, and it is at x = 0. From the equation for
p' we see that p is a single-valued function of x only if p’ # oo for all 2 which leads to the
condition

4+ ap? (<2022 +u? — 0P —4p) £0 for 0<p< g. (3.12)

To analyse (3.12) it is convenient to introduce a new parameter

W=u?—v*—4u. (3.13)

3These variables are also useful for analysing the JT-type deformations [37] of the NLS model.
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Then, the roots of the equation p’ = oo are given by
W+ /329 4 w2
% . P =o0. (3.14)
4g pP=p+

A simple analysis shows that the roots pi are outside the interval (0, u/g) if

pi =

3242

I. WeR and _W<a§0 = complex pi

I W=u?>-v?—-4 _32° 2 < p?

. = ©<0 and o< e = pl<pi <0

L. W —4u? = —3u? —v? — 44 >0 and

4g? 32¢° u? 2 2
m<a§—ﬁ = 9*2<P—§P+ (3.15)
IV. W—-2u?=-u?—v>—4u<0 and
44? u?

2
V. W—2u2:—u2—v2—4u>0 and a>0 = p2_<0<u—2<pi
g

Introducing the following two critical values of «

32¢g° 44°
= <0, = , 3.16
“ (u? — 0% —4p)? o u?(u? + v + 4p) (3.16)

we can combine these regions as follows

A. —co<u?—v*—4p <0 and —oo<a<ay, ot >0

B. O<u?—v?—4p<2u?® and o <a<ay, at >0 (317)
C. u? <u®—v? —4p<4u® and ay <o <a<oo '
D. du? <u?—v?—4p<oo and agp <a<oo, oy <a_ <0

The condition A is satisfied if v? > u? — 4u which imposes a lower bound on v? if u? > 4.
If 4 > 0 then the condition B is satisfied for all v, v but C and D are never satisfied.
The condition D is satisfied if v?> < —3u? — 4 which imposes an upper bound on v? if
3u? < —4pu. If ;1 < 0 then all the four conditions can occur.

If the parameters of the soliton satisfy one of the conditions (3.17) then p(zx) is an even
function of z, and the differential equation for p allows one to replace the integration of
any expression over x with the integration over p. The U(1) charge, energy and momentum
of the soliton are easily found, appear to be unchanged by the deformation, and are given
by (3.5). The shape of the soliton obviously changes, and, in particular, we can define its
size by using the full-width-half-maximum

FWHM = —«

\/gu(u2+21)2—|—8,u) N 4log (2+\/§>

3.18

The soliton clearly exhibits the general phenomenon of widening/narrowing the width
of particles under the TT deformation [30]. However, whether the size is increasing or
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a=0
]a:a_ 2
f a=a_
a=2a
Figure 1. Left: case B, u =0, a_ = —32, displaying formation of shockwave solution for negative
a. Centre: boundary case of B and C, p = —1/4, a_ = —8, example of competing shockwave and
narrowing behaviours creating a double-loop solution. Right: case C, up = —0.6, a_ = —2.76817,

soliton is becoming singular at «_, after which it forms a loop.

decreasing depends not only on the sign of a but also on the sign of s = u? + 202 + 8Su.
Obviously, it is positive for all values of v and v only if © > 0. It is also positive if the soliton
parameters satisfy condition A but it is negative for conditions C or D. For parameters
satisfying condition B one can have both positive and negative s if u is negative. The
visually distinct solutions are demonstrated in figure 1. Further plots for all cases are
shown in figures 6 and 7 in appendix B, which display the same behaviours as in case C.
Since the amplitude depends only on v? + 41 we set v = 0 without loss of generality when
plotting solutions. We set ¢ = 1, u = 1, so that the graphs are parametrised by p. If
the soliton base widens (or remains constant if u? 4+ 2v% 4+ 8y = 0) as the magnitude of
« increases then the peak flattens as in figures 6 and 7. Let us also mention that as one
can see from (3.18) the heavier and speedier the soliton is the wider it is. That is very
different from the undeformed case where the width is independent of speed and decreases
with mass increasing.

Let us now assume that u, v, u satisfy one of the conditions (3.17) but « is at a bound-
ary of its allowed values, i.e. it takes one of the critical values a4. Then, a shock-wave
singularity develops, and away from the critical values the solution p(x) becomes a multi-
valued function of z. In this case at least one of the roots p4 is inside the interval (0, u/g).
Regions where only one root exists form loops as in figures 1, 7 and 6, due to z(p) (given
explicitly in (3.20)) becoming negative. This happens if u, v, u satisfy either conditions A
and B with @« > a4 > 0 or C and D with o < a4 < 0. Where both roots exists the
solution is either a bell shape or a double loop shape, both shown in figure 1. This happens
if u, v, p satisfy condition B with @ < a— < 0, or condition C with a; < a < a— < 0. The
conditions for the appearance of these solutions are summarised below

u? + 02440 >0, a>ar >0, po.<0<p <
Loop: 7

u2+v2+4u<0,a<a+<0,O<p_<%<,0+ (3.19)
O<u?+v?+4p<2u?, a<a_<0<ay .

Bell or Double Loop: { —2u? <ul+v24+4u <0, ap <a<a_<0
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Figure 2. Demonstration of the gluing procedure on the loop (Left), bell (Centre) and double-loop
(Right) soliton solutions, indicating the points where p’ becomes singular.

The existence of the forbidden regions of the soliton parameters is disturbing because
the soliton physical quantities such as mass, momentum and energy do not show any sign
of singularity. It is also unclear if it is compatible with the integrability preserving feature
of the TT deformation. We attempt to fix this by redefining the amplitude function as a
piecewise smooth curve by exploiting the translational invariance of x — vt.

We set t = 0, 29 = 0, choose the upper sign in the solution (3.11) corresponding to
the positive branch of the undeformed solution, and introduce the function

-1 u
2 coth (\/u2g2p2> _au? — g?p? (u” + 3v° + 120 + 26°p%)

U
- 0<p<-—.
z(p) » 62 , 0Sp<
(3.20)
In terms of z(p) the piece-wise smooth solutions can be written as
Loop: { v} (p) = —2(p)0(p — p4) + (x(p) — 224)0(p+ — p)
zy(p) = —x(p)0(p — p-) + (z(p) — 22_)0(p— — p) o

Bell: } zp(p) = 2(p)0(p — p+) + 22+ — z(p))0(p+ — p)8(p — p-)
Double Loop: +(x(p) + 224 —22_)0(p— — p)

where 6 is the Heaviside function and z+ = x(ps). Each of these functions is a positive
decreasing function of p with a continuous first derivative. The soliton profile p(z) is
an even function of x given for x > 0 by the functions inverse to (3.21). The energy,
momentum and charge densities are singular as functions of x but it is an integrable
singularity. Since they depend on p? and p, the energy, momentum and charge are given
by the same expressions (3.5). The three forbidden solution types are reconstructed into
valid amplitudes in figure 2. Note that all these new solutions increase in width as «
increases in magnitude. Whether such a gluing procedure is legitimate remains to be seen
but there are examples of models with singular solitons, see e.g. [38].

Let us finally mention that the inverse function z(p) can also be derived through a
dynamical coordinate transformation as described in [14], and used in [33] to find the TT
deformed one-soliton solution for the case p = 0.

~ 18 —



3.2 TT deformed KdV soliton

In this subsection we discuss a one-soliton solution of the TT deformed KdV equation
which corresponds to the g =1, h = 0 case of the Gardner equation

i+ pu’ + 6un’ +u” =0. (3.22)

The constant p is usually set to 0 but we prefer to keep it so that for u < 0 we could have
left-moving solitons.
The one-soliton solution we are going to deform is given by

22

1
- L w=o— >0,
cosh? (w(z — vt)) WEgvrTH

¢ = 2w tanh (w(x — vt)) + f(t),

(3.23)

where f(t) is any function of ¢. As was discussed in the previous section, in the undeformed
case the soliton properties are independent of f(¢). In particular, the charge @), momentum
P and energy E of the soliton are

o0
Q:/ dru = 4w,
—0o0
o0 16
P:[m dzu® = ?w?’, (3.24)
o0 16 64 3 (3\%3
E:/ dr (pu® +2u® —u?) = —pwd + —w® = pP + = <> P53
oo 3 5 5\2

A funny property of the soliton is that its momentum is always positive even if the velocity
v is negative which requires u to be negative too. This is counter-intuitive and for v < 0 it
might be reasonable to change the overall sign of P and E which is equivalent to setting k =
—1 in the Lagrangian (2.63). This also effectively changes the sign of  in the TT deformed
Lagrangian (2.65). Then, for small P the dispersion relation would be approximately the
one for a massless relativistic particle. In what follows to have a uniform description we
will continue using k = 1 for all values of v.

The TT deformed soliton solution depends on the function f(¢) in a nontrivial way,
and we only consider the simplest case f(t) = bt where b is an arbitrary constant. In fact,
redefining ¢ as ¢ — ¢ + bt, we find that the TT deformed Lagrangian (2.65) transforms as
L — L —bJ%, and therefore b can be interpreted as the parameter of the deformation by
the time component of the conserved current due to the invariance of (2.65) under constant
shifts of ¢.

In this case all auxiliary fields are only functions of  — vt, and the T7T deformed
solution can be found by using the equations of motion and the ansatz

dp=¢(x—vt)+bt, u=ulxr—vt), A=A —-vt), B=B(x-—-uvt). (3.25)

The full derivation is described in appendix C. We find that u rather than ¢’ is the natural

o B2
2 vu4ab :UJ2

field to express our results in terms of. We define @w* = — O‘TbQ to simplify
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the following expressions. The solution can be written as a set of equations expressing v/,
¢', A and B in terms of u

, V4?2 — 2u u— abu?

+ =
¢ 1+ ou? (4du — 8w? — ab?)’

1+ au? (4u — 802 — ab?)’
2 2 2 ab®
B:(,u+41[;)u+b, A=tu/aa? —2u, @’ =wt -

u

(3.26)

For the solutions to be real, w? > 0, or equivalently, v > p + ab®. For fixed v, p1,b this

condition imposes an upper bound on allowed values of a: #5” > . Note also that for

o < 0 one may have w? = 3% < 0.
The extra parameter b causes the deformed quantities of energy, momentum and the
dispersion relation to be dependent on both « and b.

1 1
o (12@2 4 5(p— ab2)) o op= 10
15 3
5 3 3 2/3 5/3 (327)
E(P):P(M—ab>+5(2> /3.

The appearance of « in the dispersion relation is due to the fact that the 7T deformed
KdV model is intrinsically nonlocal and sensitive to the boundary behaviour of ¢.

Furthermore, the parameter b causes the previously identical conserved charges of [J*
and ¢’ to become independent

Q= /dxjt — 4 (1 + ngab) L Qo= /dm’ — 4 (1 _ ngab> (3.28)

We also find that b defines a flow equation for a deformation under the current J ¢

oc u(abu + 1)
ob 1 —au?(—4u+ ab? + 8w?)

=-J". (3.29)

Integrating the equation for 1’ in (3.26), we find the inverse expression for u

arctanh (7”“32_2“ )

2w

T
roveE W (3.30)

+ %\@am (4 (202 — u) (3u+45?) + 508 (u+ 40?))

which displays both shockwave and looping solutions as in the NLS case. With ¢t = 0 and
xo = 0 the maximum of u(x) occurs at x = 0 for u(0) = 2w?2. The full-width half-maximum
of the soliton is

2arcoth (/2 2./2
FWHM = (2) - 1\5foab3 (250 + 280?) | (3.31)

w

and for positive « it decreases.
The derivative 1’ becomes singular when the denominator in the equation for
in (3.26) vanishes

d(w) = on? (4u—80? —ab?) +1=0,  0<u<2?. (3.32)
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In much the same way as the NLS case, restricting the roots of this expression to lie inside
the range of u will generate the conditions for the solution to become multi-valued.

A detailed analysis of the equation (3.32) can be found in appendix C where it is
shown that at least one root of the equation d(u) = 0 lies inside the interval (0,2w?) if
4% = v — p — ab?® = 4w? — ab?® > 0 and

{b;«éO, a<a_<0
Loop:

b#0, 4uwd > b?, af)<a<af)<4b%2 (3.33)
_ 27 )
b=0, Q> {505

Bell or Double Loop:
ell or Double Loop {b#0’4w8>b2’ 0<a$)<a<af)

Here the critical values of o are given by

VAwt +2[b] — 2w? 2)  2w? — /AwT —2]p| RO 2w? + /4w* — 2b|
+ = b2 ’

- = b2 0T = b2 )
(3.34)
and a(j) is the positive root smaller than 2%2 of the following equation
3
128 , ab?
1—-— —— | =0. 3.35
27 (“’ 8 ) (3.35)
As one can see from (3.33), the soliton solution is single-valued for
4? 4a®
af)<a<amax:b72, bT>1 (336)

It is interesting that this region is nonperturbative in «.

The complex evolution of the solution for a > 0 for which all agf) are real is shown in
figure 3. For large o the dominating factor is the o« dependence in w which enables the
existence of the nonperturbative regular solutions for o > af). These regular solutions are
shown in figure 4, along with the negative o behaviour. The solution profiles for b = 0 are
shown in figure 8 in appendix C.

Let us also mention that for b = 0 the TT deformed soliton solution can be easily
found by using the dynamical coordinate transformation [14]. We denote the coordinates
of the undeformed soliton (3.23) with f(¢) = 0 by 7, o, and its stress-energy tensor by

T7s, and computing it on the soliton solution, we get

T, =4wsech? (w(o—vT)) <u—4w2+8w2 sech? (w(a—m‘))) ., T =vT7,,

(3.37)
T7 o = —dwlsech? (w(oc—v7)), To=vT 5.
The dynamical coordinate transformation is given by

dt=(14aT%)dr—aT sdo=dr —aT sd(c—vT),
de=1+aT;)do—aT dr=do+aT d(c—v7), (3.38)
dlz—vt)= 1+ a(T ++0vT ) d(c —vT).
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u(x)

a=0

Figure 3. Evolution of KdV soliton solutions for w = 1, b = 1,a > 0, transitioning between

different types of multi-valued solutions. Left: width is decreasing with increasing c«, ag_l) ~

0.23. Centre: formation of double-loop solution for ag_l) <a< 043_2), with a singular solution at
@) 200 1 o® a®12q®
a = oy’ ~ 0.59. The intermediate values are equally spaced, a; = —F5—, ap = —F——".
. . . e . . 20D +a'®
Right: amplitude decreasing, transitioning to singular peak at a = af) ~ 341. a3 = %,
aP 424
Qg = -3 -
u(x) u(x) u(x)
a=a,®
a=0
a=2a_
a=a.

a=3.7

a=3.9

—

Figure 4. Left: continuation of evolution from figure 3, displaying single-valued solution for
a > af) ~ 3.41. The extreme flattening of the solution in the limit o — 4 is due to w — 0. Centre:
with w = 1, b = 3, the soliton remains regular for all 0 < a < 4/9, after which it ceases to exist
in a similar fashion. Right: w =1,b=1, a <0, a_ ~ —4.4. Solution widens, but with nonzero b
develops into a loop solution.

Integrating this relation we find that the deformed inverse relation is

3203
x—vt=0—vr+ 1oz5w tanh® (w(o — 7v)) (3tanh2 (w(o — 1)) — 5) ,
, O\ ag? (3.39)
et — & @ AP” (o2 2
x — vt warctanh (2w) + 5 (3(]5 20w ) .

Note that ¢(x — vt) € (—2w,2w) and so the a-dependent term has a fixed sign for all
values of w. The deformed behaviour of the soliton is fixed by the sign of «. By requiring

the roots of d%—;f’t) to be real and within the range of ¢ we find that the critical value of
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a=2a,
C a=0 (-
a=ac .

a=-0.5 /
a=a./2 ) a=-5

Figure 5. Plots of the soliton ¢(x — vt) with w = 1. Note shock-wave behaviour is only displayed
for & > . = 27/128.

%. For a > a. the soliton becomes multi-valued as it
transitions into a shock-wave solution. For all o < «,. the soliton exists and becomes wider

the deformed parameter is o, =

as a — —oo. These behaviours are shown in figure 5, and they are consistent with [30].
It is easy to check that this solution agrees with (3.30) for b = 0. One can also see that ¢
exhibits a physical shock wave formation. Since ¢’ develops singularities as a approaches
e, it cannot be identified with the TT deformed KdV field.

3.3 Comments

Here we summarise the main properties of one-soliton solutions of the 7T deformed NLS
and KdV models we have found in this section.

A common property of the solitons is that their width appears to depend on the
deformation parameter according to the general phenomenon of widening/narrowing the
width of particles under the TT deformation [30], see also [31]. However, contrary to the
claim in [30], whether soliton’s size is increasing or decreasing depends not only on the
sign of the deformation parameter but also on the potential and soliton parameters. In the
NLS case this more complicated behaviour is caused by the addition of the time component
(density of particles multiplied by the chemical potential x) of the conserved U(1) current to
the seed model. After the TT deformation this cannot be undone by a time dependent U(1)
transformation (3.2), and leads to substantial changes in the soliton’s properties. Clearly,
the relativistic case is more restrictive because adding the time component of a conserved
current breaks Lorentz invariance. It is also worth noting that in the absence of the chemical
potential the width (3.18) is increasing for negative o and decreasing for positive a which
is opposite to what was observed in [30] and [31]. This is explained by the fact that the
energy (3.5) of the NLS soliton is given by F = % — ig‘lm?’ — 1@, and for p = 0 its rest
energy is negative. The existence of the rest energy means that in the non-relativistic case
the TT deformation is effectively a mixture of the 7T deformation with a stress-energy
tensor shifted so that the rest energy is zero, and the JP deformation discussed in [30]

and [31]. If the chemical potential is sufficiently negative then the width is widening or
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narrowing in accord with [30]. In the KdV case with the parameter b = 0 the width of
the deformed soliton again behaves oppositely to [30] and [31]. Since the rest energy of
the soliton is zero, it is tempting to conclude that the effect of “pure” TT deformation is
in fact opposite to what was observed in [30] and [31] for the JP deformation at least for
models with solitons. In this respect it would be interesting to analyse the Bethe equations
with the TT deformed S-matrix for the deformed NLS model in the attractive regime to
see if the conclusions of [31] where the repulsive case was studied remain unchanged.

Another common property of the deformed solitons is that for any values of the pa-
rameters of the solitons there is at least one critical value ., at which solitons begin to
exhibit the shock-wave behaviour. We proposed that for values of a beyond ag; a soliton
solution may be constructed by gluing together the two branches of the soliton solution at
the points where the first derivative of the soliton field diverges. Despite the divergency,
the soliton energy and momentum are finite, and the dispersion relation is defined for all
values of a. A natural expectation is that the glued soliton is unstable, and it would be
interesting to check it.

The TT deformed KdV equation admits at least a one-parameter family of one-soliton
solutions. The extra parameter b can be introduced explicitly in the TT deformed La-
grangian by shifting the field ¢ by bt, and requiring that ¢ asymptotes to constants at
space infinities. Then, b can be interpreted as the parameter of the deformation by the
time component of the conserved current due to the invariance of the 7T deformed Gard-
ner model under constant shifts of ¢. Since the parameter b modifies the properties of
the soliton, in particular, it appears in the dispersion relation, such an interpretation is
probably the right one. It is however unclear to us why one has to impose constant space
asymptotes on ¢. If b does not vanish then there is an upper bound on «, and approaching
the bound the soliton’s amplitude decreases and finally vanishes. Choosing properly other
parameters of the soliton, one can make the bound negative. Thus, the parameter b allows
one to construct solutions which do not exist in the seed model.

4 Conclusions

In this paper we have explained in detail how the light-cone gauge approach to the TT defor-
mation can be applied to non-Lorentz invariant models, and used it to derive the deformed
Lagrangians of the three prominent non-relativistic models — the nonlinear Schrédinger,
the Landau-Lifshitz and the Gardner. The TT deformed Lagrangians have been then used
to find one-soliton solutions of the deformed NLS and KdV models. The properties of the
Lagrangians and solitons have been discussed in the Comments subsections 2.5, 3.3, and
here we discuss some of the many open questions to be addressed.

We have only considered the deformed models on a line. It would be interesting to put
the models on a circle and look for all possible solutions including those nonperturbative
in « with energy divergent in the limit & — 0. In fact, these solutions may exist even
for Lorentz invariant models, e.g. for the TT deformed sigma model described by the
Lagrangian (2.14), see subsections 2.5 for a detail discussion.
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The seed models we have considered are integrable, and it is believed that their 7T
deformations are integrable too. The first step in proving the integrability would be finding
Lax pairs for the deformed models. Lax pairs of several models including the NLS model
were recently found in [39] by using the dynamical coordinate transformation [14]. Their
results agree with the previously known Lax pairs of the sine-Gordon and Liouville mod-
els [21, 40]. It should be possible to apply the method of [39] to the matrix NLS model
and the LL model. It would be interesting to see if their method can be generalised to
include models of the Gardner type where auxiliary fields cannot be eliminated and one
has to deal with them.

As has been mentioned in subsections 2.5, understanding the Poisson structure and
developing a Hamiltonian formulation of the deformed models is important and probably
very hard.

Given a Lax pair (V,U) and a Hamiltonian formulation of the NLS model, one can
calculate the Poisson bracket between U’s, and see how the r-matrix structure is modified,
and whether it can be quantised.

If a seed model possesses an additional conserved U(1) current J then one can consider
JT deformations [37] which have properties similar to the TT deformation. The NLS
model is one of the simplest nonrelativistic models with the U(1) symmetry, and it would
be interesting to analyse the properties of the model deformed by J7T' operators. Some
steps in this direction have been made in [32, 33]. The light-cone gauge approach to the
TT deformation of relativistic sigma models can be readily generalised to include the JT'
deformations and deformations by operators linear in conserved currents [41]. It should
be possible to consider in the same framework nonrelativistic models. As was pointed out
in [42], since the JT deformations break Lorentz invariance the deformations by operators
linear in conserved currents are necessary to derive flow equations for the spectrum. In
fact, for nonrelativistic models it seems necessary to include the linear deformations even
to derive the flow equations for the 7T deformation.

The TT deformation of nonrelativistic models is defined with the help of the Lagrangian
flow 0,L = —TT. This modifies the Poisson structure of a seed model, and makes it
difficult to derive flow equations for the spectrum. It would be interesting to see whether
one can define the deformation as the Hamiltonian flow 9,4 =TT which preserves the
Poisson structure of a seed model. This can be done for a TT deformed massive Dirac
fermion [19] but for a bosonic model the Hamiltonian might appear to be nonlocal in space.

Finally, there are many questions related to quantum 77T deformed models. Some of
them have been discussed in subsections 2.5, 3.3.

A  Deformed NLS soliton solution

We start from the Lagrangian expressed in polar coordinates as in equation (3.9) and
derive the equations of motion. Then we apply the ansatz as described in equation (3.10).
Furthermore we decompose p4 into real and imaginary components as p4 = X +1¢Y. In
addition to the equations of motion for (p, p4, p4) we have the following simplified equations
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from the continuity of the stress tensor and the fact that ¢ is a cyclic variable

oL oL
v+ ——=c;, VT[T =cy, —VTL+TF=c3. (A.1)

Applying the boundary conditions of p(£oc) = 0 to each of the equations of motion and
continuity equations yields
X(£o0) =Y (£oo) =0=c1 =c2 =c3. (A.2)

Solving the equations of motion for ¢ yields a simple relation for Y. Applying this to the
continuity equations yields the relation for X2

1 1
Y:§Up, XQ:_ZpQ (92p2—|—4,u+v2—4w) . (A.3)

The two continuity equations for the stress tensor become dependent at this stage. From
the real part of the equations of motion for p4 we find

1
X = —§p’ (Ozgzp4 + av?p? + daup® — 20wp? — 2) . (A.4)
By substituting this into the continuity equation we find the first-order differential equation

2o /U2 — 202

=4 .
’ 4 —ap?(2¢2p? +4p — u? +v?)

inp

Where we redefine the arbitrary parameter w = % (4p + u? + v2). Then, if one considers
the imaginary part of the equations of motion for p 4 without substituting this new relation,
we can find ¢’ in terms of p, p/

;1

¢ = Zv (ap’2 (ap2 (292p2 +4p — u? + 1)2) — 4) + 2) . (A.6)

Recalling that the integration variable is z — vt, one can trivially integrate the constant
term to get ¢(a = 0) = v/2(x — vt) and use a change of coordinates d(z — vt) = dp(p') L.
Then we find the expression for ¢ in terms of p

v (uz . g2p2)3/2

692

¢:£<4u+u2+v2)+g(x—vt)i (A7)

The auxiliary fields are

1 ) _ 1 .
oot i) pambo(cor o). s

The stress-energy tensor becomes

2 2 2 2, .2
-2 —4
Ty = — p(Z29°p" —dpt "t ) =T},
ap? (2g2p% + 4p — u? +0v2) — 4
222
15 = —5mans - 2 2 =Ty
ap? (2g%p? +4p —u? +0v?) — 4

(A.9)
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B Additional graphs of NLS deformed soliton

p(x)

Figure 6. Left & Centre: case A, = 1, ay = 4/5, displaying loop formation for o > a4 > 0 and
widening for @ < 0. Right: case B, = 0, ay = 4, loop solution appears for a > 0, this is the only
case with a finite region of valid «.

o(X)

Figure 7. Left: case C, u = —0.6, a_ = —2.76817, showing regular widening solution for a > 0.
Centre & Right: case D, p = —10, ay = —4/39. Loop formation for o < a4 < 0, widening for
a > 0. Note the varying rate of soliton widening between the two cases.

C Deformed KdV soliton solution

The starting deformed Lagrangian is given by

—A (A + 20/ (aud) - 1) - 2auit¢>’) +Bu—¢)—u (u(2u +p) + <b)
L= aA?+ ou(u(2u+p) — B)+1 (C.1)

In addition to the equations of motion for each of the fields, we use the simplified continuity

equations for the stress tensor and the equation of motion for ¢
B —vu
aA? + au(u(2u+p) — B)+ 1’
A% 4+ bu — Bu + i + 203
aA? — aBu+ apu? + 20u3 + 17
where we have applied the ansatz given by (3.25).

—vJ '+ T = =

(C.2)

Tg—UT;:CQZ
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From the equations of motion for ¢, we find an expression for B, which we substitute
into the stress tensor continuity equation to solve for A2

acy (A% +u?(2u+ p)) +vu+cg
14+ acju

42 u(—uRu(aecy — 1) — abey + acop — acov — w+v) +b—c1) — c2

n acy — 1 '

B =

9

(C.3)

Removing the A2 in the solution for B, we then apply this to the equation of motion for A.
We can then solve for A and then create another equation by requiring the two solutions
for A be consistent

B A + u(abe; + acov — v)

acy — 1 ’

v (au(2u(2u(acy — 1) — abey + acapn — acgv — p+v) — b+ 2¢1) + 2acy — 1)
acy +aci @ — 1 '

At this stage we aim to fix the constants ¢1, ¢ by evaluating the expressions as x — vt — oo.

(C.4)
A=

Initially we only have that ¢/ — 0 in this limit, and the resulting expressions for the
equations of motion for A, B, ¢ and the consistency equation for the A solutions are
nontrivial. However, the set of solutions for which these equations hold each require u =0
and hence v/ = 0 at infinity. With the new boundary conditions, we find that ¢z = 0.
Applying the solutions and boundary conditions for the equation of motion for u then sets
cy = b. We find v in terms of u, ¢’ by solving the consistency equation for the A solutions,
and applying this to the equation of motion for B we then find the last relation for ¢’ in
terms of u.

. u(abg’ —1) /(v — ab? — p — 2u) o = u — abu? .

(ou(2u (2u+ab?> +p—v) —b) +1)’ au? (du+ ab? + 2p — 2v) + 1

Now we have expressed all the fields in terms of u and have a first-order differential equation
for said field. The TT flow equation holds on shell, and the solutions hold in the undeformed

limits @« — 0 and b — 0. We can define the variable @w? = v — u + b’a = w? + b%«a to
2

(C.5)

simplify the expressions, where w* was used in the undeformed description of the soliton.
We can use a change of variables from dz — (u)~!du to perform spatial integration. The

stress tensor on-shell is given by

u? (ab? + p + 40?)

TS — —oT7
7 o (—du+ab® 4 8w?) -1 Vias
=2\ ) 2 =2 2 (C.6)
o (,u—|—4w)u (_4u_M+4w)+b T 2
17 = — =vT7 —b".
au? (—4u + ab? 4+ 8w?) — 1
And the conserved current from the equations of motion is
" u(abu + 1)
pu— . C-7
J 1 — au? (—4u + ab? + 8w?) (C.7)
Let us now analyse the equations (3.32) which we repeat here for convenience
d(u) = au® (4u —8w? —ab®) +1=0, 0<u<2@?, (C.8)

and determine the values of the parameters for which the solution becomes multi-valued.
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a=-5
a=-5
a=-1

a=0

I

Figure 8. KdV soliton solutions for w = 1, b = 0. Double-loop solution forms only for a@ > a, =
27/128. For a < 0, solution remains single-valued and increases in width. Rightmost plot examines
peak of a < 0 plot, indicating that the solution remains smooth at x=0.

Calculating the values of d(u) at the boundaries of the allowed values of u, one finds
1
d0) =1, d2w?) =1-4a*u*=1- Zoﬂl)?(4w2 —ab?)?<1. (C.9)
Then, we find the first and second derivatives of d(u), and its extremal points

d (1) =2au (6u+ozb2 - 8w2) , d’ (u) =2« (12u+ozb2 - 8w2) ,

B Sw? — ab?

ux=0, d"(0)=—2a (8w2 —abQ) .U .

, d'(u§) =2« (8w2 - ozb2)
(C.10)
Let us now fix v, 1, b and find for which values of « the equation (C.8) has solutions in the
interval (0, 2w).
We begin with the simplest case b = 0. Then, %? = w? and

4 2
b=0: d0)=d2a?) =1, uf= % <ow?, d'(uSF) = 16aw?. (C.11)

Thus, the second extremal point is always inside the interval (0,2w®), and if & < 0 then it
is a maximum and all roots of (C.8) are outside the interval (0,2w). If & > 0, then it is a
minimum, and

128w’

b=0: duy)=1 C.12
(1) e (©12)
It is clear now that for b = 0 (C.8) has two roots the interval (0,2@) for & > v = 1o,

and the solution is first of a bell shape and then of a double loop shape as on the left
picture of figure 8.

If b # 0 there may be critical values of « for both signs.

Let us first consider the a < 0 case. If w? = 274 >0, then Sw? — ab? > 4w? > 0 and
for all a < 0 the first extremal point uf* = 0 is a minimum, and the second extremal point
is a maximum. Therefore, one can get a root of (C.8) which is inside the interval (0, 2w?)
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only if d(2%?) becomes negative. Solving the equation d(2w?) = 0 with a < 0, one finds
the negative critical value of «

\/47 _ 2
o - 4w —|—b22\b] 2w ’ (C.13)
and for a < a_ the solution is of a loop shape, see the right plot of figure 4.

Then, if w? < 0 then a < 4{)%2 < 0, and for 81%2 <a< %2 the first extremal point
uf® = 0 is a maximum, and the second extremal point u§* < 0 is a minimum while for
a < 81%2, u{® becomes a minimum, and u§* > 0 becomes a maximum. Thus, just as for
the w? > 0 case one needs d(2w?) to be negative which again happens at a = a_ given
by (C.13). Depending on values of w? and b, a_ may be greater or less than Sw?/b%.

Let us now consider the o > 0 case. For all o > 0 the first extremal point uf* =0 is a
maximum, and therefore the second extremal point is a minimum, and

3
128 ab?
b£0: duf)=1-—— 2 — . C.14
£0: dag) 27a<w 8) (C.14)
As for the b = 0 case, critical values are given by roots of the equation d(u$*) = 0. It is
easy to see that d(u$*) as a function of « has the only minimum at

2uw? 4w®
Omin = bT = d(ugx) =1- bT

(C.15)
In fact, amin is also the minimum of d(2%?) and u§* = 2% = w? for a = amin.

Thus, if 41%8 < 1 then there is no critical value for o > 0, and if %8 > 1 then there
(1)

are two real roots of the equation d(u5*) = 0, and the critical value o’ is the positive root
which is smaller than ay,i,. For values of « slightly greater than ozs_l) there are two roots
of the equation (C.8) for values of u for which 1/ = oo, and therefore the solution is first
of a bell shape and then of a double loop shape as for b = 0 case. The two roots are inside
the interval (0,2w?) until o becomes equal to

2 _ 4 _
2) 2w 4w 2|b| (C.16)

oy’ = b2 .

At a = af) one gets d(2w?) = 0 and therefore the larger root is equal to 2w?. Increasing
« more moves the larger root away from the interval (0,2w?), and the solution is of a loop
shape. Finally, the smaller root leaves the interval (0, 2@?) at

20w? 4 /4wt — 2[b
o = 2wt VW - 2] (C.17)
b2
because d(21?) is again equal to 0 for o = af). Thus, for
3 411}2 4w8
Oég_)<06<0émaX:bT, bT>1, (018)

the solution is regular again.
The discussion above is summarised in eq. (3.33).
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