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1 Introduction

The DBI action, which has been known as the action describing D-branes, had been used
much earlier. In fact, Heisenberg implimeted it in 1952 when he proposed a very simple
model for high energy nucleon-nucleon scattering [1]. He wrote down a massive DBI action
to describe an interacting “pion field” that mediates the interaction between nucleons of
the following form,

S = /d3+1xl_4 {1 — \/1 +14[(9,0)2 + m2¢?]| . (1.1)

Remarkably, Heisenberg’s model reproduces the saturation of the Froissart
bound [2, 3],

Jtot(s)SCthi, CSLQ,

1.2
- o (1.2)

even though the model was proposed not just before Froissart, but even before QCD. In
the model, Heisenberg first dimensionally reduced the Lagrangian to 141 dimensions (time



and direction of propagation of the pion field) and then discovered a shock wave solution of
the equation of motion of this model defined perturbatively. An analysis of the Heisenberg
model, uniqueness properties, and its generalizations was done in [4].

Recently there has been a very important development in deciphering the space of field
theories in 1+1 dimensions in the form of what is referred to as the TT deformations [5, 6].
In particular the Lagrangian density for the deformations of canonical scalar action with
a potential V', was determined in [7-9]. The interest in these deformations comes from
the fact that they are among very few exactly known quantum deformations. While new
deformations of non-integrable models were also considered, the original motivation to
study these deformations was to explore the subspace of field theories in two dimensions
which are integrable. TT deformations have been explored in relation to holography, gravity
and string theories. In addition they have served as laboratories to investigate various
aspects of field theory, for instance in [10-15].

Key players of integrable field theories are solitons, anti-solitons and their breather
bound states. Thus, it is important to study the properties of the latter in the 7T deformed
theories. This is the task taken in this paper. We determine explicit soliton solutions of the
TT deformed theories as well as solitons of the Heisenberg model. In particular we prove
that the classical mass of the soliton of the deformed theory is the same as the mass of the
soliton of the undeformed theory. In route to these results we also write down the soliton
solution of the Heisenberg model. We further write down explicit shockwave solutions of
both theories.

The application of these solutions to the Heisenberg model of nucleon scattering in
3+1 dimensions will be done in a separate publication [16].

The paper is organized as follows. In section 2 we define the Lagrangians, (general-
ized) Heisenberg and TT deformations. In section 3, considering the Heisenberg and 7T
deformed scalar actions, we find soliton and single shockwave solutions for them. In sec-
tion 4 we consider perturbative shockwave solutions for them, and in section 5 we conclude.
In appendix A we consider extensions of the pure DBI action and Heisenberg actions to
some cases with arbitrary powers.

2 TT deformed scalar fields and Heisenberg model: actions and equa-
tions of motion

The TT deformation of a Lagrangian, proposed by Zamolodchikov [5, 6] is that, for a 141

dimensional theory Wick rotated to Euclidean space, the deformation with parameter A is
oL
b
o -t

where £(A = 0) is the original undeformed Lagrangian density, T/f‘y are the components of

TATY — (T2)?). (2.1)

2222

the energy-momentum tensor of the theory deformed by A and the composite operator on
the right-hand side is defined via point splitting.

The interesting property of this deformation is that it is of a full quantum theory, and
all objects are renormalized and UV finite. For our purposes we will treat this as simply a
certain (effective) classical Lagrangian.



One can solve the above equation by expanding in a series in A, if we give a start-
ing point (an unperturbed Lagrangian Ly) and a perturbation parameter A. It follows
from (2.1), that the first order Lagrangian density, £ is given by the unperturbed deter-
minant of the energy-momentum tensor, det T}, above, etc. Consider as a starting point
a canonical real scalar field with a potential V' (in Euclidean space),

Lo =500 +V | (22)

and a perturbation parameter \.

Then, at first one obtained a complicated expression, with an infinite series of com-
plicated hypergeometric functions (see eq. 6.34 in [7]), but the series can be summed, to
obtain a simple expression [8], giving

LK) = —(1 = 2AV) + /1 + 2X(9,0)?

2\

V(o) + 21)\\/1 +2X(0,9)? , (2.3)

where we can denote X = (9,¢)?, and we have defined

A= A1 -=)V). (2.4)

Note that when AV — 0, V — V — 1/(2)), which cancels the a constant coming from
the square root, and gives the unperturbed potential. This can then also be written as
in [9] (since, in Euclidean complex coordinates, 49¢0¢ = (9,,4)?),

1% —1+ /1 +8X\d9pd¢
LE . (2.5)

“iow 2

This is the Lagrangian in Euclidean space. Going back to the Minkowski signature,

v 1 — /14 2X3,00"¢ _ /14 2)00,001¢
Ly = — _ V- _ , 2.6
M= ov T 2\ 2X (2:6)

we obtain

with 9,00"¢ = —(¢)? + (¢')> = X and

1—-2)\V
LAV (2.7)

V=i

It is thus obvious that, depending on the potential and X, V can be singular if there
is a value of ¢ for which V(¢) = % Notice that when we expand V to leading order in A,
namely, \X < 1and \V < 1, weget V ~ V — % But when we expand the full Lagrangian
density, we indeed get V and the term of order A\~! cancels out as can be seen from

- -

Lar= % [(é)z - (¢’)2} ~V 4

+O (X)), (28)



Figure 1. The potential of the deformed sine-Gordon model with 4 = 8 = 1 for A = 0. The
undeformed case is in brown, A = 1 is in blue and A = 10 is in red.

In figure 1 we draw the deformed potential V — % for the sine-Gordon model, for
which the undeformed potential is given in (3.1).

The other Lagrangian we will be interested in is the Heisenberg Lagrangian, with a
generic potential V(¢) inside the square root, and dimensionally reduced to 141 dimen-
sions, so

L=1" [1 - \/ 1+ z4[(aﬂ¢)2 + 2V(¢)” . (2.9)

When expanding in small [[(9,4)% 4+ 2V (¢) the lagrangian density takes the form

1 2 i 2 2 8
— 5 (040 = V(@) + 5 ((0u0) +2v) + 0 (1) (2.10)
3 Soliton and breather solutions

We now examine whether these 7T and Heisenberg Lagrangians (for various possible po-
tentials V' (¢)) admit soliton, breather and shockwave solutions. We first briefly remind the
reader the form of these solutions in the ordinary sine-Gordon model.! We then analyze
the Heisenberg model with a generic potential and then the TT deformed action.

3.1 The sine-Gordon model

We start with a review of an un-deformed model with solitons in 141 dimensions.?2

The most well known 1+1 dimensions scalar field theory that admits soliton solutions
is the sine-Gordon model which is defined by the potential

2

Vig = —% [cos(Be) — 1]. (3.1)

!The deformed sine-Gordon action has been discussed in several publication for instance [6, 7].
2For a review of these issues see for instance [17].




The corresponding equation of motion is
¢ — ¢ —0gV =0. (3.2)
For static solution we multiply the equation of motion with ¢’ to find

S G0V =0 8 [L@P-V] =0 J@P-v=C, (3

where C'is a constant. This is the “virial theorem”. For C' = 0 the equation takes the form

_ VB d¢
r—x0 = , (3.4)
V2 ) /1= cos(B9)
which yields the soliton solution
4
¢sol = E arctan [e:l:u\/z?(z—mo)] . (35)

The mass of the soliton, i.e., its energy is
1
Fut = [ doToo = [ o {Qw’)? + v} = [an(? = [ o0

_ / don 2V (6) = ;ij. (3.6)

Next we would like to check whether the equations of motion admit also time dependent
exact solutions. Another question seemingly unrelated is, what is the interaction between
two solitons and between a soliton and an anti-soliton, and whether there are bound states.
In fact the two questions are very related.

It is easy to check that performing the following transformation

£p/Bla—zo) _4 [ﬂsn(wt)}
e } — Pbre 3 arctan cosh(nwz)] (3.7)

4
Psol = B arctan

, yields a solution of the equation of motion. To see that

where n = tan(¢) = 7”“2:)W

this solution describes a bound state, consider first w < puy/3. When z — —oco we
can approximate

, (3.8)

4
@Pbre ~ — arctan

B

which looks like a soliton to the left. Similarly the solution looks like an anti-soliton to the

leu\/ﬁ(ﬂcwo)ﬂog ( e Sin(wt)) ]

right. The breather solition is drawn in figure 2.
Altogether the breather solution describe an oscillating bound state. Indeed we can
determine the mass of the breather by computing it at ¢ = 0, for which ¢’ = V = 0, so that

= [ae[5 O] =55 [t ity =21 (5) - 09

which is obviously smaller than twice the mass of the soliton, namely there is a non-

vanishing bin.



Figure 2. The breather solution for =1, = 1tanvy = 27/5.

3.2 The Heisenberg model with a generic potential

Since it is hard to find soliton solutions of the 7T deformations, we start by first finding
solutions of the Heisenberg model modified with a generic potential, instead of just a mass
term, i.e., the Minkowski space Lagrangian in (2.9), namely

Lar=1—1/1+(9u0)2 +2V, (3.10)

where we have put | = 1 for simplicity (to reinstate it, we can just replace ¢ = 129,
V = [*V and multiply the Lagrangian by [=%), and (9,¢)> = —¢? + ¢, as before. The
Hamiltonian is

" éaﬁM r 14+ ¢? +2V
¢ V1-¢2+¢242v

1. (3.11)

For static solutions
H=—Ly=1/1+¢2+2V -1 (3.12)

Consider a static solution, ¢ = 0, so (ﬁuqﬁ)? = ¢’2. Then the equation of motion is

/ av
4 ( ¢ ) = L (3.13)

de \\/1+¢2+2V) 1+¢2+2V

Multiply it with ¢, so that on the right-hand side we have (dV/d¢)(d¢/dz) = dV/dz.



Then note the identities

A2 N_yd( ¥ N tdf 1
dz (m) ’a (m) 2 dx (m)
d ( |4 )_ dV/dax 4 1

(3.14)

_ — +V—-
de \ /14 ¢"2 +2V V149242V dr \/1+¢?+2V

Subtract them and use the equation of motion above, to obtain

i 14 ¢/2/2 (2 +¢/2) d 1
de \\/1+¢? +2V 2v/1+ ¢ +2V
_d [ V4472 d p
= <1+¢/2+2v> d$,/1+¢ +2V,  (3.15)

which finally implies the conservation equation

d 142
af 1+2V =0, (3.16)
dz V1+2V + ¢
with general solution
142V
+ (3.17)

—207
142V + ¢

for an arbitrary C. Solving it for ¢2, we get

142V
2 _
¢ = (1+2V) (CQ — 1) . (3.18)
Then the general solution is written implicitly as
é(x)
v — 3 = / dé (3.19)
¢(x0) \/ +2v) [42 }

For comparison, consider first the canonical Lagrangian in 141 dimensions, £ =
—2(9u0)? — V. The virial theorem (3.3) is the conservation equation %(¢’2/2 —-V)=0,in
the case of finite energy soliton solutions, for which the integration constant C' vanishes,
so the solution is

o) d¢
—x0 = S — 3.20
T /¢>(zo> V2V (9) (3.20)

We see that our case is obtained for C' = 1 and in the [ — 0 limit. Keeping [ finite
(=1 in our convention), but C' = 1, we obtain

T —x0 = / (3.21)
(o) 1 V2V(a +2v)’

corresponding to the equality (deformed virial theorem)

% =2V (1+2V). (3.22)



Using this deformed virial theorem we can now compute the mass of the soliton

M,y = /dw?—[ _ /dx[\/W— 1] = /dx2V

V2V

2V 2V
= d—:/d—:/di.
/ ¢ ¢’ ¢\/2V(1+2V) ¢\/(1+2V)
We can check now what is the soliton solution and what is its corresponding mass
for the case of the sine-Gordon potential (3.1). Substituting it in (3.21) we get that the
solution for ¢ reads

x—x0= 1 tanh ™! (3.23)

COS % 4
/B

.2 Bé
\/ 1+ Asin® 52 .

or, inverting the formula,

— tanh®[— r—x
¢($)=Zarcsin (\/1 tanh[—p/B( 0)] )

1+ Atanh?[—pu/B(z — o))

_2 arctan 1 — tanh?[—uy/B(z — 29)]
8 t (\/(1 + A) tanh2[—,u\/ﬁ(x _ xo)]) ’ (3.24)
4122

where A = == However, from (3.23) note that tanh[—p+/B(z —z0)] takes values between

%d) taking values between 0 (for

xr = —o0) and 7 (for x = +00), while = z( is mapped to % = 7, just like the topological

sine-Gordon soliton, whereas arcsin and arctan have range [—7/2,7/2], so (3.24) produces

+1 (for £ = —o0) and —1 (for = +00), corresponding to

a result in [0,7/2]. Then, the topological soliton that is a deformation of the sine-Gordon
soliton (and so must go between 0 at —oo and %71 at +00) is defined as (3.24) for = < x,
and as m—(3.24) for > x, which ensures also that ¢’ is continuous at xy. On the other
hand, (3.24) can be taken to be a solution for all z € R. The solution defined in (3.24) is
drawn in figure 3 and the corresponding (¢')? in figure 4.

Note also that the limit [ — 0 of the deformed topological soliton, which should give
back the undeformed soliton, means A — 0, in which case we can simplify (3.24) using the
fact that tanh™!(cos2z) = y implies « = arctan e®. Then, indeed, the implicit solution
on the first line of (3.24) becomes ¢ = % arctan[ei“\/g(z_xo)], which is just the undeformed
sine-Gordon soliton.

We can also determine the mass associated with this solution and check in particular
if it is finite, and hence indeed a soliton. We find

Moisq = /d(b\/(l/j—iivﬂ/) = ;;arctan (%}%) , (3.25)
where we used that B—f changes in the interval [0, 7] (note that the variation of %d) in figure 3
is from 0 to m/2 to 0, but as we said, the topological soliton corresponds to 7—(3.24) on
the positive real axis). This is indeed a finite result, and in the limit {u — 0, it goes back
to the mass of the ordinary sine-Gordon soliton.



Figure 3. The soliton (3.24) of the Heisenberg model with a sine-Gordon potential. The colours
correspond to: A=0.1 for blue and A=10 for purple. 5747 on the vertical varies from 0 at infinity to
7/2 at the origin, corresponding to xz = xg.

-1.0 -0.5 0.5 1.0

Figure 4. (¢')? for (3.24) for the Heisenberg model with a sine-Gordon potential. The colors
correspond to: A=0.1 for blue and A=5 for purple.

3.2.1 Pure DBI action

As another comparison, for the pure DBI action, at V(¢) = 0, we obtain

¢@)  2d¢
$(@o) \/dr — 1

where K is another constant, related to C. Note that we can glue together two such

K(¢(z) — ¢(x0)) (3.26)

r — Ty —

solutions to obtain the solution to the Poisson equation in one dimension,
b(z) = ¢(x0) + K — zo]. (3.27)
Note that if we boost this solution, we obtain

¢(x) = ¢(ap) + K1yl —af —vt] | (3.28)



or, in the ultrarelativistic limit v — 1, with ¢(a() = 0 (since it becomes anyway negligible
with respect to the second term in the v — oo limit) and K1y = K,

b(z) = K|z~ |. (3.29)
This is clearly not an soliton since it does not have finite mass.

3.3 Soliton solutions of the T'T deformed scalar field

We are finally in a position to write the same for the 77T deformed Lagrangian.
For a static solution, the equation of motion of the Lagrangian (2.6) is

@ v
dz \ /T 201 - V)2
\ %Qﬁa )\dV

— v
:_2(1_>‘V)\/1+2>\(1—>\V)¢’2+ (1—)\V \/1""2)‘1_)\‘/)(2524-@(330)

As before, we multiply the equation by ¢’, and find on the right-hand side
(dV/d¢)(de/dx) = dV/dx and (dV /d¢)(d¢/dx) = dV /dz. We then note the identities

i ¢12/2 QS* ¢)l ¢/2 1

dz \ \/T+2X\(1-\V)¢2 VIH2A(1=AV) g2 2 dx \ \/TH2A(1=\V)¢?2

d <_ AV ¢
(

_ /2
- + SV 1H2A(1-AV)o +v>

2(1-\V) /T12A(1—-AV) 72 (1 )\V

A o AL dv

=— < T42A(1=AV) @2+
2(1-AV) \/1+2)\(1—>\V)gz5/2+ 2(1-AV)2 \/ * )97+

i B A ¢12 N

dr | 2(1-AV) /1+2X(1-AV)g2  2(1— )\V

+V

S/ 1H2A(1— AV)qs'?} (3.31)

and by subtracting them and using the equations of motion above, we get

d( v e WVVITRTV)E? | o ¢"/2
dr \ 20-AV) JT+2A1-\V)¢?2 2(1-AV)? V1+2X(1-AV)¢"?

_¢?d 1 +Vi _ Ag” +AV1+2A(1—AV)¢>’2
2. de JIRANI-MV)G?  dz | 2(1-AV)/1+2X(1—A\V) 72 2(1-\V)2

¢'2 1 vl Ag"” L AVIF2AI-AV)§”
2 VIF2N1-\V)372 2(1—AV)/T+2A(1—-AV) 2 2(1-\V)2

_<d¢’2 0 dv o ) <\/1+2)\(1—/\V)qﬁ’2>

dx d¢? ' dr OV 2A(1-AV)
9 1 v Mg MIH2XA-AV) 47
2 /T+2M(1-A\V)¢?2 2(1-AV)y/IT+2X(1-\V) @2 2(1—AV)2

_\/1+2)\(1—)\V)¢>/2>

2A(1—AV) (3:32)

~10 -



so that finally we have the conservation equation

d 1 N
@ +V| =o0. 3.33
dz | 2X\(1 = AV) /T + 2X\(1 — AV) 2 (3:33)

It is solved by
1 .
+V=C, 3.34
2A(1 = AV) /1 +2X(1 — AV)¢2 ( )

for a general C.
The implicit general solution for ¢(x) is then

(3.35)

/W) do/2M(1 = \V)
r — Ty —
¢

: .
@)\ GrweTE L

Consider the case C' = 0, like in the case of the canonical scalar with potential. Then
then solution becomes much simpler:

() -
T — 10 = / M (3.36)
¢

(z0) V2V

We can now determine the mass of the soliton of the deformed T'T action. We first
calculate the Hamiltonian density on the static solution (soliton),

oL .
H=Typ=—0—L=—-L. 3.37
00 8¢¢ (3.37)

Using the condition for a soliton solution of the equation of motion (3.36) inside H =

—L(¢ = 0), we find that the on-shell Hamiltonian is

V2V 2V

= == 3.38
¢ |1 —2\V| 1-2\V (3.38)
where we have substituted the expression for ¢ on the solution in the Lagrangian.
Recall now the derivation of the soliton mass of the undeformed theory
+o0 +0o0 1 N “+oo
MS:/ da:TOO:/ d:r:[((b) +V}:/ dz 2V
—00 —00 2 —00
+o0o s
_ / dz ¢V = / AoV, (3.39)
—00 0

For the deformed solution we use the above on-shell Hamiltonian, and from (3.36) we
replace V2V /(1 — 2AV) with ¢/, so the mass is given by

+oo +o0o 2V ™
Mypp=[ det=[ do—"2c = [ dovV2V = M,unacy. , 3.40
o7 /_oo i /_oo 1o /0 ¢ sundef (3.40)

so we find a general statement that:

there is no correction to the soliton mass at all!

- 11 -



This is, no doubt, due to the special nature of the 7T deformation. Note also that we
have been able to calculate the mass of the deformed soliton, even though we do not have
an explicit analytic expression for ¢(x), only an implicit one, because we have traded the
x integral for the ¢ integral, and we know the values of ¢ at x = 400, where the soliton
is unmodified.

The reason that we know the solution for ¢ near x = +oo, namely the un-deformed
solution, is the following. Consider the implicit deformed solution (3.36) near x = +oc.
Assume that the undeformed solution ¢ at = o0 is finite, which is true for most cases of
solitons. Moreover, since the mass of these solitons must be finite, then V (¢) must be finite
(actually, must be going to zero) near ¢(z = £00). Then the deformation term in (3.36),
A dé\/2V, is also finite, so can be ignored with respect to the first term, which is infinite
(because the left-hand side of (3.36) is infinite). It follows then that the soliton solution
near x = oo is the undeformed soliton one.

3.3.1 Deformation of sine-Gordon

For the T'T deformation of the sine-Gordon potential (3.1), we obtain the following solution

—4A—‘Rsin26¢/2|
N N ey
A= [ e

p(x)
— 4l ln(ta ﬁ¢>+4 L : (3.41)
g 4 3
#(z0)
o o(z)
2
+ p/B(x — z) = |In (tan ﬁ(;ﬁ) + 4)\L cos pe . (3.42)
4 B 2
#(z0)
We note that near ¢ = 0 or ¢ = +00, corresponding to +x = —o0 or +00, respectively,

the solution is the sine-Gordon soliton, as expected from the general analysis above. It is
only near x = xg that the soliton is changed. So we can think of it as a modification of the
sine-Gordon soliton. Moreover, the limit A — 0 exactly gives the sine-Gordon soliton, as
it should, since in this limit the action goes to the sine-Gordon soliton action as well.

Following the result in the general case, the mass of the soliton of the deformed sine-
Gordon action is unmodified, namely

8

s,TTsg — 63/2 (343)

3.3.2 Higgs-type potential

We can also consider the Higgs-like potential that gives (in the canonical scalar case) the
kink solution,

V(g) = a(¢® — a®)%. (3.44)

The usual kink solution is

¢ = atanh (ia\/ﬁ(m’ — xo)) ; (3.45)

- 12 —
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Flgure 5. The profile of the modified Sine-Gordon soliton. uv/B(z — zg) as a function of 3¢/4 for

’\” =0.1, 1, 2 in blue, purple and brown, respectively.
or ) p
r—x9== tanh~! =, 3.46
0=t tanh ! (3.46)
In our case, we obtain
do|l — 4ra(¢? —
T — xo —/ id al¢ a)]’ (3.47)
V2ala? — ¢?|
implying
1 3
x—1x9==+ tanh ! $_ 4 aa® 9 , (3.48)
av/2a a 3a3 a

which again can be thought of as a modification of the kink solution, once we realize that
we need to restrict to ¢ € [—a, +al, since ¢(+a) = +0o. Then near x = to0, the solution is
unmodified, as expected from the general analysis, while it is modified near = = x¢, though
this time we still have ¢(zg) = 0 for the modified kink. The profile of the soliton is shown
in figure 6.

If we can neglect the potential V(¢) altogether, for instance if we consider a small
xr — g, near a point where ¢(xg) is also small (so that V(¢) is also small), then we find
again (as in the previous subsections) a linear solution z — xg = K(¢(x) — ¢(x¢)), and by
gluing two of those, we can again find a solution to the Poisson equation in one dimension,
the same

b(z) = ¢p(xo) + K~ Ha — xo (3.49)
as before, which after an infinite boost goes over to the same
p(z) = K|z~ |. (3.50)
3.4 Breathers of the T'T system

The construction of breather solutions to the sine-Gordon model (3.7) was based on per-
forming a transformation of the form

{eiu\/ﬁ(m—xo)] . ["751“(“’0} ' (3.51)

cosh(nwz)

~13 -



Figure 6. The profile of the modified Higgs-like soliton. av/2a(x — x¢) as a function of ¢/a for
a =1 and Aa=0.1, 0.5, 1 in brown, purple and blue, respectively.

This naturally leads us to conjecture that the breather solution for the 7T deformed
sine-Gordon system takes the form

] o) 0]

e
(3.52)

#(z0)

For a scalar field that depends on both z and ¢, the equation of motion reads (remember
that X = (9,0)? = —¢* + ¢'%)

4 a5 v
21— AV) VIT I WX 17W \/1+2)\1—/\V)X+@
_ o
- (ﬂ +20(1 - AV)X) | (3.53)

Normally, we should check our conjectured breather solution (3.52) on the above equa-
tion of motion, but that is increasingly complicated. Instead, we note that when we
differentiate (3.52) with respect to either ¢ or x, we obtain on the right-hand side

%(1 — 22V (¢)) (g/; or qb') . (3.54)

2 sin 5
Then the soliton solution satisfies
1 d 4

QSI = md IB arctan

i“\/%—xo)] : (3.55)

besides satisfying the sine-Gordon equation, ¢ —¢ = u?sin(B¢). The conjectured breather

solution would satisfy

, 1 d 4 n sin(wt)
¢ = 1—2\V(¢) dx 3 arctan {cosh(nwx)]
. 1 d 4 n sin(wt)
d) = m&g arctan |:(josh<7711)$):| y (356)
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Figure 7. The undeformed breather solution for u =1, 8 =1, tany = 27/5.

which is true for the usual breather (at A = 0). Thus in effect we have ¢ — ¢/(1 — 2AV)
and ¢ — ¢'/(1 — 2A\V), resulting in X = —¢% + ¢'2 — X/(1 — 2AV)2, both for the soliton
and for the breather, which is why our conjectured solution is most likely correct.

Similar to the way that we have shown that the breather is indeed a boundstate of a
soliton anti-soliton (3.8) we can check now the deformed breather for w < pu+/f and in the
limit x — —oo, which takes the form

o(z)
+ v/ B(x — x0) log (Mf sin(wt)) = lln (tan ﬁ_qﬁ) + 4/\_,u2 cos @]

. §eos (3.57)

#(z0)

which indeed looks like the deformed soliton to the left. In figure 7 we re-draw the breather
of the undeformed theory and then in figure 8 and figure 9 the breathers of the same
parameters with A = —1/2 and A = 1/10, respectively.

Furthermore, we can use the same logic as in the undeformed case to calculate the
mass of the deformed breather. Namely, we first calculate the Hamiltonian,

. 0L
2 3
2 -/ .
() 142 (=P +¢7?)
= = +V+ 3 , (3.58)
\/1 +2 (=42 + ¢7) 2
and then we calculate the mass at ¢ = 0, when we observe that ¢/(t = 0) = 0 and

¢(t = 0) = 0 using (3.56) and (3.52), so also V(¢(t = 0)) = 0, like for the undeformed

~15 —
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breather. This implies A = X and V = —1/(2)). Then we find

+oo +oo 1
MbreTT_/ da H(t / %_1

_ /_+: . i (=1/2)(=1/2—1)...(=1/2 —n) (20)"2(n )

1-2-...-(n+1)
“+00
z/ dx

Since, as in the undeformed case,

¢2

+ 2A¢ +. ] (3.59)

. dnw 1
24— 0) = ( " ) , 3.60
o ) B cosh? (nwz) (3:60)
doing the integrals we find
(=1/2)(-1/2—=1)...(=1/2 —n) - n!
Mbre TT — MbT@ 1+ Z B" Z )
= 1-2-...-(n+1) i= (2k + 1)k (n — k)!
(3.61)
where 24 )
Inw up—w
=2A ( ) = 32\———. 3.62
; 7 (3.62)

We see that the mass of the conjectured breather solution increases with a small A
from the mass of the undeformed solution.

4 Shockwave solutions

In this section, we consider the perturbative solutions of the shockwave type, more precisely
shockwaves depending on s = 2 — 22 = zt2~ (2% = t £ ), such that ¢ = 0 for s < 0
(outside the light-cone coming out of (x,t) = (0,0)), and nontrivial only inside the light-
cone, i.e., for s > 0. This is the case considered by Heisenberg for the action (1.1).

4.1 Shockwaves of the Heisenberg model

The first case is of the Heisenberg model, with a general potential V', as in (2.9). This has
been considered in [4], and we just review it here. On the ansatz ¢ = ¢(s), we have

do\?
= (0,0)° = —4s( =) A 4.1
@0 =15 (52) A (1)
so the Lagrangian on the ansatz is
2
pe—1—y1- s () ey, (12)
S

We will see that on the solution near s = 0, which is the only one we will consider, the
potential is negligible, so we will drop it for the moment. Afterwards we will see that this
was self-consistent, since it is irrelevant for the solution.
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The equation of motion of the Lagrangian on the ansatz is

0=t L : 5 (d¢>2
ds \/w ds
) 214 (1 — 2145 (df)Q) d [S (d¢>>21 ' (4.3)

R (1 _ Als (‘2?)2)3/2 ds | \ds

We see that the equation of motion reduces, near s = 0, to
d do\2

¢ =1"2/s+0O(s%?). (4.5)

Then, a posteriori, we can check that indeed, if V(¢ = 0) = 0, V(¢(s)) ~ 0 near s = 0,
so it can be neglected in the Heisenberg Lagrangian on the ansatz, and the solution above
is still valid for V' # 0.

Moreover, we note that X = (9,¢)? = —4s (%)2 jumps from 0 at s = 0— to —1~* at
s = 0+, even though ¢(s) is continuous.

solved by

In [4], several further generalizations of this model have been considered, for instance
with a function of ¢ in front of the (O”qb)z inside the square root. There, however, we
have seen that we cannot truncate the square root to any finite order; if we do so, we
have no solution (4.5) anymore. This, together with the fact that a canonical scalar with
a potential also results in no solution (4.5) was described as a certain “uniqueness” of the
Heisenberg Lagrangian.

We will show in appendix A that, in fact, we can also exchange the square root for

2k+1 inside the square root,

a fractional power smaller than 1, as well as consider [(9,¢)?]
and an overall power 1/(2k 4+ 1), and the nontrivial shockwave (4.5) is still a solution.
However, only the first case is physically interesting, since in the second we obtain a complex
on-shell Lagrangian.

Next, however, we consider the case of our 17T deformation.

4.2 Shockwaves of the TT deformed model

Consider then, like in the case of [4], that the scalar field ¢ is only a function of s =
t2— 2?2 = (t+2)(t —x), d = ¢(s), and also ¢ = 0 for s < 0, which means a propagating
shockwave solution (instead of the general behaviour of both z +t and x — ¢, now we have
only the dependence on their product). Then, as in the previous subsection,

40p0¢p = —4s (Z‘DQ , (4.6)
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and for simplicity we use the definition from (2.3),

V-1
V= NIV’ (4.7)
Then, the Lagrangian on the ansatz is
) \/1 F8A(1 — AV(6(s)))(~4s) (42)°
—L=V(s(s)) + T ESLEIE)) . (4.8)
Its equation of motion is
3 \/1 A=AV (o) (—45) (%)
V(¢(s)) + D ES\ACONE AV (¢(s))
Lip —BRV(6(s) (—4s) (%)
221 =AV) \/1 T 8A(L = AV (6(s)))(—4s) (%)
N % +8A(1 — AV)(—8s) %2 o (4.9)

DAL V)1 4+ 8AL — AV (6(6))) (~45) ()"

We want to see if the same solution near s = 0, ¢ ~ 12/, is valid here (the coefficient
of X = (9,0)? inside the square root is defined to be I*). We note that then, s(d¢/ds)? ~
O(1), whereas, assuming that V(¢) has only positive powers of ¢ (and no linear one, since
that would be a tadpole in QFT, and is any way not something we want), V(¢) and V'(¢)
go to zero on the solution near s = 0. Then, it follows (as we can easily check) that the
first two lines in the equation of motion above are subleading with respect to the third one.
Moreover, in the third line, we can put V to zero for the leading behaviour, which finally
just leaves the equation of motion of the Heisenberg model, so indeed its solution near
s =0, ¢ ~172/s (here I* = 2)), is also a solution near s = 0 here. We could have made
a simpler argument: since, as we saw, V(¢) on the solution near s = 0 vanishes, we could
put that directly in the TT deformed action (2.3), which directly gives the Heisenberg
DBI action (at m = 0, since near s = 0, Heisenberg already noted that the solution is
independent of m being or not zero), hence its solution, too.

5 Conclusions

In this paper we have found solutions of the 7T deformations and the Heisenberg defor-
mation of the canonical scalar with a potential V.

We have first found that the 141 dimensional 7T deformation of a canonical scalar
has soliton solutions, as well as shockwave solutions, that could be used in the Heisenberg
model. We have written explicitly the static soliton solutions of the 7T deformation
action, in the case of sine-Gordon and Higgs-type potential V', where we have seen that

~19 —



the solitons are deformations of the solitons in canonical case. We have also argued for the
existence of breather solutions in the sine-Gordon case, also as deformations of the breather
solutions in the canonical case. In the generic case of the T'T deformation solitons, we found
the remarkable property that the mass of the solitons is undeformed, as is the solution
near +oo.

In the case of shockwave solutions, we have shown that the Heisenberg perturbative
shockwave solution ¢(s) ~ 172\/s near s = 0, with ¢(s < 0) = 0, is still valid for the TT
case, as well as in other cases. Also a generic solution ¢(z) = K|x — x| can be (infinitely)
boosted to a solution ¢(z~) = K|z ~|.

The application of these solutions to the understanding of the Heisenberg model will
be described in a separate publication [16].

There are several open questions that could be addressed as a continuation of this
research work. There include

e The fact that the soliton mass of any deformed theory is the same as that of the
undeformed theory deserves further investigation. The question is whether there is
some physical reason for that property and whether it has implications about other
properties.

e This note includes a conjectured solution for the breather mode. Further work is
needed to verify or falsify this conjecture.

« We have seen that there is a shock wave solution for the 7T system has the same
behavior as the solution of Heisenberg’s model close to the origin. It will be interesting
to further explore possible differences between the solutions in the other parts of
space-time.

e A very natural generalization of this investigation is about solutions of scalar field
theories in higher space-time dimensions.

Note added. After the paper was first posted on the arXiv, we became aware of the
papers [18, 19], which have some overlap with the current paper, as they also discuss
solitons, breathers and shockwaves in the context of 7T deformations of the sine-Gordon
model. According to the anonymous referee’s suggestion, we have drawn the figures 2
and 7, 8, 9, in order to facilitate comparison with the breather solution in Fig.4 of [19] (in
their case, as in ours, there is no analytical solution possible for ¢(x,t), only a numerical
one; in our case the implicit analytical solution in (3.52) cannot be inverted).
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A Shockwave solutions in generalizations of the DBI and Heisenberg
Lagrangians, with different powers

In this appendix we find that two possible modifications of the DBI and Heisenberg La-
grangians preserve the perturbative shockwave solution (4.5). As in the main text, since
we assume V(¢ = 0) = 0, and because (4.5) is approximately zero near s = 0, we neglect
the potential, so we treat the modification of the Heisenberg Lagrangian as a modification
of just the DBI Lagrangian.

The first modification we analyze is

_1
2k+1

. [\/ 1+ 143,025+ — 1] . (A1)

We note that the overall power was chosen so that, for [ — 0, we obtain the canonical
Lagrangian, £ = —(9,¢)%/2. The power of X inside the Lagrangian was chosen such that
(_1)2k+1 T

2
As before, for ¢ = ¢(s), X = (9,¢)* = —4s (%) , so the Lagrangian on the ansatz is

1
2k+1 2K+
do\?
- L= 1 —144s | == -1 . A2
g [ ()] .
The equation of motion is
Pz
2 2k+1
2 1
4 1+ |—1%4s <d¢> -1 k+ X
ds ds 2k+1

i [as (2)°
%-@(ﬁﬂ (—85225) — 0. (A.3)

Next, we want to check whether the solution (4.5) near s = 0 is still valid. As a first

step, we note that, due to the properly chosen power inside the square root, the square root
still vanishes for ¢(s) = [~2,/s. That means that, from among the terms in the equation of
motion (A.3), the dominant one will be the one where the external % acts on the square
root in the denominator, which means the equation of motion

d do\?

el = = A4

ds ls (ds) ] 0, (A4)
indeed solved by (4.5).

The only problem with this Lagrangian and its solution is that, on the solution, the
Lagrangian is complex, since the square root vanishes, so

1 s

Lon—shell = _(_1)2k+1 = —e2+1 € C. (A5)
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The second modification is more physical,

Qs

— 2B = [14+ 140,07 -1, (A.6)
q
where the overall constant in the Lagrangian was chosen such that the first term in the
expansion in [* is the canonical kinetic term —%(8M¢)2. In order for the Lagrangian to
appear to a negative power in the equation of motion, we choose p/q < 1, i.e., p < q.
On the ansatz ¢ = ¢(s), the Lagrangian is

—olpp = l1 — 145 (‘wﬂ —1, (A7)

Q3

q ds

and the equation of motion is

e (2)]

As for the first Lagrangian, the square root vanishes on the solution (4.5), and since

r_
q

(—85??) =0. (A.8)

in the equation of motion above it appears to the negative power p/q — 1, the leading term
in the equation on the solution is the one where the overall d/ds acts on the square root,
namely (A.4), which does indeed have (4.5) as a solution.

Thus this Lagrangian still has the same perturbative shockwave solution, and this time
the on-shell Lagrangian is actually real (and positive).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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