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1. Introduction

What is a quantum soliton? In a classical theory, a soliton is a solution of the classical equations of motion with
certain properties. In a quantum theory, in the weak coupling limit, it is a coherent state defined entirely in terms of
that classical solution [1,2]. At small but finite coupling, solitons can be described by a semiclassical expansion
about this coherent state [3]. At strong coupling this expansion is generally meaningless (Even at weak coupling,
quantum corrections may lead to a violation of Derrick’s theorem [4,5]). and so the connection to the classical
solution is elusive. As a result, it is hard to see how a quantum soliton may be defined at strong coupling. Yet there
is plenty of evidence that quantum solitons at strong coupling are interesting and important, for example in the
strongly coupled Sine-Gordon theory they become the fundamental fermions in the massive Thirring model [6,7].
Also in /' = 2 superQCD, softly broken to A/ = 1, a monopole condenses leading to confinement [8]. So what is a
quantum soliton at strong coupling, where the semiclassical link to the classical solution is missing? In the above
two examples, a clear definition was provided respectively by integrability and by supersymmetry, but is there one
in general? It is our hope that an answer to these questions may shed light on the ultimate questions: Just why is this
superQCD monopole tachyonic? And does the same mechanism [9, 10] work in real world QCD?

To answer these questions, our approach will be to follow the Sine-Gordon soliton, and eventually its
supersymmetric avatar, as far into the quantum regime as we can. Our approach is to use the Schrodinger picture
of quantum field theory, where states exist on fixed time slices and operators are timeless. This formalism has the
advantage that the soliton and vacuum state are treated as two eigenstates of the same Hamiltonian, thus removing
an old ambiguity (Another proposed solution, closer to the original approach, can be found in Ref. [11]). in the
traditional approach [12—-14] which was first noted in Ref. [15]. Also, the traditional path-integral approach yields
soliton energies but not the states themselves [16], whereas we hope that finding the monopole state in superQCD
will shed light on the physical mechanism that makes it tachyonic.

We are interested in the soliton ground state, which corresponds to a time-independent state, and so time
completely disappears from our formalism. At one loop, the Sine-Gordon soliton is described by a free Poschl-Teller
theory [13]. Recently [17] we explicitly found the Schrodinger picture state corresponding to this ground state.
The solution was hardly surprising, as the theory is a free quantum field theory and so a sum of quantum harmonic
oscillators, the one-loop state is a squeezed state.

In this paper we will find the first quantum correction to this state, which is relevant for two loop calculations.
It is tempting to use naive perturbation theory for this task. However there is a complication. The classical solution
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has a center of mass. In the quantum theory, this corresponds to a collective coordinate. In principle, the Hilbert
space includes all wave functions of this collective coordinate, for example the soliton can have any momentum and
so the spectrum is continuous. It has long been appreciated [ 18] that usual perturbation theory does not apply in this
setting. We will see a direct manifestation of this below when we try to invert the free Hamiltonian and find that the
inverse is not uniquely defined within our perturbative expansion.

We propose a solution to this problem (There is an analogous problem in the path integral approach, and
there the projection onto fixed momentum states is indeed known to solve the problem [19]). In 1 + 1 dimensions,
continuous symmetries cannot be spontaneously broken [20]. The soliton is the ground state of a Sine-Gordon theory
subjected to certain nontrivial boundary conditions, and so the corresponding state must be translation invariant
(In Ref. [20] there was a heuristic derivation followed by a rigorous derivation. The heuristic derivation applies as
is despite nontrivial boundary conditions because these boundary conditions do not remove the divergence in the
two-point function). Therefore we first restrict the Hilbert space to the space of translation-invariant states. These
states still have a continuous spectrum, resulting from the existence of oscillators with arbitrarily low frequencies,
however the continuity resulting from the soliton momentum is now gone. We will see that as a result the free
Hamiltonian is invertible and we are able to find the first quantum correction to the squeezed state.

We begin in Section 2 with a review of the results at one loop, concentrating on our approach. We review the
basic setup for our problem, the one-loop energy of the soliton ground state and also our solution for the state itself.
Next in Section 3 we find the Schrodinger equation which must be solved for the leading correction to this solution.
We attempt to solve it using ordinary perturbation theory, however we find that the inverse of the free Hamiltonian,
needed to find a solution, is ambiguous. In Section 4 we describe our solution to this problem. We find the relevant
translation operator and use it to construct a general solution for a translation-invariant state. Finally in Section 5 we
repeat our perturbative analysis, now restricting attention to translation-invariant states. This time we successfully
find a unique leading correction to the one-loop state in a semiclassical expansion. The most important elements of
our notation are summarized in Table 1.

Table 1. Summary of Notation.

Operator Description

() The real scalar field

m(x) Conjugate momentum to ¢(x)

a;r,, ap Creation and annihilation operators in plane wave basis

bz, by, Creation and annihilation operators in Poschl-Teller/soliton basis
@0, T Zero mode of ¢(z) and 7 (z) in Poschl-Teller/soliton basis
Say Normal ordering with respect to a or b operators respectively
p, P Momentum operator in Sine-Gordon theory and Dy shifted theory
Hamiltonian Description

H The Sine-Gordon Hamiltonian

H H with ¢(z) shifted by soliton solution f(x)

Ho The Poschl-Teller Hamiltonian

H; The leading interaction term in H’

Symbol Description

f(x) The classical soliton solution

Dy Operator that translates ¢(z) by the classical soliton solution
9B () The soliton linearized translation mode

g () Continuum perturbation about the soliton solution

D, q, T Momentum

ki The analog of momentum for soliton perturbations

Wi, Wp The frequency corresponding to k or p

g Inverse Fourier transform of ¢

g Fourier transform of g/w

I(x) The loop factor which appears in tadpole diagrams

State Description

|K) Soliton ground state

|2) True ground state

@]i9)) Translation of | K') by D;l

|0)n nth order of semiclassical expansion of O|Q)

\O)%k) As above, with k powers of ¢°
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2. A Review of the One Loop Solution
2.1. Sine-Gordon to Poschl-Teller

Consider a real scalar field ¢(x) and its canonical momentum 7(z) in 1 + 1 dimensions, in a theory with
Hamiltonian

1

o= / drH(e), M) = w@)n) +% : 0y (1) 6(x) 10 +V]6(@)]. 0

For concreteness we will consider the case of the Sine-Gordon theory

m2

Vig@) =5

(1— - cos(VAg(x)) :a) 2
but the generalization to other potentials will be straightforward. The normal-ordering ::, will be defined below.
The classical equations of motion following from this Hamiltonian admit a time-independent soliton solution

oz, t) = f(z) = % arctan e™”. 3)
The combination A7 is dimensionless and so the semiclassical expansion is an expansion in A, where we set
h = 1. However the A~'/2 in the classical solution f(x) prevents naive perturbation theory from capturing these
solitons.
A perturbative expansion about the soliton solution can nonetheless be defined. We will use the strategy
of [21,22] in which one first defines a new Hamiltonian H' via the similarity transformation

H'=D;'HD; 4

where we have defined the translation operator

Dy = exp (—i/dxf(z)w(x)) (5)
which satisfies the identity [21]
1 Fn(2), ¢(x)] :a Df = Dy : F[n(2), d(x) + f(2)] 10 (6)

for any functional F'.
The soliton ground state is
|K) = DO[) ©)

where O is equal to the identity plus quantum corrections and [2) is the ground state of a vacuum sector. One can
easily check that
H'OIQ) = EO|Q) 8)

where F is the soliton rest mass. The problem of finding the ground state | K') (or any other energy eigenstate) of the
soliton sector is thus equivalent to finding an eigenstate O|2) of H’, and so one may forget the original Hamiltonian
H and study H'.

Using (6), the new Hamiltonian H’ may be expanded

H' =Qo+ ) H, ©)
n=2
where 8
m
Qo = DY (10)

is the classical soliton mass, H> is the Poschl-Teller Hamiltonian

;= %/dw [r 72(2) 10 + : (026(2))? 10 +V"[f(2)] : ¢2(2) ] an
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and the interaction terms are
1
H, = E/de(”) [F(@)] : ¢™(2) :a, n>2 (12)

where V(") is the nth derivative of the potential V[¢]. The term H,, is proportional to A”/2~! and so one may
attempt to solve (8) perturbatively, keeping as many terms as are needed at each order. The classical energy is of
order A~! and so the m-loop energy is of order A~ !, and therefore uses all terms in H' up to Ha,,.

2.2. Poschl-Teller at One Loop

In Ref. [23] we solved Equation (8) at one loop, providing an explicit expression for O|2) at one loop in
Ref. [17]. In the remainder of this section we will review that solution.
At one loop one need only consider H. Its classical equations of motion admit solutions

$(x,t) = e~ g(a), V' [f(2)lg(x) = wg(z) + " (). (13)

These are the equations of motion for a Poschl-Teller potential and the solutions are well known [24]. There
is one bound state solution g (x), corresponding to the translation mode. Translation is a symmetry and so the
corresponding frequency is wp = 0. There are also continuum modes g (x) with frequency wjy, where we fix the
index k by demanding that w? = m? + k? and we fix the sign of k by demanding that at large & the solution
reduce to the corresponding plane wave, albeit with a phase shift. Had we considered instead the ¢* theory, there
would also have been another bound state corresponding to a breather mode of the kink. More general theories might
also correspond to potentials which are not reflectionless, in which case we would need to consider combinations of
right and left moving modes.

We will impose the normalization conditions

/dxgkl (2) gk, (x) = 2w (k1 — k2), /da:|gB(sc)|2 =1 (14)

and note the orthogonality
[ dzar, @it =0 (15)

The solutions satisfy
gr(@) = g-x(x),  gp(r) = gp(r). (16)

Although we will not need them, for completeness we will write the explicit forms of these solutions

e—ika: m
gr(z) = (k — imtanh(mzx)) , gp(x) = \/;sech (mx). (17)

Wk

We will also define the inverse Fourier transforms of these functions as

o) = [ dagn(@)er” = Tseen (72)

) o2k —k
gx(p) = /dxgk(x)e”mc = wikc;(p —k)+ wlkCSCh <7T(Z;m)> . (18)

The functions g (x) and gg(x) are in fact a complete basis of the set of functions, being a complete set of
eigenvectors of the operator 32 — V[ f(z)] and also as evidenced by the completeness relation

(@950 + [ Fra@rl) = 8z~ ) (19)
or equivalently
3 (0)a(0) + [ 5-01)3-1(0) = 2000+ ). @0)

As the functions g are a basis of the set of functions, they can be used to expand the field ¢(z) and its canonical
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momentum 7 (). More precisely, there are two expansions of interest. The usual expansion in terms of plane waves is

dp

—i 1
¢(x) = g@,e P Op = m (a;; + a,p) 21
dp _ _ipe . [Wp oo 2 2
m(x) = o PE€ , T =1 7(%7@_,)), wp =/m?+p
while the expansion in terms of Poschl-Teller eigenfunctions is
dk dk
o) = onga()+ [ Growanle). a0 =mogn() + [ Fiman(o)

b = \/217k(b£+b,k), wk:i\/?@,i—bk). 22)

We define two normal ordering prescriptions. The operator : O :, will be ordered so that when decomposed
in terms of a' and a, all a' are on the left. The operator : O :; will be ordered so that when decomposed in terms
of ¢, mo, bl and b, all bf and ¢ are on the left. The Hamiltonian (1) was defined in terms of a normal ordering,
and the mismatch between the two normal-ordering schemes is responsible for the one-loop correction to the mass
[21,23]. We will refer to ::; as soliton normal ordering.

We will consistently use the index k for the Poschl-Teller momentum, while p, ¢ and r will be used for the
true momentum. This means, for example, that ¢,, and ¢;, are distinct operators, indeed they are coefficients of ¢ as
expanded in distinct bases. Sometimes it will be convenient to separate the bound and continuum parts of the fields

6p() = dugp(@),  dol0)= [ 5 ouanla) @3
wp(a) = mgs(@), 7o) = [ Brg)

As the plane waves and Poschl-Teller eigenfunctions are both complete bases of the space of functions,
the above decompositions are easily inverted, one simply integrates ¢(z) and 7(z) weighted by the complex
conjugate of a basis function to arrive at the corresponding mode. Therefore the canonical commutation relation
[¢(z), m(y)] = id(x — y) determines the algebra of the components

[apa CLM = 27T6(p - Q>7 [¢07 770] =1, [bkubZQ} = 2776(k1 - k2) (24)

with other commutators within each decomposition vanishing as usual.
Composing the inverse of the a decomposition with the b decomposition, one obtains the Bogoliubov transform
which relates them

- ajB,p + aTC,p7 ap =appt+acp (25)

¥ - Wp ) _ - wWp )
aBp g5(p) [ 5 %0 mm] , ap,—p = 9gB(p) [\/ 5 %0+ mm] .
dk g —
al, = / dk gr(p) (wp + wi bl + Wp — Wy
P 2r 2 /WpWg, /WOpWr
dk g — Wi
o, = / dk g (p) (wp — wi bl + wpt Wy
’ 2 2 N V/WpWi

Inserting (25) into the Poschl-Teller Hamiltonian (11) one obtains the one-loop Hamiltonian in terms of the b

oscillators )
Ho= Qi+ [ Grwnblbe+ 26)
where @), is the one-loop correction to the soliton mass
0 1/dk/dp(wp—wk)2~2() 1/dp 35(p)35(p)
= — [ = | ———— —— | —w .
! 1) o) 2w, W T ) ogwIB\IIBR

The one-loop Hamiltonian (26) is the sum of a free quantum-mechanical particle described by ¢ and g
and describing the center of mass motion of the soliton, with an infinite number of quantum harmonic oscillators
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labeled by the index k. The one-loop ground state is thus the tensor product of the vacua of these various quantum
mechanical sectors. More precisely, if we decompose O]0) using a semiclassical expansion

o) =0 27)
n=0
where |0),, is the contribution arising at O(A\™/?) then at one-loop the ground state satisfies
bi|0)o = mo[0)o = 0. (28)

These conditions were solved in Ref. [17] to obtain the one-loop ground state D|0)(, which we now recall. A
basis of states is given by the eigenvectors |®) of the field ¢(x)

¢(2)|®) = D(z)|®) (29)

where the eigenvalues are functions (Recall that a quantum field ¢ corresponds to one operator at each point x, and
each of these operators has eigenvectors with eigenvalues. Therefore an eigenvalue of ¢ is actually a choice of
eigenvalue at every point z, or in other words a function @ : & — ®(z)). ®(z). In terms of this basis, the state |0)¢
is given by coefficients which are functionals Wy of the functions ®(x)

0% / DOW[2)|0), By = / 4z (2)g7(z)

1 [ dk
Uyl®] = — | —Ppwrd_
o[®] exp( 2/27r KWk k) (30)
while the one-loop ground state D¢|0), is given by
D = [ Douke)e),  fi= [ def@ile)

T[] = exp (—;/Zﬁ(@k—fk)wk (m—fk)). (1)

One sees that the one-loop ground state is a squeezed state. Thus concludes our review. The goal of this paper
will be to find the correction |0);.

3. Soliton Normal Ordering the Interaction Terms

3.1. Setup

At subleading order
0[2) = [0)o + [0)1 (32)

and so the Schrodinger Equation (8) reduces to
H5[0)0 = @1]0)o, H3|0)o = —H2[0)1. (33)
In the previous section we reviewed the solution (30) of the first of these equations. The goal of the rest of this

note will be to solve the second.
In light of Equation (28), it will be convenient to reexpress

H; = é/de’”(m) 9P () 4 (34)

in terms of soliton normal ordered products : O :;. As ¢ and by, commute, we may decompose : ¢>(z) :, as

16 (@) 0=t O () 10 +3 1 95(2) 10 P (@) +305(2) : ¢G(2) 10 + 1 G () ta - (35)

We will calculate each of these terms in turn.
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3.2. n-Point Functions

The a normal ordering is defined in terms of oscillators a' and a, therefore to evaluate these terms we first
expand in terms of plane waves using (21), then the expressions are converted into b' and b using (25) and using the
commutators in (24) these are soliton normal ordered. Terms with just one field are already normal ordered, so we
only need to consider terms with two or three fields. As bound and continuum fields commute with each other, we
need only consider terms with two or three ¢ 5 or two or three ¢¢.

The simplest product is the square of the bound component of the field

d d e—ia:(p-i—‘])
B0 = [RJEED ) (o)

2 Ay
da e~ P+
_ /7 aqe [aE (a} + CLB,—q) + (aj3 +aB,_q> ClB,—p:|
or | 21 \fAwpw, L PP \"Pa h
frng /d£ dq - laj(p-‘rq) ( )

or | on \/m
X K\/L‘Tpfbo ) V@qPo + \/WqPo (x/@% + \/prﬂo)]

dag e~ (P+9)
(bO / /Qie\/mgB p ( ) %Z[ﬂ-07¢0]
pWq V
da e~ =(P+q)
L dp(T) —/ q c ——35()in(q)

= 1 ¢%(x) —gB(x)gB(x)

where in the last line we introduced the shorthand notation

dp e~P"
2m 2wy

g(p) (37)

g(x) =

which we will define both for the bound state function g5 and also the continuum gj,. Note that our answer resembles
the usual Wick’s theorem, with 1/(2w,,) the propagator arising from the contraction of two fields.
The square of the projection of the field ¢ onto the continuum is quite similar

dp [ dqe *w+a)
: ¢%«(m) e = /2£ e [aTC,p (aTC,q + aCa*lZ) + (aTC,q + aC:*Q) aC,*P}

27\ SAwpw,
dgq e~i@(pt9) de _
- / / 2 () ()

2m L\ / 4wpwy

d(ER i [@ IR EONEACRED
B ) ([ B [ )
T o

x (2 (0],0, + bl e+ bl bk +bokbos )

#(152) (Bos k4 o)

- /(;ll;gkl(w)gkz(fv)1¢k1<$)¢kz(m> &

o[ 5 e (5 - 5)
@+ [ (50 -0 o-rto)

We see that the Wick’s theorem relating vacuum and soliton normal ordering, in the case of the continuum
parts of the fields, replaces each contraction with 1/wy, — 1/w,. Intuitively the first term arises from the soliton
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normal ordering and the second from the vacuum normal ordering. In the case of the bound parts of fields, which do
not contain b operators, only the second term appeared. As these contraction terms will appear again in the three
point functions, we will name them

I(2) = Ip(2) + To(e),  Ip(@) = —gp@)isle),  Io(z) = / ‘”“(g’“mgk(x))g_k(w). (38)

2m \ 2wy

These functions are displayed in Figure 1.

0.00F== ‘ ‘ —  0.00f=— ‘ ‘ —
~0.05! \ / 1 _0'05\ r_

-0.10}
_©-0.10 9 15l
~0.15! | —020f Lol
-0.20f ‘ \/ ‘ ] -0.25¢ ‘ ‘ \/
4 -2 0 2 4 -4 -2 0 2 4
mx mx
0.0/= ‘
_O.lj /_
~02!
-03 Y i
~04 \j

mx

Figure 1. The functions Iz (z), Ic(x) and their sum I(x). These are the bound state, continuum and total
contributions to the loop factors which appear in various tadpole diagrams which yield individual operators ¢ and
&1, in the expressions for three-point functions : ¢*(x) :,. Their imaginary parts vanish to within the numerical
accuracy of our calculation.

The calculations of the three point functions are quite similar to those of the two point functions. First, for the
bound part of the field

() = / / / ar 6_8;:;) (39)
y (aB . +ap w) + (ag’r - aB,fr> aB,7q>

+ T aB _r) + (aTByr + (ZB7_T) agﬁ_q) (137_4
-/ ;L ;’— [ e i n@in) (o -3
= :¢%(z) 1 +3Ip(2)op (7).

The interpretation in terms of Wick’s theorem is clear, there are three contractions possible among the three
factors of ¢, each yielding a factor of I5(x). Finally we can compute

COL(T) e = i dE(w) 43 e~ twptatr) (40)

L N 1 bLQ b,
X Gk, (P)G—ky (@) Gry (1) (2% pr) ;e

: gb?é(x) b +3fc($)¢c(x).
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Assembling our results, we can evaluate H3 on the one-loop state |0)

d'k Al 2k AR
H, = | A¢} o1 / k4 p 41
3|O>0 < ¢O+/ (2 ) k1¢0\/7k1 (2 ) Ck)lk2¢0 T Wr Why + ¢0 ( )

a3k bl bl bl d'k bl
—=F . L =2 9 F L 0)o.
R e e L

Adopting the shorthand
Vigi = [ dev" 15 @)la(@)gs (@)r) @)
where the indices can be B or k;, we find
1
A = J/BI%’B 0, Vlgif;kﬂ Ciyky = Vélllﬁlkg 43)
D = /de”’ ( ) (x) = O, Ek1k2k3 = 6Vk/i/7€2k3

ﬂ,:2/mwvum<mn

The constants A and D vanish because they are the integrals of products of even functions times V", which is odd.

3.3. The Problem

Now we have the left hand side of the second Schrodinger equation in Equation (33). So can we solve it for the
leading correction |0); to the soliton state? To do this, we must invert Ho. Intuitively this must be possible as Hj is
the sum of a square, which must be positive definite, and a series of harmonic oscillators, which are also positive
definite. As the soliton basis of operators consists of a canonical algebra ¢y and 7 and also harmonic oscillators bt
and b, the Hilbert space itself can be represented as a tensor product of a quantum mechanical wave function in ¢
and oscillator states. Then the ﬂg term in H> is 7830, acting on these wave functions.

Let us try a simple example. Find the state |¢) that satisfies

Hylt)) = b], [0)o. (44)

Unfortunately there is more than one answer:

¥) = ( (vﬁmﬂm)+vanﬁm%¢Q> bf,10)o (45)

for any numbers (5 and ~.

What went wrong? If we naively apply perturbation theory, we solve for |0); order by order in ¢. But at any
finite order, in fact any order greater than two, this leads to a polynomial in ¢ and thus 73 on the wave function
is unbounded. Indeed, the fact that 778 is positive definite comes from the fact that it arose from a Hamiltonian
consisting of squares, but this structure has been hidden by an integration by parts. Thus the zero eigenvalues of Ho

acting on the § and ~y terms in Equation (45) are not obviously forbidden in perturbation theory. The integration by
parts cannot be undone when the wave function is a polynomial in ¢ because it diverges and so the boundary terms
diverge. Of course this divergence is fictitious, because the wave function is not really polynomial in ¢, that is
simply the organization of the perturbation theory. However this leaves us with the problem that in perturbation
theory, Hy does not seem to have a unique inverse and so one cannot solve for |0); without further inputs.

Summary 1. We found H3|0)o but we cannot uniquely invert Hy to obtain |0)1 using Equation (33).

4. The Zero Momentum Sector
4.1. The Solution

The problem with the invertibility of Hy comes from the existence of the flat direction corresponding to
translations of the soliton. As the original Hamiltonian had a translation symmetry, this is an exact symmetry
of the system and so of the ground state wave function. There is also a continuous spectrum of states above it
corresponding to small momenta for the soliton. In general it is known [25,26] that perturbation theory fails

9 of 16



Evslin J. Part. Phys. Cosmol. 2025, 1(1), 2

for continuous spectra because they lead to interesting physical effects, such as clouds, that are not captured by
perturbation theory.

However in this case the flat direction corresponds to a symmetry which commutes with the Hamiltonian and,
in particular, it is an exact symmetry of the ground state. Thus the Hamiltonian does not mix states with different
momenta. The zero momentum states are a series of harmonic oscillators, each of which is gapped (although there is
a limit as £ — 0 in which the gap becomes small). As a result we do not expect the continuum to lead to any exotic
physics. On the contrary, if we first restrict to zero momentum states then we expect ordinary perturbation theory to
be reliable. We will see that the zero momentum condition itself is rather complicated and can only be solved in
perturbation theory. However it will be sufficient to first solve it at the desired order, and then perform perturbation
theory on the restricted states at that order. This will be our strategy (Another strategy has been employed at one
loop in Ref. [27]. We believe that our approach is more direct).

The momentum operator is

dp
P = —/dx c(x)0pp(2) 1q= / %wpa};ap. (46)
This commutes with the Sine-Gordon Hamiltonian H in (1). However our perturbation theory is a decomposi-

tion of H', which was defined by the similarity transform (4). Therefore H' does not commute with P, it is not
translation invariant, instead it commutes with the similarity transform

[H',P'] =0, P = ’D;lPDf = —/dm :7(2)0(9(2) + f()) :a= —amg + P 47)

where we have defined the constant of proportionality « by

gp(z) = af'(z). (48)
‘We note that )

— = / daf"(x) (49)

8]

is twice the kinetic energy term in Equation (1) corresponding to the soliton solution and in fact is equal to the
classical energy Q. It can be directly calculated from Equations (3) and (17)

A 1
= . (50)
8m v QO
Now we are ready for the key step in our analysis. The central observation is that, as the theory is translation
invariant and translation symmetry cannot be spontaneously broken in 1 + 1 dimensions, the ground state of the
soliton sector must also be translation invariant

0= P|K) = PD;0O|Q) = D;P'O|Q). (51)
Left multiplying by D; ' we find
P'O|Q) = 0. (52)

This condition can be expanded order by order using (27) and (47). The leading term is

[ A
— %71'0|0>0 =0. (53)

This is satisfied already due to the definition of |0)( in Equation (28). In this paper we are interested in the
subleading contribution to the state. It arises from the subleading term in (52)

A
P|0>0=\/%W0\0>1o (54)

Our strategy in this paper will be to first impose (54). This will costrain |0); but not fix it entirely. However
we will see that it fixes it sufficiently so that H» can be inverted and so the Schrodinger Equation (33) can be solved.
More generally, we claim the following.

10 of 16



Evslin J. Part. Phys. Cosmol. 2025, 1(1), 2

Claim 1. First impose momentum invariance on the ground state at a given order in \ by solving Equation (52),
expanded as described in Equations (27) and (47). Then the Schrodinger Equation (8), expanded using (12), can be
uniquely solved at the same order.

4.2. The Momentum Operator

To solve (54) we need to calculate the action of P on |0)¢. It will be convenient to calculate P in the soliton
basis of operators ¢, 7, b’ and b. First note that

1. . 1
oy = 5an(o)in(-p) (wpeh + -

5 o + [do, m]) (55)
p

1
+% / % {@B(_p)gkl (p) +95(P)gr: (—p)) (Wp¢0¢k1 + 17To7Tk1>

+(98(=P) gk, (P) — 38(P) Gk, (—D)) (imodr — idoms)]

1 Pk . 1 .
+§ / ngl (p)gkz(_p) |:Wp¢k1 ¢k2 + Upwklﬂk2 +1 ((bklﬂ—kZ - 7rk1¢k2):| .

To obtain P, we need to integrate over p, weighted by p. This eliminates all terms in a;g

including all terms which include only bound state fields or scalars, leaving only terms which are products of a ¢
witha 7

a,, which are even in p,

d
P = % pa;r)ap (56)

= 5 [ 50| [ e 900 0) = 30V () (o, — o)

+ /(;Z’]T_];ngl (p)gk'Q(_p) (¢klﬁk2 — ﬁk1¢k2):|

d'k i Wk,

= /;Lip {/ WﬁB(—p)gkl (p) (mWO(bL Hoom) 4/ do(b, — b—’fl)>
+1/ (j;’;gkl (0, () (%) (Pl —b-sub-02)

As |0)¢ is annihilated by 7y and b we conclude

d'k [ dp bj
P = —— | Zpgg(—n)a —t 57
00 = [ e [ (), (P b0l 7
L[ Pk fdp b, bl
+3 [ e | i @) () (= ) o),

4.3. Momentum-Invariant States

Next, to solve (54) for |0);, we must first understand how to represent the states in the Hilbert space. As our
operators my and ¢ generate a canonical algebra, they act faithfully on the set of wavefunctions which are functions
of ¢g. The other operators bL and by, generate the ith copy of a Heisenberg algebra for a quantum harmonic
oscillator. The corresponding states are products of bLi on |0)o. As our algebra of operators is the direct sum of the
canonical algebra and the oscillator algebras, the states are a tensor product of these representations. In other words,
a general state can be written

bL copt
1 kn

0 58
Qn“kl"'“knl >0 (58)

- m m A"k (m
W= X W 0 = [ Gt @)

m,n=0

where each 1/),5:”) K, (¢o) is a degree m complex polynomial in ¢g.
Noting that 7 acts on these wave functions as

9

900 w,ﬁT)k (¢0)) o (59)

0™, (d0) = (—z'
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and so
T bT

ml) ) = =i [ i, 60) 0% (60)

2"w W,

n

we see that the inverse of 7 is well-defined up to a ¢-independent constant of integration |¢)(°). Any solution of
(54) can therefore be written (We reserve subscripts in parentheses for counting the number of b, while subscripts
of states with no parentheses refer to the semiclassical expansion).

0) = |>“”+|0>“)+|0>(2) 1)
oY = \/ / pgk<>gk (—p) (wi —wkwo%m
1 1 2 1 2 \/m

01 = \/7/ dlk pr( P)gr, (P)wr, &3 at [0)-
1 RO 2w,

It will be convenient later to remove the inverse Fourier transforms, and so we apply the identities

[ svan(-pan ) =i [ drop@gi@). [ oi@an-p) =i [ dug @) 62

to obtain

0)» = 1/ /dQ’“ dagl, (2)gk, (@) (W, — wry) 6 Mm
1 sm G, \T) ko ko k1 om 0

@ _ dlk / . bi,
|0>1 - dng(x)gk(x)wk1¢Om|0>0 (63)

This is as far as we can get using translation-invariance of the ground state alone. To determine the ¢g-
independent piece, |O>§O), we need the Hamiltonian. That will be the goal of the next section.

5. The Two Loop Solution

To solve the Schrodinger Equation (33) we must apply Ho in (26) to |0)1, given in Equations (61) and (63).
We will ignore the constant term ) in H», as an overall shift in the energy can be absorbed into a e ~%* factor in
front of all states which does not affect any observables.

The first term in H3|0); is

o= 770 \0 drgp(x)g,(z b |0)o. (64)
w/2wk1

We will use the equation of motion (13) together with (48) and (50) to make the following manipulations

/ drg)(2)gp ()} = — / drw}gr(z)gp(x) (65)
_ - / da (V"[f(2))gx(x) — 9} (2)) gl (=)

- [ de (v 1F@gn(@)ai @) + Gh(e)gh ()

- [ @V ($@)) (90(2)gi @) + Gk w)gn (o)

"
VBBK

I
QL
8
<
=
—~
B
=
—
B
Ne)
=
B
Ne
oy]
—
8
S—
I
E,

and so we find

1 [ d 1 b
_ = Vel k1o 66
@ 2 / (27‘(‘)1 BBk Wk, 2wk1 | >0 (66)

where we have used the shorthand introduced in Equation (42).
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Similarly the next term is

d'k dtk
5 = [ grenthbnl0® = —ga [ /dng 2)gh(a wmﬁ 0.

L%, B dlk
- =3 @ BB’“%m' >°/<2 B ’“%m

We recognize this is as minus the By, term in H3|0)o as written in (41).
We have evaluated H>|0) 52). Let us now evaluate H5|0) 51). The first term vanishes trivially

[0)o. (67)

%3|0>§” =0 (68)
because 7y|0)¢ = 0. The other can be simplified using the identity
[ dzgi @@, ~wt) = [ do (o0 @)y ) + g, (01,00, () (69)
[ e V510 (1. @)1 0)) + 02 (s, (2)5h, @)
/ dxV" [ (@) (2)g, (2)gs ()

V )\ Vg’/clklz

We then find
d*k
y = / (2 ) wkl bklb k1 |0> (70)
d2k / 2 2 0 b£1 bLz
= / dxgkl (%) gk, (2) (Wi, — wi,) @ WWO
1 2
_ 1 k /// 0 bz1 bltz _ dgk bL1 b£2
= -3 5 VBhik, @ =000 = = | =5 CkksP0—==—=10)0
2/ (2r)2 VAwy, W, (2m) NZTTS
which again exactly cancels the corresponding term in (41).
Assembling our results, we have found
T2 d*k
0 = (2()+/(2 ) wlﬁbLb k1> ‘0>1—|—H3|0> (71)

_ /2 b, bor 00 + a

(
d3k bi, bl b, d'k by,
+ By koks 8k1 B + / T Fr, b 10)o
V/BWiey Why Wi (2m) V2wi,
d'k o0, 1 d'k 1 bl
= bl b, |0 Vi L0
/ (27_(_) To1 Wk Ok, k1| > 2 / (2 )1 BBk1 /72(4%1 ‘ >0
1 [ &k b}, bl b 1 dlk b}
- \Ved k1 k2 k3 - / /d W I k1 0
+ <6 / (27‘(’)3 kikaks /ka1wkzwk3 + 92 (27‘[‘)1 xr [f(x)]glﬂ (Cﬂ) (ZL’) /724*)]@1 | >0
where we have used the fact that 7 \O)(O) =0as |0>(O) is independent of ¢¢. This cancellation is critical because,

with the 73 term removed, Hy is invertible and so we can now find |0);. To invert [ wb'b one need only divide by
the sum of the frequencies w of each creation operator in the Fock state, yielding

0 = =3 [ [ (1) + B0 b,

wkl

t

1 / dsk Vi bl bl bl 0.
6 (27T)3 Why + Wy + Wy /SWiy Wiy Wiy

(72)
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Adding this term to |O>§1) and |O>§2) in (63) one obtains |0)1, the subleading term in the state O|{2). This is our
main result.

The most surprising feature is the g% /w which is added to the loop factor I(z). This is the « term from (66).
It is not apparent in expressions for H3|0), but instead is necessary to ensure translation invariance of the soliton
ground state | K'). It would be interesting to understand if this correction arises in a diagrammatic approach to the
calculation of the ground state.

6. Remarks

In general, we do not have a definition of a quantum soliton. It is a state in the Hilbert space. We have
a definition at zero coupling, where it is a coherent state D;|Q2) and f is the classical soliton solution. In the
supersymmetric case, if the soliton is BPS, we can follow the soliton to strong coupling by demanding that it remain
BPS throughout the deformation. At weak coupling, we can define a soliton as a Hamiltonian eigenstate given
by a semiclassical expansion which starts with the zero coupling state. That has been the approach in this paper.
The leading quantum correction, corresponding to a squeezed eigenstate of the Poschl-Teller theory, was found in
Ref. [17] and the subleading correction |0); was found here.

We believe that the basic strategy employed here, first demanding translation invariance and then solving the
Schrodinger equation at the same order, will work to any order in the semiclassical expansion. But how do we
go beyond the semiclassical expansion? We know in this theory [6] that at strong coupling the soliton becomes
the fundamental fermion in the massive Thirring model. It would be nice to be able to follow it explicitly. For
this, perhaps the low orders in perturbation theory give some hint. Another possibility would be to consider a
supersymmetric version where the soliton is BPS, so that it is described by a first order equation which may be easier
to follow. For this second route, we need to include fermions in our approach. In this case normal ordering will no
longer render the theory finite, and so we need to generalize our formalism to a more general regularization and
renormalization prescription. For example, a Hamiltonian quantization of this system regularized via convolution
with a smooth function was introduced in Ref. [28].

Of more immediate concern is the two-loop correction to the Sine-Gordon soliton energy [29-31]. One expects
#3]0)o and ¢¢|0) terms in both H3|0); and also H,|0)o. How is the energy to be extracted from these terms? In
ordinary perturbation theory, one could take the inner product with respect to |0)¢ to obtain the energy, but here the
¢o direction is not normalizable. Presumably translation invariance will again save us somehow. In fact, there may
be a contribution at the same order from Hj|0)2. Indeed, invariance under P’ at second order may well lead to a
|O>§2) and |0)é4) term in |0)2. Perhaps then H3|0)2 will cancel the unwanted terms from Hs3|0); and also H4|0)(?
If there is no such cancellation, one may attack this problem starting with the compactified case [32] where all
states are normalizable and so the inner product above is well defined, leading to a direct calculation of the two
loop energy.
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