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ABSTRACT: One of the most striking but mysterious properties of the sinh-Gordon model
(ShG) is the b — 1/b self-duality of its S-matrix, of which there is no trace in its Lagrangian
formulation. Here b is the coupling appearing in the model’s eponymous hyperbolic co-
sine present in its Lagrangian, cosh(b¢). In this paper we develop truncated spectrum
methods (TSMs) for studying the sinh-Gordon model at a finite volume as we vary the
coupling constant. We obtain the expected results for b < 1 and intermediate values of
b, but as the self-dual point b = 1 is approached, the basic application of the TSM to the
ShG breaks down. We find that the TSM gives results with a strong cutoff £, dependence,
which disappears according only to a very slow power law in E.. Standard renormalization
group strategies — whether they be numerical or analytic — also fail to improve upon
matters here. We thus explore three strategies to address the basic limitations of the TSM
in the vicinity of b = 1. In the first, we focus on the small-volume spectrum. We attempt
to understand how much of the physics of the ShG is encoded in the zero mode part of
its Hamiltonian, in essence how ‘quantum mechanical’ vs ‘quantum field theoretic’ the
problem is. In the second, we identify the divergencies present in perturbation theory and
perform their resummation using a supra-Borel approximate. In the third approach, we
use the exact form factors of the model to treat the ShG at one value of b as a perturba-
tion of a ShG at a different coupling. In the light of this work, we argue that the strong
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coupling phase b > 1 of the Lagrangian formulation of model may be different from what is
naively inferred from its S-matrix. In particular, we present an argument that the theory
is massless for b > 1.
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1 Introduction

The sinh-Gordon model (ShG) is a canonical quantum integrable field theory. It has a
number of different descriptions, but in this work we are going to take as a starting point
the Lagrangian formulation of the model given by

Lshg = % (8%5)2 — 2 cosh(bo) . (1.1)



Here ¢(x,t) is a real non-compact scalar field, p is some dimensionful mass scale and b
is a dimensionless coupling constant. Upon quantization, u is replaced by a renormalized
coupling constant depending on the chosen quantization scheme. The spectrum of the
model is exceedingly simple, consisting of a single massive particle of mass Mg,g. This
makes the ShG the simplest of interacting integrable field theories. Much is known about
its properties. Its elastic S-matrix was found in [1]. The form factors of local operators
were obtained in [2, 3], while the vacuum expectation values of exponential operators were
found in [4]. The exact relationship between the physical mass Mgpc and the renormalized
coupling in the perturbed gaussian CF'T scheme, here denoted later as ushg, as a function
of the coupling b, was derived in [5]. Its thermodynamic Bethe ansatz for the ground state
and for the excited states was studied in [6, 7], while the thermal correlation functions of
the model were discussed in [8-10]. A suggestive connection between the ShG model and
roaming renormalization group trajectories among the minimal models of CFT was studied
in [11], while a direct mapping between the ShG and the Ising model was established in [12].
Furthermore, beyond simply being a model that is amenable to analytic manipulation, the
ShG finds applications in a wide range of areas of physics running from toy models of
quantum gravity [13], to cold atomic gases [14, 15], studies of thermalization in classical
field theories [16, 17], and lattice models with non-compact quantum group symmetries [18].
It is also worth stressing that the ShG model is the simplest example of Toda field theories,
a large class of models with exponential interactions based on root systems of Lie algebras,
see for instance [19] and references therein. The main difference between the ShG model
and the rest of the Toda field theories is that the ShG does not have bound states.

One of the most striking but mysterious aspects of the ShG model' is its apparent
weak-strong duality:

b 1/b. (1.2)

In the presence of such a symmetry, the self-dual point b = 1 clearly emerges as a special
value of the ShG model, for it divides the weak-coupling regime, b < 1, from the strong
coupling regime, b > 1. It is important to underline that this duality is not at all manifest in
the Lagrangian of the theory but is apparent, as discussed later, in its S-matrix formulation.
It is the primary aim of this paper to develop truncated spectrum methods (TSMs) in order
to study the model at finite volume by varying its coupling constant in the vicinity of this
self-dual point. For reasons which will become clear later, the obvious regime in which these
methods can be implemented is the weak-coupling regime b < 1, but we can extend them
to approach the b = 1 self-dual point. As we shall see, at b = 1 the physical mass vanishes
and the theory appears to be (at least naively) critical. Ultimately we aim to explore the
ShG at b = 1 and understand what theory is described by the Lagrangian given in eq. (1.1).
The theory’s duality, as expressed in eq. (1.2), is built on results established at b < 1 which
are then subsequently analytically continued to regimes beyond their nominal validity. It is
then an important question to understand whether the Lagrangian corresponding to these

analytic continuations is the same as given in eq. (1.1) with b > 1.

1The Toda field theories have a similar duality.



As we explore in this paper, the development of TSM for the ShG nearby the self-dual
point b = 1 proves to be surprisingly challenging. Truncated spectrum methods treat a
model by firstly defining it on a finite volume (typically an infinitely long cylinder of width
R) and then, secondly, introducing a hard UV cutoff, E., in the number of energy levels
which are included in the computation [20-30]. Under these two conditions, numerics can
be performed (either exact diagonalization or Lanczos based approaches) and the low lying
energy spectrum, together with vacuum expectation values and matrix elements of several
operators, can be computed. Of course, in this treatment it is crucial to understand the
effect of F,. on the computed results. For certain models, even small values of E. lead to
results that are, in effect, independent of the cutoff (i.e. the ¢ = 1/2 Ising model perturbed
by the presence of a magnetic field being a classic example [21]). In other cases, as for
instance those analysed in refs. [22, 31-36], the results are instead noticeably affected by E.
and, to ameliorate the effects of the introduction of E., various renormalization group (RG)
strategies have been employed, both analytic and numerical [23, 24, 27-30, 37-39].

The premise of all these RG strategies is that cutoff dependent effects are in some sense
small. However, in the case of the ShG model, we shall see that such cutoff effects near
b =1 can be on the contrary extremely large and therefore the traditional RG strategies
do not work. In order to deal with this new situation, we propose herein three different
approaches to tackle the problem:

1. In the first, we explore more carefully the small-volume regime and its ‘quantum
mechanical nature’ In particular, one may expect that the UV behaviour of the
spectrum is dominated by the quantum mechanics of the zero mode of the field.
By using either this quantum mechanical picture or the TBA equations combined
with the mass-coupling relation, it is possible to derive a systematic expansion for
certain energy levels (more precisely, their corresponding scaling functions) in terms
of (In(uspgR))™!. The two expansions are however different in subleading orders.
As the energies contain an additional R~! factor relative to the scaling function, the
difference between TBA and zero mode energy levels eventually diverge for R — 0
for all b > 0. We derive an effective potential, partially taking into account the effect
of oscillators. At the one hand, we analytically reproduce the exact expansion up to
O(b'?), confirming that the oscillators are able to explain the differences in the log-
expansion. On the other hand, we show that TSM numerics significantly outperforms
even the numerical solution of the complete effective potential. We then use this fact
to provide a more precise measurement of the IR parameters from TSM, combining
UV numerics with the small-volume expansion of TBA.

2. In the second strategy, we recast the analytic RG strategy used to remove the effect
of the cutoff. Typically this RG strategy is pursued by initially performing low order
perturbation theory in the conformal coupling, here usnc. However this fails for
the ShG near b = 1 as the perturbation theory of this model is divergent term by
term. These divergences, we show, actually appear for any value of b, although for
small values of b their appearance is delayed until higher orders. Facing this, we
argue that the diverging perturbative series can be resummed. However, this is not



a Borel resummation per se, as the series is diverging more rapidly than n!, but it
does nonetheless admit a supra-Borel resummation.

3. In the third and last strategy, we abandon the use of the non-compact boson Hilbert
space as a computational basis. One way to understand the difficulties in using TSM’s
about b = 1 is to think of them as arising due to a poor choice of computational basis.
We have already said that the theory becomes critical at b = 1 (i.e. the mass scale
Mgy vanishes at fixed ugpg). Hence, using a non-interacting field to describe the
vicinity of what it could be a non-trivial conformal field theory (presumably strongly
interacting) may then simply be inappropriate. Thus we explore the possibility of
using an interacting basis of states as a computational basis. The natural choice here
is to use, as a computational basis, the basis of exact eigenstates of the ShG at one
value of b to study the theory at a different (relatively close) value of b.

The paper is organized as follows. In section 2, we review basic information on the
ShG model, pointing out its origin and possible limitations. Although this section reviews
previously known results, it is crucial for understanding the rest of the paper. In section 3
we discuss truncated spectrum methods, in particular the key role played by the choice of
computational basis. In section 4 we then present our particular choice of computational
basis. In section 5, we discuss our numerical results for various quantities including the
finite volume spectrum, the S-matrix, and the vacuum expectation values of various ex-
ponential operators of the model. In section 5 we further demonstrate how the standard
renormalization group techniques used to improve TSM results fail to do so for the ShG
model close to the self-dual point, thus setting up the rationale for the next three sections.
In section 6 we explore in detail the information carried by the zero modes of the theory
and the ‘quantum-mechanical’ nature of the ShG model in certain regimes of the coupling
and volume. In section 7 we analyse the nature of perturbation theory which defines the
ShG model as a massive deformation of a Gaussian theory and we argue that the pertur-
bative series is badly behaved and is non-Borel resummable. This leads us to consider a
supra-Borel resummation in order to give meaning to these divergent sums. In section 8
we come back to the issue of a proper choice of the basis for the TSM and we explore the
possibility to study the ShG model at a given coupling b in terms of states and matrix
elements of a ShG model defined at a different value of b. As we will see, this approach
admits of a series of sanity checks. In section 9 we finally discuss our conclusions and
future directions.

2 Basic features of the sinh-Gordon model

In this section we briefly review the basic properties of the ShG necessary to understand
the TSM results and their interpretation presented in the main body of the paper. The
scale dimension of the renormalized counterpart of the coupling u appearing in the ShG
Lagrangian depends on the quantization scheme of the model. Hereafter we are going to
discuss three such schemes: (i) a perturbative scheme based on Feynman diagrams; (ii)
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Figure 1. Diagrams for the first order tadpole diagram 7T and the corresponding relative mass
counterterm dm? = —T (my).

treating the theory on the same grounds as its analytically continued cousin, the sine-
Gordon model, namely as a perturbed Gaussian CFT; and (iii) as a perturbation of a
Liouville quantum field theory. The model’s self-duality is often encoded in the parameter

Q=>b+b" (2.1)
which we record here for the reader to emphasize its importance.

2.1 Feynman diagrammatic analysis

In the first scheme, the ShG model is considered by employing perturbation theory in the
coupling constant b and evaluating all quantities in terms of Feynman diagrams. This can
be done by introducing a momentum cutoff A and expanding the potential of the theory

in terms of b:

b2 5 b4 4 b2n 5
2 h(bg) = 2u(i, A, b) | 1+ — — LSRR 2.2
Here p(fi, A, b) is a bare parameter of dimension mass squared. Using the cutoff A, we have
introduced a renormalized coupling p, which we aim to keep fixed as we tune p such that
the physical quantities are finite:

(7 A,b) = i+ O(blog(A)) (2.3)

Above the unique ground state of the theory, there is a massive excitation, whose mass at
the lowest order in b is mg given by

mé = 16w b [i. (2.4)

Of course the actual mass of the particle will get corrections by all the higher order interac-
tions. However, the perturbative series contains divergences. Fortunately, in 14-1d theories
with local interactions all divergences come from the tadpole diagrams. These divergences
can be cured by introducing a mass counter-term ém? and imposing that, order by order,
dm? cancels the infinities coming from the tadpole diagrams. At the lowest order in b%, for
instance, we have the condition expressed in figure 1, where the tadpole is regularized in
terms of the momentum cutoff A as

dk dk‘ 1 A A2
4 — 1 0 2
T(mo) = (87)%b / o) = (87)%* log < +4/1+ m%) . (2.5)



Figure 2. Feynman diagrams up to order b° entering the expansion of M3, ;. The ¢° vertex is
distinguished by a blue dot.

The counterterm dm? = —T(myR), involving in general an arbitrary mass scale mig, is
absorbed by the bare parameter y such that

dm?
1672

This prescription is equivalent to defining a normal ordering for the Lagrangian (eq. (1.1)).

(i, A, b) = i + + O(b*log® A). (2.6)

The quantization scheme is fixed by the choice of mg. In particular, setting mig = mg
leads to the usual scheme of a perturbed massive boson, where normal ordering is with
respect to the free mass mg, eliminating altogether the tadpole diagrams at each order.
The exact relation between p and i in the normal ordering scheme myg is easily obtained
by means of the Baker-Campbell-Hausdorff formula. It reads

—2b
A A2
w(p, AD)y=p | — 4+ 4|1+ — . 2.7
(7, A, D) (mm = (2.7)
In this way, all n-point correlation functions of the theory are finite to all orders in pertur-
bation theory. In particular, one can compute the physical mass Mgng of the theory, as a
function of mg and b2, by looking at the pole of the 2-point correlation function. In the
scheme mig = mg = m, we obtain

b vo 1 7¢(3)  14((3) b8
Mig=m?|1-— < — ) ol—], 2.8
ShG = ( 33452 g3 \ 15367 T 307208 307273 ) ) T\ & (2:8)
where g = 8% and each term comes from the Feynman diagrams of figure 2. We will point

out later that this perturbative analysis is consistent with an exact formula for the mass
that we present in section 2.2.4.

We note that at O(b*), the ShG coincides with a ¢* Landau-Ginzburg model. Given
the repulsive nature of this latter theory, the ShG is expected to have no bound states, its
spectrum consisting of multi-particle states of the same particle. As we will see shortly,
this conclusion is in agreement with the exact S-matrix of the model.



2.2 Relation with the sine-Gordon model

In the second approach, properties of the ShG model are extracted from a closely related
model, the sine-Gordon (SG) model. The SG model has a Lagrangian given by

1 2
= — 2 . 2.
Lsc = 14— (0u®)” + 2p cos(bg) (2.9)
This can be obtained from the ShG Lagrangian (1.1) by making the substitutions

b— b,
(2.10)
= — .
It is important to stress that, although the two theories are related by this simple transfor-
mation, their underlying nature is rather different and there are indeed a series of hidden
subtleties behind the innocent looking analytic continuation (2.10), some of which are
discussed below.

2.2.1 SG and ShG models as deformations of a Gaussian theory

Both theories may be regarded as deformations of the Gaussian fixed point action given
by the kinetic term in eq. (1.1)

1
AO:/ m—ﬂ(ﬁuqﬁ)Qde. (2.11)

With respect to this CFT of central charge ¢ = 1, the chiral conformal dimension of a vertex
operator, V(a) = €, is A(a) = a®. The sine-Gordon model involves the vertex operators
V (4£b) = e*%® which are compact and bounded, while the sinh-Gordon model employs the
vertex operators V(Fib) = e™*® which are instead non-compact and unbounded. More-
over, while in the sine-Gordon model the conformal dimensions of the vertex operators are
positive and given by

Aiy =02, (2.12)

in the sinh-Gordon model they are instead negative and given by
Apy = —b>. (2.13)

How the sinh-Gordon model turns out to be a unitary quantum field theory, despite the
negative conformal dimension of its basic vertex operators, is one of the remarkable aspects
of this model. The way the theory restores its unitarity is through the existence of non-zero
vacuum expectation values (VEV), whose exact values are provided in eq. (2.33) below.
With z19 = x1 — x9, consider for instance the operator product expansion (OPE) with
respect to the Gaussian fixed point:

1
cosh(bp(x1)) cosh(bp(xz)) = T cosh(2b¢(x2)) + |$12|4b2]l + (2.14)
12
and taking the vacuum expectation value of both terms of this equation, we have

(cosh(2b¢(0)))

w T 1| - (2.15)
|Z12]

(cosh(bo(x1)) cosh(bop(xsz))) ~



Hence, if (cosh(2b¢(0))) # 0, we see that the two-point function of the vertex operators
et has effectively the same leading short-distance singularity as it would have in the case
of a positive A = b?> conformal dimension.

2.2.2 Coleman bound in SG and its formal absence in ShG

From a renormalization group point of view, the vertex operators which give rise to the
sine-Gordon model are relevant operators for b> < 1, where the upper value b = 1 is
known in the literature as Coleman’s bound [40]. The values 0 < b* < 1 are those for
which the SG is ultraviolet stable (i.e. we do not need extra non-trivial counter-terms in its
Lagrangian to cure its ultraviolet divergencies). As we already know, the only divergences
come from the tadpoles, which can be absorbed by a normal ordering prescription under
which the vertex operators get renormalized multiplicatively. Defining mig as the mass
scale by which normal ordering is defined and using a~' as the UV cutoff, the multiplicative
renormalization appears as

Lo — [(mIQRa> +O(a2)] o ‘mIR - (2.16)

When b% > 1, the vertex operators are irrelevant: hence the SG model becomes essentially
a massless theory [41].
In the ShG model, the renormalization of the operators (or the coupling) occurs with
the inverse factor of the SG model
A 2\ 2 .
e = K ) + O(aQ)] P e (2.17)

mira

Typically in this multiplicative renormalization the power of a that arises is absorbed into
the bare coupling p so defining a renormalized dimensionful parameter pgq/sna:

2
lsa/sha = pa=2", (2.18)

where + is for the SG theory and — is for the ShG model. pgq/sng then has engineering
dimension in the two theories of 2 F 2b%. The scale mg that appears in this multiplicative
renormalization is then typically absorbed into the definition of the normal ordered vertex
operator so that the OPE has the conventions expressed in eq. (2.14). Henceforth it is
understood as part of the definition of ugq/sng that mgr is chosen this way. The relation
between the free mass m appearing in eq. (2.8) and the coupling pghg is [42]
2-+2b2

HShG = QZTW e (2.19)
as derived in appendix A.

Because of the negative conformal dimension of its vertex operators (which makes
them relevant operators), at least formally the ShG model does not have a Coleman bound.
However, according to the argument given above, the singularity structure of the OPE for
the ShG interaction (eq. (2.15)) is the same as for the SG model. One thus may suspect
that there is in fact a Coleman bound for the ShG model, namely that the theory is properly
defined only for b? < 1, has a singularity at b> = 1 and a massless phase for b> > 1. This
is the scenario we will actually present later in the paper.



2.2.3 The spectrum of SG model

Let us now turn our attention to the spectrum of the SG model. This quantity is key as
the spectrum and S-matrix of the SG model will be connected to that of the ShG model
by analytic continuation. Reproducing this spectrum will be one of the major targets of
our TSM studies.

We note that this analytic continuation is subtle. While the sinh-Gordon model has
only one vacuum state, the sine-Gordon model has instead an infinite number of vacuum
states, |n), which are associated to the minima of the potential, ¢, = 27n/b. These
multiple vacua give rise to solitons and anti-solitons, excitation which interpolate between
two neighboring vacua, |n) and |n £ 1). For the integrability of the theory, scattering
among solitons and anti-solitons is elastic and the relative amplitudes can be computed
exactly [43]. Here it is sufficient to remind the reader of the main results of this analysis.

It is convenient to define
bQ
5 - 1 o b2 )

as this parameter controls the spectrum of the SG theory. The number of neutral soliton-

(2.20)

anti-soliton bound states (breathers) is given by
1
N = H , (2.21)

where [z] denotes the integer part of x. Denoting by M, the mass of the soliton, the
breather masses are given by

1
my, = 2Mj; sin <n7;§) , n=1,2...<-. (2.22)

§

Hence, the first breather exists provided ¢ < 1, namely only in the range b* < 1/2. Ignoring
this restriction, we plot m1(b) vs b for the entire interval (0,1) (see figure 3.b). Notice that
even though the breather does not exist for 6> > 1/2, its mass remains positive until
b? = 2/3. After this, its value turns negative and begins to rapidly oscillate, reflecting its
possession of an essential singularity at b% = 1.

The mass scale M, can be related to the renormalized coupling of the theory ugg (as
defined in eq. (2.18)). In the SG model the ground state energy in finite volume and in
the presence of an external field coupled to the topological charge of the model can be
computed in two different ways: using the thermodynamic Bethe ansatz (TBA) and using
conformal perturbation theory. The former approach employs the physical mass M, while
the latter, the renormalized mass scale uga. Comparing the results coming from the two
different approaches, Al. Zamolodchikov [5] was able to obtain an exact formula encoding
the ugg — M; relation:

2 % (1 — b2 PR

M, = (1)5 (HSG I(W))> . (2.23)
\/TT T (5 + 5)

We see that this formula is consistent with pgsg in the SG model having engineering and

scaling dimension 2 — 2b2. It is also important to stress that this formula assumes the
vertex operators are normalized with the convention of eq. (2.14).
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Figure 3. Masses in the sine-Gordon model.

This formula is physical in the interval 0 < b? < 1. It has an essential singularity when

b2 — 1 (ie. £ = o)
E+1

L

M, ~ 2323 82 (n€)5e®, B2 — 1. (2.24)

It also diverges when b — 0 as

1
M, ~4,/H5C ~ 52 0. (2.25)
T b

Its behaviour in the interval 0 < b2 < 1 is shown on figure 3a.

2.2.4 ShG model as analytic continuation of SG model

As we have stated, the ShG model can be thought of as the analytic continuation of the
SG. How then to connect the rich spectrum of SG containing topological excitations and
their bound states to the much simpler spectrum of ShG consisting of a single parity odd
excitation? The choice typically made is to identify the first breather of the SG model with
the massive excitation of ShG.

To obtain the mass, Mgyq, of the fundamental excitation in ShG, we then take
Mgn(b) = my(ib). Using egs. (2.23) and (2.22) we arrive at [4]

1 _
24252

4/ 7T (1 + b?) | (2.26)

e () [ T

where we have replaced pugg with —usng — necessary as only psng has the correct engi-

Mshg =

neering dimension. The plot of this quantity can be found on figure 4. A few remarks are
in order:

1. Keeping pghg fixed, the mass formula (eq. (2.26)) is not invariant under the weak-
strong duality b — 1/b of the ShG model. Moreover, its analytic continuation for
b? > 1 gives generally complex values for Mgyq.

~10 -
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Figure 4. Mass and ground state energy of the ShG model.

2. For any finite value of ugnq, the mass Mgy vanishes both at b2 = 0 and % = 1. The
nature of these zeros is however very different. Indeed, the zero at b*> = 0 disappears
if we rescale usng — psna/(8mb?) adopting the more conventional definition of the
coupling constant of the model used in the Feynman diagram expansion. However
on the approach to b?> = 1, we instead find a singular point:

Mgpg ~ (1 —)Y4 2 — 1. (2.27)

3. In order to compare with the perturbative expansion (eq. (2.8)), it is necessary to
connect the renormalization scheme used to define ugyg with that used to define m
(eq. (1.1)). Substituting eq. (2.19) into (eq. (2.26)) and expanding in b?, we have

2 2
_ w21 —TC(3) 6 8
Mgng = m (1 PLARE—ra. +0 (b)), (2.28)

agreeing with the series expansion of the square root of expression eq. (2.8).

2.2.5 S-matrix of the ShG model and its duality

Having argued the fundamental excitation of the ShG model is to be identified with the
analytically continued breather of SG, we are now in a position to derive the S-matrix of
the ShG’s excitation. This S-matrix is nothing but the analytically continued breather-
breather S-matrix, Sp, B, (#), of SG which is given by

sinh 6 4 ¢ sin &
sinhf —isinwé’

Spy B, (0) = (2.29)

where 0 = 01 — 0 and 0; (i = 1,2) is the rapidity of each of the breathers involved in the
scattering, with energy and momentum given by E; = mj cosh §; and p; = m sinh #;. This
amplitude has a pole at § = in¢&,

. 2tan(m§)

S(0) ~ i i (2.30)
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and, for & < 1, its residue is positive, i.e. this pole signals a further bound state, while for
& > 1 the residue changes sign, which can be interpreted as another signal of the absence
in the spectrum of the first breather for £ > 1.

If we now continue this expression analytically by substituting —b? for b2 in eq. (2.29),
we obtain for the exact 2-body S-matrix of the ShG model

sinh @ — isinmB

5(0) = sinhf + isin7B’ (2.31)
where
b2
B = T (2.32)

This expression coincides with the S-matrix of the ShG model proposed in [1]. Although
this argument is amazingly simple, the final result is nonetheless surprising because a
duality has appeared. The S-matrix now is invariant under the weak/strong duality b <> 1/b
or B <» 1 — B. However this duality is nowhere apparent in the Lagrangian (1.1) of
the model.

2.2.6 Vacuum expectation values in the SG and ShG model

Similar to the mass and S-matrix, the vacuum expectation values (VEVSs) of the vertex op-
erators of the ShG model can be obtained as analytic continuations from the corresponding
expressions for the SG model, the eponymous FLZZ formula [4, 44]:

Gla) = (*%) = M2 G(a)

iy [<><>]
— “ShG 4ﬁ

oo dt sinh?(2abt) _—
T+ 2 2.
XeXp{/o / l Dsinh(0%) sinh ¢ cosh((L £ 070 T 2¢ ¢ [ (239

with G(a) = G(—«). Notice that the integral above converges for

laf < %Q, (2.34)

a bound conceived for physical operators by N. Seiberg in his study of the allied Liouville
problem [45]. For values of a beyond the Seiberg bound, one can exploit an analytic

continuation of G(«). Obtaining this continuation is facilitated by the expression [46]:

Gla) = e 21me® o0 T (2.35)

Q
= T2 (3 + 1) T2 (4 + M)
Xgr(5‘5+k23)F(§+E§+'EB)T(%—g+’“(123))r(;+g+’“(123))'

From it one can see that the VEV, as a function of «, does not have poles but only zeros.

Besides the zero at a = @)/2, there is an infinite set of generically simple zeros located at:

N
a—ian7m—i2:F 2b +2b, (2.36)

with m>n>2 ne2”Z or n>m>2 me27.
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Formula (2.35) is positive for —% <a< %, but it changes sign at its zeroes. The vertex

operators, being the exponentials of Hermitian operators, are positive (semi-)definite. This
means that, outside the above domain, the analytic continuation cannot directly correspond
to the expectation value. We will therefore consider these values “unphysical”. The function
G(a) itself is self-dual, i.e. invariant under b — 1/b — for the proof one may benefit from

the identity
dtr o o]
/0 ; [e —e } = —log b,

but the VEV is not itself self-dual because of the presence of MSE%:Q From the dependence
on « of this term, we can infer that the scaling dimension of the vertex operator V(«) is
A(a) = —a?, a value which coincides with its conformal dimension with respect to the
Gaussian fixed point. Using the VEV (2.33) we can compute the expectation value of the
trace of the stress-energy tensor, an operator that, on general terms, is defined as

O(z) = 2mB(usnc) O, (2.37)

where S(ushg) is the S-function of the coupling usng which perturbs a critical point and
O its conjugate field. For the case at hand, we have

O(x) = 8m(1 + b*) psng cosh bo(x). (2.38)

Using the mass formula (eq. (2.26)) and the simplified expression of the VEV at a =b

1 b2 —(2+2b?)
<e:|:b¢> — —2b? 7T 1 F(l + b2) P (W) F (1 + W) (2 39)
— ShG 96(14-02) sinwtB  I(—b2) 4y/7 P
we end up with
TM¢2
Q) = G 2.40
() 2sinmB ( )

2.2.7 Questions arising from the analytic continuation b <+ 2b

In this section we have presented a number of results for the ShG model (its spectrum, its
S-matrix, and the VEVs of its exponential operators) that are arrived at by analytically
continuing results from SG. The question of the validity of these analytic continuations
has to be raised. While the S-matrix of the ShG model is physically sensible for all b, the
expressions for the mass and VEVs are not. Given that the fundamental excitation of the
ShG is identified with the breather of SG and the SG breather ceases to exist for b < 1/v/2,
what exactly can be said for b > 1/4/2 is not entirely clear. And certainly the mass formula
for Mgnhq for b > 1 breaks down entirely giving complex-valued results.

That we are able to match perturbative computations of the mass formula with the
exact expression is thus important. This gives us some confidence that the results for
Mgnq are valid for b < 1. This confidence will be increased in the following section where
we discuss the ShG model as a perturbation of a Liouville theory. However the validity
and interpretation of formulae at b > 1 including the S-matrix arising from the analytic
continuation remains, in our opinion, an open question.
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2.3 ShG and Liouville models

We have now considered the ShG model from the perspective of perturbation theory and
an analytically continued SG model. We now present a third way to look at the ShG model:
as a deformation of a Liouville field theory [4, 47, 48]. This third way will be essential for
us in what follows and results presented here will be used in our discussion of quantum
mechanical reductions of the ShG model in section 6.

The Liouville conformal field theory is defined by the action [4, 47]

1
SLiouviHe - /d2x<16ﬂ_(all¢)2 +pr €b¢ : > + Q¢w . (241)

Here the operator e®® has conformal dimension 1 and gy, is dimensionless. This vertex
operator has this dimension because we have coupled the field to a background charge of
strength @ = b+ b~!. In general, in the presence of the charge at infinity, the conformal
dimension of the vertex operator e*® becomes

Ala) = a(Q — a). (2.42)

In order to ensure the theory is IR finite, the theory can be placed on a Riemann sphere
(of area A) with a metric

9 (%) = ()0 plx) = (1 + mla|?/A) 2. (2.43)

The ShG model then can be obtained as a perturbation of the Liouville action:
Ssha = SLiouville + ,ULd_4_4b2 /dzﬂf p($)2+2b2 e (2.44)

Note that we have made a scale d that comes from normal ordering the vertex operator
explicit instead of absorbing it into . We use d here to distinguish this scale from ones
(i.e. a) previously introduced in normal ordering vertex operators in different (Gaussian)
schemes. p, here is the same dimensionless constant that appears in the original Liouville
action, eq. (2.41).
A key property of the Liouville field theory is that the exponential operators are
pairwise identified as [47]
e0d(x) — R(a) e(@-)e(@) (2.45)

where R(«) is related to the Liouville reflection amplitude S7,(P) as

Q .\ () T 01+ 2P/ (1 + 2iPb)
R (2 * ZP) =5u(P) =~ (r(f-zﬂ)) ['(1—2iP/b)T(1 — 2iPb) " (2.46)

This identification of the operators implies that their VEV must satisfy the reflection

relations

Gr(a) = R() GL(Q — a),

(2.47)
Gr(—a) = R(a) GL(—Q + «).
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Here the L-subscripts indicate that we are taking these VEVs as defined in the perturbed
Liouville formulation of ShG and are not assuming these relations are the same as in
eq. (2.35). A solution of these equations can be obtained by an infinite iteration

Gr(a) x ﬁ R(a —nQ). (2.48)

n=0

With the further assumption of minimality, we can find a result equivalent to combin-
ing (2.26) and (2.33). This provides below an alternate way of understanding these formulae
without resorting to analytic continuation from results derived for SG.

In order to present this argument, we need to trace carefully the dimensions of the
quantities involved. This is an issue because in the Liouville approach the exponential
operator, ¢®®, has dimension (2.42) whereas the dimension of this operator in the perturbed
Gaussian formulation of the ShG model is instead —a?. To understand this dimensional
transmutation, we follow along with ref. [4] and interpret properly the results.

To begin, we use the action (eq. (2.44) to write the following perturbative expansion

of the VEV of e%:
1 o= (—pp)™ o _ _
Grle)=2"1> (n'L) /d2y1 o dPyn (e®(2) e (1) e ()L (2.49)
n=2 '

Since in Liouville field theory the coupling pur can be absorbed into the field ¢ via a
redefinition of this field by an additive shift, it is easy to obtain the explicit p;, dependence
of all correlators appearing in eq. (2.49). With the IR regulator in place, this expression
can be written as the following series:

—a/b > 2 A 2(1+b2) " ~
n=2

/

the reflection relations (2.47), given the dependence on py, of the refection amplitude R(«),

where Gp, () is independent of . The prefactor pr ® also ensures the satisfiability of
see eq. (2.46). We see that our IR regulator appears in a dimensionless combination with
the scale d in this perturbative expansion. If we assume that this expression has a sensible
large A limit, the above series must behave asymptotically as

& e o)y e (AN
H=S"t"Grn 20 | = = : 2.51
r(a,t) ;::2 n(a) = Gr() 1, <d2> (2.51)
Thus in the large A limit, we obtain
Gr(a) = d2(0=Q) | 2%/ G (). (2.52)

We thus see the VEV has dimension —2a(a— @) as set by the UV cutoff d — the dimension
set by the Liouville CFT. At the same time its dependence upon puy, is exactly what would
be expected from thinking of the ShG model as a perturbation of a free non-compact boson.
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We can now complete the argument showing how eq. (2.26) and eq. (2.33) can be
determined, at least in combination. Using eq. (2.47), we obtain [4] for the function G (a):

~ aT(1 4 b2)\ ~/ 0+
GL(O‘):< r(<—;> )>

0 dt sinh?(2abt) 2 2t
at | 5 . (253
><exp{/o t [ 2sinh(b2f) sinh ¢ cosh((1+ 620 ¢ =

If we compare G, (a) with the expression for G(c) presented in eq. (2.33) and eq. (2.26),
we see that we are consistent, i.e.

Y Ga). (2.54)

Hsa

If we identify the couplings in the two formulations via

_9_912
pish = prd 2%

)

we can identify the expressions for the VEVs in the two formulations via
Gr(a) =d2*?G(a). (2.55)

The appearance of the factor d in this expression is a reflection of the different normal
ordering schemes in the Gaussian vs Liouville pictures.

2.4 Generalized TBA equations for ground and excited state energies

One of the tools that we will use extensively in characterizing our TSM data is the thermo-
dynamic Bethe ansatz (TBA). The exact ground state energy, Ey(R), at a finite volume R
from the TBA by using the ‘finite volume-finite temperature’ equivalence of the partition
function Z:

®© d
Ey(R)=RE&E) — MSh(;/ Q—u coshu log(1 + e~ <™) | (2.56)
oo 2T
where & = —limR_moéan (R) is the ‘vacuum’ energy density equal to the VEV of
eq. (2.33):
MSQhG
= shG 2.
£ 8sinmB (2.57)
The pseudo-energy € (6) in eq. (2.56) is defined as the solution of the nonlinear integral
equation
®© d
€(0) = Mghg R cosh 6 — / 2—v¢(9 —v)log(1 + e M)y, (2.58)
oo 2T
where the kernel is related to the S-matrix as
d
¢ (0) = —i@ log S(0) . (2.59)

For excited states, the exact finite volume energies can be obtained either by careful analytic
continuations of the ground state TBA (following [49]), or by examining the continuum
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limit of an integrable lattice regularization [7]. A finite volume n-particle state can thus
be described by the multiparticle pseudo energy €(0[{0;}]_;) = €(0|{¥}) and a set of
quantization numbers {I; };.l:l satisfying the non-linear integral equation

v

) [ 2 9 og(1-+e 1), (2.0

e(01{9}) = Mspg R cosh 0+Zlog S(0-9;-

J

together with the additional quantization conditions

QU =2y, Qi({9)) = ~ielW; + SN — 7, G=1,.n  (26])

Given quantization numbers I; € Z, the rapidities {¢} and the pseudo energy €(6|{0}) can
be determined self-consistently by efficient numerical methods. Note that the above phase
convention is ‘bosonic’ in the sense that it is permitted to have I; = I, j # k (see also [50]).
Nevertheless, the resulting rapidities are always different, reflecting the fermionic nature of
the particles. The above ingredients provide the finite volume energy of the multiparticle
state as

% d
By (R) = RE + Msna Z cosh ) — MShc;/ % coshu log(1 4+ e~ <)y (2.62)

j o
Notice that, neglecting all terms exponentially suppressed in Mgnhg R in the finite volume
expression of the energies, these are nothing else but the well-known Bethe ansatz equations
of the ShG model. Moreover, regarding the mass Mgng just as a parameter of these
equations (i.e. as a quantity independent on b), these equations are invariant under the
duality b <> 1/b present in the S-matrix.

2.5 Summary

Let us summarise the main points of this section:

e As a Lagrangian theory, the ShG model has three equivalent descriptions: (i) one
arising from perturbation theory in b; (ii) one as a deformation of a Gaussian ¢ = 1
CFT; and (iii) finally one as a deformation of a Liouville theory.

e In the Gaussian picture, the ShG model can be thought of as an analytic continuation
of the SG model. In this way, results can be derived for the mass spectrum, the S-
matrix, and the VEVs of the vertex operators.

e The S-matrix so obtained suggests the theory has a weak-strong duality: b < 1/b.
However the mass formulas (and so the VEVs) are not invariant under this duality.

e The validity of this analytic continuation for values of b > 1 is unclear and there are
doubts about its validity even for b > 1/1/2.

e There is however reason to believe the expressions for the mass and the VEV up to
b = 1 because of the availability of an alternate derivation of the VEVs using the
Liouville picture as well as consistency with perturbation theory.
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e For the ShG model, we have a formalism that allows us to compute in a numeri-
cally exact fashion the excited state energies at any volume R. These equations are
invariant under duality if we consider Mg, to be merely a parameter

In the next two sections we will present the results coming from the truncated spectrum
method and testing the various expressions for the mass Mgy, the S-matrix, S(6), and the
VEVs (e®?) presented here. This analysis will give us some insight, even if not definitive,
on the nature of the theory for b > 1.

3 Truncated spectrum methods

The purpose of this section is to give the reader an overview of truncated spectrum meth-
ods (TSMs) and their application to the sinh-Gordon model. TSMs were introduced by
Yurov and Zamolodchikov [20] to study the low-energy spectrum of 2D perturbed confor-
mal field theories. However the method is able to study the spectrum and matrix elements
of any theory whose Hamiltonian can be conveniently written as a sum of two terms

R
H = Hy +/ dx Vpert () , (3.1)
0

where Hj is a base theory of which we assume to have a complete control of its energy
eigenvalues and eigenstates |E,)o. In particular, we assume that we are able to write down
the matrix elements of the second term in the full Hamiltonian, Vet (), in the basis {|Ey)o}
of eigenvectors of Hy. From a computational point of view, the actual implementation of the
method requires both a denumerable set of energy states and finite-dimensional subspaces
of the Hilbert space of the model: the former condition is typically achieved by putting
the model onto a cylinder of finite circumference R in the spatial direction; the latter
condition is satisfied by restricting the set of eigenstates of Hy to those whose energies fall
below a cutoff E.. Once a finite basis is obtained in this way, the truncated Hamiltonian is
constructed. This operator possesses the same matrix elements as the original Hamiltonian
in the truncated subspace, but acts trivially in the orthogonal subspace. Having this
in hand, one then solves, numerically, the eigenproblem of the truncated Hamiltonian.
Assuming for the moment that the dependence of the data on the cutoff E. is smooth,
once the truncated Hamiltonian is diagonalized for different volumes, the infinite volume
quantities can be obtained by extrapolation via Liischer’s principles [31, 51-53].

TSMs were first applied to the scaling Lee-Yang model [20] and the Ising model [21].
In both cases the numerical results reported therein were strongly convergent in F.. In
the study of the perturbed tri-critical Ising theory, though, it was argued that the con-
vergence in E, of the TSM results depends on the scaling dimension of the perturbing
operator [22, 31]. Various renormalization group approaches have been advocated to treat
cases where convergence in E. is suboptimal. These strategies are both numerical [23] and
analytical [37-39, 54] (For a comprehensive review of such strategies see [24].) We will
demonstrate later that these strategies require modification (at the very least) for the case
of the ShG.
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The performance of TSMs is dependent on the choice of the computational basis used
to perform the calculations (or, in other words, how we split the Hamiltonian H into Hy
and [ daxVpert). As with any variational method, we want to use a computational basis
that captures at the start features of the physics of the model at hand. In this paper we
study the ShG model by means of two different choices of Hy or computational bases:

1. In the first, discussed in section 4, we consider the ShG model as a deformation
of a Gaussian CFT and the corresponding non compact bosonic field expanded in
terms of an infinite number of oscillators and a single zero mode. When Hj is a
compact CFT on a cylinder and V' is a relevant operator, one typically has control on
the magnitude of the interaction between different energy scales in the theory. The
ShG model is, however, different, and the low and high energy scales in the problem
become strongly coupled on the approach towards b = 1.

2. This leads us to our second basis choice, outlined in section 8, where we use the
basis of the ShG model itself as the computational basis. In particular, we use the
basis of the ShG model at one value of b to compute the properties of the model at
a different value of b. In this scheme, Ve is the difference between two hyperbolic
cosines. This approach does immediately raise questions of circularity. We are, after
all, using conjectured information about the model at a point by as input, to obtain
results at point by # by. We will address this question in section 8, and attempt to
ameliorate this concern.

4 TSM for the ShG using a non-compact massless bosonic basis

In our first attempt to study the ShG model using TSMs, we employ a computational basis
based on a non-compact massless basis. In this section we review the details surrounding
this choice of basis.

4.1 Non-compact massless boson

In describing this basis the starting point is the mode expansion of the massless non-
compact bosonic field on an infinite cylinder of radius R:

IT 2 . . 2
@ (x,t) = @o+ V¢ + Z il <anez(k’nx—|kn|t) + a;rle—z(kna:—mnlt)) S Ln’ (4.1)
R o |n| R

where the oscillators are subject to the usual Fock commutator relations,
|:ana aln} = 0nm (4'2)

while the zero mode defines an effective 1D quantum mechanical system with the canonical
commutator [pg, Ily] = i.
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The computational basis of states follows from the specification of Hy in eq. (3.1).
Here we will divide Hy into a zero mode Hzj; and non-zero mode Hpyzys part:

Ho=Hzy + Hyzum

A 2v%
Hyzy = — 102 + psha R (2) [: b0 s et |
™

R
2T - 1
Hyzv = 5 <L0 + Lo — 12) , (4.3)

where the Virasoro generators Ly and Ly appearing in Hpyzs are related to the Fock mode

operators as
Ly = Z nala, , ILo= Z In| al ay, .
n>0 n<0

Notice that Hyzpys, unlike Hyzas, is an interacting Hamiltonian. With this writing of Hy,
our computational eigenbasis has a tensor product structure composed of a zero mode and
an oscillator sector:

H=Hzm @ Hose = Hzm @ Hr @ Hy, .analyticVEV (4.4)
Here H,sc is decomposed into a chiral subspace, Hp, is spanned by right-moving particles
Hr = {aLl ...alk |0),n; > O} ,
and an anti-chiral subspace, Hy, is spanned by left-moving particles
Hy = {aT_nl ...aT_nk |0) ,n; > O} .

4.2 Zero modes

Unlike the non-interacting Hyzps, we have chosen a form for Hzys that is non-trivial. We
do so following [26, 28, 42] so that Hzps consists of a countable (i.e. discrete) basis of
states. We will denote this basis of states as follows

Hzv = {Im), Hzm|m) = Ezpm|m)}. (4.5)

Unlike the states in H 2z, in our implementation of the TSM the eigenstates |m) will be
found numerically. To do so, we need to choose a computational basis to represent Hzps
in eq. (4.3) and, for this aim, we choose the position basis in the zero mode coordinate

/HZM,computational = {’QSO), ¢o=—-L+mna,n=0,--- 72L/a} ; (4'6)

where 2L is the length of the truncated zero mode space (rather than having a non-
compact zero mode, we assume it lies between —L and L) and a is our spatial discretization
parameter. In performing our computations here, we have always taken L large enough and
a small enough so that the eigenvalues and eigenstates (or at least their matrix elements)
of Hzjs have converged completely.
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4.3 Truncated Hilbert spaces

Having determined Hzp;, we are now in a position to define the truncated basis, Hr,
for the problem as a whole. We truncate each part of the Hilbert space separately. In
particular we write

Hr =Hzmr @ Hrr @ HiT;

k
Hrr = {a;r“...a;rlk 10) ,n; >07an‘ ch};

=1

Hrpr = {GT—ml" aly, [0),m; >0, Zmz SN}

=1
Hzur ={m),m=1,--+  Nzp,Ezp1 < < EzMNgy ) - (4.7)

The cutoff is then implemented in terms of two separate parameters, ., the level of which
we cut off the chiral oscillator mode part of the Hilbert space, and Nz, the number of
zero mode eigenstates of smallest energy (w.r.t. to Hzs) that we keep. We typically work
not in this full space, but its zero-momentum counterpart composed of tensored states from
Hr,r and Hr 7 that satisfy

k l
Z n; = Z m;.
=1 i=1

The last step of forming the Hamiltonian matrix consists of specifying the interaction
part of the Hamiltonian and its corresponding matrix elements. In the zero-momentum
subspace, P = 0, we can write

f RN 1 o (. b5(0) o (. —b3(0)
/0 dx Viert(T) = 0popisha <2ﬂ> R {e (: e : —1) +e (: e : —1)} , (4.8)

where dp reflects the projection onto the zero momentum subspace and we have separated
out the zero mode from the field:

o(@,7) = po(1) + ¢ (2, 7) = @o(7) + pr(x, 7) + @1z, 7) + ¢h(z,7) + @} (z,7);

@o(T) = ¢o — 187%1_10 (4.9)
In the above, normal ordering is defined as
- be(@,m) . bo(7) bk () bor () bl (w,7) bere) (4.10)
where
on(e) =Y ;anezknm BT o (@) = 3 4| el (4.11)
n>0 n<0

The matrix elements of the chiral parts of : e??(®): admit a closed analytic expression

bot, b
<n1,...,nk’e YRe “’R’ml,...,mk>:

k min(ng,mq) ng+mg—2n14
1 n m 2
S | ! ) (b2 , 412
g Vg'myg! { %;o 5 (”1Q> (”1q> < \/;> } (412
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where the chiral state vector |ni,...,ny) is a normalized state having n, right-moving
particles with momentum QLRq for each ¢ € {1,...,k}. Using this expression together with
the knowledge of the (numerical) zero mode matrix elements

(mle"°|n),
we can construct the full matrix elements of Hip.

4.4 Methods of diagonalization

Once we have collected all the matrix elements of both Hy and Hjyt, for any truncated space
we have a finite dimensional matrix to diagonalise. To find its eigenstates and eigenvalues
we can proceed in two ways:

e We can use exact diagonalization perhaps augmented with a numerical renormaliza-
tion group. This latterprocedure will be discussed further in section 5.2.

e We can also use iterative methods that, thanks to their reverse communication pro-
tocols, do not require us to store the full Hamiltonian in memory. The only cost
that we need to pay is that we are restricted here to computing the low-lying eigen-
values. However for our purposes here this is not a limitation. Using the Jacobi-
Davidson method and exploiting the tensor product structure (i.e. eq. (4.4)) of the
Hilbert space, we can treat matrices arising from truncation parameters of up to
(N. = 20, Nzpr = 24), corresponding to a truncated Hilbert space of size approxi-
mately 2.4 x 107. We elaborate on the usage of the tensor product structure in ap-
pendix E. We specifically use the JDQMR__ ETOL algorithm? provided in the package
PRIMME [55, 56].

5 TSM results for ShG model

In this section we present our TSM results based on the non-compact bosonic computational
basis for various quantities in the ShG model. In the first part, we show how the TSM
results for the ShG are robust at small b (b < 1), but begin to have strong cutoff effects
in N, (and, to a lesser extent, N,,,), deviating noticeably from exact results predicted
by the thermodynamic Bethe ansatz (TBA), as b exceeds 1/2. We then discuss our first
strategy in dealing with these cutoffs: a power law extrapolation in N, (and N,,,). We
show that this procedure in fact produces robust results — albeit still imperfect as b — 1
is approached. We then turn to other quantities that we are able to measure using TSM
methods, such as the VEVs of the exponential operators and the S-matrix.

In the second part of this section we consider standard renormalization group strategies
for alleviating the effects of the cutoff. We show that while these strategies work at small
values of b, they lead to sub-optimal (or even unphysical) results at larger values of b which

2An earlier version of the method (without reverse communications protocols) was presented to check
exponential finite volume corrections of matrix elements in sinh-Gordon theory [42], anticipating the present
paper. There the computations were restricted to the small-coupling regime.
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are closer to the self-dual point. However this failure provides the motivating drive to
consider other strategies for treating the sensitivity of TSM results to the cutoff that form
the next three sections that follow this one. It will also set the scene for understanding
why the power law extrapolation used in the first part of this section is robust.

5.1 Results

We present our numerical results with the aim to answer the following specific questions:

1. What is the performance of the TSM applied to the ShG model? What level of
precision can be achieved below the self-dual point (compared directly to finite volume
theoretical quantities), and how does it depend on the coupling b and the volume R?

2. Is there a simple extrapolation that robustly improves the accuracy of the numerics?
How much does it improve?

3. Not assuming any special properties of the ShG model (in other words, relying only
on standard TSM analysis), to what extent can the conjectured infinite volume pa-
rameters (mass, vacuum energy density, S-matrix) be reproduced?

4. How effectively does TSM reproduce the one-point functions of vertex operators? In
particular, what happens when we probe them outside the region of validity of the
FLZZ formula, eq. (2.33)7

The following results are organized according to the four points listed above.

5.1.1 Finite volume spectrum

Let us begin with the finite volume spectrum. In figure 5 we present results for the ground
state energy and the first excited state energy for different values of b at fixed volume
Mgsnc R = 1, where Mgy is the physical mass. The computations were done using different
chiral cut-offs N, at a fixed zero mode cutoff Nz;;. On the other hand, we have also
calculated the corresponding quantities by numerically integrating the (excited state) TBA
equations eq. (2.62). We consider the difference between TSM and TBA (taking into
account the vacuum energy density (2.57)) to be the error of the former. The energy
levels are normalized with respect to the free mass m defined in eq. (2.19) and we plot
the differences between the TBA computations and the TSM data on a log scale. The
largest cutoff, N. = 12, Nz = 24, at which data are presented has been obtained using a
truncated Hilbert space of size 3 x 10°.

It is apparent that the errors are slightly different for the ground state and the excited
state, but the overall pattern is very similar: for small b, even a raw cutoff can produce
precise results, and a reasonable increase in the cutoff N, actually has a strong positive
effect on the precision. On the other hand, the error increases exponentially in increasing
the coupling constant b and, at the same time, the precision becomes less sensitive to the
cutoff. In the immediate vicinity of the self-dual point, the error essentially becomes O(1),
indicating that the naive TSM is limited to a region below the self-dual point. As a first
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Figure 5. Here we present results on the behavior of the ground state energy (a) and first excited
state (b) as a function of b at fixed Mgh,gR = 1. We present results for 3 different values of the
cutoff (N. = 6,9,12, Nzp;=24). The energies are normalized with respect to the free mass m. We
have plotted the results as differences between the numerical values and the expected exact values
from TBA.
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Figure 6. Here we present the two extrapolation schemes for the cutoffs N. and Nzp,. We
perform the extrapolation for data of the ground state energy at b = 0.95, Mg,gR = 1). In a) we
first extrapolate in Nzps, plotting the results at each N, then performing a further extrapolation
in N.. The results of this extrapolation is shown in the legend. In b) we reverse the order of
extrapolations. Note that the data has a much stronger dependence on N, than on Nzj,.

step to improve the results, we propose an (at this point ‘empirical’) extrapolation scheme,
which involves fitting the numerical results with power laws in N, and Nz;.

In figure 6, we present two implementations of this power law fitting at b = 0.95,
MgshgR = 1. 1In the first, presented in figure 6(a), we first extrapolate in zero mode
number Nzjs and then perform a further extrapolation in N.. Figure 6(a) then shows
the result of this first extrapolation in Nzjs at each N.. We see that the results of this
extrapolation differ little from the raw data determined at Nzp; = 42. Having done this,
we then perform a separate extrapolation with respect to the chiral cutoff N.. The result,
reported in the legend of figure 6(a) is about a 3% error in units of the free mass m. We
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Figure 7. The behaviour of the N.-extrapolated TSM data as a function of b.
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Figure 8. Power law exponents as a function of b for the extrapolation in N, given in eq. (5.1).

also perform the same extrapolation in N, for the raw data obtained at Nzp; = 42. The
result is essentially identical. In figure 6(b), we consider the second implementation. This
is obtained by performing the two extrapolations in the opposite order but for the same
set of input data. Shown in figure 6(b) is the result of the first extrapolation in N, at fixed
Nz The second extrapolation in Nz lead to results essentially the same as the results
reported with the first scheme.

We now consider TSM data over a range of values of b. Having seen that the data is
essentially converged at Nzjs sufficiently large, we work at fixed Nzps and only consider
extrapolations in N.. In particular we use the fitting function:

E(NC> :Eextrap‘i‘d‘Nc_V- (51)

In figure 7 we report our results for the ground state and first excited state energies at
MghgR = 1. We show the raw TSM data at different N, together with the extrapolated
values (red dots). In most cases, the extrapolation improves the numerical data by at least
an order of magnitude. We note that the cusp-like feature appearing in the extrapolated
data is due to a sign change of the extrapolated error, of which we take the absolute value
to produce the log-scale plot. The precise position of the cusp is also volume-dependent.
In figure 8 we present the fitting exponent v(b) (see eq. (5.1)) coming from these extrap-
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Figure 9. Here we present TSM data (dots) for the first 8 energy levels after N, extrapolation as
functions of the dimensionless volume Mg, R in the zero momentum sector. The vacuum energy
&y is subtracted and energies are normalized with respect to the mass Mgpg. The color coding of
the TBA (solid) curves is as follows: the ground state is depicted in blue, the one-particle state
in green, two-particle states in red, three-particle states in orange, four-particle states in brown,
five-particle states in teal, and six-particle states in pink.

olations. We see that at small b the exponent is large indicating that the data is rapidly
converging in N, while at values of b approaching the self-dual point, the exponent be-
comes much smaller. We will provide a partial explanation for the behavior of the power
law in section 7.

Having presented results as a function of b, we now consider the spectrum as a function
of R. In figure 9 we present data for the low-lying finite volume spectrum (after extrapo-
lation in N.) after subtraction of the exact vacuum energy density (2.57) for two different
couplings, b = 0.4 and b = 0.8. The TSM data is plotted against the numerical solution
of the exact TBA equations (shown in the plots with continuous curves). It is apparent
that TSM follows very closely the theoretical excited-TBA data for b = 0.4, while small
discrepancies become visible at b = 0.8, especially at larger volumes. Contrary to the pre-
vious plots, here we opted for normalizing the energies with respect to the physical mass
Msna, owing to the emphasis of finite volume corrections presented in these plots.

We close the first part of this subsection with a contour plot which shows the order of
magnitude of errors as a function of both b and the dimensionless volume Mg,gR at the
same time. The error can be smaller than 10~% in the small-R region of the perturbative
sector, and remains below 10~% over a wide range of couplings and volumes. On the other
hand, the error increases exponentially as either the volume or the coupling is increased.
We note that the apparent ‘islands’ on the top and the ‘valley’ around Mg, R = 9 are due
to the same sign-changing phenomenon that causes the cusps in figure 7.

5.1.2 Determination of mass, bulk energy and S-matrix

In this subsection, we present and discuss the TSM numerical results for the particle mass,
Msgna, the bulk energy density, and the S-matrix of the ShG model.
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Figure 10. Base 10 logarithm of the normalized differences between the TSM ground state energies
and their TBA counterparts for different couplings and volumes.

Physical mass. We have measured the physical mass Mgyg of the ShG model through
taking the difference of the two lowest energy levels. Ideally, this difference converges
to the physical mass in the R — oo limit. In practice, for large volumes, truncation
effects produce an overestimate for the mass. On the other hand, small-volume effects also
produce an overestimate. As a consequence, we determine the mass as the minimum of the
volume-dependent energy difference.

The results are shown as the function of b in figure 11(a) and (c). In (a) we plot the
TSM data (extrapolated) against the theoretical curve expected from eq. (2.26). In (c)
we plot, on a logarithm scale, the absolute value of the differences between the measured
mass and the same theoretical value. For comparison here, we show the differences of the
perturbative expansions of the exact mass formula, truncated at various orders with their
exact counterpart. This gives an idea of the relative precision of TSM with respect to a
perturbative expansion. We see that for intermediate couplings, the TSM outperforms a
5-loop (up to and including O(b'?)) perturbative expansion of the mass, coming close to
6-loop accuracy. Approaching the self-dual point, the region of viable TSM data shrinks
to a region in Mgy R where the exponential corrections become relevant and therefore the
standard TSM methods are not available. (Of course, in the sinh-Gordon model everything
is supposedly known about these exponential corrections, but for now we intentionally opt
for neglecting any a priori knowledge on the integrability of the model.)

Vacuum energy density. Let us now turn our attention to the vacuum or bulk energy
density, &. The measurement of this quantity proceeds by measuring the slope of the
ground state energy Fo(R) ~ &R. For small R, this function enjoys a conformal R~!
dependence up to logarithms, and is monotonically increasing. For intermediate volumes,
it is essentially linear. The bulk energy needs to be measured in this linear region since
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Figure 11. Measured mass (a) and vacuum energy (b) from TSM (blue dots) plotted against the
solid theoretical curve. In panels (¢) and (d), the error in the TSM results (i.e. the normalized
difference between the TSM results and the theoretical values) are presented. We also present the
differences between a Feynman perturbative expansion in b with the exact formula. Shown are
differences for orders b* (blue), b5 (orange), b® (green), b0 (red), b'2 (purple), and b** (brown).

for larger volumes, truncation errors are expected to dominate. Therefore the best first
approximation to & is the minimum of the numerical derivative of Ey(R). In a general
field theory, the leading exponential (Liischer) correction to the ground state energy is of
the form

7d
Ey(R)=R&E — M / ﬁ cosh y e~ MItcoshu (5.2)

Substituting the mass measured previously and subtracting this correction from the nu-
merical ground state energy improves the precision. The results as a function of b are
shown in figure 11(b) and (d) in the same fashion as presented in (a) and (c) of this same
figure for the physical mass. Like with figure 11(c), we show the differences between a
finite order Feynman perturbative computation and the exact value for orders b* through
b1, Note that the convergence radius of the series for & is only bpax = 1/ V2 as opposed
to 1 for the mass, Mgyg.> We thus only show the perturbative curves up to this point in b.

3This can be seen from the analytic structure of eq. (2.57).
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Conventional TSM is able to measure the bulk energy with an error of 1072 even in this
strongly coupled region.

S-matrix. Finally, let us consider the measurement of the S-matrix from TSM data.
For asymptotically large volumes, two-particle states with zero overall momentum (each
particle having rapidity +6) are quantized by the requirement that the multi-particle wave-
function be one-valued on the cylinder

eMsncRsinh0 g(90) — 1 analyticV EV (5.3)
which, after taking the logarithm, provides the Bethe-Yang quantization condition

0(20) + Mgnhg R sinh(0) = 27n, n >0, (5.4)

30). Bq. (5.4) is a quantization con-

where we have introduced the phase shift S(0) = e’
dition which determines the rapidity 6. In fact, it is the large-volume limit of the TBA
quantization condition (2.61) for the state {I; = —n, Iy = n}. Once this quantity is known,
we have access to the energy of the two-particle state since, up to exponential corrections,
the energy is a sum of one-particle terms

k
ElargeR = RE + Mgsnha Z COSh(Qj) . (5.5)
j=1
We focus on the lowest energy two-particle states in the zero-momentum sector by taking
n = 0,1 in (5.4). Numerically, for large enough volumes, this corresponds to the fourth
lowest energy level. In this domain, we express the rapidity 6 in terms of the energy
difference between the two-particle state and the vacuum:

E — Ey
0 = Arcosh ( > . 5.6
2Msna (5.6)

Thus we can directly measure the phase shift appearing in eq. (5.4). The result extracted
from the n = 0 and n = 1 two-particle states is shown on figure 12(a).
In the following, we have assumed that the S-matrix indeed consists of a single CDD-

like factor, namely

sinhf — ¢ sinnw B
sinh @ + ¢ sinwB’
but we have treated the quantity B in the S-matrix amplitude as a parameter to be fitted

S(0) =

(5.7)

to the numerical data. To perform this fitting, we have only utilized our n =1 TSM data
in region of R where no level crossings occur. The numerical phase shift obtained in this
way is more robust than that coming from the n = 0 state. We estimate the phase shift by
two methods. In the first method, we increase the parameter B until one of the numerically
determined phases coincide with the theoretical curve. The value of B at this point is the
estimate. In the second method, we instead look at the two largest rapidities available
from the n = 1 data. We then find the value of B for which eq. (5.7) best approximates
the values of () at these rapidities. The difference of the results of the two methods is
considered to be the error of the measurement.

We will return to the measurement of the above quantities by an alternative method
in section 6.5.
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Figure 12. Measurement of the S-matrix.

5.1.3 One-point functions

TSMs can be used to measure one-point functions (either on the vacuum or on exited
states) by sandwiching Schrédinger-picture operators between the numerically obtained
eigenstates. Since the method directly uses the eigenvectors, the resulting precision is
inevitably more limited as compared to the energy spectrum. Nevertheless, it is possible
to compare the numerical estimate of the VEVs of the exponential operators to their
theoretical FLZZ formula eq. (2.33) in a wide region.

Beyond the usual b and R-dependence, the convergence of the VEV of the exponential
operators, (e®), heavily depends on the exponent a of the operator. We have again tried
to control the cutoff dependence of the one-point functions by power-law fits on the chiral
cutoff N.. The functional form eq. (5.8) is helpful as long as b is small enough. Generally
the cutoff extrapolation becomes less stable as the coupling or the volume is increased.
For larger couplings, we have found it advantageous to use a sum of two power laws as a

fitting function:

E(N¢) = Eextrap +d1 - N7 +doy - N2 (5.8)

We show the dimensionless quantity G(a) as a function of a in figure 13, for two different
couplings and at R = 6. For small to moderate a, the extrapolated numerics agrees with
the FLZZ formula to at least to 1%. Regardless of the coupling, the error (and the cutoff
dependence) always becomes significant before reaching the first pair of zeros (located at
the Seiberg bounds +@Q)/2) of the analytic VEV formula. For larger couplings, it is possible
to achieve higher precision by performing the computations at a small volume. However,
in this case one needs to take into account the finite volume corrections of the VEV, which
are available through the LeClair-Mussardo formula [8] in the form of an infinite series:

X1 e o,
G(a, R) = G(a) (1 + 2 /H1 Hee(an({@-})> , (5.9)
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Figure 13. Vacuum expectation values for pusng = 0.1, R = 6. The solid green curve is predicted
by the FLZZ formula. Raw TSM results are shown with blue dots, while their power-extrapolated
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Figure 14. Vacuum expectation values for uspg = 0.1, R = 2. Raw TSM results are shown with
blue dots, while their power-extrapolated counterparts are depicted with red dots. The R — oo
theoretical value of the VEV is plotted as a dashed green line. The finite volume corrected version
involving up to 2nd order terms in the Leclair-Mussardo series is shown as a red solid curve.

where C! is the connected evaluation of the n-particle diagonal form factor for the opera-
tor e¥:

A Fg (O +im + €n, 01 i e, 01, 00) = CR({0}) + O(e™1). (5.10)
6]'—)

In figure 14, we show the numerical results for R = 2. Exploiting finite volume corrections
extends the availability of TSM estimates of G(a) up to b ~ 0.8, as long as a < Q/2.

5.2 Renormalization group improvements

In the previous section, we presented a series of results for various quantities in the ShG
model as measured with TSM. We showed in general that as one moves towards the self-
dual point, the quality of the results found using TSM deteriorates in comparison to the
available exact predictions. This deterioration is largely due to the presence of finite cutoff
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effects. There are a standard set of renormalization group-like techniques that are employed
in ameliorating the effects of a finite cutoff. We show in this section that these strategies are
not practical for the sinh-Gordon model close to the self-dual point. However this failure
is instructional and point the way to a better understanding of some of the peculiarities
of the model and new strategies to tackle them. The strategies take two forms: analytical
and numerical. We discuss the analytic form first.

5.2.1 Analytic renormalization group

In presenting how one can analytically take into account the effects of states above the
cutoff, we follow the discussion in ref. [54]. The first step is to divide the Hilbert space, H
into two parts: H = H; ® Hp. Here H;, the low energy Hilbert space, consists of all states
of the form

H = {aILl . .aILk 0) ® aiml . .atml 10) @ [s);

k l
anSNm anSNc; 8:17"'7NZM}7 (511)

=1 m=1

while Hp, the high energy part of the Hilbert space consists of states where

My, = {a};l ...al, 10y ® aLJr_m1 . ..aT_ml 10) ® |s) ;

k l
an>Nc or an>Nc; s:l,---,NZM}. (5.12)
i=1 m=1

Here note we have expressed H; and Hjp in a way reflective of the tensor nature of the
computational Hilbert space (at least as conceived as that of a free massless non-compact
boson). We are also working at a fixed number of zero mode states, Nzjs, assuming in
effect, that this number of zero mode states leads to completely convergent results (an
assumption borne out by our numerics reported in the previous section). In particular the
high and low energy parts of the Hilbert space have the same zero mode content.

We can thus write our Hamiltonian in the following manner:

Hy Hyp
H= , 5.13
[th Hhh] (5.13)

where H;; (i,j = h,l) corresponds to the Hamiltonian matrix restricted to the two subdi-
visions of the Hilbert space. If we have an eigenstate

[Cl] : (5.14)

Ch

with energy F, we can write the Schrodinger equation as

Hyc + Hipep, = Eqy,
Hyc + Hypep, = Ecy,. (5.15)
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By eliminating ¢ from the above set of equations, we have
1
(Hll + thth>Cl = (H” + 5H)Cl = Eq. (5.16)
E — Hpp,

In doing so, we have reformulated the eigenvalue problem in terms of coefficients of states
that live in the low energy Hilbert space alone.
Now we are studying a Hamiltonian of the form H = Hy + pugngV with V given by

2b?
V=2 (;) /OR dx [: coshbp(x) : — cosh(bgy)] . (5.17)

We can then expand dH in powers of ugha, giving

§H = —pdnaVin

v
B

1 Vin e Vieh Vi + O (s 5.18
HShG thO_E hhHO—E hi (Hsna)- (5.18)

Introducing the (imaginary) time dependence of operators in the interaction picture,
O(1) = eHoTO(0)e HoT, (5.19)

we can rewrite eq. (5.18) as

SH =~ Y [ dr BTV (@) eV(0) + Olia)
cEHp

= 0Hy + O(udyc)- (5.20)

From here on we introduce another chiral cutoff A > N.. We are going to focus upon
the most singular (in A) contribution to ¢ Hs and so drop from V in eq. (5.17) the term
proportional to cosh(bgg). Of course if we were interested in using 0 Hs in a quantitative
fashion, we would need to include this term.

We can readily analyze d Ho through the use of OPEs. OPEs allow us to take into
account the insertion of the partial resolution of identity in eq. (5.20) that involves only
the states from the high energy part of Hilbert space, Hj,. Following the procedure outlined
n [24], the matrix elements of  Hy satisfy

R 4b?
(0H2)ap ~ —46p, p,dnc R (27r> > Cy
©

A
d>oos? (n -2 — ASD)

n=N;+1

1
X <Ea B E (- 2b2)> (ale(0,0)[), (5.21)

where we have defined
1T(a+n)

n! T(a) ’

and A — oco. In eq. (5.21), the states a,b are drawn from H;, ép, p, enforces momenta

S(n,a) = (5.22)

conservation, the sum >, runs over all fields, ¢ (of chiral dimension A), that appear in
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the OPE of cosh(b¢) with itself, and C,, are the corresponding structure constants. Here
the relevant OPEs are given by

1
:cosh(bp(1,11)) iz cosh(b(w2,72)) : = 5121 — 22| [a| 22| 1

1 2 o2 2
+Z‘Zl_z2| 4b ‘Zl| 2b |Z2’6b :e2b¢(x2,7'2):
1
la =zl T el e ) (5.23)
where
27 3
210 = eff(ﬁz“zm), zZi=2z. (5.24)

These OPEs are obtained by combining the OPEs of the oscillator part and the zero mode
part (see eq. (4.9)) of the field, i.e.

) . 4ob? -
s ebblanm) .. pobd(za,m) L ﬁeb(yro)(b(m,m) + -
21 — 22|4ab2
bP0(T1) gobeo(T2) |22’2b2|Zl|_2b2€b(1+a)¢0(m) ey (5.25)

where o = £1. As discussed in ref. [24], we obtain the sum }_, .y, appearing in eq. (5.21)
by expanding the term |z; — 25|74 b that appears in the OPE of the oscillator part of the
fields into a Taylor series in |z1/22|. We then only keep the terms in the series at order
N, + 1 and above, up to A.

We now focus on the part of §Hs involving the operator cosh(2b¢):

) 5 R 3+4b? A4b2—2 . .
((SHQ)ab =4m HShG g m( COSh(2b¢) .)ab. (526)

We can see that this term diverges as b> — 1/2 and that furthermore for b%> > 1/2; the
correction tends to oo as the chiral cutoff, A, tends to co. This means any strategy to
compute corrections to TSM results perturbatively due to states coming from above the
cutoff fails for values of b close to the self-dual point.

This result is actually worse than the second order result implies. At the third order,
we can again use OPEs and find that the most singular third order contribution to dH3
goes as

(6Hs)ap ~ Op,. p, e BP0 A2 4(: cosh(3b¢) :)ap. (5.27)

Here we see the third order term has a pathological dependence on A when b? > 1/3, even
further away from the self-dual point. We can continue this to n-th order, finding

(0Hp)ab ~ (5pa7pbughGR2"_1+2b2"A2("2_”)b2_2"+2(: cosh(nbe) :)ap. (5.28)

Here we see that the situation becomes worse and worse as we go to higher and higher
perturbative order: at n-th order, the correction diverges as A — oo for b? > 1/n.

From this analysis we can see that the perturbative series developed here is essentially
a small-volume expansion in the parameter R2+20° This implies that the ground state
energy does not have a proper expansion in powers of R2+20" around the CFT limit R — 0.
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We also want to remark that the pathologies identified here for the ShG do not apply to its
analytically continued cousin, the sine-Gordon model. In the sine-Gordon, this perturbative
analysis will give rise to divergences for b> > 1/2. However these divergences occur in the
identity channel in terms of the OPE of eq. (5.23). This means the most singular part of
0H,, is proportional to 1 and so leads only to corrections to the energies that are state
independent, i.e. energies measured relative to the ground state energy are unaffected.
Alternatively one can add a single counterterm to the sine-Gordon Hamiltonian to remove
this divergent behavior.

As we have stated, in this section we have focused on the leading order singularity
at each in perturbative theory as determined by the OPEs. However it is not difficult to
determine the subleading divergences. At order n, one can write (6H,)qp as

(0H,)ap ~ 6Pa,PnghGR2n_1+2b2n Z Ck(bQ)AQ(k2—n)b2—2n+2  cosh(kba) 1a,
k=n,n—2n—4,--- nmod2
(5.29)
where ¢, (b?) is some numerical coefficient. There are further singular contributions from
descendants. We thus see that not only the leading terms are problematic. We see that the
operators : cosh(kbg): have diverging coefficients (as A — 0o) once k? > n + (n — 1)/b?.

5.2.2 Numerical renormalization group

In section 5.2.1 we demonstrated that a perturbative analytic renormalization group is
not a tool that can be used to take into account the states above the truncation N.. In
this section we show that the non-perturbative numerical renormalization group [23], while
not beset by pathological divergences, also is challenged for values of b close the self-dual
point. The basic idea of the numerical renormalization group (NRG) for the TSM is to
adapt the Wilsonian renormalization group invented to attack the Kondo problem to the
case at hand. Normally in applying TSM, one introduces a cutoff, here V., and either does
a single exact diagonalization or uses Jacobi-Davidson (JD) methods to obtain the energies.
With the NRG, one trades a large single diagonalization for a sequence of smaller exact
diagonalizations. This sequence is determined by two parameters Ng and A. The size of
matrices that one diagonalizes in the sequence is (Ns + A) X (Ns + A). These parameters
should be thought of as variational in nature. In general the larger these parameters are,
the closer one gets to reproducing the exact diagonalization result. We will not describe
this procedure in further detail here but refer the reader to refs. [23, 24].

In figure 15 we present results for the computation of the ground state energy at two
different b’s. We do so at cutoffs of N, = 14 and Nz = 24. The Hilbert space size
at such cutoffs is 492888. In figure 15 we show the results of the NRG computation for
different values of Ny = A ranging from 2500 to 10000 (i.e. we are diagonalizing sequences
of matrices with size from 5000 x 5000 to 20000 x 20000). We see that at even the largest
value of Ny = A = 10000 considered, the results are not converged. We thus fit a power
law to the evolution of Ey, as a function of Ny = A and extrapolate the power law to where
it would correspond to solving the problem exactly (i.e. finding the low lying eigenenergies
of a 492888 x 492888 matrix, corresponding to evaluating the power law fit function at
N, = 492888/2). The result is reported in figure 15. We see that for b = 1/v/2, the
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Figure 15. The ground state energy computed at N. = 14 and Nzp = 24 as a function of
NRG block sizes Ny = A. Left panel: Computation at parameters b = 0.707, R = 3.0, ushg =
0.1. Extrapolating the NRG data to where it would correspond to a JD computation we obtain
Egs, NRG extrap. = 0.65807 in comparison to the exact JD value, Ey jp = 0.6580901. Right:
Computation at b = 0.919,R = 3.0, usne = 0.1. Here we find Ey NRG extrap. = 0.5067 and
Eys. s = 0.5059212.

agreement between the NRG at the largest value of Ny considered, Ny = A = 10000, and
the exact JD value is good to 3 significant digits. Upon NRG extrapolation, this improves
to 4 significant figures. For b = 0.919, much closer to the self dual point, agreement before
extrapolation is only at 2 significant digits and remains at 2 significant digits after (even
if the extrapolation does improve the NRG result).

The performance of the NRG close to the self-dual point is considerably worse than
for a model like the sine-Gordon model where we see agreement at the 5 significant digit
level for NRG block sizes far smaller than those considered here (Ns = 1500, A = 500)
and without extrapolation (for example compare the results here with table IV of section
VI of ref. [24]). This we believe is a manifestation of the slow convergence as a function
of N, in the ShG model that we have observed elsewhere in this paper. While obtaining
4 significant digits is usually sufficient (say at b = 1/4/2), we are of course interested in
further extrapolating our results in N.. These N.-extrapolations turn out to be sensitive
to the errors on the order of 1073. This makes the use of NRG-based data, at least for
values of b close to 1, problematic.

6 Quantum mechanical reductions of the sinh-Gordon model

In section 5 we argued that a straightforward implementation of analytical RG improve-
ments is hindered because the small volume expansion of energy levels is not perturbative
with respect to the parameter MSth2+2b2. In this section we take a closer look at the
small-R UV spectrum. Since the energy of oscillators behave as R~! in the R — 0 limit,
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one might expect that the UV behaviour of the spectrum is dominated by the quantum me-
chanics of the zero mode of the field. Using this quantum mechanical picture, a systematic

expansion for certain energy levels (more precisely, their corresponding scaling functions)
1

In(pusngR)

yielding a similar expansion, but involving IR parameters (the physical mass, Mgnq, and

can be developed in terms of Alternatively, one can expand the TBA equations,
the S-matrix parameter B). Using the mass-coupling relation and expressing B in terms of
the coupling b, we get another expansion in m, which is however different from the
zero mode expansion in subleading orders. As the energies contain an additional 2rR~!
factor relative to the scaling function, the difference between TBA and zero mode energy
levels eventually diverge for R — 0 for all b > 0.

In subsection 6.3 we derive an effective potential, partially taking into account the effect
of oscillators. On one side, we analytically reproduce the exact expansion up to O(b'?),
confirming that the oscillators are able to explain the differences in the log-expansion.
On the other side, we show that the TSM numerics significantly outperforms even the
numerical solution of the complete effective potential. We then use this fact to provide an
alternative measurement of the IR parameters from TSM, combining UV numerics with
the small-volume expansion of the TBA.

6.1 Semiclassical reflection amplitude

In the semiclassical limit b — 0 the small volume behavior of energy levels is dominated by
the contribution of the zero mode [47]. For R — 0 the potential walls that the zero mode
sees (i.e. the points where the pgngR2T2 cosh(bgg) potential exceeds 1) are far from one
another. Then it is sensible to consider first the quantum mechanical problem of a particle
reflecting from a single wall:

o 24202
Hexp = f (QH(% + M6b<p0> ;. M =2musha (27T> . (6.1)
Introducing the coordinate representation g = x, Il = —id,, it is possible to solve the
Schrodinger equation
Hexp¢ = E¢ (62)

Its general solution is given by modified Bessel functions. Requiring that the wave function
vanishes at * — oo and evaluating the x — —oo asymptotics, we can write the relative
phases of the left-moving and right-moving wave as

. . IRE
w (QS‘) = ezPa: + e_ZPxSsc (P) ) P = E ’ (63)

where the semi-classical reflection amplitude is defined as

_2iP

oo <_<R)_4Z-PQ (ﬂMShG) b F(1+22‘P/b)>; Q=b+1. (6.4)

2 b2 I (1 — 2iP/b) b

This expression is the semi-classical b — 0 limit of the Liouville reflection amplitude (2.46).
As the other exponential term is turned on, we can get an approximate quantization con-
dition for the energy levels of the full potential through the quantization condition of the
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Figure 16. Standing waves of the zero mode ruled by the quantization condition eq. (6.5).

wave number P according to the reflection equation (see figure 16):
S (P)? = 1. (6.5)
Denoting Ss. (P) = —e®(P) and taking the logarithm, the quantization condition (6.5) reads
d(P)=nm, n>1 (6.6)

and the branch cuts of §(P) are to be chosen such that it is continuous for real P and
0(0) = 0. The equation for the ground state wave number P is then given by

S(Py) =m. (6.7)
Making a formal expansion of § (P)
§(P)=61P +03P% + 05P° 4 ... (6.8)
we can expand the ground state momentum as a function of z = d; .
Py=mz — w3832 — 28528 + ..., (6.9)

where the parameter z reads explicitly
1

24262\
4 2 mushe (R
pVE+ b1n< 52 (%) >

Hence, the (semi-classical) ground state energy admits the expansion

2 2 3 ?
Ey = 22 (u — rgud + */‘G%ULL —2 <"ﬁ?§ - FC(?’)) u® + ) ;

z=— (6.10)

R 2 2 3
Kg = (2’)@ + In ;;) ;

"= lln (nsm <2};>2+%2>1 N (6.11)
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It is important to notice that the terms of this series contain log (,uShc,)_l factors. There-
fore, it is not so surprising if a power expansion in ughg around pshg = 0 turns out to
be pathological.

6.2 Quantization condition from the UV limit of TBA

A similar quantization condition exists for the exact energy levels and can be obtained
from the small-volume expansion of the TBA system [7]. In this section we denote the
coupling appearing in TBA by b, to emphasize that this parameter is directly related to

the S-matrix parameter B = and not (immediately) to the parameter b appearing in

b2
14527
the Hamiltonian.

In the small-R limit, the TBA equations decouple into a right- and a left-moving
part. To obtain these equations, one first performs a shift in the rapidity variables
{0,9} = {0 £ |In MR|,¥ £ |ln MR|}, leading to a pair of volume-independent equations
up to O (MR) corrections. Omne then neglects the O (M R) corrections and reverses the
previous rapidity shift. Let us introduce the notation Yi (6 | {0}) = e~ =) where
the + denotes the right- and left-moving solutions. In the following it is advantageous to

construct the so-called Q-functions, defined through the pair of functional relations

Q(@#Z“)Q(@-T):Y(ey{ﬁ}), (6.12)

Q<0+ZT>Q<9—Z§>:1+Y(0|{19}), (6.13)

with @ = 1 — 2B, where we have suppressed the 1¥-dependence of the Q’s. These functions
can be obtained by taking the logarithm of egs. (6.12)—(6.13) and (carefully) performing a
Fourier transform. In the UV limit, corresponding to the decoupling of the TBA equations,
we get a pair of functions Q4 of the form

MR, [0l Y (@] (9))
4sinmB 2 cosh (0 — 0")

In Q4 (0) = + (source terms) . (6.14)
Note that the source terms and quantization conditions of the TBA system can be under-
stood as a prescription for the zeros of the function 1 + Y. Correspondingly, Q.+ needs to
have an analogous set of zeroes to be compatible with eq. (6.13). It was shown in [57] that

the O-functions obtained from the decoupled TBA equations possess the asymptotic form
cos [2PQ (6) 0+ 06 (P)}

Qi (0) ~ :
W e \/sinh (QWBP) sinh (27TI_)_1P>

(6.15)

where P is a real parameter and © (P) is an antisymmetric phase (to be obtained below).
For small volumes, the asymptotic eq. (6.15) is expected to dominate the #-dependence
over a wide region. The parameter P is quantized by the requirement that Q. and Q_

corresponds to the same Y-function Y, = Y_, which is nothing else but the UV limit of
the Y (0 | {9}) = e~}
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Let us focus on the zero mode sector defined by restricting the Bethe quantum num-
bers to be I; = 0, Vj. Taking into account that £Q leads to the same Y, we arrive at
the condition

20(P)=nm, neZ. (6.16)

Due to the antisymmetry of O, it is sufficient to restrict to the cases n > 0 (subsequently
we will see that the ground state corresponds to n = 1). In the zero mode sector, energy

levels behave in the UV as
E, = 2 <2P2 - 1) (6.17)
R "o12)0
as can be seen by direct integration (for details, see appendix C of ref. [7]).
It is hard to extract the phase © (P) directly from eq. (6.14). However, as shown in [58],

there exists an ingenious trick to obtain its explicit expression. To this aim, consider the
second-order ODE

— 4" (@) + 5 (2 e )y (2) = p (o) | (6.18)
and the pair of solutions defined by their asymptotical behaviour
1 X 72 7%
Y- (x) ol T exp (21)2 —b°ke b ) , (6.19)

vy () o nex> . (6.20)

1
~  —ex
T—+00 /2K p ( 2
Hence, the Wronskian, W (p), constructed in terms of these solutions

d d
W(p) = ¢+%1/1— — - %¢+’ (6.21)

satisfies the same set of functional equations as the Q-system, provided that the parameters
k and p are tuned appropriately. Let us focus on the right-moving part. W (p) can be
evaluated in a small-x expansion (using the reflection quantization) and a large-x expansion
(by means of the WKB approximation). It is convenient to parametrize s as k = ce?. Then,
comparing the form of the pseudo-energy obtained from the small-x expansion (6 — —o0)
to the asymptotic formula eq. (6.15), we can fix

2P

_ 6.22
P= (6.22)

while, from the large-x expansion, we obtain

v T(*%)
tn =P r (35)

c=MR (6.23)

Finally, the phase © (P) is obtained by comparing the small-x expansion to eq. (6.15) and
is given by

R (1+2iPb) T (1+2iPb 1)

S210(P) — _p%
r (1 + 2iPl_)> r (1 + 2¢P5—1) ’

i P
bp

(6.24)
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where R M P(l—B>F<2+B> (6.25)
P=onayn U2 2 ) ‘

Notice that if we take advantage of the mass-coupling relation and equate b = b, as it
was observed earlier [47, 59], the quantization condition eq. (6.16) can be expressed as

S2(P)=1, (6.26)

where S (P) is the Liouville reflection amplitude given in eq. (2.46). This is analogous to
the semiclassical formula eq. (6.5) but with the miraculously appearing Liouville reflection
amplitude which replaces the quantum mechanical amplitude Ss.(P) introduced in sub-
section 6.1. At the same time, Sy, (P) reduces to the semiclassical S (P) in the b — 0
limit. Comparing to the quantization condition (6.6) and assuming continuity of energy
eigenvalues as functions of b, it is then natural to exclude n = 0 from the quantization
condition eq. (6.16). Repeating the UV expansion of the energy levels using the condition
eq. (6.26), we get a modified expansion for the ground state energy

_27r22u2 3.3 9 4 37r2 6 5 .
EO—Ebﬂ' <2—/€Lu +§K}LU -2 HL—?<1+[))C(3) U+ ...

(2 (1+82) 35 +mm %F ) ) :

e (1-5?)

=i (s (2] 627

Even though the leading term of this expansion coincides with the semiclassical expan-
sion eq. (6.11), the R~! factor in the front ensures that a difference in any term of the
u-expansion leads to a singular discrepancy in the R — 0 limit. This small-volume discrep-
ancy is not trivially accounted for perturbatively. The ugng-expansion introduces terms
that vanish in the R — 0 limit. On the other hand, in the massive scheme of eq. (A.28),
where an expansion in b is natural, the coefficient of the perturbing operator diverges in
the R — 0 limit.

In the next subsection, we overcome these obstacles by deriving an effective potential
which partially takes into account the corrections appearing in eq. (6.27).

6.3 An effective quantum mechanical potential

In the previous subsections, we compared the small-volume expansion of the ground-state
energy obtained from the zero mode quantum mechanics to the UV expansion of TBA,
and found that they differ by R~'(In R)~* type terms. It is then an important question
whether the oscillator states neglected in the zero mode calculation can account for these
inverse logarithmic differences, or is this a sign that we are missing additional terms from
the Lagrangian. In any case it is not straightforward to reproduce these terms pertur-
batively. In the following we derive an effective quantum mechanical potential from the
Lagrangian, which provides a more precise description of the UV spectrum of the zero
mode subspace, by partially taking into account the effect of oscillators. This is done by
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means of a Bogoliubov transformation applied to the Hamiltonian, involving the oscillators
only (keeping the zero mode intact). Following the notations of appendix A, we can start
by adding and subtracting an auxiliary quadratic term to the Hamiltonian eq. (3.1),

2
ShG 0) , Me >
HhG) — H(gyl)—i- 167f/d @2(:/6)
0
+2u5hg( ) /da: cosh (by (x,0)) /dm , (6.28)
167r

but considering the zero mode g as a free parameter with meg = meg (o) a function that
depends on it. Upon transforming to the oscillator eigenbasis of the Hamiltonian given by
the first two terms of eq. (6.28), the normalization of the cosh term changes

H(ShG):< H2 7T>+Z (mett) aTan
R 6R 0

2

R 2b .
+ 2ushgRop (%) e T O*S1(memR) . coghy (b (2,0)) g

1671' /dm imeg AT 4+ S2 (meff, R)

where S; (m, R) is defined in subsection B.1 and S (m, R) is defined in eq. (B.8). Here
meg implies that we are normal ordering w.r.t. to massive (of mass meg) oscillator modes).
The value of meg is then given by the requirement that the explicit quadratic term precisely
cancels that of the cosh function. This leads to the transcendental equation

R\
msz (o) = 167 psnab? (27r> e T S1meit,R) ¢och beo,  Vo. (6.29)

The effective Hamiltonian H%f]fw is then obtained by dropping all higher order oscillator
terms of the cosh interaction. This leads to

2

4 ﬂ
Hih = ( £H2 67;%> + 2usnc R ( ]jr) RS man(e0) cosh (bi)

+ 55 (meg (¢0) , R) (6.30)

consisting of the contribution of a Bogoliubov ground state energy plus a correction due
to the change of normalization of the cosh term.
Let us now focus on the small volume limit of the spectrum of H f]fw The effective

mass of this Hamiltonian is then approximated by

1 167b?
meg (p0) = 2 (MShGR2+2b2 (2n ) cosh by + O (MSh R4+4b2)> : (6.31)
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while the sums S; and 52 admit the small-volume behavior

Sy (m, R) = —% {Qﬁ (mR) + 0 ((mR)5)] , (6.32)
So(m,R) =m [gﬁ (mR)* + O ((mR)*")} .

Inserting the expansions eq. (6.31) and eq. (6.32) into the effective Hamiltonian eq. (6.30)
and using the coordinate representation, we obtain a Schrodinger equation with the asymp-
totic form

— " (z) + reFty (z) — ey (z) = Py (z), z — +oo, (6.33)

where y is a zero mode wave-function. In writing (6.33) we have introduced the notations

22 R
x =byg + Ina, a= pushgR <27r> ’ r=
R\? p2
2 _ ()72 2 _ 7
€= <27r> b<¢ (3) , c R (6.34)

The potential V(z — +00) = re*® — e2e2 that we obtain in this way does not possess
normalizable eigenfunctions. This is an artefact of expanding the effective mass according
to eq. (6.31). However, for small R, the potential builds up a flat plateau around =z = 0,
which is bounded by a large peak on either side. WKB analysis predicts that tunneling

1 . . .
through the peaks can be neglected as long as P < ok In this domain, the amplitude

Of l"eﬂeCtiOIl from ‘he peaks can be appI‘OXImaled as

R —4iPQ )
Sy (P) = — (%) (4mb#5h(;m> T (1 _ ¥> T (% + 2 %%4(3))

For b < 1, the absolute value of Sy (P) is essentially 1 over a wide interval of P. To now
determine the energy levels, we can once more follow the tactic outlined in subsection 6.1,
writing a quantization condition for the phase shift dog = —iIn (—S3(P)) = nm. Expanding
this in powers of P and using (6.3), we find the small-volume expansion:

9 2 2
Ey= 22 (u — rou® + §/€%U4 -2 (/@% - % (1+b6) ¢ (3)+4r%¢ (3)2b12> ud .. > )

R 2 2
(6.36)

where

9 R\ 2+26° -1
o= (2= 200CE) L s [ln (usm () |

Notice that while the difference between the zero mode expansion eq. (6.11) and the small-
volume expansion eq. (6.27) from the exact UV quantization condition is order O (bs), the
difference between eq. (6.36) and eq. (6.27) is instead only order O (b'2).
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Figure 17. Comparison of the six different approaches available to estimate the UV behavior of
the ground state energy at four different values of b. All data is presented with the exact TBA
values subtracted. Blue dots: Raw (N. = 12) TSM data; orange dots: extrapolated TSM data;
purple dots: diagonalization of Hzjs; dashed green curve: semi-classical reflection quantization;
continuous red curve: Liouville reflection quantization; and red dots: diagonalization of effective

zero mode Hamiltonian, Hg,.

6.4 Numerical performance in the UV

We have now at hand six different ways to estimate the spectrum of the ShG model in the
UV small-R limit: i) raw TSM data; ii) extrapolated TSM data,; iii) diagonalization of the
zero mode Hamiltonian, Hzys (i.e. eq. (4.3)); iv) reflection quantization using the semi-
classical reflection amplitude; v) reflection quantization using the full Liouville reflection
amplitude; and finally vi) diagonalization of the effective zero mode Hamiltonian, H%ffw,
derived in section 6.3. In this subsection we make an effort to compare the numerical
accuracy of these different approaches. We present our results in figure 17 for four different
values of b. Here the ground state energy corresponding to the Hamiltonian in eq. (6.30)
was obtained numerically and compared to the raw zero mode potential using a real-space
basis of size 16000 — see eq. (4.6). Let us summarise what we learn from these plots.

e The UV limit of TBA is indeed different from that calculated from the zero mode
Hamiltonian Hz)s alone, apart in the b — 0 limit.

e In precisely the b — 0 limit, the validity of the reflection quantization method shrinks
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to extremely small volumes. This is intuitive at least in the semiclassical case as the
potential increases relatively mildly around the minimum, so neglecting the overlap
of the two exponentials in the middle is not well-founded.

e For small couplings, the effective potential eq. (6.30) efficiently accounts for the dis-
crepancy between the eigenvalues of Hzp; and the exact TBA energies.

e As the coupling b is increased, higher order oscillator terms in pgpg not included in
eq. (6.30) become significant for arbitrarily small volumes and our expression for the
effective potential leads to inaccurate results.

e In this same regime of large b (but always b < 1), the accuracy of the ground state
energy as obtained from reflection quantization extends to ever larger volumes well
into the IR regime of the model.

e However, TSMs (especially after power-law extrapolation) are able to reproduce the
TBA result surprisingly well, even for larger . This provides an important confir-
mation of the efficiency of TSMs as applied to the sinh-Gordon model.

6.5 Extracting Mgng, £ and B from UV spectrum

We have shown that the TSM is able to reproduce the UV limit of TBA equations remark-
ably well. It is thus reasonable to take advantage of this fact and to try to extract infinite
volume parameters combining TSM numerics with the quantization condition eq. (6.16).
As the exact quantization condition is expressed in terms of the IR parameters, Mgsna, £o,
and B, it is possible to fit these parameters using TSM data. To do so we use the lowest
two energy levels (the vacuum and the one-particle state) and two values of the volume
(mR = 0.1 and mR = 0.2), and then we minimize the function

22: (EIA(Ry) — EPM(Ry))’, (6.37)
ij—1

as function of Mgy, & and B. In figure 18 we compare the mass and bulk energy obtained
in this way to the standard TSM methods discussed in section 5. It is worth stressing that
this method produces an estimate for the mass that is an order of magnitude better than the
extrapolated TSM data reported in figure 11 (see panel (a) of figure 18). The determination
of & as shown on figure 18(b) provides a precision comparable to the previous analysis.
The real power of the UV method is revealed when we consider the measurement of the
S-matrix parameter B. Here the improvement of the error generally exceeds two orders of
magnitude (see figure 19).

6.6 What have we learned?

In this section we have put the UV behavior of sinh-Gordon theory under scrutiny. After
pointing out the incompleteness of the zero mode in describing the small-volume limit of
the ground state energy for any finite b, we have derived an effective quantum mechanical
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Figure 18. a) Presentation of Mgnhg as computed in section 6.5 (red dots) vs. its determination
from extrapolated TSM data (blue dots). b) The same but for the bulk ground state energy density,
&o. Solid curves shown are the same as in figure 11c-d. Results are presented as differences with
the numerically exact TBA values.
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Figure 19. Determination of S-matrix parameter B. a) Absolute values of B. Blue dots (TSM —
see figure 12b), red dots (method described in section 6.5), solid curve (exact). b) Differences of
determined values of B with exact value.

potential. This effective potential accounts for the above discrepancies up to an O(b'?)
error, by partially taking into account the oscillators neglected from the zero mode.

Comparing the zero mode, the effective zero mode, and the TBA-Liouville reflec-
tion quantization results to TSM and exact TBA numerics, we realized that the effective
potential significantly outperforms the zero mode. On the other hand, numerical TSM
(especially after extrapolation) significantly outperforms the effective potential, providing
an even more effective incorporation of the oscillators.

At the same time we noticed that the validity of the reflection quantization approxima-
tion extends to larger volumes as the coupling b is increased. This lead to a more precise,
UV-based measurement of the mass and the S-matrix parameter B, and even provided a
consistency check for the energy density &.

We emphasize that both the S-matrix parameter B and (up to the mass scale) the
Liouville reflection amplitude are self-dual quantities, which are successfully reproduced
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directly from the Lagrangian, which is not in any sense manifestly self-dual. In this sense,
the ‘self-duality’ of the Lagrangian ShG model (i.e. the dependence of the model on coupling
constant as encoded in the expression as b%/(1+b?)) is confirmed up to the precision of TSM.
This result, together with the partial analytical reproduction of the reflection amplitude,
indicate that the discrepancy in the ground state energy as derived in the UV expansion
coming from the semi-classical and Liouville quantizations is solely due to the effect of
oscillators. Importantly, no extra terms (like cosh(b~'¢)) in the Lagrangian are necessary
to account for it.

However, note that all the above measurements were done below the self-dual point.
As the self-dual point is traversed, the problems arising from the mass-coupling relation
are inherited by the Liouville quantization condition as well. In the next section, we
develop a supra-Borel resummation technique to motivate the power-law fit and to reach
a better understanding of the cutoff dependence in applying TSMs to the ShG model. In
section 8, we actually provide an argument that if the Lagrangian with a finite positive
pushe parameter defines a meaningful theory at all for b > 1, this theory should actually

be massless.

7 Supra-Borel resummation

In section 5.2.1 we demonstrated that the leading order corrections, 0 E(N., A), to the
energies, E(N.), obtained at a given cutoff, N,, that arise from taking into account states
above the cutoff up to a new cutoff A > N, can be expressed as a perturbative series in
psha of the form
o0
OE(N¢, A) = Z an,ughG(A2("2*”)b2*2"4r2 - NCQ("L”)Z’Q*%H) + less singular terms, (7.1)
n=2
where a,, is constant independent of N, A.

The first thing to note about this series is that no matter how small b is, terms in the
series for sufficiently large n will diverge as A — oo. The second thing to stress about this
quantity is that § E(N,, A) is ultimately a finite quantity with a well-defined limit as n — oo
for fixed A. This follows as all UV singularities in the theory, at least for b < 1, have been
removed through the normal ordering of vertex operators. The divergences that one sees in
the perturbative representation of  E(N,, A) found in eq. (7.1) are not reflective of a need
to add additional counterterms to the theory in order to make it UV finite. The last point
is evident by simply choosing a A slightly larger than N, and performing TSM numerics up
to the cutoff A. In this case we get the exact (and finite) 0E, (N¢, A) = Ep(A) — E,n(Ne).

Now in other models, such counterterms can be a necessity. For example, in the sine-
Gordon model, when 5% > 1/2 (BgkT = 1), a counterterm proportional to the identity
operator is required for the finiteness as A — oo. Here it is important to emphasize
that the need for this counterterm is readily observable in TSM results for sine-Gordon.
When one studies the sine-Gordon model for 32 > 1/2, one finds that the ground state
energy computed by TSM has a marked cutoff dependence in N.. This is not the case
for sinh-Gordon. In all of our TSM studies for the b < 1 ShG model, we observe no such
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cutoff dependence, giving numerical ‘proof’ to the fact that indeed no new counterterms
are required in this theory.

So then, what are we to make of divergences that appear in each of the terms of
eq. (7.1)? These divergences are, in fact, an artefact. They are a result of computing
0E(N¢, A) by doing perturbation theory in pghg. Because the pgnhg cosh(bg) potential is
(strongly) unbounded from below if ugng < 0, the radius of convergence of any perturbation
theory in pgng is 0. This is reflected in the TBA energy in ughg being a series, not in ugha
but in L__ Tt is thus not surprising to find an ill-defined perturbative series around

log pigha
pushe = 0, even though the TBA energies are finite. Thus for any V., this series must be

treated as asymptotic. The question then becomes whether it can be resummed. We know
E(N,) itself is finite. But can we resum the series and explicitly demonstrate this?*

Now this series is not Borel resummable in the standard sense, namely the coefficients
at order n are diverging more quickly than n! (in fact, they are diverging as 2 log(A)(”z_”)).
We will show in this section that nonetheless it is possible to resum this series in a meaning-
ful way for any N. < A and obtain a finite result. From this resummation we will obtain
some understanding of the slow convergence of TSM results in N, as well as a partial
justification of the power law scaling that we observed in section 5.

Before doing so we consider a toy example. It is a bit unusual from a standard field
theory perspective to perform a resummation of a perturbative series at fixed cutoff, N..
Normally one would take the cutoff to oo first and then perform the resummation. But,
again, here the theory as is is UV finite and, moreover, our purpose here is to connect to
our TSM results which are always computed at fixed N.. The toy example with which we
will discuss in the next section shows that there are simple functions which are finite, but
whose perturbative expansions suffer from the same behavior in the presence of a cutoff as
our quantity of interest, d (N, A).

7.1 Toy example

Here we show that it is easy to find functions for which when one performs a perturbative
expansion about a non-analytic point, one can obtain pathological behavior in a cutoff used
to regulate each term in the expansion. Consider the function, f(u,¢€), defined as

Flue) = /61 da(z + )@ Ldz. (7.2)

Here € is a regulator which if set to zero (analogous to taking N. — c0), leaves f finite, i.e.
L 1
F(u,0) = 0°((1+ p)#* — pi?). (7.3)
This function is clearly well behaved for any p > 0, b > 0. However if we now naively
expand about p = 0, we have

N e RN S N R L e | 1 b2—k
f(m@—éu( ) )/ —kz:%u< ) >H< ~1). (74)

4A priori it is possible that not only the leading divergences, but also all the subleading ones (see
eq. (5.29)) must be taken into account to obtain a finite resummation. We assume that this is not the case,
and that the leading order differences separately sum up to a finite correction.
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We see that while the original form of the function f(u, €) was finite as € — 0, the expansion
in the coupling i leads to a series where terms beyond a certain order in k are all divergent
as the cutoff € goes to 0. This series is thus asymptotic. The k-th order term here goes
as €F102(1/9) (5o more slowly than k!) and here at least the series at any fixed e should be
resummable via standard Borel resummation techniques. Now, with this toy example in
mind, let us turn to the real problem at hand.

7.2 Minimal resummation

In the following, we are going to take a slightly different approach. Instead of considering
eq. (7.1) (with N, fixed and A — o), we are going to employ a perturbative expansion
in pgng of the ground state energy, E(N.) (with N, — o0), that takes into account all
contributions up to cutoff N..> Here the advantage will be that we will have a specific form
for the ay’s of eq. (7.1), the coefficients at each order of the expansion that are independent
of N.. This expansion, as we demonstrate in appendix C using certain assumptions, has
the following form:

2 N2 X n? 1
E(z = fisng N, 20H)) = == Y " a,2"e107; 4= . (7.5)
¢ R 7; " 16(2b2log(N,) + log(c))
_9_912
where fishg = MShg(%) 272" 45 the dimensionless ShG coupling and a,, ¢ are dimension-

less constants independent of R, N..

Despite this series not being Borel resummable, it admits what we call a supra-Borel
resummability, something G. Hardy in his classical treatise on divergent series [60], termed
resummation via moment constant methods. In this procedure, one supposes that one has
the asymptotic series S(z) = 34 axz¥. In order to resum it, one chooses a function p and
then defines its moments on R, as

v = /0 R ot dt. (7.6)

The series, S(z), is then said to be r — p resummable if

converges in some neighbourhood of ¢ = 0 and B(t) has an analytic continuation to a
neighbourhood of the positive real axis. If the integral,

o) = [ Bt

is convergent for a z # 0, then the function g(z) exists, is analytic in some domain —oo <
Re(log(z)) < co, and has the asymptotic Taylor series S(z). S(z) can then be identified as
the resummation of S(z) in this same domain.

Of course E(N., A) can be written here as E(A) — E(N.).
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For the case at hand we choose the function p(t) as

1
plt) = e TV, (7.7)
with moments
T k2
=3t (7.8)

As discussed in ref. [61] this choice arises generically in problems with exponential poten-
tials. Ref. [61] discusses the technical conditions needed for resummation for this choice
of p(t). Assuming for the moment that they are met, we can resum our expression for the
ground state energy and rewrite it in the form:

xZ

BNy =" BN, e ),

B(t) = (‘”)1/2 i ant". (7.9)

T n=2

In appendix C, we show that in fact a,, = (—«a)™ with o > 0. Assuming this, we can then

write B(t) as
4 /2 22
Bt)=|—  r— 1
0-(2) 2, w

and so is analytic along all of the positive real axis.

Now that we have resummed our asymptotic series, let us investigate its properties as
a function of N.. It is not a priori obvious that this resummation will necessarily lead to
a sensible result, i.e. something that is finite as N. — oco. But nonetheless it does. To
investigate the asymptotics, we write the integral expression for E in a suggestive form:

2

p_ ®@AsnG _ fAshgac [0 e’ ” _
R RyT Jooo 14+ alePlz—np)’
1
f=o—0i
2.9
1
g = —— + 2/ log(fisna N 220, (7.11)

A

We can now do a Sommerfeld-type expansion and obtain asymptotics in large N, of

the form:
E(N,) = @l _ofsice | (72, 2 1 °°d b (7ot~ 1ram) 1O il
¢ R R\/7 S e B ye 1+a~tley 1+ae? B2
ai1flshc  QfishGC _,ﬂB 1 1 ) C' “ b2 < 1:
_ )R " Rym (2| 5] 15089 )T g . ’ (7.12)
~ H 5 ’
S eﬁBloga>+C’ me L

where C, C" are constants. We note that in the large- N, limit, the Borel ‘chemical potential’,

_ VIog N(b* — 1)
uB ~ \/§b )

up, can be written as

(7.13)
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Figure 20. Power law exponents as a function of b as determined from TSM extrapolation (blue
dots) vs those predicted by eq. (7.14) (solid orange curve) and the exponent of the leading naive
RG correction eq. (5.26).

and so |pp| in this limit is invariant under b — 1/b. We also note that as N, — oo, the
resummed part (i.e. involving terms n > 2) of E vanishes if b < 1, but tends to a finite
constant if b > 1.
We thus expect that for large N, that
2 2

E(N.)~ NV, v= (b%;) (7.14)
We compare in figure 20 the exponents predicted by this result to those determined from
extrapolating TSM data (see figure 8 in section 5). We see that as the self-dual point is
approached, the exponent predicted by the asymptotics describes approximately the trend
observed from power law fits of the data. It however fails to describe the fitted exponents at
small b. Instead these are described well by the exponent coming from the first perturbative
correction to the TSM data (see eq. (5.26)).

7.3 General supra-Borel approximates

In the previous section, we considered the resummation of a perturbative expansion of
the ground state energy. This expansion, discussed in appendix C, and given in eq. (7.5),
makes certain approximations to the evaluation of the constants ¢ and a,,. How important
are these approximations to the final result? We show here that in fact the final answer is
sensitive to the exact form of these constants.

We begin by developing a simple constraint on the resummation arising from the
behaviour of the energy as a function of N.. Let us call the energy of a state without
truncation F,,. Then we can write

Es = E(N,) + 6 E(N,, o), (7.15)

i.e. if E(N,, o0) is, again, the correction to the energy due to including all states above
the truncation N.. This means that the fitting form for the TSM energies is

E(N.) = Es — 6 E(N,, ). (7.16)
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In general we expect E(N.) approaches Eo from above, a consequence of the variational
principle. So this means 0 E(N,, co) must be negative. For b > 1 we see from asymptotics,
i.e. eq. (7.12), that this is indeed the case. But for b < 1 it is not, and we thus conclude
that the simple form computed for E(N;) in egs. (7.5) cannot strictly be correct. For the
purpose of resummation, we require more precise forms for a,’s and the constant c.

In general it is difficult to compute to high precision the a,’s and so derive an exact
form to the supra-Borel transform that we presented in eq. (7.10). One way to resolve this
problem heuristically is to suppose the Borel transform has a more general form than in
eq. (7.10). The simplest possibility is a Padé form:

M > 1. (7.17)

We will only look at forms of B(t) whose large t asymptotics are B(t — 00) o ¢ as this
form leads to a naive cancellation of the powers of N, in eq. (7.9). With this more general
form, we can arrange as we will see in the next section, through an appropriate choice of
couplings, that

§E(N.,0) < 0, (7.18)

despite the overall minus sign. To ensure this, we allow the r;’s to be of either sign and
so that we have no poles on the positive real axis, we assume the s;’s to be positive. So,
for example, with M = 2, we take 7 > 0, ro < 0, and s;2 > 0. In principle these free
parameters can be fixed by carefully computing the a,,’s to finite order.

In our discussion here we have only treated Borel approximates that have no poles
along the positive real axis. Whether this is actually correct is open to question. We
know that the path integral describing the sinh-Gordon model will have complex saddle
points. This suggests that a correct Borel approximate, B(t), might then have poles in
R*. In order to make sense of such an occurence (i.e. in order to interpret the integral of
eq. (7.9)) would require the use of resurgence theory and the associated identification of
Lefshetz thimbles related to complex saddle points [62-65]. While this possibility is very
interesting, it is beyond the scope of the current work. We however plan to pursue it in
the future.

7.4 Fits and discussion of limitations

In this section we look at select examples where we fit as a function of N, our TSM data
to the functional forms suggested by the Borel resummations. We compare these fits to
a simpler power law fit. We look at two fits suggested by the Borel resummations. In
the first we look at a fit that incorporates only the asymptotics suggested by the minimal
resummation discussed in section 7.2:

e_ugh(} (NC »AshG 7b7c)

E(N.) = Es + A

- ' 7.19
|,UShG (NC, HShG b7 C)‘ ( )
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In the second we look at a fit to a form involving an M = 2 supra-Borel transform

[e.9]

E(N) = E4 +N§/

—0o0

e By (ﬂShGNc_@HbQ)e_ﬁ) ;

r1t? + rot?

By(t)= ————.. 7.20
20 = T e (7.20)

Finally we consider a power law fit:
E(N.) = Ex + AN_". (7.21)

The latter two forms are generically applicable a priori. However the form in eq. (7.19) is
not. The Borel resummation ‘chemical potential’, up, has a zero, Ny as a function of N,.
Thus if we are to use this form to fit our numerical TSM data we need to be sure our data
runs over values of N, > Ng. Ny is given by

Ny = (Efigng) /@2, (7.22)

Because jighg = R2+2Y° Usha, we see that at large R the regime where the Borel asymptotic
form is expected to apply recedes to ever larger N.. We note in general that if we are in a
regime where the Borel asymptotics applies then the exponent from power law fit should
approximate that predicted by eq. (7.13). We will see in the examples below for larger
values of b that this does not happen.

In figure 21 we show the results of these fits for two different values of b: b = 0.778 and
b = 0.919. On the left hand side of the figure (panels a and c), we show the fits over the
existing range of the data (for b = 0.778, 5 < N, < 20, and for b = 0.919, 6 < N, < 14) on
a linear scale. We see that in all three cases (Borel asymptotic, eq. (7.19), M = 2 Borel,
eq. (7.20), and power law, eq. (7.21), the fits appear identical. What is different however
is the value of E inferred from the fits. These differ markedly between the fits. We see in
comparison to the exact value (as determined from the TBA), the power law extrapolation,
Eoo power law, is greater than the exact value (i.e. there is an under extrapolation) and the
Borel asymptotic fit leads to a value FEu Borel asymp. that is less than the exact value (i.e.
there is an over extrapolation). The M = 2 Borel fit for these examples seems to perform
best (see below, however), leading to an asymptotic value, E Borel M=2, that is closest
to the exact value. One conclusion that we draw from this is that the values of N, at
which our data is computed are decidedly not in the large-N. asymptotic regime. Our
data does obey a power law form (as our fits indicate), but this power law is different from
the one derived from the Borel asymptotics (i.e. eq. (7.13)). In particular the power law
being obeyed by the data at N, in the range (10,20) is greater than the one indicated by
eq. (7.13). This is consistent with our finding that the power law fit under extrapolates
and leads to a value of F, that is too large while the Borel asymptotics do the opposite.
That the M = 2 Borel form does better is thus not surprising. However this should not be
taken (at all) as the final word of which fitting form to use. Certainly we have made no
real attempt to explore the space of supra-Borel transforms, B(t), and leave this to later
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Figure 21. Top panels: Borel and power-law fits for R = 0.2,b = 0.778. The exponent v given in
eq. (7.21) of the power law fit is 0.38. This can be compared with exponent predicted by the Borel
asymptotics, v = 0.13. Bottom panels: Borel and power law fits for R = 3,b = 0.919. The exponent
(eq. (7.21)) of the power law fit is ¥ = 0.215 while that expected from the Borel asymptotics is
v ~ 0.014.

work. As we have already stated, a complete analysis will require the incorporation of any
putative complex saddle points of the path integral for the ShG model and the attendant
use of resurgence theory [64, 65].

To give the reader a better picture of the extrapolations that are being performed by
the fits, we have also plotted the fits on a semi-log scale (the right hand side of figure 21).
Here we explicitly show the extrapolations to large N,, N. ~ ¢*°. We see that the different
fits only begin to diverge from one another for N, far in excess of our ability to perform
numerical TSM computations. We also see the necessity for the extrapolations. Even the
most rapidly converging of the fits, the power law fits, only see convergence for N, > e!?
at the values of b that we are considering in figure 21. We do note that the convergence at
b = 0.778 is much more rapid than at b = 0.919, something we already expected from the
power law inferred from the Borel asymptotics eq. (7.13).
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b R | Borel Asymptotic Borel M =2 Power Law Exact Value
0.778 | 0.2 | —1.8277+0.0001 | —1.8233 £0.0004 | —1.825=+£0.002 —1.82399
0.919 | 0.3 | —1.1490 £0.0006 | —1.113+0.007 | —1.1204 +0.0008 | —1.14084
0.919 | 3.0 0.269 + 0.004 0.34 £0.03 0.419 £+ 0.001 0.35613

Table 1. Fits including an uncertainty analysis. All data is for ughng = 0.1.

In the fits described in figure 21, we made no attempt to assign an uncertainty to our
fits. In table 1 we attempt to do this. For each of the three different forms, we perform four
fits. Each of these four fits is over different subsets of our numerical data. The different
subsets are obtained by dropping data points for the lowest values of N, at which we have
numerical data. For the b = 0.778 fit, the subsets are formed from data at values of N,
corresponding to the sets {5,---,20},{6,---,20},{7,---,20}, and {8,---,20}, while for
the b = 0.919 fits the N.-subsets are given by {6,---,14},{7,--- ,14},{8,--- ,14}, and
{9,---,14}. Having done these four fits, we take the average and standard deviation of
the obtained values of F, and report these in table 1. In this table we provide an analysis
for one more pair of (b, R), (0.919,3.0), beyond those considered in figure 21.

7.5 What have we learned?

We have shown in this section that the divergences observed in the perturbative corrections
to the TSM can be made sense of. In particular, we have shown that these corrections can
be both computed at all orders in the coupling pshg and resummed with a resulting finite
value via a supra-Borel procedure. We note that the ShG model is not the only theory
where resummation is needed. The ability to do so, for example, might be useful for studies
of the ®* (and other polynomial) theories. To date at least partial (useful) resummations
of the expansion eq. (5.18) are available and tested in the context of 1+ 1d ®* theory in
refs. [29, 30].

We have shown the functional form of the resummed corrections gives us important
insights into the large N. asymptotics of the TSM. It provides a partial explanation at
values of b close to the self-dual point for the power law fit that we have observed (see
figure 20). It also provides a guide to how to extrapolate TSM results to N, = oo. In
the section we considered two fitting functions suggested by the supra-Borel resummation
to use with our TSM data. In the first, we employed only the asymptotic form (valid
for large N.) suggested by the resummation. In the second we used a Padé form for
the Borel approximant. Unsurprisingly the Padé form outperformed the asymptotic form.
The asymptotic form is likely only really appropriate for values of N, beyond that we have
performed TSM computations.

In presenting this resummation, we have really only scratched the surface. We are
fairly certain that there are more appropriate Borel approximates than used here that
are better tailored to the properties of the ShG model. We view this an important open
problem presented by this work.
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8 Form factor truncated spectrum method

In the previous sections we have focused on numerical TSM data arrived at from a com-
putational basis based on a non-compact free massless boson and its zero mode. We have
discussed in detail the strong dependence of the data from the cutoff, F., in particular
approaching the self-dual point b = 1. In light of these results, it is natural to ask the
following question:

Is there a starting point Hy for the TSM much ‘closer’ to the model of interest?

In this context, ‘closer’ means having a set of eigenstates such that TSMs is better suited to
approximate the spectrum of the perturbed theory. For example, instead of separating the
zero mode, we might have started with the Hamiltonian (A.28) and so used a computation
basis built on a standard massive Fock basis. Having considered this, a more radical
possibility suggests itself. This, however, comes at the cost of abandoning the comfort
provided by the free nature of Hy.

8.1 Using the ShG basis as a computational basis

The main idea is as follows. Our target is a ShG model at coupling b; and we choose as our
starting point a ShG model at a different coupling by, setting Hy = H éEhG). While such a
starting point does suffer from the critique that we are using as input information that is
itself non-trivial and is meant to be, in part, verified by our TSM studies, we believe that
there are good reasons to explore this path:

e As we will see soon, this method provides a set of a highly nontrivial self-consistency
checks.

e [t provides useful insights regarding the validity of the exact VEV formulae in certain
domains.

e [t is a non-traditional starting point for the application of the TSM to interacting
massive field theories® and insight gained here will be useful for the study of defor-
mations of other massive integrable field theories.

In the approach taking in here, we write the Hamiltonian as:
hG
H=H"Y 1+ H, (8.1)
where the solvable piece is given by
] R
Hé;hG) = Hy+ Q/m/ dx cosh(bog), (8.2)
0

where Hj is the Hamiltonian of the non-compact ¢ = 1 boson, while the perturbation is
given by

H, = /OR dx(2p1 cosh(bio(x)) — 2p0 cosh(bygp(z))). (8.3)

SCertainly the T'SM has a long history of employing an Hy that is interacting. However Hy in such cases
is an interacting massless CFT [20, 22, 31, 34, 35, 53, 66—68].
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In order to proceed with the diagonalization of the Hamiltonian (8.1) on a cylinder of
finite circumference R we need two highly nontrivial sets of data:

e Finite volume energy levels of H. b(shG);

e Finite volume matrix elements of H; between eigenstates of H, éshG).

Fortunately, both pieces of data are available in the ShG model (as well as a number of
other integrable models), at least up to exponentially small corrections in the volume.
Indeed, according to Liischer’s principle, all information about finite volume quantities are
encoded in infinite volume data, like the physical mass M and the S-matrix. Indeed, the
exact energies of all finite volume eigenstates can be computed efficiently from the excited-
state thermodynamical Bethe ansatz (see section 2.4). Formulae for the matrix elements,
at least up to exponential small corrections [42, 69], are also available. In the special
case of diagonal matrix elements, one can use a generalization of the Leclair-Mussardo
formula [70] to systematically compute exponential corrections. In the following, we are
going work mostly in the regime 5 < Mg, R < 15, where exponential corrections should
be small and can be neglected.

8.1.1 Finite volume energies

We have already discussed in section 2.4 the excited state TBA that provides the finite vol-
ume energies of Hy. However we revisit this discussion to establish notation that is needed
to discuss the finite volume matrix elements. The finite energy eigenstates can be described
by a finite number n of particles with momenta p; = M sinh 6; quantized due to finite vol-
ume . We can assign an integer quantum number I; to each momenta. The Bethe-Yang
equations essentially impose the one-valuedness of the quantum mechanical multi-particle

wave-function in presence of the purely elastic two-particle scattering S (0) = ()

Qi ({01 =p; L+ Y 5(0;— 0) = 2xL;+ O (e™E) | je{1,...,n};
k#j

5(0) = 2tan~! (;j;l(hﬂ(?)) (8.4)

A finite volume state, [{I;}F_,), is given by the set I;, j € {1,...,n}. The system eq. (8.4)
is solved for the set of rapidities 6; giving the total energy and momentum of the state as:

n n
E =) Mcosh6;, P =) Msinh, (8.5)
Jj=1 J=1
8.1.2 Finite volume matrix elements

What we have not considered so far are matrix elements in finite volume. Here the Pozsgay-
Takécs formulae [71, 72] come to our aid. For completely non-diagonal form factors, where
all rapidities are pairwise different between the bra and the ket states, the formula expresses
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the finite volume form factors

M (o s 052, SO 3k 10(0,0) {0} )

\/pk({&})pz({ﬁj})/\fk ({0:HN({9;})
+ O(e ML) (8.6)

<{Ii}i‘€=1 |O(z, O)Hjj}é':l)L

in terms of infinite volume form factors: ({6;};_,|0(0,0)[{¥;};_,) [2, 3] (see appendix D).
Here N}, is defined as

Ni({0:}) = JH IT s®. -9, (8.7)

r=1s=r+1

while py, is given in terms of a Gaudin determinant:

9Qq

pr({bi}i=1) = det Rpg,  Rpq = 0.
P

(8.8)
The normalization coefficients of (8.7) make all matrix elements (8.6) real (apart from the
M factors).

We still need to treat the case of when rapidities in matrix elements happen to coincide.
In such a case, the infinite volume form factors have singularities that require regulation.
This requires then significantly more complicated formulae than eq. (8.6). Coinciding
rapidities happen in two different circumstances. In the first the bra and ket states are
the same state — so called diagonal form factor). The second possibility is that the two
different states have an odd number of particles 2n + 1 and 2m + 1, respectively, with
quantization numbers

{51y U0} U (=T ¥y, and (T}, U {0} U {- T},

In the latter case, a particle of exactly zero momentum is present in both states. There
is, however, a simple trick [73] to circumvent the complications in numerical computations
by exploiting the factorization property of exponential operators. Introducing an auxiliary
particle with rapidity 8, — oo,

(Oa, {01010, j=0) _ (OalOIvac) ({6:}11 O })-1)
(0) (0)?

(8.9)

and
Pr+1(0a,{0i}) = p1(0a)pr({0:}). (8.10)

This permits us to isolate the matrix element of interest even if it contains coinciding
rapidities. With all {I;} and {I;} finite,

Jim (Y U (AHOO. 0 ) = ST (L 00,01 Y (s.10)

where A is the momentum quantization number of the auxiliary particle. Choosing instead
a large but finite A, the equality is not exact, but the error can be made arbitrarily small
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by increasing A. In practice we need to solve the set of BYE (8.4) twice: once for k + 1
particles involving the extra quantization number A, and once for the quantization number
set {f j }521. Thus we obtain rapidities of the form 6; = ¥;+¢;, where ¢; are small corrections
depending on all the I; and A. These are then put back into the left hand side of eq. (8.11),
yielding the sought for matrix element.

8.2 Sanity checks

The setup of the TSM in the basis of the ShG model itself allows us to make some non-
trivial consistency checks. The first such check is offered by an infinitesimal change in the
coupling constant by = by + db.

8.2.1 Comparison with form factor perturbation theory

Denote pg = p(b) and py = u(b + 0b). Let us calculate the first order correction of the
mass of the particle in form factor perturbation theory [74]. It is convenient to keep the
system in a finite (very large) volume R. Here the volume factors from spatial integration
and the Hilbert state norms cancel. The first perturbative correction to the mass is then:

dMshe = (Msnhe|H1|Mshe) — (0| H1|0), (8.12)

where | Mgpc) denotes the one-particle state of zero momentum and |0) is the vacuum. The
diagonal form factor contains a disconnected term which be cancelled by a similar term
arising from the VEV of eq. (8.12):

(Msng|Hi|Msng) = (0|H1]0)

e (@A (i, 0) + pu (b4 8b) (0 T i, 0) )

Msha

Inserting the explicit form of the two-particle form factor calculated using eq. (D.4), we
arrive at the relation:

Mane; (0)[Msne (b + 6b) — Mgng (b)] = 8(—,u(b)<eb‘P) sin(rB) (8.13)

sin?((1 + ?)ﬂB))

+ (b + 6b) (e(bT0)%) (D)

where the vacuum expectation values are given by the FLZZ formula (2.33). Therefore, for
an infinitesimal b, we can write down a differential equation for the mass shift equation

2 o (b+b) _ )
)ty ) S )+ i+ P s
(8.14)
where
§(ebHovey —1 (b) 7T (1 + b2)
S = - B ( s )
7 sinh (4b2t) 4

+ O/dt [—bsinh(b%) sinh ¢ cosh((1 + b2)t) + 7€ 2 1 . (8.15)
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The physical mass Mgnq, given by the mass-formula (2.26), numerically agrees with the
result of integrating equation (8.14). In the special case limy ,ou oc b~2, we also have
to explicitly specify Mghg(b = 0). The integral appearing in the r.h.s. of (8.15) can be
evaluated explicitly in terms of a digamma function ¥(z):

[e.e]

sinh(4b%t) 4b o 1 9 9
O/dt [_bsinh(th) sinh t cosh((1 + b?)t) * ¢ B _2b{B — A -+

D)o (2o () (- 2)

(8.16)

A somewhat tedious but straightforward calculation shows that substituting eq. (8.15)
into the r.h.s. of eq. (8.14) indeed agrees with the derivative of the exact mass formula
(eq. (2.26)), once squared.

8.2.2 Massive boson limit

In the second check, we fix u(b;) = % and take the limit by — 0. Here we want to show
that we then obtain the Hamiltonian in the massive boson basis. In particular in this limit
all matrix elements of the perturbation vertex operators need to approach the limit:

({LiH | e%(0,0) - {I}j—1)z —

H 1 min(nzk,mk)nlk' ng mp ( a )nk—i—mk—ink (8 17)
Ll A\ ) \nue ) \V2Lwy ‘

n1,=0

with @ = £+b; and the quantities on the l.h.s. are understood with respect to theory by. In
formula eq. (8.17) we denoted the number of particles with quantum number k as ny in
the bra vector and my, in the ket vector. Furthermore, matrix elements of vertex operators
with @ = £by need to approach those of the operator —%2 D2

These relations are highly nontrivial, especially for diagonal matrix elements, but we
have confirmed numerically their validity on a large number of matrix elements. Note that
the by — 0 limit of the form factors is numerically unstable and so the precision often needs

to be increased from the usual machine (double) precision.

8.3 Implementation and results

Due to the high numerical precision needed, especially in taking diagonal limits, we opted
for an implementation in Mathematica. The truncated basis was selected with two cutoffs, a
momentum cutoff kpyax and a limit on the number of particles Nyax. Figure 22 summarizes
the numerical results obtained starting from theories with four different values of bg.

To facilitate comparison of different bases, we introduce the following double cutoff. We
limit the maximum number of particles Ny ax as well as the sum of Bethe-Yang quantization
numbers of each sign: },. ;>0 I; <= kmax- Let us remark that enlarging the basis size
through the increase of kpyax only is computationally easier than increasing Npax. This
is because the latter results in having to evaluate much more complicated expressions
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Figure 22. The mass-coupling relation as measured using Hy = HbSOhG at four different values of
by (two in the left panel and two in the right). The mass of the unperturbed theory at by is plotted
as a large unfilled circle while the masses derived at neighbouring values of b; are shown as dots of
the same color.

1.28
1.26
1.247
X
1.22
1.20
1.18

1.16L ‘ ‘ ‘ ‘ ] : : : : : -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

bo bO

measured £
measured Eg

(a) by = % by = b is shown with a red (b) b; = 1. Theoretical value is zero.
line. Theoretical value is shown with a hori-
zontal line.

Figure 23. Cutoff dependence of ground state energy at coupling by, volume R = 6, starting
from different by couplings. Blue, orange, green, red, purple and brown symbols correspond to
cutoffs Nax = 2,4,6,8,10, 12, respectively. Results from the free massive boson basis (by = 0) are

distinguished with x-marks. pg = ﬁ, 1= #.
0 1

for the matrix elements. However, from numerical tests we deduce that the majority of
cutoff dependence is found when changing Ny.x and kpax simultaneously. Therefore in the
following we fix Nypax = kmax.

In figure 22 we present sample results for the mass gap, starting from four different
basis theories (denoted by unfilled circles). Computations were done with a raw cutoff
Npax = 6. This resulted in Hilbert spaces of dimension 203 in the even particle number
sector and 124 in the odd. Numerics were performed at MgygR = 6 with Mg,g being the
physical mass of the unperturbed (basis) theory.

In figure 23 we follow the precision of results as the TSM basis is changed from the free
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massive boson towards the self-dual point. Here we show explicitly the cutoff dependence
of the ground state energy at R = 6. The by = 0 points result from using the free
massive Hamiltonian (A.28). The largest cutoff considered for the form factor approach is
Nmax = 8, corresponding to an 1171 dimensional (even sector) truncated Hamiltonian. In
the free massive basis, we also show the point corresponding to Npax = 10,12, with basis
sizes of 5830 and 25488, respectively. Not surprisingly, the result corresponding to any fixed
cutoff improves as we start closer to b;. However, it is striking that as we approximate by
to b1, the power-law exponent of the cutoff dependence apparently worsens. As we have
seen previously, when b; is infinitesimally close to by, the first order term of the form factor
perturbation series dominates. However, as we move bq slightly away, corrections from all
energy scales play a role.

8.4 What have we learned: massless regime for b > 17

While one can see from the right panel of figure 23 that it is difficult to obtain accurate
results (again because of slow convergence in the cutoff) for b; close to the self-dual point
(even when by itself is close to b = 1), we can use the properties of this massive interacting
basis to draw conclusions on the nature of the theory beyond b > 1. We begin, as before,
with a starting point by < 1 and aim to describe the theory for a fixed by > 1. We are
completely free to choose by < 1 and we so chose it such that it satisfies

Q(;o) _ % (bo n blo) — b (8.18)

However for this particular choice of by, the VEV of the vertex operator e’ (relative to

the by theory) is exactly zero! This in turn means that all matrix elements of e’ vanish.
Hence according to eq. (8.1), the perturbation consists in simply subtracting the original
vertex operators from the original Hamiltonian, which (formally at least) leads to a massless
Gaussian model. This argument suggests then that for b > 1, the ShG model, like its SG
counterpart is trivial.

Because @ > 1, Vbg, this argument only works when the target theory satisfies
b1 > 1. We note that perturbing a theory with a vertex operator with b > % is meaningless
as the vacuum expectation value becomes negative, thus (formally) making the spectrum
unbounded. A plausible explanation is that the VEV (e??) in the Lagrangian formulation
is only identical to the FFLZ formula in the domain —% <a< % and vanishes identically
outside this interval. We note that this argument then requires us to use the FFLZ formula
at the boundary of its validity. These arguments are certainly heuristic but give nevertheless

a hint on the phase of the ShG model in the strong coupling regime b > 1.

9 Conclusions and future directions

In this paper we have studied in detail the ShG model in finite volume as a function of its
coupling constant . This analysis has explored several important conceptual and numerical
features of this model. At the conceptual level, we have seen that the model admits two
different formulations, given in terms of (i) a Lagrangian and (ii) a S-matrix. The S-matrix
formulation is inherently an infrared theory, giving rise in particular to a thermodynamic
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Bethe ansatz equation describing in finite volume the energy of the ground and excited
states. Moreover, the S-matrix formulation is ecumenical as to the actual value Mg, of the
mass of the physical particle. The Lagrangian formulation, on the other hand, gives us the
opportunity to study the theory from several directions. Here the theory can be conceived
as a perturbation of a massive free boson or as a perturbation of a conformal field theory,
either Gaussian or Liouvillian. While the S-matrix formulation is manifestly invariant
under the weak/strong duality transformation, b — 1/b, the Lagrangian formulation has
no sign of such a symmetry.

Herein we have used truncated spectrum methods to study in finite volume the ShG
model. This proved to be particularly challenging. Indeed, while at small values of the
coupling constant b, dynamical quantities of the model — such as physical mass, vacuum
expectation values of vertex operators, finite volume energies of the ground state and
excited states, the two-body S-matrix — could be accurately determined and were found
to coincide with their theoretical predictions, this ceased to be true upon approach to
b = 1. There we observed that the values of these quantities started to deviate noticeably
from their predicted exact results. Indeed, in the vicinity of the self-dual point b = 1, the
TSM data showed a marked sensitivity to the cut-off N, related to the number of states
employed by the TSM. This sensitivity is of a different nature from other quantum field
theories studied so far by means of TSM, a consequence of the unbounded exponential
nature of its interaction.

Understanding and attempting to ameliorate these difficulties have had a series of
positive by-products. In the first, we were able to come to a detailed understanding of
the small volume region of the theory through exploring the quantum mechanics of the
zero mode of the field. This analysis led us, in particular, to derive an effective potential
which took into account the effect of the oscillator modes. This permitted a more precise
measurement of the infrared parameters from the TSM through combining UV numerics
with the small-volume expansion of the TBA.

In a second happy after effect, we were able to extend the usual RG scheme for improv-
ing TSM numerical data. Normally these improvements are perturbative in the coupling of
the theory, here pugnc. This series proved however to be pathological in ugpg in the sense
that its coefficients diverge absent a UV cutoff and the coefficients at order n increase more
rapidly than n!, making the series not even Borel resummable. We were able to overcome
these pathologies using generalized resummation techniques for asymptotic series — here
dubbed a supra-Borel resummation. In particular we were able to show that summation
of this series led to a finite result upon taking the UV cutoff to infinity and that we could
partially explain the observed power law dependence in N, observed in our TSM data. This
is the first time that the leading corrections at all orders in this perturbative RG treatment
for the TSM have been explicitly summed. This perhaps might be useful for studies of
other theories. In particular let us mention [29, 30] in the context of the ¢* model, wherein
efficient partial resummations of the series eq. (5.18) are achieved by employing a clever
variational Ansatz. We believe that here there is considerable work to be done in terms
of better undertanding the appropriate supra-Borel approximates to use and the potential
role resurgence theory [62-65] has to play.
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It is important to stress that all results obtained to this point indicate that the La-
grangian of the theory provide a faithful definition of the theory for b < 1, even though the
Lagrangian does not share the self-duality of the S-matrix. A hint about the ShG model
for b > 1 may however come from the third spinoff explored in this paper: treating the
ShG at a given coupling b; as perturbation of a ShG model at another coupling, by. As
explained in section 8.4, for b > 1 there is always the possibility of identifying a point by
for which the perturbation is given in terms of a vertex operator V, with a = (b+b71)/2.
Since the VEV of this operator vanishes, it simultaneously ensures the vanishing of all of
the matrix elements involving cosh(b¢) and therefore leads to the remarkable conclusion
that the ShG model in the strong coupling regime b > 1 is a free massless theory!

We have already noted that in the strong coupling regime of the ShG model that
all exact and analytic formulas for the physical mass and vacuum expectation values (see
egs. (2.26) and (2.33)) have a singularity at b = 1. If one analytically continues these
expressions beyond b = 1, they give, in general, complex values which make their physical
interpretation challenging. One can take the point of view that for b > 1 the Lagrangian
should be ignored and one should rely only on the S-matrix (and its explicit duality) to
define the theory. In this way one uses explicitly results for b < 1 to define the theory for
b > 1. However this is a tautological way of defining the duality as it leads to no predictions
with regards to the mass formula, the VEVs, and the energy levels.

It is worth stressing that the same conclusions may apply as well to all Toda field
theories which share with the ShG model all of its basic features, namely an apparent
duality of their S-matrix which is absent in their Lagrangian formulation. Using the
exact formulae reported in [75] of the Toda field theories for the physical mass, vacuum
expectation values, reflection amplitudes of the underlying (generalized) Liouville field
theory, one can repeat indeed the analysis done in this paper, applying in particular the
form factor basis to argue that the Toda field theories for b > 1 are massless models.
Indeed, establishing whether the ShG model and all Toda field theories are not in fact self-
dual models as their S-matrix suggests, but on the contrary are massless, as conjectured
in [76], is one of the most interesting and important open problems for the future.
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A Relating the couplings between the Gaussian and massive formula-
tions of the ShG model

In this appendix we derive the relation shown in eq. (2.19),

24262 ~vE \ 2b°
gm e
HShG = o (2) ) (A1)

connecting the coupling pgnc in the Gaussian formulation of the ShG model with the mass
m that appears in using Feynman perturbation theory in b. We do so by recasting the
finite volume Hamiltonian of the ShG theory where normal ordering is done with respect
to a massless basis to a Hamiltonian where the normal ordering is done with respect to a
massive oscillator basis. We use the form of the massive basis form (A.28) in section 8.3
where we compare it to the limit of form factors computed in a massive interacting basis.

A.1 Massless ¢ = 1 boson

We first recall how the Hamiltonian of the ShG model on the cylinder as a perturbed
Gaussian theory is derived from the theory defined on the plane. This will inform how we
derive the ShG model on the cylinder using massive oscillators and ultimate how we arrive
at eq. (2.19).

Consider the ¢ = 1 boson on the plane. The stress-energy tensor is given by

1
T,UV( z)=yg ( 3M<Pau90 277,111/8,0%08[)80 3> . (A.2)

In the main body of the paper we fixed g = 5=. In the following we keep this normalization
parameter explicit. The generator of dﬂatatlons is defined in terms of the stress-energy

DO — oy [/ dz 2T (z /dz zT
)

where the contour C' may be chosen as the posmvely directed unit circle around the origin.

tensor as

= Lo+ Eo, (A.3)

If we now map the theory to a cylinder of circumference R,
27r
z=eRY, w=rT+ix, (A.4)
where 7 is (Euclidean) time and x is the space coordinate, the dilaton operator becomes
the Hamiltonian on the cylinder:

7O _

1
o =7 (Lcyl + LY - ) (A.5)

12

If we use the expansion of the field in terms of modes satisfying canonical commutation
relations

H A .
¢ (z,7) = po + \/AF Z (ane’k”x + aile_m"m) , (A.6)
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where (k, = 2rnR™!), the Hamiltonian eq. (A.5) can be written as

2
o [ 1 T 27 |n| ;
Hcyl = <2gR - 6[{) + Z Tanan. (A?)
n#0
While the —g5 term can be thought of as arising from the anomalous properties of the
stress-energy tensor under conformal transformation, it can also be seen as a result of
bringing the oscillator modes into normal order. This will be important going forward.
We end this subsection by noting that under the mapping eq. (A.4), normal ordered
vertex operators on the plane and on the cylinder are related by
b2
! _ R\ 379 (pl -
Y () = (50 ) TV (z ) 2 ). (A8)
A.2 Free massive boson as a perturbed ¢ = 1 boson

We now consider the massive boson as a perturbation of the massless one. To this end we
define the perturbed dilatation on the plane as

i 2+
D™ = Lo + Lo + lim ng / dz (W (2,2) + V8 (2,2Y)). (A.9)
C

By mapping this operator to the cylinder, and expanding in b, we obtain the following
Hamiltonian for the free massive boson:

R
2 2 R R 2
(m) _ (0) am ) . m m am
He) = Hyl + 75— [ 6% (2,0) sz = —1n ( o ) + 5 (A.10)

It is customary to subtract the singular gbﬂ; term. On the other hand, notice the other,
volume-dependent c-number term, a result of applying eq. (A.8) in the b — 0 limit. This
term will be important for making contact with energy as determined by the thermody-
namic Bethe ansatz (TBA).

Using the mode expansion of eq. (A.6), we can write our Hamiltonian as

cyl —

0oscC ?
1 gm?*R T m2R mR
ZM <2gR ot T st M ar ) )
21 |n m?R
H =Y [ R’ ‘aLan + T (2a1an +alal, +ana_n>1 . (A.11)
0 7 |n

We now rewrite this Hamiltonian in term of a massive oscillator basis.
We begin here with the zero mode Hamiltonian. It is a harmonic oscillator of frequency
m and ‘mass’ gR. Introducing massive zero mode operators ag and aJ{], we can write:

900:291771}%(@04'@5); Hoziﬂg(ag—a). (A.12)
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In terms of the creation operators the zero mode Hamiltonian takes the form

m m T m?R Rm
HéM) = magao + 5 TR + ym In <2ﬂ) . (A.13)

(m)

We now turn to the oscillator part, Hesc , of the Hamiltonian. This can be diagonalized

by means of a Bogoliubov transformation implemented by the unitary operator

= exp{ Z Xm (ama_ —af aT_m)} , (A.14)

m>0

1
eXn = <|O]:n’> : . wp =/ k2 +m2 (A.15)

This acts on the mode operators a,, as

where

Ufa,U = cosh X|n|@n — sinh X‘n‘ain;

UTaT_nU = cosh X|n|aT_n — sinh x|, an. (A.16)

Applying the Bogoliubov transformation to the Hamiltonian we obtain

o) 2
(m) _ 4 m 7w m*R Rm
H ng_oownanan + 5 " 6R + in In 5 + Sa(m, R);
wn |kl m?
S R) = E _— - — — . A7

The factor Sa(m, R) arises from normal ordering the massive oscillator basis after the
Bogoliubov transformation is performed. In appendix B we show that it admits an integral
representation,

1 2 m2R 2w (m)
<—|—lnm _VE) + pp hlf"'Eo (m,R), (A.18)
where E(()m) (m, R) is defined as
g™ (m,R) =m / du coshuln (1 - e_mRCOSh“) . (A.19)
0 ’ 27

Our final result for the Hamiltonian is

Hc(y1 = Z wnal a, + ER + EYY(m, R);
(m) _ m? (1
& 2 3 +In2—~g (A.20)

The ground state energy of this Hamiltonian agrees with the energy E[()m) (m, R) associated

with a free massive boson computed in TBA [19]. Here we are able to pin down the bulk
energy density, &, that would be observed in a TSM computation. We also remark that

)
substituting pu = % into the exact sinh-Gordon bulk energy formula eq. (2.57) and
expanding in b results in the O (bo) term precisely coinciding with vacuum energy density

of eq. (A.20).
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A.3 Expressing the sinh-Gordon model in terms of a massive oscillator basis

Here we finally provide the derivation of eq. (2.19). Our starting point again is the per-
turbed dilatation operator that defines the sinh-Gordon theory on the plane to be:

D) = L+ Lo+ psua [ ds (VP (2,2 + V) (2,27). (A.21)
C

Mapped to the cylinder, this gives rise to the Hamiltonian

2 R
F(hG) _ Hc(gl) b isha <2R> arg /dx L ebe(@:0) . 4 —be(,0) . (A.22)
s
0

The spatial integration can easily be carried out at the cost of imposing momentum con-
servation explicitly, symbolized by the presence of §p. Because we are interested in making
contact with the analysis of the sinh-Gordon as a massive perturbed boson, we add and
subtract at the same time an auxiliary mass term

b2

dra 2
HEG) = Héﬁ? + pshg (R> e op (: ebP@0) . 4 . o=be(z,0) :) _gm Rép : ng (0,0) 3
2 2
2
m) _ gm
H{7) = Hy) + 55-Rop : ¢ (0,0) - (A.23)

Héqu is the same type of Hamiltonian as HC(;P of eq. (A.10). After a Bogoliubov transfor-

mation, it can be rewritten as

m = m m mzR R
HiR) = Y wealan + &R+ EJ" (m R) - =~ (27?) (A.24)

n=—oo

We now perform the same Bogoliubov transformation on the remaining terms of
eq. (A.23):

1 1 11
Utop : ¢2(0,0) : U =6p: 2 (0,0) 1y +——— Z(—)'
P:e (00) pie (0.0 +297”R+2Rgn7&0 wn  |kal/’

2 b2 11
UTép : cosh(byp(0,0) : U = TR 1R qio("“q' “‘1>5p : cosh(bp(0,0)) 5y . (A.25)

Here the normal ordering ::,, indicates the normal ordering is being done w.r.t. the massive
oscillator modes. The sum appearing in the above is evaluated in appendix B.1 to be

1 1 1 R 47

where p (x) is defined as
T T —
pPT) = ot (excoshu_l)'

—0o0

(A.27)
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After transformation, our entire Hamiltonian appears as

2 m2

H(hG) Z wna an + R—i—E(() )( ,R) — 5

ar Rp (mR) (A.28)

n=—oo

2 2\ o7 mR) —
+5p(—gg‘Rap:so2 (0,0) i +usnG R (m)< W™ : cosh(bip(0,0)) m)

We are now in a position to establish eq. (2.19). Using the large R limit of p, lim, o p (z) =
0, we choose m so that the quadratic term in the second line of eq. (A.28) vanishes,

resulting in
2 2

2+ b= b2
gm 4mg e'yE ing
HShG = —op5— (2 ) . (A.29)

B Calculating S; and S

In this appendix we provide integral representations for the sums S; and Sy introduced in
appendix A.

B.1 81 (m,R) = Ynz0 5 — i

To evaluate this sum, let us first introduce a cutoff A = %, N > 1, and then add and
subtract an auxiliary integral term:

N N
1 R dk R 1
Sp = lim E — - == / + | — 772—5 —
! A—o0 N Wn m 27[‘ \/'rn2 + k2 27T_A vm?2 + k2 2 =
(B.1)

In the first term on the r.h.s. we have rewritten the sum so that it includes the n = 0 term.
Using the definition of the Euler-Mascheroni constant

M1
vg = lim <Zn—lnN), (B.2)

N—oo
n=1

and the explicit expression of the integral
A | A2 A7 1
*—21 1+ < | =2IhN+2In—+0 | — B.3
/ N n(m +m2> n /N + nmR+ (AQ)’ ( )
we can immediately evaluate the second term on the r.h.s. of eq. (B.1):
lim

R 47
27T Jim. / m2 —5 n; = <1n i 7E> . (B.4)

The first term of eq. (B.1) can be evaluated in the same way that Matsubara sums are:

2 ama aie ©
' Wn CelpR—l m?+p '
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Here the contour C consists of distinct, small circles around all poles between p = —A and
p = +A on the real axis. We deform this disjoint contour to form two straight vertical
line sections running slightly above and below the real axis. The contour in the lower-half
plane is then combined with the first integral in eq. (B.1). At this point the limit A — oo
can be taken and the two contours tightened around the branch cuts of the square roots.
In this way we obtain the representation,

o0

i i 1 R / dk 2R / dr
im — | ——_—=—
Nooo “—~ w, 21 ) Vm2+ k2 T (emBT —1)v/72 -1
n=—N —A 1
R T d
U
- ? (echoshu _ 1) : (BG)
—o0
Collecting terms, we see that
R T d 1 R 4
u T
S:—/——— —(In— — . B.7
1 T (echoshu _ 1) m + T (n mR fYE) ( )
—00
B.2 Sy (m,R) =Y, 0% — Fal _ m
. 2 My U) = 2ns0 2 2 [k
Let us begin with adding and subtracting }_,, %. Then we separate the sum into two

convergent parts:

Sy (m, R) = %51 (m, R) + S5 (m, R)

522252('%571):2&_@_&7 (BS)

where S is given by eq. (B.7). The sum Sy can again be rewritten as a Matsubara-type

contour integral

N PR
, B.
S2= o 0/6sz c52(p), (B.9)

where now the contour C encloses all poles (in the positive direction) on the real axis except
for the one at the origin. The function ss (p) has two overlapping pairs of branch cuts all
along the imaginary axis of the complex p plane. The contour C' can be deformed in the
first step into two connected contours at each side of the branch cut, starting and ending
at infinity and enclosing all poles lying on one half of the real axis. In the second step,
this pair of contours is unbent to form two straight vertical lines aligned in the immediate
vicinity of the branch cuts. The contour integrals can then be written as a sum of integrals
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over the real line:

gz =L+ 1 (Bl())
[ m2R / T +7O T m 7 n m2R  m (B.11)
1= "o e—mRT _ 1 1 — emB7T 4  6R A7 4’ '
—00 —1
. _mR 72 Lo <mRT> (B.12)
= — T co .
2 4 / L2 2

The explicit term —m/4 arises in eq. (B.11) due to the pole at the origin. After a change
of variables 7 = cosh u, the integral I» becomes

m?R  m’R 7 sinh ye—mftcoshu 2
I, = — — /du 4sinhu + ok (B.13)
0

Y A 1 — e—mRcoshu emRcoshu _

where an explicit integration [;° e~ 2“du was performed. After an integration by parts in
the first term of the integral and extending the integration range from —oo to co, we get

oo

m2R m2R —mRcoshu L
Ih=— e / du (—2coshuln (1—6 )—i-echoshu_1>- (B.14)

Combining all terms, we arrive at

m m2R /1 2 m2R 27
Sy (m, R) = —— = P In =%
2(m B) = -5+ (2+nm 7E>+47r "R

o
T du —mRcoshu
—i-@—i-m/ %coshuln(l—e ) (B.15)
—0o0

C Perturbative expansion of finite volume eigenvalues

In this appendix we will consider the perturbative expansion for the ground state energy.
We begin generally and consider a Hamiltonian of the form

H = Hy+ uV. (C.1)

A convenient representation of the expansion of the ground state energy, Fy, is given by
the Brillouin-Wigner series

me VmO
Eo=EQ+pVoo +p? ) '8 4
2 "B,
Vo, Vinyms - - - Vi, 10
_|_H” / .. / n +..., (02)
22 2 ) (B B, )

where the primes indicate that the ground state is to be omitted from the sum. In the above
series, the exact value of the energy, Ej, appears on both sides. The disconnected terms of
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the usual Rayleigh-Schrédinger series are generated by using the formula iteratively and
expanding in pu.

Now we are interested in the divergences appearing in the sinh-Gordon model. It
can easily seen that these disconnected terms are less divergent. We thus focus on the
connected contributions of this series:

Vom, Vimi0
Eo = E§ + psnc Voo + 18nc Y /ﬁ
mi 0 mi
V()mlvm1m2' Vi 10
+ e ) D ' " T (C3)
2 D ) (B B

where V;; denotes the matrix elements of the perturbation w.r.t. the unperturbed theory.
The n-th order term in the above can be rewritten as

0[5 —NShGZ/Z/”' Z /EO_EI'O )12(E EB )

Mn—1

— (—1) 1MShGZ Z S /dﬁ d7,_q B8t )

Mmn—1

(0) (0) ( )
—E,, —E,, fEm Tn—
Vom, € 1V ma€ 272 | n—t Y0, (C4)

where, if we introduce 7; = t; — t;41, we can rewrite the nth order term as an integral over
an Euclidean correlator of the unperturbed theory:

OB = (=)™ il OV (1) . V(8 = 0)|0);
V(t) = eotye o, (C.5)

From now on, the time dependence of any operator is understood in the sense of eq. (C.5).
We now turn to the Hamiltonian of direct concern:

2b2
~ . R
H = Hy + psnhe ( > /dm b"OO : PP@) . embro . o—bo(2) D) — EW?POSOOQ’ (C.6)
with 4
AT 9

Here we have added and subtracted a term quadratlc in the zero mode allowing us to
formulate the perturbation theory about a massive zero mode. This choice allows for some
additional explicit steps in the following calculations.

Let us begin by evaluating the second order term in this perturbative expansion. The
vertex functions of the oscillator part of bosonic field, ¢, can be written as

i } 1
. a@(tp) .. ,B&(0,0) . =
<0| i e e . |0> (1 e R (T+zﬁ))2aﬁ(1 — e~ (T—iP))%Zﬁ' (C‘S)

This correlator can be expanded into a binomial series

% 9 )
(0] : ebP(tm1) . gbo(t2,a2) . |0) = Z (fl)P12+£I12 <_2b ) (—Qb )

p12,912=0 p12 q12

_2n 2n C2mig,
e~ (P12tqi2)t o T (Pr2t+aqi2)t2 o — = (P12 qm)xle 27 (qra— p12)T2 (C.9)
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The binomials admit the asymptotic behavior

~ Nk
<k> ~ 1“((—z;l)<:+1 k> 1. (C.10)

The leading singular part of the second-order perturbative correction has the form

R

4b2 o0 R
OB = —2pdhc (%) / « / daydiz (0]e"70 0 @10 (0] : P15 12 #202) - |0).
0 0

(C.11)
Note that a factor 2 arises due to an analogous term with all exponents negative. The zero
mode quantum mechanics (C.7) is that of a harmonic oscillator, so the correlator on the
left is easily evaluated. We introduce

Y0 = Yo+ T Po—, (C.12)
such that
1 1
47'(' 2 47T 2 .I.
Por = | 5 Qpy; PO = a
+ Rws@o %o wao ®o
[aw,afpo] = 1. (C.13)

The Euclidean correlator takes the form

4
Rw%’o

[P0+ (t), o (0)] = e ool (C.14)

Using eq. (C.9), the = integrals can be performed immediately with the result

_op2\? .
( 2b> e R (C.15)

m

1 o0
SEP = 242, R ( ) /dt 0]eb#o(®)ebro(@ gy $°

m=0

For b < %, eq. (C.15) evaluates to a finite value. For larger couplings, we need to introduce
a chiral cutoff N,.. In this parameter domain, we can approximate the sum by an integral,
and using the asymptotic eq. (C.10), we obtain

4b? P2 Rw T —w
5E(()2) ~ —2uda (2};) fie TERE - /dteQRi% e t/ dmm** 2= F™. (C.16)
The w;()l/ ? terms make an expansion singular around wy, = 0. On the other hand, having
in mind b > % and a fixed wg,, > 0, we argue that the corrections due to the double
exponential are subleading for large N.. Let us expand the outer exponential into a Taylor
series. Then we need to perform simple exponential time integrals, which yield i—like
terms. Rescaling m — N¢m and factoring out N, leaves an explicit kw,,N. I term in
the denominator (k is the order of the Taylor expansion term). Even though k eventually
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becomes comparable to N, the corresponding term is multiplied by an overall 1/k! factor,
2 _ 4w

which renders it negligible. What remains is an effective e ™0 constant multiplier

42 p3 VT Ar4b?—2
R) fe = Ne? ™ | o(N-1)) + O(ND). (C.17)

SEY = —2 (
0 HonG { 5 AT (262)2 4b2 — 2

Note that the spurious singularity at b = % is due to the asymptotic approximation and
is unphysical.

Let us turn to the general case. The relevant correlation function has the form

<O| : ebSb(xlvtl) et eb ZTn,0) . H H eb [QO+ tzvmz (t],x])]
i=1 j=i+1

00 [e'¢) n—1 n 2 2
5 s <><>}
{(pi}=0 {qi;}=0 * i=1 j=i+1 DPij ij
< e 2z Z qu Pij+aij)t _@ Zi[Zj>i(pij_Qij)_2j<i(pji_jS)}$i‘ (C.18)
The spatial integrations yield the relations
Yo —ai) =D (pji— i), i=1--n—1, (C.19)
>t 7<i
which can be used to fix g, Vi:
Dopii+ D ai— Y Pii— Y. 4ij = Gin- (C.20)
§>i j<i j<i i<j<n
The Euclidean time integrations are to be taken over the simplex t; > t9 > --- > t,_1 > 0.
Using the simple formula

o o o _— 1
dtn_l.../dtz/dtle’(zid miti) — . , (C.21)
0/ P my(my+ma) - (S0 m)

1=

together with eq. (C.20), allows us to write:

2771;2

o o s R 2nb? wao R2n 1
dtp—1... [ dt dt10|V(t1)..V(t,=0)]0) =2 —
0/ : / : / WOV (1) V=010 =2 (1) Sy
3 2

N

Nc
0 Ty dpisl; neg ot
i J=1 ij /H H dq@‘jqi{j

n—1 k
0 k:l( j= k+1Z 1sz) o =1 j=i+1

13
n—1
XH Zplm+Zle_mel_ Z QIm)
=1

m>1 m<l m<l I<m<n

><@H Zplm+Zle_mel_ Z QZm)

m>l m<l m<l l<m<n

X Op 1_(Zplm+Zle_mel_ > qlm))a (C.22)

m>l m<l m<l I<m<n
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where
£=2%—1.

In eq. (C.22) the time dependence of the zero mode correlators were neglected by an anal-
ogous argument to that of the 5E(g2) case. The cutoff V. can be scaled out by transforming
to new variables p;; = N¢pij, ¢ij = NcGij, resulting in the final form of the leading order

asymptotic

R 2nb?  9np2 2R2n71N2(1_”)+2b2("2_n)
> eTwen ¢ (C.23)

n) ~(_1\n—19, n v
0Ey ~(—1)""2ugnq <27T {4y (22D I,
with the integral I,, defined as

i

n 1
i=

dpiipt.

=i dpigpi; / 11 dgi;q5;
ij

k=1 k+1 Zz 1pzj> 0 j

n—1 13
1:[ Zplm+Zle_mel_ Z qzm)

m>l m<l m<l l<m<n

><®H Zplm+Zle*mel7 Z le)

m>l m<l m<l l<m<n

X Opn 1—(zplm+Zle_zpml_ > QZW))’ (C.24)

m>l m<l m<l l<m<n

This is the form that we use as a starting point in section 7.2.

D Form factors of the sinh-Gordon model

In this appendix we provide the explicit form of infinite volume form factors needed for
the implementation of the form factor TSM in section 8.

Using the S-matrix (eq. (2.31)) and the integrability of the model, one can compute the
exact form factors of the local operators O on the multi-particle states of the theory [2, 3]:

0|0(0)|61,...,0,) = FP(01,...,0,). (D.1)
Introducing the notation
sinknwB
k] = ——— D.2
%] sintB ’ (D2)

where the function B(b) is given in eq. (2.32), the form factors of the exponential fields in
the ShG model can be written as

(0]eF¢©@, ... 6,) = () F (61, ..., 60,), (D.3)

where (eF?) is the VEV given in eq. (2.33) and F,(f1,...,60,) is given by

Fo(01,...,6n) = Hy Qu(z1, ... 20) HM (D.4)

i< T + T
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where

s 14 sinh (tB) sinh (3-8 _
= [ [ AL ]
0

t sinh(t) cosh () 7r
4sinwB\ 2
H = 22—~ k —_— D.5
" (Fmin(iﬂ—)> [ ]7 B o ( )
and Qp(z1,...,x,) are symmetric polynomials in z; given by
Qu(t1,.. . 2) =det M, Mj=[i—j+K ol (D.6)

(

with O’Sn) the elementary symmetric polynomials in n variables of total degree s. Form
factors of the ShG model were also studied in [77, 78].

E Reverse communication protocols and chiral factorization

There are several iterative numerical methods (Lanczos, Arnoldi, Jacobi-Davidson, etc.)
to obtain the smallest eigenvalues (and the corresponding eigenvectors) of a Hamiltonian.
A common feature of these algorithms is that they do not need all of the Hamiltonian’s
matrix elements to be stored in memory. What they do require is a routine by which
arbitrary vectors are acted upon by the Hamiltonian matrix. We will describe in this
section how the tensor product nature of the Hilbert space for the sinh-Gordon model
makes this matrix-vector multiplication remarkably efficient.

E.1 Separating zero and oscillator modes
As a demonstration of the numerical efficiency that can be obtained, we begin by factorizing
the Hilbert space into (merely) two pieces,

H == HZM & Hosc, (E.l)

one encompassing the zero mode Hz s and one the oscillator modes, Hose = Hir @ Hi. Let
N =dimH, Nzy = dimH zar, Nose = dimH,se be the sizes of these various Hilbert spaces.

We want to compute the action of our Hamiltonian upon a vector |v). Normally this
would require N2 multiplications. We show that this can be reduced by a factor of Nz;.
To do so, we write |v) in terms of our tensored Hilbert space:

=2 vali) = X v5lio) @ 1). (E2)
J 30,J

with |jo) a basis vector for Hzys and |j) a basis vector of Hes. The Hamiltonian consists
of a sum of matrices ® whose matrix elements respect the tensor product structure:

Qry = ((I)O)iojo ((i))fcf? (E.3)

where ®°/® act in Ho/Hose. Applying @ to |v) then leads to the need to evaluate:

NZ]VI Nosc

Zq)fﬂu = Z Z (I)O Jiogo( i’ zJ Yjoj- (E4)

Jo=1 j=1
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To do so we first perform the matrix-vector multiplication involving the oscillator modes:

NOSC
Wi = 2 ()50 (E.5)
j=1
This involves Nz N2, multiplications. We now follow this by the matrix-vector product

over the zero mode space:
Nzwm

Uigi = 2 (®0)iojoWiei- (E.6)
Jo=1

This involves another N%,,N,s. multiplications. If we write |u) = ®|v), its components,

uy are defined as
ur = u, ;= Uy ;. (E.7)
As is typical in our computations, Nzyr < Nyse, we see that we have reduced the total
number of multiplications by an approximate factor of Nzj;. The above algorithm is a
variant of the Shuffle Algorithm where ‘shuffle’ refers to the reshuffling of elements of the

vector |v) into a multi-index tensor v, -.

E.2 Exploiting the structure of H,s.

The above multiplication algorithm can be further optimized by taking into account the
chiral structure of the oscillator Hilbert space. Here we will account for momentum conser-
vation. Up to a chiral cutoff N., the oscillator Hilbert space in the momentum zero sector
takes the form:

(Y on) o (WY ouy) oo (I ony). (E.8)

Here H(m% is the Hilbert space of all states in the oscillator space of level m (i.e. the state
al,, -+ al, |0) € Hp belongs to HR if >>n; = m). The dimensionality of H(Li?R is

dimH) = P(i) (E.9)

where P(i) denotes the number of integer partitions of ¢ with P(0) = 1. The dimension of
the chiral/anti-chiral Hilbert space is

Ne
Nir=)_P(), (E.10)
j=0
while the dimension of the oscillator Hilbert space (of zero momentum states) is
Ne
Nose = Z 7)(])2 (Ell)
j=0

We can proceed just as in the previous section. We write the vector |v) that we want
to multiply as

Nzn Ne

Z Z Z U]onknk|J0 ® |k nk> ® |k nk> (E.12)

jo=1 k=0ng,ni=1
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where the same level index k appearing in the left /right chiral vectors encodes momentum
conservation. The matrix ® representing one of the terms in the Hamiltonian is

Nzym  Ne. P@E) P3)

Y E Y Y @ Jioio (227), L (2%7),

10,J0=11%,j= Onunz*lnjan]*l

X lio)o(Jolo @ |4, i) (4, nj|L ® |, i) R(J, Nj| R- (E.13)
Applying @ to |v) yields

Nzm Ne  P(5)

Crvs=Y 3 Y (P0) (@%’j))nmj (@%’”)mﬁj v](g'}ljﬁj. (E.14)

jo=1 j= Onj,n]—l

We now determine the number of multiplications necessary to evaluate this expression. The
first step is to evaluate the action of ®g. This costs Nysc N1, Nz multiplications. Similarly
the application of the ®; matrix involves N,s.Nr Nz multiplications. Finally the action of
®q costs Np N, RN% s multiplications. The total number of required multiplications is thus

NNose(N, + Nr)Nza + NLNgN2Z,,. (E.15)

For larger values of N,, the number of needed multiplications can be several hundred times
smaller than using the naive matrix-vector multiplication involving (Nys.Nzaz)? multipli-
cations.

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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