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ABSTRACT: We use Lightcone Conformal Truncation (LCT)—a version of Hamiltonian
truncation — to study the nonperturbative, real-time dynamics of ¢*-theory in 2+1 di-
mensions. This theory has UV divergences that need to be regulated. We review how, in
a Hamiltonian framework with a total energy cutoff, renormalization is necessarily state-
dependent, and UV sensitivity cannot be canceled with standard local operator counter-
terms. To overcome this problem, we present a prescription for constructing the appropriate
state-dependent counterterms for (2+1)d ¢*-theory in lightcone quantization. We then use
LCT with this counterterm prescription to study ¢*-theory, focusing on the Zy symmetry-
preserving phase. Specifically, we compute the spectrum as a function of the coupling and
demonstrate the closing of the mass gap at a (scheme-dependent) critical coupling. We also
compute Lorentz-invariant two-point functions, both at generic strong coupling and near
the critical point, where we demonstrate IR universality and the vanishing of the trace of
the stress tensor.
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1 Introduction and summary

In this work, we study the nonperturbative, real-time dynamics of ¢*-theory in 241 dimen-
sions (focusing on the Zy symmetry-preserving phase). The Lagrangian of the theory is'
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Specifically, we numerically compute the spectrum as a function of the dimensionless cou-
pling g = £Z- and demonstrate the closing of the mass gap at a (scheme-dependent) critical
coupling. We also compute two-point functions of local operators, both at generic strong
coupling and near the critical point.

The method we use to perform these computations is Lightcone Conformal Truncation
(LCT), which is a version of Hamiltonian truncation. Hamiltonian truncation is a powerful
framework for studying QFTs nonperturbatively. The basic idea of these methods is to first
express the QFT Hamiltonian in a well-chosen basis, then truncate the basis to a finite size
using some prescription, and numerically diagonalize the finite-dimensional Hamiltonian
in order to obtain an approximation to the physical spectrum and eigenstates of the QFT.
Finally, one looks for convergence in physical observables as the truncation threshold is
increased.

The use of Hamiltonian truncation methods in studying strongly-coupled QFTs was
pioneered by Yurov and Zamolodchikov [1, 2] and subsequently by Léssig, Mussardo, and
Cardy [3]. Since then, there has been tremendous progress, and Hamiltonian truncation
has been applied to a wide array of QFTs. To mention a few recent examples, trunca-
tion has been used to study spontaneous symmetry breaking [4-6], scattering [7, 8], and
quench dynamics [9-12] in strongly-coupled 2d systems. For a recent overview with a
comprehensive list of references, see [13]. At the same time, there have been significant
conceptual and technical advancements in the overall framework of Hamiltonian truncation
that have greatly enhanced the applicability and precision of these methods as a whole.
These include a systematic Wilsonian renormalization framework for including the effects
of high-energy states discarded by truncation, significantly improving the convergence of
such methods [14-19], as well as advances in the numerical diagonalization of large matrices
for truncation applications [20, 21].

LCT is a relatively more recent version of Hamiltonian truncation that is formulated
in lightcone quantization, instead of the usual equal-time quantization. One of the main

!Note that in this work all local operators are normal-ordered.



motivations for working in lightcone quantization is that it allows for LCT to be formulated
in infinite volume (at least formally, as we will see), which facilitates the computation of
physical observables like correlation functions. In this way, LCT provides access to differ-
ent types of dynamical observables and nicely complements other Hamiltonian truncation
methods. This particular truncation method involves using a basis of low-dimension pri-
mary operators of some UV CFT (in this case, free field theory with a single massless
scalar) to study the full RG flow resulting from relevant deformations (here, the mass term
and quartic interaction). Recent progress in both the formulation and application of LCT
can be found in [22-30], and a pedagogical introduction to the method can be found in [31].

Despite the successes of Hamiltonian truncation, there has been a persistent barrier to
further progress: QFTs with UV divergences. The problem is well-known in the literature
(e.g., [32-34]). As we will review, the basic problem is that in a Hamiltonian framework,
one places an energy cutoff on a QFT — instead of a loop-momentum cutoff typical of
Feynman diagram calculations — and this requires counterterms that are state-dependent.
In other words, the UV sensitive contributions encountered in any process depend on the
details of the incoming and outgoing states. The upshot is that the usual local operator
counterterms (which are state-independent by construction) no longer suffice to renormalize
the theory, and instead there is a potential proliferation of counterterms due to the fact
that UV sensitivity needs to be canceled state-by-state. This has been a significant barrier
to progress, and indeed most applications of Hamiltonian truncation, including LCT, have
been restricted to UV finite theories in low spacetime dimensions.

In this work, we present a solution to the problem of state-dependent counterterms for
(241)d ¢*-theory in infinite volume within lightcone quantization. Our solution is simple
in that it only requires introducing state-dependent counterterms at fixed O(g?) in per-
turbation theory, and the necessary counterterms are easy to evaluate numerically (albeit
in a brute-force way). Despite its simplicity, the counterterm prescription is crucial for
performing reliable computations at strong coupling and especially near the critical point.

There has been much recent interest in applying Hamiltonian truncation methods to
theories in d > 2. In particular, ref. [32] presented a generalization of the Truncated
Conformal Space Approach (TCSA), which was initially formulated in 2d in [1], to theories
in arbitrary spacetime dimension. They then used this approach to compute the spectrum
of ¢*-theory in d = 2.5, which does not have UV divergences. Ref. [33] determined the
allowed structure of state-dependent counterterms to second order in the energy cutoff for
theories in general d, focusing in particular on the case of ¢*-theory. Ref. [35] presented
a general formulation of Hamiltonian truncation for theories on the d-dimensional sphere,
and computed the partition function and correlation functions for i¢3-theory in d = 3,
which contains logarithmic divergences.

Recently, Elias-Mir6 and Hardy presented a solution to state-dependent counterterms
for (24+1)d ¢*-theory in finite volume within equal-time quantization [34]. They were able
to use their prescription to compute the spectrum of the theory and check the predictions of
a weak /strong-coupling self-duality. Our counterterm solution and that of Elias-Miré and
Hardy work in complementary settings: infinite- versus finite-volume and lightcone- versus
equal-time quantization. At the same time, in their respective settings, both solutions



are very general and should be applicable to many other QFTs. We are hopeful that these
works will open the door to applying Hamiltonian truncation to many new classes of QFTs.

Returning to the model at hand, we use LCT along with our counterterm prescription
to study the dynamics of (2+1)d ¢*-theory, focusing on the Zs symmetry-preserving phase.
We first test our approach with the following consistency checks:

e Figure 7: we compute the spectrum as a function of the dimensionless coupling g and
demonstrate the closing of the mass gap as g is dialed up from zero.

e Figure 8: we show that higher eigenvalues approach zero consistently with the mass
gap and that our state-dependent counterterm is crucial for ensuring that eigenvalue
ratios match theoretical predictions as we approach the critical point.

We then obtain the following new, nonperturbative results for (24+1)d ¢*-theory:

« Figure 9: we compute the Killén-Lehmann spectral densities of the operators ¢? and
¢* at strong coupling in order to illustrate the types of observables one can compute
using LCT.

e Figure 10: close to the critical point, we demonstrate universality in the spectral
densities of the operators ¢" for n = 1,...,6, which is a prediction of criticality.

« Figure 11: we compute the position space correlators of the Za-even operators ¢2,
¢*, and ¢% near the critical point and demonstrate that the universal IR behavior is
well-fit by a simple power law, as expected for an IR fixed point.

o Figure 13: we compute the spectral density of the trace of the stress tensor 7%, and
demonstrate that it vanishes near criticality, providing evidence that the critical point
is described by a CFT.

 Figure 14: we compute the position space correlation function of 7%, close to the
critical point and show that the deviation from zero in the IR is well-fit by a power
law consistent with the universality seen in ¢2".

The critical point where the mass gap closes should be in the same universality class
as the 3d Ising CFT. In this work, we do not have sufficient IR precision in our results to
reliably extract 3d Ising critical exponents. Nevertheless, our demonstration of universality
in correlation functions and the vanishing of the stress tensor trace is strong evidence that
we are probing physics governed by the critical CFT. It would be exciting if LCT can
be harnessed at higher truncation levels in the future as a new tool for studying 3d Ising
physics. Also, it is worth emphasizing that at generic strong coupling (i.e., not too close to
the critical point), our results are less limited by our finite IR resolution and the two-point
functions we compute are new results for the dynamics of (2+1)d ¢?-theory.

The calculations in this work were performed using minimal computational resources.
At maximum truncation level, our basis consists of 35,425 states, and all of our calculations
were performed on personal laptops with runtimes on the order of several days. It is encour-
aging that even at modest basis sizes, we see convergence in many observables as well as the



onset of critical behavior near the critical point. We expect that the size of the basis and
the corresponding precision of the method can be substantially increased in future efforts.

While our counterterm prescription for removing UV divergences is new to this work,
the general LCT setup and the interpretation of the results rely crucially on previous works.
In particular, ref. [24] first formulated LCT in general dimensions. Subsequently, ref. [25]
studied (1+1)d ¢*-theory, including the RG flow to the 2d Ising model, and demonstrated
the computation of spectral densities and the onset of critical phenomena. Finally, ref. [29]
developed an efficient method for computing LCT matrix elements for theories in (241)d,
including ¢*-theory.

This paper is organized as follows. In section 2, we review the problem of state-
dependent counterterms and present our solution. Our counterterm prescription is stated
in section 2.2. In section 3, we briefly review the basic setup of LCT, including a description
of the truncation parameters involved. In section 4, we perform several consistency checks
of our method in the free massive theory and in perturbation theory. In section 5, we
present our strong-coupling results. We conclude in section 6.

Several appendices supplement the main text. For the interested reader, appendix A
provides a self-contained overview of LCT in 3d and the calculations needed for this work,
while appendices B—C detail several new techniques for constructing the LCT basis and
evaluating Hamiltonian matrix elements. Appendix D contains some details for using Fock
space methods to compute matrix elements, which are generally less efficient and hence not
used in this work, but which often come in handy in other contexts. Appendix E discusses
more details on the structure of state-dependent cutoffs in ET and LC quantization, and
appendix F discusses the connection between UV and IR cutoffs in LCT. Appendix G
provides a low-truncation example of the construction of our state-dependent counterterm.
Finally, appendix H supplements the discussion in section 5.

2 Hamiltonian truncation and UV divergences

2.1 The problem of state-dependent counterterms

In 3d ¢*-theory, given by the Lagrangian in (1.1), the leading perturbative correction to
the bare mass m? is logarithmically divergent,

2’ 92 g ( (Aloop/m + 1)2 > ~ 92 lo Aloop
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Here, Ajoop is @ UV cutoff on loop momenta, and the correction comes from the “sunset”
diagram shown in figure 1(a). The standard renormalization procedure is to introduce a
mass counterterm that cancels the dependence on Ajqep, yielding UV-insensitive results
for physical observables. For this particular divergence, the counterterm one adds to the
Lagrangian is
1
0Lecy. = 5ed?, (22)

where the coefficient ¢ is chosen to cancel the UV sensitivity in (2.1) and may have addi-
tional finite terms depending on the renormalization scheme.
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Figure 1. (a) Sunset diagram; (b) Sunset diagram with spectators.

A crucial point for the present discussion is that the counterterm 6L, in (2.2) is state-
independent. By this, we mean that the counterterm does not depend on the external states
of any given process. This is something we usually take for granted. Indeed, the fact that
0L+ is state-independent is immediately evident from the fact that we can express it in
terms of the local operator ¢, which makes no reference to external states. In a Feynman
diagram language, this state-independence is a consequence of the fact that Ajqop is a cutoff
on local loop momenta, which is agnostic about the details of the diagram’s external legs.

In a Hamiltonian framework, the situation is starkly different. To regulate divergences
one places a UV cutoff on the total energy of intermediate states instead of a cutoff on
local loop momenta. An immediate consequence of doing this is that UV sensitivities, and
the counterterms needed to remove them, necessarily become state-dependent.> This state
dependence is essentially a consequence of energy positivity. As we will now discuss, when
summing over intermediate states, the “energy budget” available to loop momenta depends
on the division of the total momentum among the particles in the state. This momentum
distribution varies from state to state, leading to state-dependent UV sensitivities.

Let us begin with a simple conceptual picture. The sunset diagram in figure 1(a) repre-
sents a sum over three-particle intermediate states. In practice, we impose a UV cutoff Eyy
on the total energy allowed for the intermediate states, which regulates the divergence from
the sunset diagram. However, let’s now consider the same diagram, but in the presence of
spectator particles, as shown in figure 1(b). This second diagram represents a sum over (n+
2)-particle states. While Eyy again sets the cutoff on the total energy of the (n+2)-particle
states, the UV divergence is controlled specifically by the maximum energy available to the
three particles in the sunset part of this diagram. This maximum energy is strictly less
than Fyy, as some of the energy budget is taken by the relative momentum of the specta-
tors with respect to the particles in the loops. The loop momenta in figure 1(b) thus see a
lower cutoff than those in figure 1(a), due to the additional particles in the external state.

2These counterterms are often referred to in the literature as “nonlocal”, in contrast with typical coun-
terterms such as eq. (2.2), which can be written in terms of local operators.



More concretely, consider a general n-particle Fock space state |p1, ..., p,). Figure 1(b)
shows a leading correction to the mass of this n-particle state due to the ¢* interaction,
where one of the external particles (labeled by p;) splits into three particles, which then
recombine, while the remaining n — 1 external particles are spectators. Let’s define p2., as
the invariant mass-squared of the full (n 4 2)-particle intermediate state, while u%oop is the
invariant mass-squared of only the three particles that participate in the interaction.

In a Hamiltonian framework, we place a UV cutoff on the total energy, which in a fixed
momentum frame is equivalent to placing a cutoff on u2.,. We would like to know what a
cutoff on pZ, implies for /"[’1200p7 which is the source of the UV divergence. As we discuss in
more detail in appendix E, the answer to this question depends on whether we are working
in equal-time or lightcone quantization.

In equal-time (ET) quantization, we have p# = (F,p’), where the spatial momenta
p are conserved in interactions, and p? = E? — |p'|%. In lightcone (LC) quantization, we
instead have p, = (p4,p—,p1), with the components p_ and p,; conserved in interactions,
and p? = 2pyp_— pi. If we introduce a UV cutoff 2, < A2, then in these two quantization
schemes we obtain the resulting loop momentum cutoff (i.e., the maximum energy running

through the sunset diagram):3

2
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where z; = pf i;_ is the fraction of the total lightcone momentum carried by p;.

In LC quantization, a cutoff A on the total energy of intermediate states thus leads to
the state-dependent shift in the bare mass:

X1
X2
2 2
=9 jog 2 _ log z; + O = 2.4
; v 0672 8 3m 19272 08T T (A) (2:4)
Ty,

where we have simply plugged the resulting loop momentum cutoff from (2.3) into the
logarithmic divergence (2.1). As we can see, the state-dependence is a finite shift ~logz;
set by the momentum fraction carried by the interacting particle.

While we have focused on the specific case of the mass shift due to the sunset dia-
gram, we can draw several important general lessons from the inequalities in (2.3). Let us
enumerate some of the main punchlines:

3See appendix E for a derivation and further explanation of these two expressions.



o Energy cutoffs (rather than loop momentum cutoffs) lead to state-dependent UV
sensitivities. Indeed, the right-hand sides of (2.3) obviously depend on the individual
momenta p; of the incoming particles, which vary from state to state. This means
that the counterterms we introduce to cancel UV sensitivities must also be state-
dependent. This is true of both ET and LC quantization. In both quantization
schemes, a local operator counterterm like (2.2) will not suffice.

e To make matters worse, one expects to have to add state-dependent counterterms at
every order in perturbation theory. The diagram we considered in figure 1(b) occurs
at O(g?). However, this process could be a sub-diagram within a higher-order term.
With an energy cutoff, one should not expect that counterterms designed to cancel
state-dependent UV sensitivities at O(g?) will continue to cancel UV sensitivities at
higher order. This is quite different from the usual case of loop momentum cutoffs.

e Regarding the nature of the state-dependence, in ET quantization the state depen-
dence in (2.3) comes as an additive shift in A. In LC quantization, in addition to the
additive shift, there is a multiplicative rescaling of A? by the factor z;, which is the
fraction of piot— carried by the incoming particle that participates in the interaction.
It is worth noting that the factor x; is insensitive to the spectators (apart from their
total momentum). This will be important in the next section.

o The formula (2.3) has nothing to do with truncation (i.e., restricting the Hilbert space
to low-dimension operators). It is simply a consequence of having an energy cutoff.*
Eventually, we will be interested in applying Hamiltonian truncation methods. In
that case, there will be additional corrections to the right hand sides of (2.3), which
vanish as the truncation threshold is taken to infinity (e.g., ﬁ corrections in the
context of LCT).

At first glance, overcoming the state-dependence in (2.3) seems daunting due to the
proliferation of counterterms. However, as we will discuss in the next section, there is
a simple, albeit brute force, solution for (24+1)d ¢*-theory in LC quantization. We will
have to introduce state-dependent counterterms; however, we will only need to introduce
them at O(g?) in perturbation theory due to certain simplifications of LC quantization.
Moreover, evaluating these counterterms in practice will be computationally trivial.

2.2 A simple counterterm prescription for lightcone quantization

In the previous section, we discussed why regulating a UV-divergent QFT with an overall
energy cutoff necessitates the addition of state-dependent counterterms. In particular, one
generically expects to have to add state-dependent counterterms order-by-order in pertur-
bation theory, making the situation quite daunting due to the proliferation of counterterms.
However, as we will now discuss, there are two crucial simplifications that will allow us to
overcome these obstacles in ¢*-theory with a simple prescription:

“In finite volume, Hamiltonian truncation typically is simply placing an energy cutoff, so this distinction
is less meaningful. In infinite volume, however, state-dependent UV sensitivities arise even in continuum
QFT when using a total energy cutoff.



o In LC quantization, the vacuum is trivial [36-38|. In particular, there is no vacuum
renormalization and there are no vacuum bubble divergences. In 3d ¢*-theory, the
vacuum energy divergence is linear, whereas the mass divergence is logarithmic. Thus,
working in LC quantization, one avoids linear divergences and only has to deal with
logarithmic ones.

e The state-dependence in the logarithmic divergence is insensitive to any details of

the spectators, and only depends on the momentum fraction z; = pif i;

carried by
the sunset diagram, as we can see in eq. (2.4). This is true even if the sunset is
a subdiagram within a higher-order contribution or for multiple sunset diagrams in
parallel. It is therefore sufficient to only introduce state-dependent counterterms at
O(g?) in order to cancel state-dependencies at all higher orders in g (up to corrections

> Thus, although the counterterms we introduce will be

suppressed by A or Apax).
state-dependent, we will only have to compute them at second-order in perturbation

theory. This is a major simplification.

Given these simplifications, we propose the following prescription for removing the
O(g?) state-dependence due to sunset diagrams. First, at a given truncation Ap.y (see
section 3 for the details of our truncation scheme), diagonalize the finite-dimensional Hamil-
tonian at g = 0 in order to find the eigenstates of the free massive theory. Then for every
n-particle mass eigenstate |;2), we numerically compute the O(g?) perturbative shift in its
mass due to the (n+2)-particle states in our truncated basis. This shift, §u2, is precisely the
contribution of the sunset process. The crucial next step is to add a counterterm at O(g?)
that exactly cancels these perturbative shifts state-by-state. In the free massive basis, the
counterterm is simply a diagonal matrix with entries —6u?. It is worth emphasizing that
although this counterterm is state-dependent, it is trivial to compute. The final step in our
scheme is to add a state-independent local counterterm 6L = %CL92¢2, for some constant
cr. This is simply a redefinition of the physical mass, and as we explain in section 5, is
useful for improving the convergence at finite truncation and ensuring we observe the IR
critical point.%

Let us summarize our counterterm prescription in step-by-step fashion:
1. Diagonalize the truncated Hamiltonian at g = 0 to obtain the free massive eigenstates.

2. For every mass eigenstate |u?), use second-order perturbation theory to compute §.2,
which is the O(g?) shift due to all (n 4 2)-particle states in our truncated basis.

5Schematically, for every contribution containing a sunset subdiagram with momentum fraction x;, there
is a compensating contribution where the sunset is replaced by our O(g?) counterterm for that same x;.

6As shown in [39], one expects that the critical point is visible (for real values of the coupling g) only
for ¢z, above some threshold value. We thank Giacomo Sberveglieri, Marco Serone, and Gabriele Spada for
discussions on this point.



3. Construct the state-dependent counterterm g2§ , which in the free mas-

(state-dep.)
Py
sive basis is simply a diagonal matrix with entries —du2.”® This matrix can be re-

expressed in the original CFT basis via a unitary transformation.

4. In addition to the state-dependent counterterm above, add a local mass shift §£ =
%ch%SQ for some constant ¢y, to be determined.

All in all, including counterterms, our renormalized LC Hamiltonian thus takes the form
1 1 .
P, = P_E_CFT) + /de (2(m2 —crg?)p? + 4'g¢4> + g25P4(_State dep'), (2.5)

where the last term is our state-dependent counterterm.

3 Lightcone conformal truncation setup

In this work, we will study nonperturbative ¢*-theory in (2+1)d using Lightcone Conformal
Truncation (LCT). To remove UV sensitivities, we will utilize the counterterm prescription
presented above. In this section, we briefly review the basics of LCT, including a discussion
of the different truncation parameters involved. Our goal is to provide the reader with
enough background to understand the results presented in the subsequent sections without
going into too many technical details. For the interested reader, the appendices contain
all of the details of our LCT implementation, including the construction of the basis and
computation of Hamiltonian matrix elements.

3.1 Brief review of LCT

Hamiltonian truncation methods all follow the same basic steps. First, the QFT Hamilto-
nian is expressed as a matrix in a well-motivated, but infinite-dimensional, basis. Second,
the basis and corresponding Hamiltonian matrix are truncated to a finite size according to
some prescription. Finally, the truncated Hamiltonian is diagonalized (usually numerically)
to obtain an approximation to the physical spectrum and eigenstates of the QFT.

LCT is a specific version of Hamiltonian truncation that can be applied whenever the
QFT of interest can be described as a deformation of a UV CFT by one or more relevant
operators. The LCT basis is defined in terms of the primary operators of the CFT, while
Hamiltonian matrix elements are related to OPE coefficients. Thus, the input is UV CFT
data and the output is IR QFT dynamics. For the particular example of 3d ¢*-theory, the
UV CFT is free massless scalar field theory, and the relevant deformations are the mass
term ¢2 and quartic interaction ¢*.

LCT is formulated in lightcone quantization [40-44]. Our conventions for lightcone

coordinates are x* = % (20 £ 2!) and 2t = 22, with ds? = 2dztdz~ — dzt?. In this

"One minor subtlety in this prescription is that, due to truncation effects, there are a small number of

high-mass states whose O(g?) shifts have the incorrect sign. The counterterms for these states are set to
zero (see appendix G for more details).

8Technically, the O(g?) (n + 2)-particle contribution also includes a t-channel diagram that does not
correspond to the sunset diagram. However, this counterterm prescription only removes the diagonal piece
of this diagram, which is a set of measure zero.



quantization scheme, one takes 1 to be time and ¥ = (z~, xJ-) to be spatial. The lightcone
momenta are defined by Py = % (Po £ P1) and P, = P,. In particular, Py is the Hamilto-
nian. Concretely, the lightcone Hamiltonian we will study in this work is given by eq. (2.5).
The next step is to evaluate the matrix elements of this Hamiltonian in the LCT basis.
In general, the LCT basis is constructed in momentum space and consists of Fourier
transforms of primary operators O in the UV CFT. We start by defining the states

0, 1) = /d%e*iw O()|0), (3.1)

where the label p is defined by p? = p?> = 2p p_ — pi. This notation requires some
explanation. Strictly speaking, the Fourier transform appearing on the r.h.s. should be

labeled by the operator O and the momentum p, = (p4,p—,p1) = (” vl ,ﬁ) However,

because the spatial momentum generators P commute with the Hamiltonian P, , we can
always choose to work in a fixed “momentum frame” with a fixed value for p. Equivalently,
Hamiltonian matrix elements are always proportional to §(2) (p — p’). Consequently, the
spatial momentum label p" just goes along for the ride, and we drop it for notational
simplicity. This leaves the label p (or equivalently, p4) on the Lh.s. .

The states |O, p) provide a complete basis for the Hilbert space of the UV CFT (as well
as the IR QFT obtained by deforming this CFT). We then truncate this basis by setting
a maximum scaling dimension Ay, and only keeping the finite set of primary operators
below this threshold (i.e., with A < Apax).

However, the label p is still a continuous parameter that needs to be discretized in
some way. To discretize it, we follow the prescription proposed in [24]. First we introduce
a hard cutoff Ayy on the range of y, restricting to pu? < A%y,. Then we introduce smearing
functions bi(p), where i = 1,. .. ipax, and define the discrete set of states

0,1) \ﬁ/ G2 |0, ) (=1, ima)- (3.2)

Once we specify the precise form of the smearing functions, (3.2) defines the LCT basis.

There is obviously a large amount of freedom in the choice of functions b;(x). In this
work, we will use non-overlapping bins that span the interval [0, A%v], as shown schemati-
cally in figure 2. Specifically, we define

O — p ) —O(* — uf)
bl(u) = i1 - ) :U'12 = A%,TV

\/M? — iy

where O(z) is the Heaviside step function. In other words, we partition the interval [0, AZ/]

pimax (1 — )
(1 —_— ',"Imax) ’

(=1, ime) (3.3)

iNto imax bins [uZ |, 2], and define b;(u) to be a constant with support on a single bin.
Note that in (3.3), we have introduced a parameter r < 1 that sets the relative widths of
successive bins,

w—

pia —

r

(3.4)
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Figure 2. Schematic representation of the integrated spectral density (see (3.7)) of a generic
operator O in the undeformed CFT, with our choice of p discretization (3.3) (blue line), compared
to the exact expression (black dashed line). There are i.x bins, each with constant support on
the intervals [u?_l, ,u?] The largest value u?max sets the UV cutoff, and the lowest value u? sets the
IR resolution (see (3.8)). The parameter r controls the relative width of successive bins, such that
r = 1 corresponds to uniform bins, and » < 1 has smaller bins in the IR.

so that there are more bins in the IR (small g?) than in the UV (large p?). We reiterate
that this definition of smearing functions is a choice, and it is certainly possible that there
are better alternatives.

There is one final subtlety in the construction of our basis, which we discuss in more
detail in appendix A. In ¢*-theory, there are IR divergences in the Hamiltonian matrix
elements associated with the ¢? deformation, which have the effect of removing a subset
of our truncated basis of states from the low-energy Hilbert space. In practice, our basis
thus consists only of so-called “Dirichlet” operators, which are all linear combinations of
primary operators which have at least one J_ acting on every insertion of ¢. When we set
a truncation level Ay, we therefore only keep the subset of operators with A < Apax
which satisfy this Dirichlet condition. Conceptually, we can still think of the basis as being
comprised of primary operators, just with this added restriction on the Hilbert space.

The basis states (3.2) up to Apax, along with the choice (3.3) for the smearing functions
bi (1) up t0 imax, define our basis. We express the ¢*-theory Hamiltonian (2.5) in this basis,
and then numerically diagonalize the Hamiltonian in order to obtain an approximation
to the physical spectrum and eigenstates of the theory. The eigenstates |a) of the full
Hamiltonian have corresponding masses pu, and, crucially, they can be used to compute
other physical observables.

One of the main deliverables of LCT that we will consider in this work are Kallén-
Lehmann spectral densities of local operators po(u). Recall that spectral densities encode

- 11 -



the decomposition of two-point functions in terms of the physical mass eigenstates,

dip . i
_ [ / —ip . .
OO = [ ditpol) [ GGe™ e (35)
In our Hamiltonian truncation setup, the spectral density is simply computed by
po(p) =Y (OO)|a)? 6(u? — 1i3)- (3.6)

Because this observable is formally a sum over delta functions, it is simpler in practice to
study its integral,

2
lo) = [ di® po(W) = 3 [OO)|a) . (3.7)
0 Ha<p
In this work, we will compute spectral densities and corresponding two-point functions of
operators like ¢™ and the stress tensor T,,,.

3.2 Parameters of LCT

Let us quickly summarize the truncation parameters involved in LCT. First, there is Apax,
which is the maximum scaling dimension of the operators O appearing in (3.2). Next,
there is Ayy, which is the hard cutoff on the invariant mass-squared of any basis state,
Mz < A%v. Then there is ipax, which is the number of smearing functions (or the number
of bins in our case) used to probe p? € [0, A%V]. Finally, there is r, which is specific to our
use of bins as smearing functions and sets the relative size of successive bins.

In addition to Ayy, our smearing functions bi(u) also set an IR cutoff Ajg. In our
particular setup, this cutoff is simply the width of the first bin, since this sets our resolution
for invariant masses 2. To be more specific, referring back to (3.3), our IR cutoff is
A} = p2. We therefore have the relation

r(l — Tilnax)

Ayv = A -
uv A i (1= 1)

(3.8)

Now imagine that Apax and r are fixed. We then have two choices for how to compare
results as we vary imax. The first choice is to hold Ayy fixed, such that Ag decreases as
we increase imax. The second choice is to hold Ajg fixed, such that Ayy increases as we
increase imax. In this work, we will always make the second choice, i.e., we will fix Ajg and
then increase the UV cutoff Ayy by increasing imax. This approach is more consistent when
working at finite Ayax, where in practice there is an effective lower bound on the allowed
value for A1r, as we explain in appendix F. So long as Ajg is small compared to the physical
scales of the theory, we expect observables to converge as Ayy — oo. Thus, in practice,
we take our truncation parameters to be Apax, AIR, imax, and 7. These parameters are
summarized in table 1.

In this work, the maximum scaling dimension we consider is Ap,x = 16 (although
for certain perturbative checks we can reach higher A ,x). The Hamiltonian conserves

1 1

“transverse-parity” r— — —z—, and in this work we will restrict our attention to the
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LCT Parameter Description

Amax Maximum scaling dimension of operators in basis, see (3.2)
A% Smallest bin used to discretize invariant masses u?, see (3.3)
imax Total number of bins used to discretize u?, see (3.3)

r Ratio of successive bin sizes, see (3.4)

A}y (not independent) | UV cutoff on p?, fixed in terms of Afg, imax, and r via (3.8)

Table 1. LCT truncation parameters along with their descriptions, specific to our setup of using
bins as smearing functions to discretize the continuous invariant masses p? of basis states.

even-parity sector, which at Ap.x = 16 contains 545 primary operators. For each of these
operators, the maximum number of bins we use to discretize p? is imax = 65. Thus, at
maximum truncation level, our basis contains 545 x 65 = 35, 425 states. As for Ajg and 7,
we have found experimentally that good values for these parameters are Ajg/m = 0.5 and
r = 0.8 (at imax = 65 the corresponding UV cutoff is Ayy/m ~ 1411). We will use these
values for Ajgr and r unless otherwise noted. In appendix H, we vary these parameters to
ensure that our results are insensitive to their precise value.

4 Consistency checks

In this section, we perform several consistency checks of our method in the limit that the
quartic coupling g either vanishes or is perturbatively small. First, in section 4.1, we set
g = 0 (with m # 0), which corresponds to free massive field theory, and verify that spectral
densities of the operators ¢™ match their theoretical predictions. Then, in section 4.2, we
consider small, perturbative values of g/m and check that our results for the mass gap
agree with perturbation theory.

4.1 Free massive theory

Here, we consider free massive field theory by setting g = 0 (with m # 0). In this limit,
the lightcone Hamiltonian does not mix different particle-number sectors.? As a result, the
Hamiltonian for each sector can be diagonalized independently. In particular, computing
the spectral density of an n-particle operator only requires diagonalizing the Hamiltonian
in the n-particle sector.

We set our parameters to be Apax = 16, imax = 65, A;g/m = 0.5, and r = 0.8. Recall
that the parameters Apax and imax set the size of our basis. For this choice of parameters,
the number of states in the 2-, 3-, 4-, and 5-particle sectors is 455, 6045, 13520, and

9This is an important simplification compared to equal-time quantization.
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Free Theory Spectral Densities
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Figure 3. Integrated spectral densities of ¢? (top left), ¢ (top right), ¢* (bottom left), and ¢°
(bottom right) in free massive field theory (g = 0). Each plot shows the LCT data (blue), computed
using Apax = 16, igpax = 65, ATI;—{ = 0.5, and r = 0.8 (corresponding to A% = 1411), along with the
known analytical result (black line). The insets show the ratio of the data to the analytical result.

8060, respectively. Meanwhile, the parameters imax, Ar, and r together set the scale of
the UV cutoff Ayy, which for the values listed above is Ayy/m ~ 1411. For the given
parameters, we diagonalize the Hamiltonian in the n-particle sector and use the resulting
mass eigenstates to compute the spectral density of ¢™.

Figure 3 shows our results for the integrated spectral densities of ¢?, ¢3, ¢*, and ¢°
in free massive field theory. The blue curves correspond to our data, while the black lines
show the known analytical result, given by

2

n 1

I = [, dioen (u?) = @y =) (4.1)

In each plot, we have included an inset which shows the ratio of our data to the analytical
prediction. Overall, looking at the main plots and the insets, we see excellent agreement
between our data and the known theoretical results over a wide range of p/m. Similar
plots can be made for ¢™ with n > 5.

It is also useful to look at the position space correlators (¢™(x)¢™(0)), which can be
obtained from the ¢™ spectral densities via

e_u/alx|

S 6" Ol o (42)

6_M|x|

(6" (@)6"(0)) = [ doon (1)

47| x|
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Free Theory Correlators
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Figure 4. The free massive theory (g = 0) two-point functions (¢"(x)¢™(0)) for ¢* (top left), ¢*
(top right), ¢* (bottom left), and ¢° (bottom right). The LCT data (blue) was obtained with the
same parameters as figure 3, and is compared to the theoretical prediction (black line). The insets
show the ratio of the data to the analytical result. To guide the reader, red dashed lines and text
show the scale at which the correlator deviates from the theory prediction by 20 percent.

where we have specifically considered the case where the operators are spacelike separated
(2 < 0), such that the correlation function is real, though one can also obtain the corre-
lator for timelike separation. The resulting correlation functions are shown in figure 4 in
blue, compared to the exact analytical expressions in black. It is quite striking that the
truncation results follow the theoretical prediction so closely over a wide range of length
scales; for example the data for (¢3(2)¢(0)) agrees with the theoretical value to within 20
percent up to m|x| ~ 30! Note that the ¢? correlator departs from the theory prediction at
a smaller value of m|z|; this is a consequence of the fact that there are fewer two-particle
states at Apax = 16. Although we are only working in free field theory at the moment,
these plots provide an important and encouraging quantitative consistency check of our
method and moreover demonstrate our capacity to compute both spectral densities and

correlation functions.

4.2 Perturbation theory

In this section, we now turn on a small quartic coupling ¢ and confirm that our result for
the mass gap agrees with perturbation theory at O(g?) and O(g*), shown diagramatically
in figure 5.
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Figure 5. Perturbative corrections to the 1-particle mass at O(g?), given by eq. (2.1), and O(g?),
eq. (4.3), in LC quantization. Both corrections only involve three-particle intermediate states.

We start at O(g?). Recall from section 2.2 that our counterterm prescription involves
completely canceling the divergent, state-dependent, O(g?) sunset contribution to every
free massive eigenstate. The addition of this counterterm renders the theory finite. Never-
theless, it is useful to check that before adding any counterterms, the 1-particle mass shift
is indeed UV divergent and matches the theoretical prediction given by (2.1). This will be
our first perturbative check.

A useful observation here is that, up to O(g?), the 1-particle state only interacts with
3-particle states, and in fact, it only interacts with a subset of all 3-particle states.!”
Consequently, for our perturbative checks at O(g?) and O(g?), we are able to push our
computations all the way up to Anax = 50. For the nonperturbative computations in the
next section, we will no longer have this luxury.

The top row of figure 6 shows our results at O(g?). In particular, these are pre-
counterterm results for the 1-particle mass shift. All of the plots in this figure are con-
structed for m = 1.0, A;g/m = 0.5 and r = 0.8. The parameter in,x then sets Ayy
via (3.8), and we can increase Ayy by dialing up imax. The top left plot shows the O(g?)
mass shift as a function of Ayy/m for Apax = 10,20, 30,40, and 50, all divided by the
theoretical prediction 6m%hy given by (2.1). Note that the horizontal scale is logarithmic,
with Ayy/m ~ 7 x 10* for imax = 100. We see that as Apax increases, the truncation
results converge to 5m%hy for asymptotically large Ayvy.

In the top right plot of figure 6, we set Ayy/m = 7 x 10* (imax = 100) and track

the behavior of the O(g2) mass shift as a function of Ap.x. For sufficiently large Apnax,
2

max

the trend appears to be captured by a 1/A dependence (note the horizontal axis of the
plot). Extrapolating the best-fit line set by 40 < Apax < 50, we find agreement with 5mfhy

to approximately two percent.

We reiterate that the top row of figure 6 corresponds to O(g?) results obtained be-
fore adding any counterterms. It is reassuring to see that we reproduce the correct UV-
divergence of the 1-particle mass shift. However, our counterterm prescription completely
cancels this O(g?) shift by construction, so it is useful to also consider the next order in
perturbation theory.

Let us turn to the 1-particle mass shift at O(g®). This particular quantity is UV-
finite, and hence independent of our counterterm prescription. The theoretical result in

108 pecifically, the only contribution comes from 3-particle states built from operators with no 9, deriva-
tives.
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Matching Perturbation Theory
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Figure 6. Top row: perturbative, UV-divergent 1-particle mass shift at O(g?), computed before
adding any counterterms. Bottom row: perturbative, UV-finite 1-particle mass shift at O(g3). In
all four plots, Ajg/m = 0.5 and r = 0.8.

LC quantization is

7¢(3) ¢

m? = 9
by |50g3) T 4096 73 m

(4.3)

The bottom row in figure 6 shows our results at O(g®). These plots are analogous to the
top row, except that now the theory prediction is independent of Ayy. In the bottom left
plot, we see that as A« increases, the results again converge to the theoretical prediction
for sufficiently large Ayy. In the bottom right plot, we again set Ayy/m = 7 x 10%
(imax = 100) and extrapolate in Apax, We find that the O(¢g®) mass shift is also fit by a
1/A2, . dependence for large Ayay. Extrapolating, we find agreement with 5mfhy at O(g?)
to approximately one percent.

These consistency checks give us confidence that our truncated basis reproduces free
theory and perturbation theory correctly. Now, we will dial up the coupling g and compute
the spectrum and correlation functions of the fully nonperturbative, interacting theory.

5 Strong-coupling results

In this section, we use the full machinery of LCT, along with the counterterm prescription
described in section 2.2, to compute the spectrum and correlation functions of (241)d
¢*-theory. To recap, the Hamiltonian including counterterms is given by (2.5), which we
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reproduce here for the reader’s convenience
1 ]- state-dep.
Py =P 4 /d%z (2(m2 —cpg?)$® + 4|g(;54> + g2o plrtateder), (5.1)

LCT allows us to compute physical observables, such as the spectrum and two-point func-
tions of local operators, at arbitrary values of the (scheme-dependent) dimensionless cou-

pling
g

dmm’

g (5.2

Our main results are as follows. First, we demonstrate the closing of the mass gap as g
is dialed up from zero. The smooth closing of the gap signals a second-order critical point
that should correspond to the 3d Ising CF'T. We show that our state-dependent counterterm
is crucial for ensuring that certain eigenvalue ratios match theoretical predictions at strong
coupling, and in particular that higher mass eigenstates approach zero self-consistently
with the gap as we approach the critical point. Then, we compute the spectral densities of
some example operators at generic, nonperturbative values of g in order to illustrate the
types of observables that are computable using LCT. Finally, we study the vicinity of the
critical point and demonstrate the onset of universal behavior in correlation functions as
well as the vanishing of the trace of the stress tensor, both of which strongly suggest that
we are beginning to probe 3d Ising physics.

5.1 Spectrum and closing of the mass gap

We begin by computing the spectrum of ¢*-theory as a function of the dimensionless cou-
pling g and show the closing of the mass gap. In particular, we show explicitly that the
inclusion of our state-dependent counterterm is crucial to ensure that higher eigenvalues
approach zero self-consistently, whereas the usual state-independent local operator coun-
terterm, 6L o< ¢ (see eq. (2.2)), does not lead to such self-consistency.

The ¢*-theory Hamiltonian factorizes into odd and even particle-number sectors due
to the Zo symmetry ¢ — —¢, and each sector can be diagonalized independently. Figure 7
shows the lowest eigenvalue in the odd-particle sector ( u%_pm', green), the lowest eigenvalue
in the even-particle sector (,u%_part., blue), and the second-lowest eigenvalue in the odd-
particle sector (,u%_part., red) as functions of g. These states correspond to the 1-, 2-; and
3-particle thresholds, respectively, hence the notation. In particular ,u%_part = mgap is the
mass gap squared. We see that the eigenvalues decrease smoothly to zero as we increase
g, signaling a second-order phase transition. This critical point should be in the same
universality class as the 3d Ising CFT, which we will study in more detail in section 5.3.
Note that the actual numerical value of the critical coupling where the gap closes is scheme-
dependent and hence not physical.

Figure 7 was constructed at Ap.x = 16, with iy, extrapolated to infinity. Specifically,
we have set m = 1, A;g/m = 0.5, and r = 0.8, and ipax sets Ayy via (3.8). The largest
value of i, we have used is 65, which corresponds to 35,425 total states and a UV cutoff
of A%r{’,a":%) /m =~ 1411. At large Ayy, the spectrum has corrections that decay as ﬁ,
which allows us to easily extrapolate to Ayy — oo. Finally, in this figure we have also
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Figure 7. Mass spectrum of ¢*-theory as a function of § = o= at Apax = 16, with ¢, = 1

(see text). pf ... (green) and p3 .. (red) are the lowest and second-lowest eigenvalues in the
odd-particle sector, while u%_part_ (blue) is the lowest eigenvalue in the even-particle sector.

fixed the coefficient ¢y, of the local counterterm in (5.1). It is natural to parametrize this
coefficient in terms of the O(g?) correction to the mass in eq. (2.1), leading to the rescaled
coefficient ¢y,

(301

cLEéL~Wlog m ,
m

where A = Alme=6%) (5.3)

In figure 7, we have set ¢; = 1, which just corresponds to choosing a particular definition
for the bare mass. As we will discuss below, ¢7, should be greater than some threshold in
order for the mass gap to close, and at finite truncation, we find in practice that the IR
results converge most quickly for values of ¢y, within a particular range.

With the spectrum in hand, we can consider the following ratios between the eigenval-
ues plotted in figure 7:

R2 _ }/’L%,—part. R3 1= lug—part. (5 4)
. 4 :u%—part. 7 - 9 M%—part.

Ry.1 is the ratio of the two-particle threshold to four times the one-particle mass-squared,
and Rs.; is the ratio of the three-particle threshold to nine times the one-particle mass-
squared. An important physical requirement is that Rs.; and Rg.; should both be equal to
1 all the way to the critical point. This is a consequence of the fact that the ¢* interaction is
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Spectrum: Eigenvalue Ratios
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Figure 8. Eigenvalue ratios Ro.; = T (left) and Rz = B S (right) versus o iy at

Amax = 16, compared to the theoretical prediction of 1 (black line). Our data, obtained using
our state-dependent counterterm, is shown in blue. For comparison, in orange we show the result
obtained by replacing our counterterm with a state-independent one. Only the state-dependent

counterterm yields reliable ratios in the nonperturbative regime Zlﬁi‘; <0O(1).

repulsive, and hence there are no bound states in the spectrum. Of course, in a truncation
computation, these ratios will only be approximately equal to 1. The deviation of these
ratios from unity provides an important rubric for deciding how far into the strongly-
coupled regime we should trust any truncation result. As the coupling g is increased and
the mass gap approaches zero, one expects that beyond some coupling Re.; and Rs.; will
eventually deviate significantly from 1, due to the finite resolution of any Hamiltonian
truncation scheme. The question is: how far into strong coupling can one reach, and in
particular, how close to the critical point can one go?

To address this question, it is useful to plot Rs.; and Rs.; as functions of Zﬁﬁ. Both

Mgap and g are physical scales, and their ratio provides a well-defined parametrization of

the theory. In particular, Zl/“i‘r’ — 00 is free field theory, Zl/gjﬁ

< O(1) indicates nonperturbative physics.

— 0 is the critical point, and
Mgap
g/Am

Figure 8 shows our truncation results for Ro. (left) and Rs.; (right) plotted versus

7;/%4"7‘; at Apax = 16. In both plots the data shown in blue was obtained by using the

state-dependent counterterm prescription described in section 2.2. We see that both Ra.q

very roughly

and Rs.; agree with the expected value of 1 to within five percent for a wide range of
Moa, Mega,
g/gﬁl;' 9/g471:
truncation approximation is beginning to break down.

Below ~ 0.5, the data begins to trend away from 1, signaling that our finite

For comparison, in both plots we have also included the result (shown in orange)
obtained if one does not use our state-dependent counterterm and insists on using only
the usual state-independent local-operator counterterm 0L = %c¢2 (where ¢ is chosen to
cancel the leading one-particle mass shift, see eq. (2.2)). We see that the state-independent
counterterm is not at all trustworthy at strong coupling, as these results rapidly deviate
Mgap

o/, with significant deviations by the time we reach Temp o, O(1),

away from 1 as we lower 9/ir

especially in Rs.1.

—90 —



Figure 8 is one of our main results, which illustrates that our state-dependent coun-
terterm is crucial for reliably probing strongly-coupled physics and that the usual state-
independent counterterm does not work.

Finally, as promised, let us comment on the role of the local shift in the bare mass,
parametrized by ¢r. In principle, changing the value of this coefficient just amounts to a
redefinition of the bare mass. However, based on the analysis of [39], we expect that ér,
should be greater than some threshold value ¢7, min in order for the IR critical point to be
visible with real coupling g. So long as ¢1, > €[, min, its precise value should have no effect
on physical observables such as the eigenvalue ratios in figure 8. The value of ¢f, min Was re-
cently computed for ET quantization in [39] using Borel resummation techniques developed
in [45-47], but the map of this ET value to LC quantization is not currently known.

In principle, we can use LCT to determine ¢7, min by varying ¢r,, computing the resulting
mass spectrum, and seeing whether the mass gap closes. At finite truncation, however, we

find experimentally that if ¢;, is too large or too small the ratios Ro.; and Rs.; begin to
Mga
g/g47r: :

values 0.5 < é7, < 2 that lead to reliable results, and for all values in this range we find that

deviate from 1 more quickly as we decrease At Apax = 16, there is a finite range of

the mass gap closes, indicating that in LC quantization ¢, min < 0.5. Within this range, we
also see no significant sensitivity to the precise value of ¢y until close to the critical point.
The range of reliable ¢f, grows as Apax increases, and our expectation is that as Apax—00
it should be possible to study the theory for any value of ¢r. It would be useful to confirm
this behavior by pushing to higher values of Ap.x, in particular to determine if there is a
finite value €7, min below which the mass gap does not close.

For figure 8, we have chosen ¢;, = 1 as a generic value from the preferred range for
Amax = 16. The behavior of figure 8 as we vary ¢z, as well as the truncation level Apax
and the IR cutoff Arg, is shown explicitly in appendix H. The main punchline is that
observables such as Ro.; and Rs3.; do not change significantly as we vary these parameters,

indicating that our numerical results are robust.

5.2 Nonperturbative spectral densities

In addition to the spectrum, one of the main deliverables of LCT is Kéllén-Lehmann
spectral densities, po(p) (see egs. (3.5)—(3.6)). In principle, spectral densities can be
computed for any local operator O at any value of the coupling g, with the primary barrier
being whether or not one can reach high enough truncation levels A,y to see convergence.

In this section, as examples, we compute the spectral densities of the operators ¢? and
¢* at a nonperturbative value of the coupling g ~ 0.85, where H2-part./m = 1.25. Recall
that f1o-pare./m is the lowest eigenvalue in the even-particle sector, corresponding to the
two-particle threshold, and therefore takes the value 2 in free field theory (g = 0). As
usual, we specifically plot integrated spectral densities Ip(u) (see eq. (3.6)).

Figure 9 shows the integrated spectral densities of ¢? (left) and ¢* (right) at g ~ 0.85!*
for different values of A ax and at our maximum binning level of i, = 65. For comparison

" Strictly speaking, as in previous work [25, 31], we adjust § with Ayax in order to keep the even-particle
gap fixed (in this case, at pa-part./m = 1.25) for every Anmax. This allows us to better study the convergence
of the functional form of the spectral density as we increase Amax. For the values of Apax shown in the
figure, g varies between 0.85-0.87.
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Figure 9. Spectral density of ¢? (left) and ¢* (right) at nonperturbative coupling g ~ 0.85 (where
to-part. /M = 1.25). The dashed lines show the free theory result for comparison.

with free field theory, we have included a black dashed line that shows the free ¢? (left) and
¢* (right) integrated spectral densities, which start at p/m = 2 and u/m = 4, respectively.
Recall that the free ¢? integrated spectral density is linear in p whereas the ¢* integrated
spectral density is cubic (see eq. (4.1)). At this value of g, we see a clear deviation in the
spectral densities from free field behavior, as expected at strong coupling.

For ¢2, the spectral density does not change significantly as we vary Apay, indicating
that the results have largely converged throughout the entire range of u/m shown. For ¢?,
we find that the functional behavior appears to have converged, particularly in the IR, but
the spectral density slowly changes by approximately an overall constant as we vary Apax.

This behavior is due to an important subtlety in the spectral densities of local op-
erators. The operator ¢? is well-defined and unambiguous, but in the interacting theory
higher-dimensional operators such as ¢* are actually sensitive to our choice of UV cutoff.
Concretely, at leading order in perturbation theory the operator ¢* has a logarithmically
divergent contribution which mixes it with ¢?, coming from the familiar sunset diagram.
The two-point function of ¢* computed in figure 9 therefore depends on the effective UV
cutoff set by Apax.'?

This does not mean that the ¢* spectral density in figure 9 is unphysical or does not
contain meaningful new data about the interacting theory. It simply means that to obtain
a cutoff-independent correlation function one should construct a “normal-ordered” ¢* oper-
ator, with the cutoff-dependent ¢? contribution removed. For example, in section 5.3.2 we
construct the cutoff-independent operator 1%, from ¢? and ¢*, which can be thought of as
exactly such a “normal-ordering” procedure. More generally, when comparing these trun-
cation results to those obtained with other computational methods, one must be careful to
ensure a consistent normal-ordering definition of local operators.

Overall, we see that our truncated basis can be used to compute nonperturbative
correlation functions of local operators at generic values of the coupling g, converging most
rapidly in the IR. This is a generic feature encountered in previous studies: LCT spectral

12See appendix F for more details of the effective cutoff set by truncation.
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densities tend to converge from the IR up, which is a sign that low-dimension basis states
have the most overlap with the physical IR degrees of freedom.

5.3 Critical point and the 3d Ising model

In this section, we turn our attention to the critical point, where the mass gap closes and
the low-energy physics is described by an IR CF'T. We compute correlation functions near
the critical point and verify that they exhibit behavior consistent with criticality. First,
we compute the spectral densities and position space correlators of the operators ¢” and
demonstrate that they have universal IR behavior. Then, we compute the spectral density
for the trace of the stress tensor and demonstrate that it vanishes in the IR, as would be
expected for a critical point described by a CFT.

The specific CFT describing the critical point is the 3d Ising model. In this work, our
IR precision is currently insufficient to reliably extract precise 3d Ising critical exponents.
Nevertheless, our results provide strong evidence that we are beginning to probe Ising
physics, and we hope this will open the door to new approaches to studying the 3d Ising
model and its deformations.

5.3.1 Universal behavior

In this section, we compute the two-point functions of the operators ¢"™ near the critical
point. The expectation is that ¢™ will flow in the IR to the lowest-dimension Zy odd or
even operator in the Ising model, i.e., to either o or ¢, depending on parity. In other words,
we expect that in the IR

O = a0+ .., " = agne+ ..., (5.5)

where the coefficients a; are proportionality constants and the dots denote higher-dimension
Ising operators. The expected flow in (5.5) implies that near the critical point, the operators
¢" should exhibit universal behavior in the IR. Concretely, up to overall proportionality
constants, the spectral densities of ¢?” should be identical in the IR, and similarly, the
spectral densities of $?"~! should be identical in the IR.

Figure 10 shows the integrated spectral densities of ¢, ¢3, and ¢° (left) and the inte-
grated spectral densities of ¢?, ¢*, and ¢% (right) near the critical point. Specifically, we
have set g ~ 1.03'3 such that 2p1-part. /M = po-part./m = 0.5. We clearly see universality in
the IR behavior of these spectral densities. In the IR, the spectral densities of the opera-
tors ¢™ with the same Zs-parity all match. These plots were constructed at our maximum
truncation level of Apax = 16 and ipmax = 65. We have rescaled each ¢" spectral density
(for n > 3) by an overall multiplicative constant to allow for the proportionality constants
a; in (5.5). The universal behavior we see in these plots is a clear indication that the IR
physics is being controlled by the critical point.

As we did for the free theory in section 4, we can also compute the position space
correlators (¢™(x)¢™(0)) at spacelike separation, by means of eq. (4.2). Figure 11 shows

13Strictly, g = 1.05 in the odd-particle sector and g = 1.03 in the even-particle sector.
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Figure 10. Integrated spectral densities of $?"~! (left) and ¢?" (right) near the critical point at
g ~ 1.03 (where 241 part. /M = ta-part./m = 0.5; see footnote 13). The agreement in the IR signals
universal behavior.
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Figure 11. Position space two-point functions (¢"(x)¢™(0)) for n = 2, 4, and 6 near the critical
coupling (g = 1.05). Solid black line shows the fit in the region 1 < m|z| < 4, given by FI'?QZ. Top
inset shows the ratio of the correlators to the free theory correlators, given by W Bottom
inset shows the ratio of the correlators to the power law fit. The extracted exponent 2.4 is within
20% of the 3d Ising prediction 2A. ~ 2.83. In comparing to the fit in the bottom inset, we have

rescaled the data by an overall constant for visual clarity.
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the ¢?, ¢, and ¢°® correlators closer to the critical point (with g = 1.05).1* Again, we
have rescaled ¢* and ¢% to account for the proportionality constants in (5.5). We can see
that there are three schematic regions. In the left region for m|z| < 0.5, the correlators
approach free scalar correlators, as is expected from the UV CFT. In the middle IR region,
for 0.5 < m|z| < 5, the correlators exhibit clear universality and are all well-fit by the
power law ~ 1/|z|?>*.'5 Despite the relatively low value of Apay used in this work, it is
encouraging that this approximate exponent is within 20% of the 3d Ising prediction [48]

(el@)e(0) ~ T (56)

Finally, in the right region m|z| 2 5, the correlator starts to decay rapidly due to the
nonzero mass gap. Overall, these plots provide strong evidence that we are accurately
capturing the vicinity of the critical point with our truncated basis. With larger values of
Amax, We expect to be able to push the mass gap even lower and reliably extract critical
exponents from such correlation functions.

5.3.2 Stress tensor trace

In this section, we compute the spectral density of the trace of the stress tensor, T%. As
we approach the critical coupling, we show that this spectral density vanishes in the IR,
indicating that the critical point is described by a CFT, as expected.

Due to the presence of the state-dependent counterterm in the Hamiltonian (5.1),
computing 7%, is nontrivial in our setup. This counterterm is a complicated object that
cannot be written as the integral of a simple local operator. However, it does contain a state-
independent piece, which is clearly proportional to ¢? by construction (the counterterm is
designed to cancel a UV-sensitive correction to the mass). Thus, generally speaking, our
counterterm can be thought of schematically as

1

925P_$_State_d6p')(Amax) — 5925T(Amax) /d2f¢2($) + e (57)

where 07(Apax) is an unknown Ap,c-dependent coefficient and the ellipses denote the
remaining strictly state-dependent contributions. This state-independent part of the coun-
terterm is designed to cancel the O(g?) contribution to the mass (2.1), so as we increase
Amax We expect

A
5T(Amax) — 96171'2 ]og 8(ZA+1)> (Amax—>oo). (58)

In analogy with (5.3), it will therefore be useful to parametrize this coefficient as

A
O (Amax) = AT(Amax) : 961712 log S(ZA—I_l)l) (A = Ag‘{}ax:%)) , (5.9)

such that ST(AmaX) — 1 in the Apax — 00 limit (at imax = 65).

1Note that now § = 1.05 in the even sector (compared to the value of g ~ 1.03 used in figure 10), so
that the value of the gap p2-part./m =~ 0.02 is smaller than in figure 10.
15\We also note that this fit is insensitive to the precise start and end points of the middle interval.
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Figure 12. Measured values of o7 (as defined in (5.9) and (5.13)) for different values of Apyay. The
blue line shows the best fit to the four highest A,ax values, ST ~ 0.96 — Ay .

max

Including the state-independent contribution from our counterterm, we thus expect
that at finite Apax the trace of the stress tensor takes the form

T (Amax) = (m* = 16 + 0r(Bmax)g?) 6 + 516" (5.10)

This is the operator we expect to vanish at the critical point. However, at any finite
truncation, we do not know a priori the value of the constant d7(Apax). Fortunately, we
can measure 07 (Amax) from the equation of motion for the operator ¢, which also receives
a correction from the state-independent piece of our counterterm,

¢ = —(m2 —crg® + 5T(Amax)92)d> - %qﬁ?’, (5.11)

giving us a separate, independent determination of this parameter.

Concretely, at any fixed Apax, we can determine dp by requiring that the equation
of motion (5.11) is satisfied when acting on the vacuum. By acting from the left with an
arbitrary state [i), we then obtain a relation between Hamiltonian matrix elements and
the overlaps with ¢ and ¢3,

(WI2PLP-[6(0)) = (m? = crg® + 01 (Bma)g®) (016(0) + S WIS (). (512)

If we choose the state to be the free one-particle Fock space state |p) and use the Hamilto-
nian (5.1), we find that every contribution from the Hamiltonian except for the counterterm

explicitly cancels with a term on the r.h.s., leaving only the constraint

2p_ (p|ls P4 16(0)) = 67 (Armax)- (5.13)
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Figure 13. Integrated spectral density of 7%, (blue), defined in (5.10), for different values of g
approaching the critical point. Here Ap.x = 16 and ipn.x = 65, with 5y ~ 0.89 fixed by the
equations of motion. Note that the spectral density vanishes in the IR as one approaches the
critical point.

tate-dep.
Pfae ep). Once we

In other words, o7 is simply the one-particle matrix element of §
perform this measurement and obtain d7 for a given Ay, we can check that the spectral
density pru () vanishes at the critical point for the same value of dr.

Figure 12 shows the values of 57 obtained from the equation of motion as we vary

Amax- As we can see, 07 approaches 1 as we increase Apax, with the corrections scaling as
2

max*

approximately 1/A For Anax = 16, we specificially obtain the value o7 =~ 0.89.

Given this value of d7, we can now compute the spectral density of T%. Figure 13 shows
the resulting integrated spectral density (blue) for four different values of the coupling
starting from free field theory (top left) and increasing to near the critical point (bottom
right). Note that as we approach criticality, the spectral density steadily goes to zero in
the IR. For comparison, in the final plot we have also included the spectral densities for
the ¢? (red) and ¢* (orange) contributions to the trace. Note that the individual spectral
densities of these operators are nonvanishing, and only the linear combination defining 7%,

in (5.10), with our chosen value of §7, vanishes near the critical point.*®

16We note that the spectral density of T',, contains a cross term between ¢? and ¢?, so it is not given by
just the sum of these two spectral densities.
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Figure 14. The two-point function (7% (2)T*(0)) at g = 1.05. Black line shows the best fit in the

region 3 < m|x| < 7, given by a power law = le\% Inset shows the data normalized by the power

law fit. The extracted exponent 6.1 is within 15% of the Ising prediction 2A, + 4 = 6.82.

From this spectral density, we can also compute the two-point function <T ()T, (0)>
at spacelike separation near the critical point. In the vicinity of the critical point, where
the dynamics should be controlled by the Ising model, we expect that the trace behaves
schematically like!”

1
T, (7) ~ mggpAe e(x) + F826($) +o (5.14)
Ising

where Arging is the cutoff of the Ising effective theory (set by the UV parameter g) and - - -

indicates other higher-dimensional Ising operators. As mg,, — 0, we therefore expect that

the correlator behaves like a power law <T‘L(m)T*L(O) ~ |x|2ie+4 ~ |z|615~82 . This expectation

is qualitatively confirmed in figure 14, which shows <T (x)T ’ZL(O)> near criticality at g =
1.05. In the IR, there is a regime 3 < m|z| < 7 that is well-fit by a power law ~ 1/|z(%1,

"Note that T4 on the Lhs. of (5.14) is the trace of the improved stress tensor of the UV theory,
which does not generically correspond to the improved stress tensor of the IR theory, hence we expect a
contribution from the descendant &%¢ which does not vanish as Mgap — 0. We thank Slava Rychkov and
Riccardo Rattazzi for helpful discussions on this point.
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which is within 15% of the expected exponent. Although we are quite far from precision
physics due to our low truncation cutoff and our error bars should be more rigorously
understood, it is nevertheless surprising and encouraging that we appear to be able to
observe subleading behavior of the trace correlator. It is our hope that this proof-of-
concept will pave the way for more precise Hamiltonian truncation studies of this theory,
both near the critical point and at generic coupling.

6 Discussion and outlook

Hamiltonian truncation is a potentially very powerful tool for computing the nonperturba-
tive dynamics of general quantum field theories. However, there has long been a significant
obstacle to its implementation in most QFTSs, especially those in d > 3: the necessity
of state-dependent counterterms for UV divergences. In this work, we have focused on
addressing this issue in the specific case of (241)d ¢*-theory in lightcone quantization.

In this particular setting, we have presented a simple prescription for constructing the
necessary state-dependent counterterms for the logarithmic correction to the mass due to
the “sunset” diagram. Our prescription is admittedly rather brute force, where we explic-
itly cancel the O(g?) correction to each n-particle mass eigenstate due to (n + 2)-particle
intermediate states and replace them with a local, state-independent shift in the bare mass.
However, this prescription allows us to reproduce the closing of the mass gap as the ¢*
coupling increases, with consistent ratios between the one-, two-, and three-particle thresh-
olds until near the critical point. In addition, we have computed the two-point functions of
@™ and the stess tensor trace 1%, at various couplings, providing the first nonperturbative
calculation of these observables in the symmetric phase of (2+1)d ¢*-theory.

This theory was also recently studied in [34], in order to address the same issue of
state-dependent counterterms in the context of finite volume and equal-time quantiza-
tion. As discussed in appendix E, the details of this state-dependence are different in the
two quantization schemes, requiring distinct prescriptions for constructing the necessary
counterterms. Nevertheless, the approaches presented here and in [34] should be readily
generalizable to other theories, and we hope that these two works will motivate much future
work on the use of Hamiltonian truncation methods for strongly-coupled QFT.

An alternative prescription for constructing state-dependent counterterms was pre-
sented in [31] for the case of (141)d Yukawa theory, which also contains logarithmic diver-
gences. This approach involves first computing the supercharge Q)4 of a supersymmetric
theory containing the desired QFT, and constructing the state-dependent counterterm
from the square of the truncated supercharge, 5Pftate_dep') ~ Qi. The advantage of this
prescription is that the resulting counterterm is automatically built from a truncated sum
over intermediate states, giving it the same state-dependence as the UV divergence. It
would be exciting if this approach could be applied to (2+1)d ¢*-theory, using the Q4
from N = 1 SUSY Yukawa theory. It would also be interesting to study 3d SUSY Yukawa
theory itself and obtain the RG flow to the minimal 3d SCFT in the IR [49]. Note that
no new technology needs to be developed to apply LCT to this SUSY theory, making it a
perfect target for future Hamiltonian truncation studies in d = 3.
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In LCT, the main computational difficulty is the construction of the basis of primary
operators and the calculation of Hamiltonian matrix elements. As a result, in this work we
have needed to develop many tools to improve the efficiency of the evaluation of inner prod-
ucts and matrix elements, detailed in appendices B and C. This is in contrast with methods
which use a Fock space basis in finite volume, such as ET Hamiltonian truncation [5-7, 17—
19, 34] and discrete lightcone quantization (DLCQ) [50, 51], for which the computation of
the basis and matrix elements is largely trivial. However, LCT appears to require fewer
states than such Fock space methods to obtain a given IR resolution and UV cutoff. For
example, in this work the maximum basis we consider (Apax = 16, imax = 65) has 35,425
states. We can estimate the associated UV and IR cutoffs from the free massive theory
results in figures 3 and 4. The effective UV cutoff corresponds to the value of p at which the
truncation results for spectral densities significantly deviate from the theoretical predic-
tions, which we can conservatively estimate from figure 3 as Ayy/m ~ 30. The effective IR
cutoff corresponds to the length scale at which the correlation functions in figure 4 deviate
from the theory prediction, which is approximately mL ~ 10. These cutoff values would
naively require a much larger basis in any Fock space method (see, e.g., figure 1 in [34]).

It is intriguing that there is this apparent tradeoff in complexity between different
methods: simplicity of matrix elements versus size of the basis. It would be interesting to
compare the relative computational complexity of various truncation methods more quan-

b

titatively, in order to better understand if this “conservation of difficulty” is fundamental
to obtaining nonperturbative physics or if there are certain choices of basis or approaches
which are most efficient for particular observables.

It would also be useful to push the LCT basis to higher values of Ay, in order to
extract critical exponents and confirm that the critical point is described by the 3d Ising
CFT. One useful tool for reaching higher values of A,,x would be to compute the general
expression for CFT three-point functions of spinning operators in momentum space, build-
ing on recent results [29, 52-57], which would greatly improve the efficiency for computing
Hamiltonian matrix elements. Though in practice our Dirichlet basis states do not indi-
vidually correspond to primary operators, one can construct a map between the two bases,
in order to more efficiently construct matrix elements from CFT data. Relatedly, it would
also be useful to implement the “OPE method” of [32] to evaluate matrix elements more
efficiently than via Wick contraction. It is also worth noting that the data presented in
this work was generated on personal laptops with an approximate runtime of a few days.
With more computational resources and improved efficiency, future work should be able to
significantly increase Apax.

Further increasing the basis size would also allow us to better understand the effects of
truncation in the context of UV divergences. At finite A ax, we have seen that our coun-
terterm prescription requires the addition of a local shift in the bare mass, parametrized
by cr.g?, to ensure that we reach the correct universality class in the IR. While the precise
value of this counterterm does not appear to affect scheme-independent physical observ-
ables, there is only a finite range of values for ¢;, which do not lead to significant truncation
errors. Our expectation is that as Apax increases, this allowed range for the counterterm
will continue to grow. However, from [39] we expect that only values of ¢; above some
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lower bound reach the same universality class, and below this threshold the gap no longer
closes. With higher values of A ax, we could potentially observe both the existence of this
threshold, as well as the Chang-Magruder duality [58, 59] relating low and high values of
the coupling g in the Zs-symmetric phase, studied recently in [34, 39].

As discussed in appendix F, there is also an interesting connection between the IR
resolution set by the discretization of p for CFT basis states and the effective UV cutoff
set by truncation. It would be useful to study this interplay between Apa.x and A in
more detail, in order to better understand the convergence of LCT in the presence of UV
divergences and improve the extrapolation of our numerical results in A ax.
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A Overview: lightcone conformal truncation in 3d

In this appendix, we provide a brief summary of the necessary ingredients for implementing
LCT: the discretized basis of CFT states and the Hamiltonian matrix elements. While the
overall procedure is conceptually similar to that reviewed in [31] for the case of 2d theories,
there are many new technical details that arise in d > 3, which are presented fully in
appendices B-C.

A.1 Lightcone Hamiltonian

The lightcone Hamiltonian Py has two contributions: the original Hamiltonian of the UV
CFT and the relevant deformations which lead to the desired IR QFT. For the specific case
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of ¢*-theory, with the Lagrangian given by eq. (1.1), we have

Hamiltonian:

Py = P 4 5P 4 5P, (A.1)

PJ(FCFT) _ ;/dQQZ(mqﬁ)Q, 6PJ(rm) _ ;mQ/d2f¢27 5PJ(rg) _ i!g/d%?&.

This is the Hamiltonian we study in this work (plus the state-dependent counterterm, which
we discuss in more detail in appendix G). The next step is to express the Hamiltonian in
a particular basis, so now let us turn to the LCT basis.

A.2 LCT basis

The precise definition of the LCT basis depends on which operators O from the UV CFT are
used to construct the momentum space states |O, u) in (3.1) (and their discretized versions
|O0,1) in (3.2)). In a CFT, the Fourier transform is an operation that packages together
a full conformal multiplet (primary plus descendants). Thus, the standard strategy for
constructing a complete LCT basis would be to select one representative operator, say
the primary operator, from each conformal multiplet. For 3d ¢?-theory, however, we will
actually choose operators that are linear combinations of representatives from different
multiplets, due to a subtlety introduced by the mass deformation 5P§rm) in (A.1). More
)

concretely, matrix elements of 5PJ(rm exhibit IR divergences in 3d, and a practical and
efficient way to handle these divergences is to choose “Dirichlet” operators Op from the
UV CFT, which are linear combinations of operators from different conformal multiplets
defined to satisfy a particular boundary condition. For a detailed discussion of the presence

of IR divergences and the reduction of the CFT basis to Dirichlet operators, see [24].

For our purposes, all we need is the punchline, which is simple. An operator O is
“Dirichlet” if Fo(p) = (p1,...,pn]O(0)) — 0 whenever any p,— — 0. In position space
language, these are simply operators where every ¢ has at least one J_ acting on it [24].
To say it another way, Dirichlet operators are built from J_¢ instead of ¢. For example,
(0_¢)? and (0_¢)(0L0_¢) are Dirichlet, whereas ¢? and ¢d_¢ are not. Note that in
momentum space, each insertion of J_¢ yields a factor of p;_, which of course vanishes as
pi— — 0, thus satisfyin% t)he Dirichlet condition. All such operators have manifestly finite

matrix elements for J P +m . Thus, instead of choosing primary operators when defining the

states in (3.1)—(3.2), we use only Dirichlet operators Op.

There is one significant drawback to working with Dirichlet operators, however. As we
have just discussed, Dirichlet operators are themselves not primary. As a consequence, we
do not know of a recursive algorithm for generating higher-particle Dirichlet operators from
lower-particle ones. In 2d scalar field theory, where Dirichlet operators are primary, such
a recursive algorithm provided an efficient way of generating basis states [31]. We will not
have this tool available to us in 3d. Nevertheless, we will show that conformal symmetry still
plays an important role and can be harnessed to efficiently generate Dirichlet basis states.
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To summarize, our final basis consists of the states {|O,1)} defined by:
Basis:

’O i \/7/ dM b ) |O,M>, (A < Apax, 1< imax)

where

A2
O = Dirichlet operator Op, built from (0_¢)’s plus derivatives, (4.2)

0.p) = [ w77 O@I0), (14 = 2pap- )

A%y = hard UV cutoff on p?,

bi(p) = smearing functions (to be specified).

With our basis defined, let us now turn to the structure of inner products and Hamil-
tonian matrix elements.

A.3 Inner products and matrix elements

With our basis defined in (A.2), inner products and matrix elements between states can
be summarized as follows:

Inner Product & Matrix Elements:
/ 2¢(2 / Aty 2
(0.0} =2p- (2% (F=5")-Goor- [ dub(u) 1)

. . o 1 [y
<0,1I2p—P+\@’,J>=2p—(2ﬂ)25(2)(p—p’)-§/0 dp® dp by () by(1') Moo (1, 1), (A.3)

where
(O,p|O", 1) n_ (O,ulPL|O )
Ry Moo= s )

Recall that when we write |O, u), we are suppressing the explicit spatial momentum label

Goor =

P, as discussed below (3.1). Additionally, we will always choose to normalize |O, u) with
appropriate powers of p_ and p such that the inner products Gpeor in the last line of (A.3)
are all constant. We will be explicit in later appendices about precisely what factors should
be included.

For now, let us note the spatial delta functions appearing on the r.h.s. of the Hamil-
tonian matrix elements. Their presence is a manifestation of the fact that we can always
choose to work in a particular spatial momentum frame with a fixed value for = (p—,p1).
In this paper, we will always work in the following frame,

Frame for p: (p— = constant, p; = 0). (A.4)

This is a convenient choice for two reasons. First, in this frame the Lorentz invariant
mass-squared operator M? = 2P, P_ — Pi simplifies to M? = 2p_P, . Thus, in this frame
diagonalizing M? is equivalent to diagonalizing Py. Consequently, we will often refer to
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these two operators interchangeably. The second reason this frame is convenient is that
the expressions for Hamiltonian matrix elements become simpler.

The objects Goor and Mo (i, 1) were studied in great detail in [29]. In particular,
substituting the definition of |O, x) from (3.1), it is evident that the continuous-u inner
products and matrix elements are Fourier transforms of UV CFT two- and three-point
functions, respectively. Using this fact (and working without loss of generality in the same
p1 = 0 frame as above), the authors of [29] were able to derive a complete set of reference
formulas for evaluating Goor and Moo (i, ¢') in 3d ¢*-theory. We will be able to directly
use these formulas, as we explain in detail in appendix C.

B Details: constructing the basis

B.1 Monomial operators

The LCT basis, defined in (A.2), is constructed using operators in the UV CFT, which in
our case is 3d free massless scalar field theory. The CFT operators are thus composed of
the free field ¢ along with the derivatives 9, d_, and 8, . The equation of motion §%¢ = 0
allows us to eliminate J4 in favor of only working with d_ and 0,. Making this choice, we
now introduce the concept of monomial operators, which will be our building blocks for
more general operators. We also introduce some useful shorthand notation.

A monomial operator is simply a string of ¢’s with accompanying derivatives. Let us
start with single-particle monomials, i.e., those with one insertion of ¢. We let k = (k_, k] )
denote a two-component variable having a minus and transverse component and introduce
the notation 9¥¢ = o 8?(1). More generally, for n-particle monomials, we use a vector
k = (k1,...,k,) and define 9%p = 0¥ ¢ - - - %2 ¢, where each k; = (k;_, k;1 ). To summarize

our notation,

Monomial Operators:

1-particle: k= (k_,kp), ok = o Bffd),
n-particle: k= (ki,...,kn), Kp=0Mg...0ngp, ki = (ki_, kil).

The Dirichlet condition is k;— > 1V«.

Monomial operators will be our building blocks, because general operators can be
written as linear combinations of monomials,

O(z) =Y CF ¢(x). (B.2)
k

In particular, our goal is to construct the Dirichlet basis in terms of monomials. Recall that
the definition of a Dirichlet operator is that every ¢ has a 0_ attached to it. Consequently,
we can restrict our attention to monomials that satisfy this condition, which is that k;_ > 1
for all 4.

~ 34—



It will also be useful to introduce shorthand notation for the following summations,
k_| = ki, kil = ki, k| = |k_| + [kL| (B.3)
i=1 i=1

We will refer to |k|, which is simply the total number of derivatives appearing in 9¥¢, as
the degree of the monomial. Note that the scaling dimension of 9¥¢ is equal to |k| + L

since ¢ has scaling dimension %

B.2 ‘Minimal’ monomials

For a given particle number n, the naive strategy for computing the Dirichlet basis up to
a maximum scaling dimension A,y is to simply list all Dirichlet monomials up to Apax
and then Gram-Schmidt them according to the LCT inner product in (A.3). However, this
strategy is inefficient, because the number of monomials is much larger than the number
of final basis states. This is a consequence of the fact that descendant operators, i.e., those
that are total derivatives of lower-dimension operators, do not yield independent LCT basis
states.'® Thus, we can do better by systematically eliminating descendants from the full
list of Dirichlet monomials before applying Gram-Schmidt.

We will now describe an algorithm for eliminating descendants from a list of monomials.
Given the full list of Dirichlet monomials for n particles up to some maximum degree, the
output of the algorithm is a minimal list of monomials that spans the final Dirichlet basis
without being overcomplete. In other words, the number of monomials in the minimal list
is equal to the number of basis states, and to obtain the final basis, one simply needs to
Gram-Schmidt the minimal monomials.

The algorithm works by identifying linear combinations of monomials that can be
rewritten as a descendant. To be more precise, given a set of n-particle monomials 9¥¢
with degree d, we say that they are linearly dependent if there exist coefficients ¢y (not all
zero) such that

> ado = 9,(0%0), K|=d—1 (B.4)

k: |k|=d

where 0, € {0_, 01, 04 = %}. In words, this relation says that the linear combination
of degree-d monomials appearing on the left is really just a descendant of the degree-
(d — 1) monomial appearing on the right. Crucially, for every independent relation of the
form (B.4), we can eliminate a monomial on the left-hand-side from our list, because its
corresponding LCT state will not be independent.

Thus, our goal is to generate all possible relations of the form (B.4). A straightforward
way to do this is to proceed degree-by-degree and act with d, on all of the monomials
at degree d — 1 in order to generate all of the possible relations at degree d. Then, once
we have the full set of relations in hand, we can successively eliminate linearly dependent
monomials in favor of monomials with equal or lesser degree.

8From (3.1), it is clear that O and 9,0 yield states that simply differ by a factor of p,,.
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Let us illustrate all of these ideas with a simple example: constructing the minimal
set of 2-particle Dirichlet monomials up to degree 3. The minimum degree of a 2-particle
Dirichlet monomial is 2, so initially our full list of monomials is

degree 2 : ki = ((1,0),(1,0)) « 8¢ = (8_¢)%
degree 3 : ky = ((2,0),(1,0)) <« 0%2¢ = (9*¢)(0_9), (B.5)
ks = ((17 1)7 (1> O)) A ak3¢ = (afﬁj_gb)(a*gb)

Acting with 0, on 9%1¢ we obtain two relations of the form of (B.4),'
1 1
P — 0. <2ak1¢) L g=a, <2ak1¢> | (B.6)

Consequently, both 9¥2¢ and 9¥3¢ can be eliminated in favor of keeping 9¥!¢. Thus, our
minimal monomial list for 2 particles up to degree 3 is just 9K .

In the next section, we turn to the details of orthonormalizing the basis of minimal
monomials via Gram-Schmidt.

B.3 Gram-Schmidt

Once we have chosen a minimal set of Dirichlet monomials for a given particle number up to
some maximum degree, the next step is to construct the Gram matrix for these monomials
and then apply Gram-Schmidt in order to construct the Dirichlet basis. Following (3.1),
a monomial operator 9%¢(z) has the corresponding momentum space state (before pu-
discretization) given by

0%, 1) = / &z e 9K () |0). (B.7)

The inner product and ¢*-theory Hamiltonian matrix elements of these specific states have
been computed previously in [29].20
Referring to [29], we note that the mass-dimension of the inner product is given by

(%, 1| 0% ¢, 'y = (2m)%6) (p — p')

Since the factors of p_ and p appearing on the right will eventually be canceled anyway

k| +|K/ ’
p|_ |+| _\M|kL|+\kl|+n*3.Gkk,_ (B.8)

when we properly normalize the basis states, in practice it is convenient to work directly
with rescaled monomial states, defined as

1

k _ k
|8 ¢7H>R = W |8 ¢7H>a (B,9)

where the subscript ‘R’ on the lL.h.s. stands for ‘rescaled’. Then, up to an overall factor
of (27)36G)(p — p'), the Gram matrix of these rescaled monomial states just consists of
momentum-independent numbers. Referring back to (A.3),

e o R<ak¢7 % | ak/¢7 :u’/>R
Kk = .
(2m)35G) (p — p')

19T this particular example, acting with 9y takes us outside the space of Dirichlet monomials (since
Dy (051 ) = 20,0_¢0_¢ = 0 pD_¢) and hence is not a relation we can use. More generally, though, 9,
will also yield constraints.

20Tn that reference, |0%¢, 1) is written as |0%¢(P)).

(B.10)
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For a given Apax (or equivalently maximum degree), we can then compute the Gram
matrix for the set of minimal monomials using the expressions for Gy from [29], and use
Gram-Schmidt to construct a complete, orthogonal basis of Dirichlet states,

0.y = > P10 mr, (OO W) = (21)3P (p—p)) - doo.  (B.11)
k: [k|<Amax

B.4 p-discretization

The momentum space states defined in (B.7), and the rescaled versions in (B.9), are not
fully discretized yet, since p is still a continuous parameter. Following (A.2), we can
introduce smearing functions b;(¢) to define the discrete set of states

, 1A , ,
|0%p,1) g = \/%/0 o dp bi(p) |00, 1) g, i=1,...,inax. (B.12)

There is freedom in the precise choice of smearing functions, but they are normalized such
that

/(050,110 6,5)r = 2p—(2m)*8%) (7 — ") & - Ghac- (B.13)
The resulting orthogonalized Dirichlet states are then normalized such that
0= > R“e.0r,  (0.10,)) = 2p-(2m)*6®) (5~ §7")5; - Soor.  (B.14)
k: |k|<Amax

Our choice of smearing functions b;i(p) in this work is the normalized “bar function”
with constant support on the bin [p2 |, 2], as defined in (3.3), with a fixed ratio r between
the widths of successive bins. Because we are specifically interested in IR physics, we keep
r < 1, such that there is a higher density of bins at small ;2 than at large p2.

C Details: computing matrix elements

Now that we have outlined the method for constructing the basis in appendix B, we can
turn to the evaluation of their Hamiltonian matrix elements.

Recall from (A.3), reproduced here for convenience, that our final discretized matrix
elements are given by

. . I 1 Ay
(0,i]2p_P1|0'}}) = 2p_(21)26 P (5 — §") - %/0 dp® dp® by () b (1) Moo (u, 1),

(O, u| PL|O", 1)
(2m)20@) (5~ p")’

Moor (1, 1) = 0, ) = / BrePTO()vac).  (C.1)

To avoid potential ambiguity, we refer to the objects on the left-hand side (O, i|2p_ Py |0',j)
as ‘discretized matrix elements’ and the functions Moo/ (i, ¢') as just ‘matrix elements’.
Determining discretized matrix elements thus amounts to two steps:

1. Computing the matrix elements, given by sandwiching the Hamiltonian with the basis
states defined in (C.1). The exact expressions for these objects, which boil down to
momentum space CFT three-point functions, were first presented in [29]. We will
schematically review those results in the following section.

— 37 —



2. Second, discretizing p and /. This amounts to performing the integrals over u, p’
weighted by the smearing functions b;(u), bj(i). Since our smearing functions are
chosen to be step functions with support over an interval, as in (3.3), discretizing the
matrix elements amounts to integrating over a window in p and u/. As we will soon
describe, this procedure is technically somewhat nontrivial. The reason is that there
are naive divergences within the matrix elements Moo (i, p') near the edges of the
integration regions. These divergences completely cancel amongst each other at the
end of the day to give rise to finite answers. However, performing the discretization
integrals in a manifestly finite and numerically stable way requires an efficient way
to track the singular terms.

The outline of this section is thus as follows: in section C.1 we will do a lightning review
of the calculations presented in [29], and describe how these formulas are implemented in
practice in our truncation setup. We also present a few examples of matrix elements to
guide the reader. Then, in section C.2 we explain the discretization procedure and address
technical subtleties in obtaining finite expressions for the final discretized matrix elements.

C.1 Implementation of momentum space formulas

In LCT, matrix elements are obtained from Fourier transforming CF'T three-point functions
where the middle operator is the relevant deformation and the external operators are LCT
basis states.?!

Recall that from (A.1) that the Hamiltonian can be broken up into three distinct

pieces: PJ(FCFT), 6PJ(rm), 6P§rg), corresponding to the kinetic term, mass term, and quartic

interaction, respectively. The first of these, PJ(FCFT), has a trivial structure due to the CF'T
equations of motion. In particular, because our basis states are automatically eigenstates

of PJ(FCFT), with the eigenvalue set by p,

2

CFT i
PO, ) = 3 10, ), (C2)
the corresponding matrix elements are trivial,
2
CFT 2, M
MEST (i) = (2m)6(u? — 4 )2]7 000 (C.3)

We will therefore focus on the more nontrivial matrix elements of 5P_§_m), 6PJ(rg ). In order
to match notation with [29], we shall refer to these pieces of the Hamiltonian as m2V¢2
and gVya. It will also be useful to further divide the interacting part of the Hamiltonian,

V4 into two pieces: a term that preserves particle number, Vdg‘? _m), and a piece that
changes particle number by two, V(ng —ntd) Naively, one might also expect an n-to-(n+ 4)

contribution, but this is absent due to lightcone momentum conservation; particles all
carrying positive p_ cannot be spontaneously created from the lightcone vacuum.

21For a more pedagogical introduction, see [31].
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We can therefore define the associated matrix elements

<Oa M|V¢2 ‘Olv Nl>

(2m)26@) (P — p")’

(i) = (O, plVM0 W)

= I 2@ (5 — )

(O, plV 200 )
(2m)26@) (' — p")

MED, (. ') = m?

Mo

MG (1, 1)

9

Recall that the operators O, @' in our basis correspond to operators built from the free
scalar ¢. As stated in appendix B.1, their building blocks are monomials®?

056, ). (C.5)

O, 1) = Z Cl? ‘6k¢a )R, |8k¢aM>R ﬁiﬂkﬂ
k p_ pz
We can therefore focus on the matrix elements of these monomials, as the full matrix
elements can be obtained by summing over the individual monomial matrix elements times
the coefficients C’l? appearing in the above expansion. The building block matrix elements
are then
o (050, 1| V2 |0¥ ¢, 1)
(2m)20@) (' — p)
MG (') 9R<8k¢’ MW(XH?:) |8k;¢’ 1n
(27m)26@ (9 - p")

R(O%, pl V20K 6, 1)
@r2@F-7)

MU (1, 1))

MG P i) = g

The expressions for these objects can be found in [29]. The main idea is that computing
these matrix elements amounts to computing momentum space CFT three-point functions,
where the middle operator carries zero momentum. That is to say, they are Fourier trans-
forms of CFT three-point functions. Although conceptually straightforward, performing
the Fourier transforms is a technically involved computation for two reasons. First, the
external operators can have spin, so that the right-hand side of (C.6) is typically a linear
combination of multiple tensor structures. Second, the correlators appearing on the right-
hand side are Wightman functions, with a fixed time ordering. Computing the Fourier
transform thus requires careful accounting of the ie prescription to obtain well defined in-
and out-states. The authors of [29] presented expressions for the matrix elements (C.6) in
d = 3, for both the general case (for any relevant deformation to the CFT Hamiltonian),
as well as the specific implementation of ¢?, ¢* interactions. In the latter setting, the OPE
coeflicients that reside inside the three-point functions can be explicitly calculated using
Wick contractions. We refer readers to [29] for specific formulas for the matrix elements,
and in the following paragraphs only comment on their general structure.

22The fact that we are working with these rescaled states is the only modification to directly using the
formulas in [29].
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From the results of [29], the mass term matrix elements take a very simple form in
terms of the inner product between states created by O and O’ (similar to the free theory

matrix elements):

M) (. ') = (2m)0(p? — %) - mumber. (C.7)

Because of their resemblance to the inner product, the implementation of these matrix
elements is trivial once we compute the Gram matrix. The interaction monomial matrix
elements on the other hand take the very rough form (focusing on n — n for simplicity,
but a similar equation holds for n — n + 2)

2
M&l{,—m) (p, ) ~ Z e Zcoefﬁcien‘c x uiu? oy ( o 5/2> (C.8)

We have omitted a great deal of structure (see [29] for the precise equations), but the key
point is that these monomial matrix elements are effectively given by multiple sums over
powers of u, y/ times o F hypergeometric functions whose first three arguments depend on
the indices summed over, and whose last argument is the ratio

s (©9)

(07 Ik

=

Despite the multiple powers and arguments appearing in (C.8), there are only three free
parameters to keep track of (the arguments of the hypergeometric function). Once those
are known, the scaling in p and g/ can be fixed. It is worth noting that the formula
in (C.8) only holds when p < p/. This means that the interaction matrix elements are
asymmetric in k, k/. Furthermore, for n — n, these hypergeometric functions can be
simplified to a much smaller basis consisting of a few special functions, such as elliptic
integrals and inverse hyperbolic functions. This fact will be useful when we consider the
discretization procedure. On the other hand, for the n — n + 2 matrix elements, it turns
out that the hypergeometrics simplify even more dramatically, such that the monomial
matrix elements are simply sums of powers in p, . It would be interesting to understand
these simplifications in more detail, as it is not manifest in the formulas of [29]; here, we
will use it as an empirical fact. The general strategy to computing the interacting matrix
elements is therefore straightforward: compute the monomial matrix elements using the
formulas in [29], simplify the hypergeometrics as much as possible, and then sum over
monomials to obtain the final basis matrix element.

Before we move on to the discretization procedure, let us look at a few examples of
the monomial matrix elements.

Example 1. Consider the following three-particle Dirichlet monomial operators

k = ((171)7(171>7(170)) - ak¢: (8—8J_¢)28—¢7

K =((2,0),(1,1),(1,1)) — ¢ =(0_0,¢)%0¢. (C.10)
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Using the formulas given in [29], the n — n matrix element between these monomials is
given by (supressing the coupling g for brevity)

27302, F4 (3,5 450) +63a 2F1 (3, 5:40) +4329a2F1 (3.3:3:0)
8796093022208 549755813883 8796093022208

24633051 (3,3:30) 18902 (3, 3:350) . 17555 F1 (~3,3:20)
8796093022208 274877906944 2199023255552

51872F1< 139 a) 1892F1( 159, a)

MG (o) = =

+

C.11
+ 2199023255552 + 137438953472 ( )
We can simplify the hypergeometric functions using the identities
11 T 11
K F 1; E(z) = =oF1 | —=, =31, 12
() = 52F (50 511%). ()= 5oF (=5 gikiz). (€1

where K(z) and E(z) are the complete elliptic integrals of the first and second kind,
respectively. The other hypergeometric functions with different arguments can be related
to these by taking derivatives. We can therefore reduce this n — n matrix element to the
simpler form

MO gy — L B3T3+ 169K (@) + 4(24a = 317) (o)
ke VR = 5497558138887 '

(C.13)

This formula (as well as the original unsimplified expression (C.11)) specifically holds for
p < ' (i.e., @« < 1). We can obtain the other regime by simply swapping k and k’ in the
formulas from [29], which after simplifying results in

MU= (0 ) = 1 (56170 — 976)K (a) + (976 — 1268) E(a)
’ i 549755813888«

Note that in both of these expressions, the monomial matrix element which started its

(C.14)

life as a multiple sum over several o F; hypergeometric functions has reduced to just a few
special functions. Second, these are merely monomial matrix elements; to obtain a full
matrix element between basis states, we would sum over all monomials that comprise the
Dirichlet states.

Example 2. We can also look at n — n matrix elements in the even particle number
sector. Consider the four-particle monomials

k= ((171)’(171)’(1’0)7(170)) — ak¢: (8—8L¢)2(8—¢)27

/ g ) , (C.15)
The matrix element is (after simplification)
MU (1 ) = l (172502 +36880a +6171) tanh ™! (y/a) — 31/ (5750 +2057)
e (i) =2 4678596585062400720/5/4 '
nen 1 (617102 +36880a 4 1725) tanh~! (v/a) — 3/a(2057a+ 575)
M=,y 2 L . (C.16
Wi () =2 46785965850624007205/4 (C.16)

For even sector n — n matrix elements, we see the appearance of tanh™! functions, rather
than the elliptic functions for odd n.
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Example 3. Consider the four- and six-particle monomials given by

k= ((171)’(171)’(170)7(1’0))’ — ak¢: (8—8L¢)2(a—¢)27

k' = ((2,0),(1,1),(1,1),(1,0),(1,0),(1,0)) — ¢ = (82¢)(0-0.0)*(0_¢)>. (C.17)

The corresponding n — (n + 2) matrix element, after simplifying the hypergeometric
functions, is

1 o!/4(489103c + 1150200)
i 69717696714060595200073

M () = (C.18)
Note that this matrix element (and all other n — n+2 matrix elements) is only nonzero for
< 1. As we can see, this expression reduces to a sum of powers in u, i/, a pattern that
continues to hold for all of the n — n + 2 sectors. We also note that the matrix elements
can always be written as % times a function in «. This can be seen by dimensional analysis
with the rescaling of monomial states we have chosen in (C.5).

It is worth emphasizing that so far, we have not used any numerics. That is, for this
work we compute all monomial matrix elements ezactly; decimal approximations (where
in practice we keep 60 digits of precision) are made only when we take linear combinations
of these expressions to obtain basis state matrix elements.

C.2 Discretizing p, p’

With the matrix elements at hand, we now turn to the discretization procedure. We wish
to compute the integrals over p and p/ in (C.1). We will again focus on monomials, rather
than the full discretized matrix elements between basis states. We define these building
block discretized monomial matrix elements as

. . L 1 Ay
r(k,i|2p_ Py |K ) r = 2p_ (2m)26P) (5 — §7) - ﬂ/o dp® dp' bi(p) b (1) Mg (1, 1),

(C.19)
As seen in the examples in the previous section, our matrix elements always take the general
form

n—n) or (n—n ]'
MG o R :g‘ﬁfkk’(a)v (C.20)

for some function fiy (), which can be read off from the hypergeometric functions appear-
ing in the matrix elements. Plugging this into (C.19) and our expressions for the smearing
functions given in (3.3), we therefore compute

rki2p_ P K j)r ) Ni-Zic; [ frx ()] i<j (C.21)
2p-(2m)26@(F~p") | Ny-Tic [fuw(@)]  i=j
where for later convenience we defined an overall normalization factor
1
Ny = (C.22)

g
2 \/(u? — ) = pdy)
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and the discretization integrals

— 'LLjQ 2 u?/lﬂ
Tici[fl)]= | dp=p [ //2daf(a),
Hima Fima e (C.23)
S
Lol = [, deu [, daf).
[T My /1

In the above integrals, we have changed variables from u to a = p?/p/ 2. The reason (C.21)
breaks up into two cases is due to the fact that our expressions for the monomial matrix
elements fi/(a) only hold for p < p/. Obtaining the expressions for u >y’ is equivalent
to just swapping the monomials k <+ k/. When i < j we are integrating over two distinct
windows in g and g/, such that g < p' over the full integration range. However, when
i = j, we only integrate p up to p/.?% It is therefore useful to split the matrix element up
into these two cases. We do not need to consider the case i > j, as this can be obtained by
exchanging the bra and ket states to obtain an integral of the form i < j.

Let us now consider the n — n+2 matrix elements first, as they are technically simpler.
In this case, after simplifying the hypergeometric functions, the building block functions
that span fik () are simply power laws in o:

Jrw (@) : {aL}, (n—>n+2), (C.24)

where L # —1 is some rational number (not necessarily positive). We can therefore compute
the discretization matrix elements on this reduced basis of functions (in this case, powers
of a), and then obtain the n — n + 2 monomial matrix element by summing over all the
powers that appear. Plugging (C.24) into (C.21), we find that for n — n + 2:

1 [m?)w N LA i u&#ﬂ] LAl

. (L) (z-L) (uf)H% (u?,l)L_% (u?)L_% (u}il)L_% 2
Licila™] =
2
2 |ty Hog - — ()t hog 51 L=1
(C.25)
Similarly,
1 2¢,2\3  2(L+1) ., 9 2 (pd_HE+t 1
(Z+1) ()2 - 3(L_%)(Mi—1)2 - W L#3,-1,
Tizjlaf] =
3 3 3 2
5 {3(#3)2 — 3(u 1) — ()2 log ;f?il} L=1.
(C.26)

Let us now turn to the case of n — n. As mentioned in the previous examples, the set
of functions that span fyy/(«) are

o o anh™! \/a
Jrw (@) {aL AK(a),E(a)}, {K(L’LE()}, ol tanh ™! V/a, thaL\F}, (n—n)
(C.27)

23 Although our matrix elements are formally defined only for ;1 < p’, the integral is evaluated all the way
to = p’, as this edge of the integration range is a set of measure zero.
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where K(a) and E(«) are complete elliptic integral functions. We have separated the
powers of « that multiply these functions into positive and negative powers for later con-
venience, i.e, L > 0.

We can now try to compute the discretization integrals (C.23) on these functions.
However, here we encounter a technical subtlety: sometimes, the discretization integrals
of the individual functions above are divergent. This is best illustrated by an example.
Consider our previously computed example matrix element (C.13), which we can write as

1 K(a Ela
MG ) = e K@)+ Blay + e (B - BN ey
where the coefficients ¢; can be read off from (C.13). Now consider performing one of the
discretization integrals on the third term

T . |:I((Oé):| — /H? dIu/Q ,U/ /M?/Ml2 dOé K(O[) (C 29)
I oy ui oy /u? a '

As we can see, the integrand diverges near a = 0 and a = 1 (since i < j, there is only one

singularity at o = 0, which corresponds to pi—1 = 0). However, the same discretization
integral on the full matrix element in (C.28) is finite. The reason is that the divergence
appearing above is precisely canceled by the same divergence appearing in the last term,
%. That is, the combination
K(a) Ela) w 3rna

is clearly finite as @ — 0. For this to be the case, it was crucial that the same multiplicative
constant multiply the singular terms (in this case, c¢3). On general grounds, we expect this
to be true as the Fourier transform formulas given in [29] are finite for u < u/. We also see
this at empirical level in the structure of our matrix elements; any divergence appearing
in functions like K (a)/al is accompanied by the same divergence appearing in F(a)/a”
but with opposite sign. Thus, all divergences in the n — n matriz elements cancel. We
shall now outline the method to quickly compute the discretization integrals, and extract
the finite contribution without having to laboriously keep track of all of the divergences.

The key point is that because all matrix elements are finite, we can get away with
keeping track of only the finite part of each “building block” function. Returning to our
example, since

K(a) _
— = 31
~ % + 3 + O(a), (C.31)
we can ignore the 5 piece since it will eventually cancel with the same term in ( ) . Using
the series expansions for K(a), E(a), and tanh™!,
X [ (2n)! \?
K =57 (20 Yo
= 2 \22(n!)?
< 1/ (2n) \? 1
E(a) = — " .
(@) 7;) 2 <22”(n!)2) 1—2n" " (C.32)

N\»—A

tanh™ 1\/5—2

2n+1
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we can easily extract their finite contributions to the matrix elements and drop the diver-
gences, with the understanding that they all cancel at the end. For example, the finite

contribution from @ is
K > 2n)l 2
K@  _ 57 (2( n) 2) an1 (C.33)
@ fnite n=1 2\2 n(nl)
and so
ite) [ K () 5 W /n >/ (2n) \?
I(ﬁn}te)|: ] :/ du'? // d ( ) n—1 34
T e, W e 2 ) (3

The sum and integration can be interchanged since the integral converges absolutely, and
the result can be resummed to give an answer in terms of 3F5 and 4F3 hypergeometric
functions. Using this algorithm, we can thus extract the finite pieces of all the functions
in (C.27). The final discretized matrix element is obtained by summing over these pieces,
multiplied by their accompanying coefficients in the matrix elements. We summarize the
results below. Unfortunately, there are many special cases that depend on the power L,
but once they have been tabulated they are computationally inexpensive to implement.

Summary of n — n discretization integrals for odd n. First, we begin with odd n
where we only encounter elliptic functions (and powers of «), but not the tanh ™! functions
in (C.27). We define the useful functions

L
T 11 L+1 11 1 1
G =—" 3B+ = L+1:1,L+22) - ——gF(+= = L—=:1,L+=;
L:l:(x) 3(L—|—1) 3 2( 2727 + 5Ly + 71') L_%fi 2( 2727 27 3 +2,$)],
I2(L+1) 1 1 11
H = 2 19, F(—=1,L+- L+-—:= L+1,L+1:
L:I:(:E) 3F2(L+1)|: 4 3< 27 bl 25 +2,2a + 9 + 7‘T>
1 1
+4F3(1,1,Li2,L+2;2,L+1,L+1;x”,
D(L+2)T(L+241) 3.1 5 5
J =_ 22 [5F(1,1,L 4 - L+22,L+-,L ;)
Li(IIJ) 15F2(L—|—%) T |04F3 +2 5 + +2 +2x
5 3 1 7 5 5
— o F5 (1, L+=-4+— L+2— L+— L+—; . (C.35
4 3( 727 +2 27 + 727 +2a +27x):| (CS)

The functions with a “+” subscript will correspond to integrals of expressions containing
K («), while those with a “—" subscript will correspond to E(a). It will also be convenient
to define the shorthand “+ perms” as

g(ud, 1) £ perms = g(uf, 1if) — (i1, 18) — g(uf, 17-1) + g(pdy, ). (C.36)
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Then, fori < j, we have

1 2
1 I
Tic [aLK(a)}LN) ” = (M?) (#)2) Gry <H12> + perms,
>0, ;
L 2 2\ 2 1
Liss [a ( )}L>o Ll (Mi) ('u’i) Gr- (H12> +perms,
' j
(finite) K(O[) _(,2 2 % &12
Fisi { ol Jieqos.y (Mi) (Mj) Hry 1 perms,
nite E(Ol) (1 *QL) 1 MQ
zfinite) [ ] = 2 PATRE = S s B R
i< U P 1 (Ml) (M,) Njg perms, (C.37)
2 3 2
(finite) |:K(Oé :| _ I (L+1) 2\2 2 22 i
T . i) log (i )+ ()" Jr+ | — | perms,
L ah Jrefopggy 3TA(L+3) (1) o 1) + ()" 7

For i =j, we have
T3Py (£4,4, 1+ L5124 L;1)
L20L#5 3(L+1)

- [(M?—l) (M?) %GL:i: (Nj21 ) —(M?—1)3GL1(1)] :
nite K(a % % F2 L+l
R L (SR CR )

11
X4F3(171,L+,L+;2,L+1,L+1;1>

Ly [o"{K (), B(a)}]

l(“‘ 1)( ) HL+<M/;i )—(u?_l)gHLJra)],

nite) | & 3 (1—2L)F2 I[—1L
I((iﬁi)t)[ OES)LE{LZ&--}:[(M?) —(u?_l)ﬂ 12F2(LS_1)2)

1
><4F3< 1,L— L+ ,2,L+1 L+1: 1)
2

Sl (5) (e

3
2

D 7 5 5
X 4 F3 (1,2,L~|—2,L+2;2,L+2’L+2;1)

et () ]

1
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S 1) o))
2 -

1
B [(u?)g—(u?l)g} (L+1)I2(L11)

1572 (L+3)
><4F3(1,;,L+1,L+2;;,L+2,L-i-;;l)
oo 3 P\ 175 N3
+ 5(#1—1) JL—( 2 _i(ﬂi—l) Jr—(1)| (C.38)

Summary of n — n discretization integrals for even n. For the even sector of the
n — n matrix elements, it will be useful to define the functions

3
6L+ 1tanh—!\/z—2(L4+1)22 B(x,L,0)+(2L—1)B(z,3 4+ L,0)

Pr(z)= 3(L1)(20-1) r<l,
3vg+logb4+2(L+1)¢(L)—(2L—1)y(3+L) 1
3(L+D)(2L—1) =1
32 _
T21428L . . =0,
_ ) —92®(z,1,L+=)—24(L—1)z2 F1( 3,1;2;2)+4(2L+1) (—1+2F1 (2,1, 552
Qr(x)= ( 7) 9(L£41)(24L+)1)x ( (114m)) O<z<l1, (C.39)
—8+18vp+3m—4L(4+37)+54log2+18(L+3) 1
I8(L—1)(2L+1) =4
32 _
5+20L 1 1 5 3 7 x_o’
N 9x®(x,1,L++ )4+4(34+6L+62—6Lx—3(2L+1)2 1 (1,1;2;2)+2(L—1)222F1 (2,1, 552
Ry ] et SICEDLOES S (G130) o per
244+m—4Lm—6H 3 —18log2
4 —
6(L—1)(2L+1) r=1,

where 3(z, a,b) is the incomplete beta function, g is the Euler constant, ¢ is the digamma
function, ®(z, s,a) is the Hurwitz-Lerch transcendent, and Hj, is the harmonic number.

With these definitions in mind, we have for i < j:

3 2
[k tanh~! —— (2P (B
Tii<j) [a tanh ﬁ}LZ_%7L¢{07%} = (,u,)) Pr, <M2> + perms,

j
I(ﬁnite) [tanh_l \/a (/1«12)

(i<y) L 1
o lieppruy
2\ [ 2\7 1
1 1 i
i Wi )" Rp | — | £ perms,
02)" ) ()

N

1 ©2
(MJQ) 1 Qr (;é) =+ perms, (C.40)
j

I(ﬁnite) tanh ™ \/a
(i<i) ol

Le{z,z,w )

I
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and for i =,

ye+logd+y(L+3 3 2
(=) [O‘Ltanhil*/ahz_%#{o,é}: - 3(L+1§ } [@?) ~(ut) }
+ (M?)%P (“521>—(M?_1)3PL(1)],
i anh v/« D=y (L+3 3 3
I((iﬁ:njl)te) [‘”10;/»] I w(4?3(1¢(L)+4) [(Iulz) 2_(%271) 2} (C.41)
—[(M?—1)4( 12)iQL<M521>—(u?_1)2QL(1)1,
(finite) tanh_l\/a _w(ﬁ)_w(l’—i_l) %_ $
Ly [QL]LE{iZf’}M[(ﬁ) (:U*izfl) }

s CONGRAC- RO

These formulas exhaust all of the cases we encounter in the matrix elements. We have
checked this expressions against matrix elements obtained using Fock space methods (out-
lined in appendix D). In practice, to implement these formulas, it is computationally fast to
tabulate them over (i,j) in the form of a “reference” matrix. Then, the final discretized ma-
trix element can be obtained by summing over these matrices, weighted by the appropriate
basis coefficients.

D Lightcone Fock space methods

In this section, we outline an alternative way to construct the basis and matrix elements us-
ing Fock space wavefunctions, rather than Fourier transforming position space correlators.
Although this method is computationally slower than the methods given in appendix C,
it is nevertheless useful for two reasons. First, it provides a consistency check with the
formulas in appendix C. Those formulas have many moving parts, and finding agreement
between these two methods is a highly nontrivial check. Second, it is often easier to gain
intuition for the structure of matrix elements in Fock space (e.g., computing perturbative
corrections is often conceptually and technically easier to see in Fock space).

The idea is to work directly with the free theory wavefunctions Fp(p1,...,ps) of an
operator, defined by the overlap

(O(0)lp1,---,pn) = Fo(pr, .-, pn)- (D.1)

Note that our operators are Dirichlet, which in momentum space translates to overall fac-
tors of the momentum p;_ ... p,_ in the wavefunction. To tidy up some equations, we can
pull out this overall factor of p;_ ... p,_ and define a ‘barred’ wavefunction Fo(p1,...,pn)
such that

Fo(pi,...,pn) =p1-D2— - Pn— Fo(p1,....pn). (D.2)
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Then, any basis state can be expanded in terms of this wavefunction

A2 s 1 d*py - dp, 3
0,1 \/27r/ ol -1 f—\kilb( )n'/(%)%?pl—'“?pn— (2m)’5 sz

Xplf“‘pan(’)(pla'--7pn)|p1a--->pn>a (D3)

where our normalization for the Fock space states is?*

(pla) = 2p—(2m)%6@ (p — q). (D.4)

Eq. (D.3) leads to the inner product
(0,10, j) 1 /A2 /A2 2 , Y
2p_(2m20@(p—p) 2l 'k T o s +|1m +|k )5 ()

2 e — J—
x (2m)6 (12 —M’Q)/dpldp” 27)36() <sz >p1—---pn_Fo(p)Fo'(p)- (D.5)

(27.‘.)271

Using the equations of motion and the choice of our reference frame p; =Y ;' p;1 = 0, the
set of delta functions can be expanded out

2 2
p,
DS pi—p) =6 (L — LN (S —p )6 (S |- (D.6)
i 7 2pi- 2p- i i
Here, it is useful to define the dimensionless variables
T, = pi_) Yi = piL? (D7)
p- I
such that the wavefunctions then have a scaling set by
k_
Fo(p) = ul*Ip* Fo(z,y). (D.8)

Using this scaling, and the fact that the weight functions b;(x), bj(p) are defined to be
orthonormal when integrated over p?, the inner product factorizes into a piece that is
diagonal with respect to i, j and a piece that depends on O, O’:
(0,i|O',j)
2p—(2m)20@) (- ")

= (Sij -Toor. (Dg)

To determine Zper, we can choose integration variables defined by

21 =(1—2)(1—2)(1—z3) (1 — 20-1),

To = 21(1—22)(1—2’3)‘--(1—2:”_1),
T3 = zo(1—23) (1= 2p-1), (D.10)
$n - ZTL*].)

24We adhere to the conventions in [24].
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where the z; range from [0, 1], and
yi=—(y2+ys+ - +un),
Y2 = @1\/21(1 —z1) (L= zn1) —21(ys + -+ yn),

Yz = ﬂz\/ZQ(l —22) (L= 2p—1) —22(ya + - + yn), (D.11)

Yn = gn—l Zn—l(]- - Zn—l)-

These variables nicely implement the constraints given in (D.6), such that the original set
of delta functions simply reduce to a single delta function

NE) (sz —p) — 535 <ni T 1) : (D.12)

1

Introducing angular variables for the remaining ¢ variables to implement this constraint
g1 = sinfysinfy - - -sin @, _o,
7o = cos @y sinfy - --sin b, _o,

3 = cos By sinf3 - - -sin b, o, (D.13)

Un—1 = €08 b2,
where 0; € [0,7] for i = 1,...,n — 3 and 0,2 € [0,27], we find that the inner product
becomes
(0,il0",))
2 2m26D (5 §)

=0y - Loor,

3
2

1 51
Too = W/dzl---dznl (H 22 (1—2)2 ) (D.14)

X /d@l <o dBp_o Hsinjfl 9j Fo(z, 9)?@/ (2, 9)
J

Eq. (D.5) gives the inner product of two operators in our basis in terms of their momentum
space wavefunctions. One can use this expression to construct the basis states by tabulating
a list of Dirichlet monomials at and below a given Apax and their associated momentum
space wavefunctions, and then compute the Gram matrix using (D.14) between different
monomials.

Now, let us turn to the matrix elements. First, let us start with kinetic term matrix
elements corresponding to the free part of the Hamiltonian. This part of the Hamiltonian

can be expressed in terms of raising and lowering operators as?’
d2p p2
pleFD) :/ ala,—&. D.15
+ (27T)2 P p2p_ ( )

#5See [24] for details about constructing the Hamiltonian in terms of creation and annihilation operators.
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Note that this term preserves particle number, so that we consider sectors with differing
particle number separately. Inserting (D.15) in between two basis states and using the
coordinate transformations in (D.10), (D.11), and (D.13) we find that

(0P 0nG) (M?H + 2

2p_(27)262) (' — p”) 9 ) % - Zoor- (D.16)

Next, the mass term gives rise to a correction

2

2
(m) _ d“p m
5P+ /(2F)2a;apm. (Dl?)

Like the kinetic term, this term preserves particle number. We can use the same coordinate
transformations as in the inner product and kinetic terms to arrive at

<(91|<5P |O’ o 2(1+ 8n2) / ;, ( 1 )
2p_(2m)20) (P — p’ )_5J(n—1'2" 2m)2n—3 dz1 -+ dzn-1 Hz 1—z)% Zn—1

X /d91 e d@nfg (H Sinj_1 03) F@(Z, G)F@/(z, 0) (D.18)

J

Next, the quartic interaction in the Hamiltonian gives the terms

5PJ(rg) _ i/ d?pd2qd?k 4a a a,];ap+q+k +ohe 4 6a al Gk Qptq—Fk
24) (2m)S/8p_q-k— \ v/2( p7+q7+k¢7) V2(p-+q- — k)

(D.19)
As explained in appendix C, we can divide this into an n — n particle number preserving
piece 5P4(rn_m) and an n — n + 2 piece 5P(n_m+2) Recalling the definition for the matrix

element in (C.4), the n — n + 2 matrix element (before discretization) takes the form

n—n g d2p "'d2pn =
MG () = G(n_l)!/(% - (2m)35° Zpi—p p1- - DPn_Fo(p)

)2n2p1_ v Qpn_
d?pl - .d2p%+2 . )
27)363 A I For(p)
. / (2m)2n+42p) - -2pg+2,( ™) ;PZ P P Prao—For(p)
X 2pa— (27T) 52(}72 ) - 2Dy — (27T)252(pn — p;b-i—?)‘ (D.QO)

It is useful to change variables separately for the both the primed and unprimed vari-
ables. That is, we take (D.10) and (D.11) for the unprimed variables and

vp=(1—2)(1—25)(1 = 25) - (1 = 2541),

Ty = (1= 2) (L= 25) - (1= 2pp1),

P 2h(1—z25) -+ (1= 20 4), (D.21)
:U;HQ = 21,1-5-1
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for the primed coordinates and analogously for (D.11). We then find

nn gny/(n+1)(n+2) 1 n-s
./\/l( — +2)(Maﬂl): ( )( )'U/

oo 2 o 4 le"'danldgl“'dgnfl

l\.’l\w

(H : m) (Zyn 1_1> Fo(=7) [ dsdshgdgh 43 (1 )24t (1 2

n—1
x4 <y1 +iE+a ) ip —1> For(Z,8,7), (D.22)
=1

where o = p2/p/?. The first delta function constrains the n — 1 §’s, which correspond to
the variables of the spectator particles, to a sphere of radius 1. The other delta function for
the interacting particles constrains ¢’ to a sphere of radius 1 — «, which makes manifest the
restriction o < 1 (i.e., u < p'). Parameterizing these two spheres with angular variables

for the spectators and interacting particles we obtain?%
(n—n+2) n o g 1 »n-s
MOO’ (Naﬂ ) - (n _ )]37r2n23n+4 EO[ *
B % Si41) % N 2
dz1 -+ dzp_1dz1dz, H Z; 212(1—21)2252 (1 — 25)

/ dby - - db,_odb’ (Hbmﬂ )F@(z 0)Fo(<,0,0,a). (D.24)

Finally, we turn to the n-to-n part of the quartic interaction. It takes the form

(n—n) , :gn(n—l)l/ d?py -+ d*py, 971363 o I
MOO’ (,U,,,U,) 4 n (27r)2n2p1—"'2pn—( 7T) ;pz D | P1- Pn— O(p)

d2p/1-~d2p;1 353 / AW I
X/(27r)2"2p’1 ———(2m)”0 Zpi—p P pp_Fo(p)  (D.25)

2p,—
X 2p3_ (27r)252 (p3—p5) - 2pn— (27r)252(pn —l).

Performing the coordinate transforms in (D.10) and (D.11) for both the primed and un-
primed coordinates, we find

n—n g - -
MU (1 1) = EEEeT /dzldyldz;dy;\/zlu AL —2)

x5<2g31>6<g32+a2g31> (D.26)

1=2

3
/dZZ ~dzp— 1dy2 dyn 1 <H22 Z)5 )FO(Z y)FO(z y)

i>1

26Note that the special case of 1 — 3 is given by

1 L _
Mo ) = 5 /dzgdz;de’zfu )R~ )2 Fer (2, 6). (D.23)
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We can use the delta functions to perform the integration over the ¢ coordinates of the
interacting particles. Note that they impose the constraints

=+V1— 72, 7 = +V1 — a2, (D.27)
where
=005 — Jare (D.28)
Note that when a = 1, the two constraints coincide, and the range of integration 7 is
taken to be between [0,1]. Similarly, when o < 1, the reality condition on ; requires
7 € [0,1], which automatically satisfies the constraint on ¢;. However, when o > 1, the
reality condition on ¢} provides a stronger constraint and requires 7 € [0, a V 2.
Defining spherical coordinates for the remaining spectators
7o = 7sinfy sinfy - - -sinb,,_3,
93 = 7 cos B sinfy - - -sin B,,_3,

J4 = T cosfysinfs---sin b, 3, (D.29)

gnfl = 7' CO8 971737
and defining
FO:I: = F(’) yl :|:\/ 1-— 7’2 FO’:I: = FO’ yl :|:\/ 1-— OéT‘2 (D30)
the matrix element can be summarized as
g 1 =-3
(n _ 2)!7r2n—223n+2 ’u/

3 5i—3
/dzl ~dzp— 1dzl\/zl(1—zl)zl(1—zl <HZ2 —z) 2 )

i>1

ME™ (1) =

~n—3

min(l,a‘l/Z) 4 7
d~/d9 cedf,_ 19,
x /0 7 [ doy 3 E[sm N r

X (ZF()(Z,f,@)) (ZF@/(Z, Var, 9)) . (D.31)
+ +

The discretization procedure for the matrix elements (D.24) and (D.31) can be carried out

using the methods given in C.2. Note that (D.31) already suggests the simplifications in
the hypergeometric functions we saw in appendix B.4. If we imagine expanding F o, F¢r in
monomials, then the 7 integral will schematically give rise to elliptic functions and tanh~*
functions, depending on n and the monomial power of 7.

E State-dependence in ET and LC quantization

In this appendix, we discuss in more detail the origin of state-dependence in UV divergences.
Specifically, we consider the leading correction in ET quantization to the mass of an n-
particle state with general total momentum pio¢ due to the sunset diagram. Given a UV
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cutoff A on the total invariant mass of the intermediate state, we then demonstrate that
the effective cutoff seen by the loop momenta depends on the momenta of the spectator
particles, as well as the total momentum of the external state. Finally, we obtain the
effective cutoff for LC quantization by taking the infinite momentum limit |piot|—00, which
behaves qualitatively differently than ET quantization at finite total momentum.

In ET quantization, let’s consider some initial n-particle state |pi,...,py) in the free
massive theory with total momentum pi., which we can choose to point in the z-direction,

Dot = Zﬁ} = (Ptot, 0)- (E.1)
i=1

If we add the interaction g¢*, at O(g?) in perturbation theory this n-particle state receives
a correction due to mixing with (n + 2)-particle states, represented by the sunset diagram
in figure 1(b). Of course, this state also receives a correction from (n + 4)-particle states,
corresponding to a “backwards” sunset diagram. Here we’ll only focus on the (n + 2)-
particle contribution, as this is the one that survives in the large momentum limit, but
both have the same qualitative behavior for the resulting state-dependence.

In the sunset diagram, one of the particles (which we have labeled by momentum p;),
splits into three intermediate particles, with individual momenta #1, ¢5, £3. Of course, the
spatial momentum is conserved in this process,

pi =01+ bo + 03, (E.2)

while the energy is not. We can parametrize the total energy of these loop momenta with
their invariant mass u%oop,
:ulzoop = (61 + €2 + 63)2; (E3)

Eioop = 1/ IDi* + tfp- (E.4)

The remaining n — 1 of the particles are “spectators”, with energy fixed by their incoming

E; = /|52 + m2. (E.5)

The total energy of the intermediate (n 4 2)-particle state is thus

EtOt = \/ ‘172’2 + lulzoop + Z \/ ’]5}‘2 + m27 (Eﬁ)

JFi

such that the energy is

momentum,

and the total invariant mass is
2
2 /= /1= S 2
Hiot = |pi’2 =+ M1200p + Z ‘pj|2 + m2 - ‘ptot’ . (E7)
J#i
When imposing a UV cutoff A on the intermediate state, we specifically place a bound

on the total invariant mass,
2 2
oy < A7 (E.8)
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We can discover the resulting effective cutoff Ajqp seen by the loop momenta by inverting
eq. (E.7), to determine N1200p as a function of p2,

2
:ul2oop Y ’ﬁtOt‘Q + M%ot - Z \/ ‘ﬁ]|2 + m? - |ﬁ2|2 (Eg)

J#i

We therefore obtain the following relation between Ajyqp and the UV cutoff A:

2
Afop = | VIBrot]? + A2 =D /1512 +m? | — |7 (E.10)

J#i
The effective cutoff is clearly state-dependent, with its relation to the universal cutoff A
dependent on the momenta of all particles in the external n-particle state.

We are particularly interested in studying this effective cutoff in two limits. The first
is the standard center-of-mass frame where pior = 0, in which case we have

2
Moo = (A= VIFP+m2| =P (Biot|0). (E.11)
J#i
In this case, the state-dependence is simply a finite additive shift, such that in the limit
A—00 we have
Moop A = O(A%)  (|ot] —=0). (E.12)

This additive shift is unsurprising, as some of the “energy budget” is taken up by the finite
energies of the spectator particles, leading to a lower effective cutoff for the loop momenta.

The second limit we would like to study is the infinite momentum frame, which corre-
sponds to working in LC quantization [40-42]. Specifically, if we choose ptot, to point in the
x-direction, we want to take the infinite momentum limit with the ratio of the x-component
of each particle’s momentum to the total momentum fixed,

T

| Dot | =00, ij;j fixed. (E.13)
tot

In this limit, we then obtain the qualitatively different relation between Ajyop, and A:

2 2
p;+m
2 2 J

Aloop:xi A —E —_

) - piL (IPtot| —00), (E.14)
iz

where p;; = p? is simply the y-component of each momentum. As we can see, the state-
dependence is now a multiplicative factor, in addition to the additive shift, such that at
large cutoff we obtain

1 S
Aloop ~ \/EA - O(A) (|ptot|_>oo)' (E15)

In LC quantization, the effective cutoff for the loop momenta is thus suppressed by
the momentum fraction x; carried by the loop. This is quite different from the behavior in
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State—Dependent Cutoff: Varying A and 1Pl
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Figure 15. Effective cutoff Ajoop (in units of the UV cutoff A) as a function of A for different values
of |Ptot|, when the external state is the lowest two-particle state. For any finite value of |fiot], the
effective cutoff eventually reaches A, but for |piot|—00, the effective cutoff only reaches %A.

ET quantization, where the effective cutoff is approximately the same as the total cutoff,
up to a finite difference due to the spectator energies.

The origin of this multiplicative factor is perhaps simplest to understand directly in
LC quantization (rather than by taking the infinite momentum limit of ET quantization).
In this case, the LC energy of the three particles in the sunset diagram is

2 2
Py + lu’loop

E.1
opr (E.16)

Given a cutoff A on the total invariant mass, we thus obtain the following bound on the
LC energy available to the loop momenta,

A? pJQ' L +m?
Dloop+ < D - — (E.17)
oop 2ptot— Jz;: 2pj7
Converting this to a bound on ufoop, we find
2 2
A2 ij +m 2

> | L (E.18)

2
Hioop < 2pi— ]
2Ptot— i 2pj—

exactly matching the expression obtained by taking the infinite momentum limit of (E.10).

To better understand the transition between ET and LC behavior as |piot| increases,
let’s consider the case where the external state is the lowest n-particle state, where all
particles have p; = %ﬁot- In this case, eq. (E.10) takes the form

2(n—1 . S =
Mg = 82+ 2= 12+ 22D (5502 P+ A (4 ) ). (E19)
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Figure 16. Example of an O(g%) contribution in perturbation theory involving multiple sunset
subdiagrams. The finite state-dependence for all such higher order processes is set only by the

momentum fraction carried by the individual sunset diagrams (for this example, p’: 1; and pf; ),
just like for second-order processes.

Figure 15 shows Ajyep as a function of A for the case n = 2, with a variety of values for
|Dtot|- As we can see, for |piot| = 0, the effective cutoff quickly asymptotes to A for large
cutoffs, as the finite additive shift becomes negligible. However, as we increase |piot|, we

see that Aj,qp first approaches the reduced value of %A (set by the momentum fraction

1
L)

much larger than the total momentum. As |piot|—00, this transition is removed, such that
the effective cutoff remains fixed at the reduced value of /z;A.

This multiplicative factor leads to very different behavior in the structure of state-

x carried by the sunset diagram) before eventually reaching A once the cutoff becomes

dependent counterterms between ET and LC quantization. Given a UV divergence of
O(A™), we see from eq. (E.12) that in ET quantization the state-dependence only arises
at O(A™1). In other words, state-dependent counterterms necessarily have a lower power
of A than the leading local, state-independent counterterms. For example, in 3d ¢*-theory
the logarithmic divergence in the bare mass results in no finite state-dependence for ET
quantization, as discussed in [34]. However, in LC quantization, the state-dependence
occurs at O(A™), such that state-dependent counterterms have the same power of A as the
leading local counterterms. Though we have been specifically discussing the UV divergence
in the mass due to the sunset diagram, note that this analysis generalizes to any UV
divergence in deformations of free field theory.

So far, this discussion has focused specifically on state-dependence that arises at second
order in the coupling g. At higher orders in perturbation theory, one can encounter much
more complicated processes, such as the example shown in figure 16, containing one or
more sunsets as subdiagrams. Note that this figure is not a Feynman diagram, but rather
a representation of an O(g%) contribution to Hamiltonian eigenstates in old-fashioned per-
turbation theory. The relative horizontal positions of interaction vertices thus indicate the
order in which the insertions of the Hamiltonian act and determine which intermediate

states contribute to this process.?”

2TConcretely, this example isa 5 — 5 — 7 — 9 — 7 — 5 — 5-particle process, indicated schematically
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If we repeat the above analysis for the two overlapping sunset diagrams in this example,

we see that the additive shifts for the loop cutoffs are much more complicated than the

2
loop

the momentum fraction carried by each individual sunset diagram) follow simply from

O(g?) case from above. However, the multiplicative factors A — z;A? (where z; is
LC kinematics, as we saw in eq. (E.18), and are therefore insensitive to any other part
of the diagram. Because each sunset diagram is logarithmically divergent, the only finite
state-dependence comes from the multiplicative factors. Concretely, this means that sunset
subdiagrams of higher order processes, even those in parallel with other sunsets, all lead to
the same finite factors of log z; as in second-order processes. This observation is crucial to
ensure that our O(g?) state-dependent counterterm is sufficient to remove state-dependent
UV sensitivities at all higher orders in g.

F UV and IR cutoffs in truncation

As discussed in appendix B, each CFT primary operator constructs a continuum of basis
states, parametrized by their invariant mass p?. To obtain a finite-dimensional basis,
we must therefore discretize the parameter p? in some way. Regardless of the choice of
discretization scheme, this inherently leads to a UV cutoff Ayy and IR cutoff A, roughly
corresponding to the largest and smallest values of u, respectively.

In this work, we have chosen to keep Arr fixed at some small scale and increase the size
of our basis by increasing Ayy. However, one could naively consider doing the opposite,
keeping Ayvy fixed at some large value and adding more states to the basis by decreasing
Ar. However, as we demonstrate in this appendix, there is actually a lower bound to the
size of Ajg we can safely consider for a given value of Apax. In short, at any truncation
level Apax, there is an effective UV cutoff Aeg which is set by the IR scale A, with the
following schematic relation,

Aeff(Amax) ~ AIRA%axv (Fl)
for some parameter «. If we set the IR cutoff Ajg to be too small, the effective UV cutoff
At then becomes comparable to the parameters in the theory (such as g or m), leading
to errors in our truncation results. By contrast, if we hold Ag fixed and increase Ayy, we
simply find that results become insensitive to Ayy once it passes Aeg.2®

To see the emergence of this Ajg-dependent effective cutoff, let’s compare the leading
correction to the mass of the one-particle state and the lowest two-particle state, due to
the sunset diagram. Figure 17 shows both mass shifts as a function of Ag, for Apax = 16
and Ayy/m = 100, compared to the theoretical prediction

2 Auv 2

2 g ( +1)
== . F.2
" low = 06w Og<8(A;iV—1) "

by the vertical dashed lines between interaction vertices.

Z8Note that this effective cutoff Acg is not directly related to the state-dependence discussed in appendix E.
State-dependent UV divergences arise from the relation between a cutoff on the total mass of intermediate
states and the resulting cutoff on subsets of particles, and are present even in continuum QFT. The effective
cutoff we are discussing now is specifically a consequence of truncating the set of primary operators in
intermediate states.
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Effective Cutoff: Perturbative Mass Shift
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Figure 17. The O(g?) correction to the one-particle state (blue) and lowest two-particle state
(red), normalized by the theoretical prediction set by Ayy (black line), as a function of A, for
Anmax = 16, Ayy/m = 100, and r = 0.8. The two-particle shift continually decreases as Air
decreases, indicating that it sees a separate cutoff than Ayy.

As we decrease A (i.e., add more states to the basis), the shift for the one-particle
state (blue) quickly approaches the theoretical prediction, as we would naively expect.
However, the shift for the lowest two-particle state (red) starts out comparable to the
theoretical prediction, but continually decreases as we decrease Ajg. This indicates that
the sum over intermediate states for the two-particle mass shift is seeing a different cutoff
than the fixed Ayy, one which depends on Ag.

Note that this particular quantity (the second-order mass shift) is very UV-sensitive,
which makes it a useful probe of the effective cutoff seen by intermediate states. However,
IR observables (e.g., spectral densities) are insensitive to the precise UV cutoff, so long
as it is far above the other mass scales of the theory. We therefore do not see significant
deviations in these observables as we vary Agr, such as in figure 23.

We can see this effective cutoff even more explicitly by looking at the sum over inter-
mediate mass eigenstates that determines the mass shift. From old-fashioned perturbation
theory, the second-order mass shift for a state |¢) is simply

9\ = [Wle i) >

where the intermediate states |u;) are three-particle mass eigenstates for the one-particle
shift, and four-particle states for the two-particle shift. Let’s focus specifically on the
matrix elements in the numerator, removing the difference in masses from the denominator
to obtain the simpler sum

S Il ~ A% (P.4)
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Figure 18. Sum over intermediate matrix elements for the one-particle state (left) and lowest
two-particle state (right) as a function of the intermediate invariant mass y, for Aig/m = 8.5 (blue)
and Ajr/m = 1.8 (red). Both plots were made with Ap.x = 16, Ayy/m = 100, and r = 0.8, and
are compared to the theoretical prediction (black line).

Because the mass shift is logarithmically divergent, we expect this sum to be quadratically
divergent.

Figure 18 shows this cumulative sum over matrix elements as a function of the invariant
mass of the intermediate states, for the one-particle state (left) and lowest two-particle
state (right), with Ajr/m = 8.5 (blue) and Ajr/m = 1.8 (red), Amax = 16, and Ayy/m =
100. As we can see, the one-particle matrix elements match the theoretical prediction
(black line) across the full range of p, and decreasing Arg simply increases the density of
intermediate states in the IR. However, the two-particle matrix elements initially agree
with the theoretical prediction in the IR, but then deviate as we move to higher values of
p. In particular, the data for the lower value of Ajg begins to flatten out near £ ~ 20,
indicating that while the naive UV cutoff is Ayy, in practice this sum sees a much lower
effective cutoff. If we continue to decrease Ar, this deviation occurs for continually lower
values of p.

It therefore appears that A indirectly sets an effective UV cutoff for the intermediate
states, but why? As we’ll now argue, this effective cutoff arises due to our truncation of
the CFT scaling dimension of the intermediate basis states. To see this, note that the sum
over matrix elements (F.4) is approximately equivalent to computing a free field theory
four-point function

>0l ) = (0¢'60), (F.5)

where O = ¢ for the one-particle matrix elements and O corresponds to any two-particle
operator (such as ¢?) for the two-particle matrix elements.

In particular, by computing the UV divergence due to the sunset diagram, we are
essentially computing the contribution of ¢? in the OPE ¢* x ¢?,

(O(21)¢" (22)¢" (23)O(24)) D é(o(xl)qﬁz(fﬂz)@(m»- (F.6)
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Figure 19. Schematic bootstrap diagram showing the relation between the UV divergence at
second-order in perturbation theory and the sum over intermediate states. The UV divergence
comes from the contribution of ¢? to the OPE ¢* x ¢* (left), and is reproduced by the infinite sum
of primary operators in the O x ¢* OPE (right). Truncating the sum by A,y sets an effective UV
cutoff for the OPE singularity.

More precisely, we are computing the Fourier transform of this contribution to momentum
space, but it will be simpler to study this behavior in position space. From this perspective,
we are inserting a complete set of intermediate states from the OPE O x ¢* to obtain an OPE
singularity in another channel, which we can represent by the familiar bootstrap diagram in
figure 19. As is well-known, this singularity is specifically reproduced by the infinite sum of
high-dimension primary operators in the cross-channel [60-63]. If we truncate this sum and
only keep primary operators below Ay, this limits our resolution of the OPE singularity.

We can phrase this statement most concretely in terms of the familiar conformally-
invariant cross-ratios,

2 .2 2 .2

_ T12T34 _ T714723 F.7

= 5 2 s vV = 5 3 - ( . )
T13T24 T13T24

An OPE singularity in the ¢* x ¢* channel corresponds to the limit v—0. From the large-A
behavior of conformal blocks [62], we expect the following bound on our resolution in v

due to truncation:
1
vz 5
Amax

(F.8)

Due to the nature of crossing, the resulting cutoff on the short-distance resolution in x3,

(i.e., the v—0 limit) is set by the long-distance resolution in 22, of the conformal blocks
for the intermediate primary operators (i.e., the u—1 limit of the other channel), which is
set by Ajr. We therefore expect

1 1 1

2 < = 20> - -
x12 ~ 2 x23 ~ 2 ~ 2 2
AR Ag  ARA

max

= Aeﬁ“ ~ AIRAmaX~ (Fg)

Given our limited range of values for Apax, We are currently unable to confirm the precise
power o = 1 from our numerical data. It would be useful in future work to make this
relation more precise and experimentally confirm the scaling of Acg with Apax. For the
present work, though, it is sufficient to keep Air fixed such that the effective cutoff does
not significantly affect our truncation results.
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However, there remains one important question: why doesn’t the one-particle shift
have the same effective cutoff? From figure 17, it is clear that the UV divergence for the
one-particle mass is controlled by Ayy and is insensitive to Ajg. This is because the case
O = ¢ is unique. In taking the OPE ¢ x ¢*, we only obtain a single three-particle operator,

wmw¢%ma;¢%m+&wg+u, (F.10)

In LC quantization, the contributions from all five-particle operators vanish, leaving only
the contribution from ¢3. For this specific case, the ¢? contribution in the cross-channel is
therefore reproduced by a single operator, such that we do not obtain a Apax-dependent
effective cutoff.

For all higher-particle operators, such as @ = ¢2, we instead obtain an infinite set of
intermediate n + 2-particle states in the OPE,

o
$2(11) X $Hw2) D —— M (2) + 230, (wa) + ..., (F.11)
12 12

resulting in the emergent cutoff A.g when we truncate this sum.

G State-dependent counterterm example

In this section, we explicate the details of our counterterm prescription by means of an
example. Let us quickly recap the overall steps:

1. Diagonalize the free, massive Hamiltonian (¢ = 0) and determine the mass eigenstates
| i)

2. Compute the perturbative O(g?) mass shift 6[’612’(714—2,_(]2) for each mass eigenstate,
coming from the n — n + 2 interaction.

3. In the basis of mass eigenstates, the state-dependent counterterm is then given by a
diagonal matrix with entries —6u?|(n +2,42)- By applying a rotation, we can compute
it in terms of the original primary basis.

4. Finally, we also introduce a local mass shift 0L = %Cngqu, where for a given Apax,
the coefficient ¢y, is chosen to optimize the rate of convergence (see section 5).

In order to illustrate these steps, let us consider a reduced basis at Apa.x = 8. At this
truncation, the Zs-odd basis consists of a one-particle state, five three-particle states, and
a single five-particle state. The state-dependent counterterm will therefore have a piece
that comes from the mixing between one- and three-particle states, as well as a piece due
to the mixing between three- and five-particle states. To keep this toy example as simple
as possible, let us set imax = 1. To implement step 1, we set g = 0, so that the Hamiltonian
is comprised of the CF'T piece and the mass term,
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000 050 0 00 0/-4.502 21. 0 -2574 0 | 0
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00 0 005 0/0 0/-2.287 2574 0 25 0 | O
00 0 0 0 050 ol 0 0 3162 0 175| 0
00 0 0 0 0105 ol 0 0 0 0 0 [38.333
(G.1)

where we have omitted any i, j labels, since in.x = 1. For clarity, we have delineated
the different particle sectors. We can now diagonalize this Hamiltonian to obtain a set of
mass eigenstates |u;). For each eigenstate, we can then compute the mass shift due to the

n — n + 2 interaction from old-fashioned perturbation theory,

2 4 2
g | (il " 1) |
01t (n+2,97) = <4,) D B

;=1 (G2
k i

where (p;] is the n-particle mass eigenstate and |ug) is the (n+ 2)-particle mass eigenstate.
Here, due to the Anax we have chosen, the states that recieve a correction due to the
n — n + 2 interaction are only the one- and three-particle states, as there are no seven-
particle states to contribute to the five-particle state. As matrices (or in this case, as row
and column vectors), the n — n 4 2 interaction term takes the form

0.0559
—0.0094

(6*)'7* = Auy (0.0155 ~0.0095 0 —0.0008 0 ) PP =Apv| o0 |,

(G.3)
where the factor of Ayy = 0.5 comes from the discretization integral. Plugging this

into (G.2), we obtain the resulting mass shifts

0.0000183
0
Sut ~ —g®-5.1512 x 1076, Sus ~ —g° 0 (G.4)
0.0000181
2.76788 x 10~

Note that to obtain our final counterterm, we must rotate these quantities to the space
of CFT basis states, rather the space of mass eigenstates. This can be accomplished by
noting that diagonalizing the Hamiltonian gives us a unitary transformation U that relates
the basis of CFT eigenstates to the mass eigenstates. The rotation back to the CFT basis
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is then given by UDUT, where D is a diagonal matrix whose entries are the mass shifts.?’
Performing this rotation and accounting for the minus sign in step 3, we finally obtain the
state-dependent counterterm for this example

5.151 x 1076 0 0 0 0 0|0
0 1.826 x 107° 2.587 x 1078 0 1.730 x 10~7 0|0
0 2.587 x 1078 1.477 x 1075 0 6.979 x 1076 0[0
MGG — g2 0 0 0 0 0 0o |. (G.8)
0 1.730 x 1077 6.979 x 1076 0 3.639 x 107 0|0
0 0 0 0 0 0[0
0 0 0 0 0 0|0

Finally, we add the local mass shift £ = %CL92¢2, which just shifts the coefficient of the
mass term matrix elements in (G.1). We can then diagonalize the resulting matrix of (G.1)
(with the ¢, shift) plus (G.8) to determine the spectrum and mass eigenstates as a function
of g.

Finally, let us comment on a technical issue that can arise in constructing the state-
dependent counterterm. In principle, the O(g?) mass shift for every mass eigenstate |u;)
should be negative, since it is due to mixing with higher particle states. However, at finite
Apax and imax, the mass shifts computed from (G.2) can actually be positive for a few
states. This typically occurs only for the heaviest n-particle states, if there are not enough
(n + 2)-particle states with higher mass to ensure that their overall mass shift is negative.
However, as we take Apax — 00, we expect these spurious positive shifts to disappear as
we add more (n + 2)-particle states to the basis.

Naively, we should just cancel these positive mass shifts (like all other O(g?) correc-
tions) with our state-dependent counterterm. However, in practice we have found that
canceling these “wrong-sign” mass shifts leads to errors in the resulting spectrum, where
these high-mass eigenvalues rapidly become negative, “crashing” through the low-mass
spectrum. This behavior is shown in the top left plot of figure 20, where we see one such
crash in the odd sector around g =~ 2.1. In order to fix this, we simply identify all entries
in our state-dependent counterterm with the “wrong” sign (in the massive basis) and set
those entries to zero. This yields the top right plot of figure 20, where the crashing behavior

2 More explicitly, we can write the free theory Hamiltonian as the matrix M, such that
M = A+ B, (G.5)

where A corresponds to the CF'T Hamiltonian and B corresponds to the mass term. When we diagonalize
M, this gives us the unitary matrix U that relates the eigenstates |u;) of M to the basis of CFT states |O),
which are eigenstates of A,

lni) = U|0). (G.6)
The state-dependent counterterm D is diagonal in the massive basis,
(ui| Dlps) = =43 6ij, (G.7)

and we can rotate this matrix to the CFT basis by evaluating UDUT.
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Spectrum With and Without Wrong—Sign Counterterms
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Figure 20. The first five eigenvalues in the Zs-odd sector, where the wrong-sign entries in the
counterterm have not been removed (left side) and where they have been removed (right side).
Note the relatively small truncation cutoff Ay.x = 12 chosen in the top row of plots. Increasing to
Amax = 14 (bottom row), the crashing behavior moves to higher values of g.

has disappeared. Note that these wrong-sign entries are a set of measure zero of the full
basis and only affect the highest mass states, such that removing them has no significant
effect on the low-mass states (apart from the absence of crashes).

Note the relatively small values of Apayx and ipax in these plots. As Ay is increased,
the crashing behavior is pushed to higher values of g (bottom left plot). For most cases of in-
terest where Apax and imax are increased even further, the spurious mass shifts do not have
any noticeable effect on the spectrum. Nevertheless, in implementing our counterterm pro-
cedure we always set to zero any entries with the wrong sign, to ensure no crashing behavior.

H Varying truncation parameters

This appendix is an addendum to section 5. In that section, we used LCT to compute the
spectrum, eigenvalue ratios, and nonperturbative spectral densities of ¢* theory. Unless
otherwise indicated, the results presented there were obtained with a maximum truncation
level of Amax = 16, the IR cutoff set to be Ajg = 0.5, and the coefficient of the local
counterterm in our Hamiltonian (2.5) set to ¢z, = 1 (recall the normalization of ¢é;, from
eq. (5.3)). In this appendix, we vary these parameters in order to study their effects on our
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Eigenvalue Ratios: Varying A« and AR
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Figure 21. The ratios Ry.; = i%ﬂ (top row) and Rz, = %Z%’L” (bottom row) computed for
1-part.

1-part.

different Apax at Ajg = 0.5 (left column) and for different Ajg at Apyax = 16 (right column).

results. Our broad observation is that varying these parameters only leads to changes in
some scheme-dependent overall constants, with no significant effect on physical observables.

2 2
. . . u3 13 .
Let us begin by revisiting the ratios Rg.; = %:2& and R3.; = éugﬂ plotted in
1-part. 1-part.

figure 8. In figure 21, we recompute these ratios for different values of A« at fixed Ajg =
0.5 (left column) and then for different values of Arg at fixed Apmax = 16 (right column). As
expected, we see that increasing A, and decreasing Ajg bring both Rs.; and R3.q closer to
their theoretical prediction of 1, although for the range of Ap.x and Aig shown the relative

variation is quite small. At the same time, at a fixed Apax, we see that there is a cost
Mga

g/g47I1j :
text, we chose Ajg = 0.5 as a happy medium, however we could have selected a different

In the main

to decreasing Ar, because the ratios deviate from 1 at larger values of

value in the range 0.25 < A < 0.75 without significantly affecting the resulting spectrum.

Next, let us consider the effect of ¢; on the ratios Rs.;; and Rs.;. Figure 22 shows
our results for Ry.q and Rs.; for different values of é7, at Apax = 10 (left column) and at
Apmax = 16 (right column). We see that varying ¢;, has almost no effect until Zl/%ffr’ ~ 2
below which the results for different ¢, begin to ‘fan out’. At these values of Ay, it

)

is clear from the figure that we do not want to choose ¢; too far outside of the range
0.5 < ér < 2.0 shown, as this leads to significant truncation effects. In the main text, we
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Eigenvalue Ratios: Varying ¢
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Figure 22. The ratios Ry, = %’ﬁ& (top row) and Rz, = %Zg& (bottom row) computed for
1-part 1-part.

different ¢y, at Apax = 10 (left columnv) and at Apax = 16 (right column).

chose ¢, = 1 as a generic value in this range. In the Ay, — oo limit, we expect that there
should be some threshold value ¢7, min such that for ¢, < ér min the mass gap does not close
for any real coupling g. So long as we are above this threshold, varying ¢é;, should have no
effect on the resulting spectrum, as changing ¢, is just a redefinition of the physical mass.
Because we find that the gap closes for all values 0.5 < é7, < 2.0, our results indicate that
the threshold value ¢r min S 0.5. As we go from Apax = 10 to Apax = 16, we see that
overall the ratios move closer to 1, and moreover the width of the fan becomes slightly
narrower, which indicates that our range of reliable ¢;, increases with Ap.x. Nevertheless,
Amax = 16 is still quite low, and it is not yet clear what will happen for larger Apax. In
particular, it would be useful to see whether as Aj.x — 00 we encounter a finite €7, min
below which the gap does not close.

Now, let us turn to the effect of Ajg and ¢é;, on spectral densities. We start with
figure 23, which shows the effect of varying Ajg on various spectral densities computed in
section 5. The top row shows the ¢? and ¢* integrated spectral densities (which should
be compared to figure 9). We see that the ¢? spectral density does not noticeably change
when we vary Ar, whereas the ¢? spectral density seems to change by a multiplicative
factor. We confirm the latter observation in the bottom left plot, where allowing for an
overall coefficient collapses the ¢* spectral densities at different Ajg back onto a single
curve. This is consistent with the fact that the definition of ¢* is dependent on our

— 67 —



Spectral Densities: Varying Ag
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Figure 23. Integrated spectral densities computed using different Ajg at Apyax = 16 (and é;, = 1).
At bottom left, we have rescaled the Ajg = 0.25,0.75 results by overall coefficients compared to top
right.

regularization scheme, as mentioned in section 5.2. An overall scaling clearly does not
change our universality results (see figure 10), which only hold up to multiplicative factors
anyway. In the bottom right of figure 23, we additionally check that varying Amg also
does not change the spectral density of the stress tensor trace. Following the procedure
set forth in section 5.3.2, for each Ajg we compute d7 from the one-particle entry of the
state-dependent counterterm and then compute the 7% spectral density. We see that at
the critical point, the T% spectral density vanishes in the IR for all three choices of Ag
(compare with figure 13). In these plots, we have also included the integrated spectral
density of %dfl for comparison (with A labeled along each curve). Recall that %qﬁ‘l is one
of two contributions to 7%,, which does not vanish on its own and must cancel against the
¢? contribution in order for the trace to vanish.

Finally, let us consider the effect of varying ¢;, on spectral densities. The story is similar
to varying Arg in that ¢? and T, are insensitive to ¢, and ¢* changes only by an overall
constant. One difference, though, is that when varying Aig, we held g fixed, because this
Z?%;‘: fixed. When we vary ¢r,, on the other hand, mgap
changes significantly (in units of the bare mass), and thus to compare spectral densities, we

was essentially equivalent to holding

directly hold Zl/%f;; fixed when plotting results for different ¢;. For instance, figure 24 shows

— 68 —



Spectral Densities: Varying €.
1.0 1.0

2 4

0.8 ¢ 0.8 ¢
n 0.6 =20 0.6 =20
i -&LZI.O -Z'LZI.O
1504} =2,=05 04t =&=0.5
~
202 0.2
w2
o
[
e 0% 2 4 6 8 10°% 2 4 6 8 10
$0.20 0.20
=
Q A A
Q T'u'u, c;=2.0 T‘u#, CLZO.S Jﬂ_’ﬁ
g 0.15 0.15 f
g = (m?—(cL—07)g?) ¢* = (m?—(cL—07)g?) ¢*
s & 44 & 44
= m m
200.10 a? 0.10 a?
N
=
L]

0.05 0.05

B
: — = g —
0-00y 20 40 60 80%9% 20 40 60 80

Figure 24. Integrated spectral densities of ¢? and ¢* at ZL/% = 1.0 (top row) and of 1Y, at

~ 0.07 (bottom row) with A,,.x = 16 and different ¢;. All integrated spectral densities are

Mgap
g/Am
expressed in units of the coupling j=, and remain consistent as we vary cr.

the integrated spectral densities of ¢? and ¢* computed at Zz/gj; = 1.0 (top row) and of 1",

2~ (.07 (bottom row).Y Note that the horizontal axis is now p1/mgap.>!

g/4m
Relatedly, the overall scale of the spectral densities (in units of the bare mass) also

computed at

changes as we vary ¢r,. We have therefore normalized each spectral density by the appropri-
ate power of the coupling ;Z. As we can see, the properly normalized spectral density for >
is remarkably insensitive to ¢, while ¢* varies slightly by an overall constant, again due to
its dependence on the regularization scheme. Crucially, this overall coefficient has no effect
on the observation of IR universality near the critical point. Meanwhile, in the bottom row
we verify that the spectral density of 7%, is insensitive to ¢;, and vanishes in the IR.

To summarize, our main takeaway from the analyses in this appendix is that varying
Amr and ¢ does not significantly affect our main results. In particular, as long as we
keep these parameters within a reasonable range (approximately 0.25 < Ag < 0.75 and
0.5 < ép < 2.0), eigenvalue ratios are largely unaffected, and integrated spectral densities
are modified by at most an overall multiplicative constant. We therefore see that the

3%Tn practice, it is computationally expensive to keep the precise value of 7:/@:7‘: fixed near the critical

point. The bottom row of figure 24 was computed at ;"/gjﬁ = 0.077 for ¢, = 2.0 and Zgjﬁ = 0.062 for

¢, = 0.5, compared to the value ;n/g:: = 0.074 in figure 13.

31Gince we are working exclusively in the even-particle sector, in figure 24 we define Mgap = % [2-part. -
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parameters Ajg = 0.5 and ¢;, = 1.0 used in the main text were not fine-tuned choices, but
rather representative values from a range of consistent parameters.

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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