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Lightcone Modular Bootstrap and
Tauberian Theory: A Cardy-Like Formula
for Near-Extremal Black Holes

Sridip Pal and Jiaxin Qiao

Abstract. We show that for a unitary modular invariant 2D CFT with
central charge ¢ > 1 and having a nonzero twist gap in the spectrum of
Virasoro primaries, for sufficiently large spin J, there always exist spin-
J operators with twist falling in the interval (S5t — ¢, <5t + €) with
e = O(J %log J). We establish that the number of Virasoro primary op-

erators in such a window has a Cardy-like, i.e.,exp | 274/ % growth.

A similar result is proven for a family of holographic CFTs with the twist
gap growing linearly in ¢ and a uniform boundedness condition, in the
regime J > ¢ > 1. From the perspective of near-extremal rotating BTZ
black holes (without electric charge), our result is valid when the Hawking
temperature is much lower than the “gap temperature.”
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(the Dominant Term)

1. Introduction

Understanding universal properties is of fundamental importance in the study
of physical phenomena. In the realm of two-dimensional conformal field theo-
ries (2D CFTs), a famous example is the Cardy formula [1]. The Cardy formula
establishes an asymptotic relation between the microcanonical entropy Ss(A),
which counts the number of states with scaling dimensions A’ in a window!
(A —6,A+0), and the central charge c:

S5(A)==log [ Y na 27r\/§+0(10gA) (A —o0), (1.1)

|A/—A|<6

where na denotes the number of states with scaling dimension A. Along with
its generalizations [2-16], it provides a universal connection between the high
energy spectrum of a CFT and its central charge. It has played a significant
role in the black hole physics, such as black hole microstate counting, the study
of the Hawking—Page phase transition and checking AdS/CFT correspondence
[17-22].

It has been recently realized that the Cardy formula holds only on average
[23,24](see also Appendix C of [6]), and its precise validity requires a more
rigorous treatment using Tauberian theory [25] (as explained in [26,27]). For

IThe original Cardy formula assumes that the formula holds for some window size 26,
without being quantitatively precise about it.
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example, the formula (1.1) is shown to be valid for any fixed § > 1 [23,24]. In
this paper, we prove a Cardy-like formula

SVir( ) = QW\/? +O0(log(J)) (J — o0), (1.2)

for Virasoro primaries near a “twist accumulation point.” Here, the micro-
canonical entropy SY % (J) is the logarithm of the number of spin-J Virasoro
primaries O s in a shrinking window of twist 7:

(c— 1)3/2
4\/67r7'gap

where T4, is the twist gap in the spectrum of Virasoro primaries, and the
factor of 2 is just a convention.

Our primary focus is on the unitary modular invariant 2D CFTs with
central charge ¢ > 1 and having a twist gap 7zap > 0 in the spectrum of Vira-
soro primaries. We will study the CFT torus partition function in the so-called
double lightcone limit. In our recent work [28], we conducted a rigorous anal-
ysis of the torus partition function for these 2D CFTs under this limit. The
outcome of this analysis led to the establishment of a theorem that confirm
certain well-known claims previously discussed in the modular bootstrap liter-
ature [29-33]. In particular, it was shown in [28] that the theory must include
a family of Virasoro primary operators Oa j with

<26J Y%logJ, Ti=A—-J, k> fixed.  (1.3)

c—1
12

A, J — oo, 7-EA—J—>2A(50121)7 (1.4)
where A = h + h is scaling dimension and J = |h — h| is spin.? This rigor-
ous framework gives us a powerful tool to investigate more detailed questions
about the universality of the fixed twist, large spin spectrum of operators in
such CFTs. One natural question that arises is: How many spin-J Virasoro
primary operators have a twist near szl? The study of this question leads us
to Eq. (1.2).

The CFTs of the aforementioned kind are also recognized as being in the
class of irrational CFTs with Virasoro symmetry only.? They are expected
to exhibit chaos and/or some form of random-matrix-like statistics in their
spectrum of primary operators. In particular, the spectrum of primary op-
erators are expected to have dense spacing in appropriate asymptotic sense.
Some of these expectations are byproduct of holography, where we know high
energy spectrum of dual CFT capture the black hole microstates. While we

2The definition of “spin” in this paper is different from the standard 2D CFT literature
[34]. There, the spin s is defined by s := h — h (see eq. (5.21) of [34]) and is related to our
definition by J = |s|.

3 Concretely, the class of CFTs discussed in this paper is unitary, modular invariant with
¢ > 1, a unique normalizable vacuum, a twist gap in the spectrum of Virasoro primaries.
To the best of the authors’ knowledge, there is currently no explicitly known example of
such CFTs in the literature. Nevertheless, it is expected that such CFTs exist. For instance,
one might construct them by taking several copies of minimal model CFTs and applying a
suitable relevant deformation to the theory [35].
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expect the quantum systems dual to black hole to be chaotic, for example,
SYK [36], from a CFT perspective, it is far from obvious to see the imprint
of chaos (the recent explorations in this direction include [37-39] built upon
[40], see also [5,7-10,41-44] as well as [45-48]) in the spectrum of CFT op-
erators. For instance, in the regime of fixed spin and large A, it is expected
that the asymptotic spacing in A becomes exponentially small with respect
to the entropy, scaling as v/A, and ultimately approaches zero. However, the
current best bound in this direction, without assuming a twist gap, is 1 as
established in [49,50], which represents an improvement upon the results of
[23]. It should be noted that this bound is optimal in the absence of a twist
gap but is expected to be sub-optimal when a twist gap is imposed.

In this paper, with the assumption of a twist gap 7a.p, we prove the
existence of a “dense” spectrum, characterized by a large number of Virasoro
primary states and power law decreasing spacing of twist, in the vicinity of a

specific fixed twist value 7 = 61’21 and for very large spin J.

e We prove a refined version of twist accumulation result. We rigorously
establish two-sided bounds for N;(e), the number of spin-J Virasoro
primary operators Oa s in a window |A — J — 61_21| < 2¢, and let € scale
as € = kJ Y2logJ with k > % being a fixed positive number. In

ap

the limit J — oo, Ny grows as
Nile=rJ Y2logJ) = eAmVAT+O(log J) (1.5)

which is equivalent to (1.2) via the relation SY"(J) = log(Ny(e = &
J~2log J)). A more precise form of Eq. (1.5) is stated in 2.3, a corollary
of the main theorem 2.1, that we prove in this paper.

In this paper, we further consider a family of unitary modular invari-
ant 2D CFTs, including the large central charge limit A = 62*41 — 00, such
that (a) the lower bound of the twist gap 27" grows at least linearly in central
charge, i.e., T/A > a > 0, and (b) their partition functions satisfy a uniform
boundedness condition, inspired by the HKS sparseness condition [22]. Holo-
graphically, this family of CFTs probes the near-extremal rotating BTZ black
holes, having a nearly AdSs x S* throat. One expects a Schwarzian theory [51]

to describe such limit. We have the following main result:

e For a such a class of CFTs with sufficiently high central charge, we rigor-
ously estimate the number of operators Oa ; with sufficiently large spin
J, scaling dimension A such that

1 /A 3 /A
A—J_QAE(_El,EQ), (El:m jlog(AJ), EZZE J(27TA+1OgJ))

(1.6)
Here, k is a fixed positive constant which takes value in the interval

(O L ‘1).
178
In the limit A — oo and J/A® — oo, an analogue of (1.5) reads

-/\[J(51752) _ e4wm+O(A)+O(log AlJ) ) (17)
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See Theorem 3.1 and its Corollary 3.3 for the precise version.

This result has a gravitational interpretation in terms of the near-extremal
rotating BTZ black holes with angular momentum J. The entropy of the near-
extremal rotating BTZ black hole is given by the formula

3¢
SBHR/‘QTF EJ"dél?‘('\/14=]7 Cc = 3 >>17
V 6 2G N

where /3 is the radius of AdS3, Gy is Newton’s constant, and ¢ = 236?1 is the
Brown—Henneaux relation [52]. This formula is known in the standard black
hole thermodynamics. Our result supports the thermodynamic description of
the near-extremal black holes when the Hawking temperature Ty, given by
Ty = B!, falls within a certain regime:

Veld
const X o/ <Tp < 1/e (1.8)
«

In particular, the Hawking temperature is much lower than the “gap temper-
ature” ¢~ 1.

We leverage existing techniques to analyze the partition function in the
lightcone limit with complex (7, or Br. While the estimates related to the light-
cone bootstrap were already given in [28], they were applicable for partition
function evaluated at real 31, and Sr. The main technical challenge for us is
to uplift the aforementioned rigorous estimate as done in [28] so that it applies
to the partition function for complex (7, or Sr and we are able to learn about
the large spin, small twist spectra. We achieve this by using the Tauberian
theory techniques developed in [23,50] to analyze the partition function for
complex 3 albeit in the high temperature limit (not the lightcone limit). Our
main contribution in this paper lies in combining these techniques to analyze
the partition function in the lightcone limit with complex 3 or Ggr, leading
to the main results of this paper. We view our results as a stepping stone
toward a rigorous understanding of chaotic irrational CFTs, although it has
not yet been established in a general ¢ > 1 irrational CFT with a twist gap.
We anticipate that with further effort, by utilizing the fact that in the double
lightcone limit, the conformal blocks exhibit approximate factorization (see
[28], Appendix A), and a similar analysis can be applied to CFT four-point
functions [53,54], using the techniques explained in [27] and [28,55].

The paper is organized as follows. In Sect. 2, we present the proof of
the Cardy-like formula (1.2), and the main results of this section are sum-
marized in Theorem 2.1 and its Corollary 2.3. Appendices A and B provide
additional technical details related to this section. Moving on to Sect. 3, we
focus on holographic CFTs and investigate the limit of large central charge,
¢ — o0. The main results of this section are summarized in Theorem 3.1 and
its Corollary 3.3. Then, we discuss the connection between our results and
the thermodynamics of near-extremal rotating BTZ black holes. In Sect. 4, we
make conclusions and discuss some potential future directions.
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2. Modular Bootstrap
2.1. Setup

We consider a unitary, modular invariant 2D CFT with central charge ¢ > 1,
a (unique) normalizable vacuum and a positive twist gap 7gap > 0 in the
spectrum of Virasoro primaries. The torus partition function Z(8r,0gr) of
such a CFT is defined by

Z(B1,Br) = Trngg, (¢4 {Fo5) e Prllo=5i)). (2.1)

where (7, and Br are the inverse temperatures of the left and right movers, L
and Lo are the standard Virasoro algebra generators, and Hcpr is the CFT
Hilbert space which is assumed to be the direct sum of Virasoro representations
characterized by conformal weights h and h

Hcrr = @ Vi ® VE~ (2.2)
h,h

The twist gap assumption means that h,jL > Teap/2 for all representations
except the vacuum representation (h = h = 0). Using Egs. (2.1) and (2.2),
the torus partition function can be written as a sum of Virasoro characters

Xnr(BL)x(Br) over primaries
Z(Br,Br) =Y n s Xn(BL) x5 (Br); (2.3)

h,h

where ny, ;, counts the degeneracy of the Virasoro primaries with conformal

weights h and h. For ¢ > 1, the characters of Virasoro unitary representations
are given by

: TP f1—eP ifh=
- e 24 x{ e i 0, (2.4)

Xh(ﬁ) = TI‘Vh (e_ﬁ(Lo_ﬂ)) = e*ﬁh Fh>0

where the Dedekind eta function 7(38) = e=#/?* [ (1 —e~™?) accounts for the
n=1
contribution of descendants. Then, we have

Z(Br.Br)
U(ﬁL)n(/BRy

where the reduced partition function Z is given by

Z(Br,Br) = (2.5)

Z(Br.Br) = APt | (1 — e )1 —ePr) 4 N oy, e PhOnh
hh>T
(2.6)

<L and T = 74,p/2 for convenience. nyj, s the

Here, we have denoted A = 53
degeneracy of the Virasoro primaries with conformal weights h and h. The first
term in the square bracket corresponds to the contribution from the vacuum
state, while the second term represents the total contribution from Virasoro
primaries with twists above the twist gap.
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The above formulations assumed a discrete spectrum. The argument be-
low also works for the continuum spectrum.*A more uniform way to write
Eq. (2.6), applicable to both the a) continuum and b) discrete spectrum is the
following

Z(Br, Br) = XTI [(1 = e70)(1 = e70m)

[e'e] o _ _
+/ dh/ dh p(h, h)e=Prh=Brh |
T T

Here, p is a nonnegative spectral density of Virasoro primaries. In the case of
discrete spectrum, p is related to ny, j, by

p(hh) = " my jd(h—h)5(h —1). 2.5)

h BT

(2.7)

We assume that (a) the partition function Z (or equivalently Z) for a
given CFT is finite when 1,08 € (0,00); (b) Z is modular invariant, i.e.,
Z(0L, Br) is invariant under the transformations generated by

(Br, Br) —(Br + 2mi, fr — 2mi),

472 4q? > (2.9)
) - ’ .
(B, Bz) < BL Br
The invariance under the first transformation implies that the spin J := |h — B|

of any Virasoro primary state must be an integer. The invariance condition
under the second transformation (which is called S modular transformation),

472 471'2>
Br’ Br)’
can be formulated in terms of reduced partition function Z as follows. By (a)
and the positivity of the spectral density, the convergence domain of Z(3yr,, Sr)

(or equivalently Z (31, fr)) can be extended to the complex domain of (8z, Or)
with®

Z(BL,Br) =2 ( (2.10)

Re(fL), Re(Br) € (0, 00). (2.11)
Since under S modular transformation, n behaves as n(f8) = «/%ﬂn(%),
Eqgs. (2.5) and (2.10) imply that Z transforms as
5 472 - (4n? 47r2>
Z(Br,Br) = Z\ =) 2.12
(B, B) BLBR (ﬁL Br (2:12)

Notice that the complex domain (2.11) is preserved by the S modular trans-
formation. Therefore, we have two convergent expansions of Z(0r,r) for
(6L, Br) in the domain (2.11):

e Direct channel: expanding Lh.s. of (2.12) in terms of (2.7).

4 By “continuum spectrum” we mean the case where h + h takes continuous values, while
h — h still takes integer values.
5This justifies why the first modular transformation is well defined on the partition function.
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e Dual channel: expanding r.h.s. of (2.12) in terms of (2.7) (with (g, Or

2 2
replaced by %7 %)

2.2. Review of the Twist Accumulation Point

Under the above setup, one can show that in the theory, there is at least one
family of Virasoro primaries O; with h; — A and h; — oo [28,29,32,33]. In
other words, (h = A,h = c0) is an accumulation point in the spectrum of
Virasoro primaries. The same is true with A and h interchanged. Here, let us
briefly explain why it is true. For more technical details, see [28], section 3.

We consider the reduced partition function Z (8L, Br) for real and positive
(Br, Br). We take the double lightcone (DLC) limit, defined by®

2
DLC limit: B — o0, G =0, b(dL.fn) = o0

~Br — S log(B1) — oo.

(2.13)
By the [...] factor in the r.h.s. of (2.6), the limit 87, — oo favors the contribu-
tion from the lowest h (i.e., the vacuum term), while the limit Sr — 0 favors
the accumulative contribution from high h. The important feature of the DLC
limit (2.13) is that Sr approaches 0 much faster than (3;, approaches co (where
the introduction of the logarithmic term in b(0y,, Bgr) is just for technical rea-
son), so the high-A contribution wins. However, if we look at same limit from
the dual-channel point of view, i.e., the expansion of the r.h.s. of (2.12) in terms

_4n? _ax?
of e” 7 and e #r , the limit 4= — oo is much faster than the limit % — 0,

so the vacuum term wins in the dual channel. Based on this argument, one can
show that in the DLC limit, the partition function Z (8, 8r) is dominated by
the vacuum term (the first term in Eq. (2.6)) in the dual channel, i.e.,

lim 2 (Br,Br)

im ————— 5

DLC _ gx3 az=A
ﬁi/2ﬂ11?/2

Here, the denominator is the asymptotic behavior of the vacuum term in the

dual channel:

2 2 2 2 72 2 2 <2
o Do (B ) 2 [ AR (1) (1)
LFR L R LMR

{3 an2A
~—m k¢ F (B — o0, fr—0).
L R

=1. (2.14)

(2.15)
Now, we consider the direct channel (i.e., the Lh.s. of Eq.(2.12)) and ask
which part of the spectrum in the direct channel contributes to the asymptotic
behavior (2.14). Let €2 denote a set of (h,h) pairs, subject to the condition

6The “DLC” limit defined in this context is referred to as the “M.” limit in [28]. In that work,
two distinct lightcone bootstrap problems were discussed, and the “M.,” limit, specifically
the modular double lightcone limit, was employed to differentiate it from the DLC limit in
the other problem.
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that Q excludes the vacuum state represented by the pair (0,0). We define Za
to be the partial sum of Eq. (2.6) with (h,h) € Q:

Zo(B, ) i= D mpe IR (2.16)
(h,h)€Q

In what follows, we will only state the conditions of 2, e.g., Zh>A+€ is the
same as Zg with Q = [A 4 ¢,00) x (0, 00).

The claim is that in the DLC limit, the direct channel is dominated by
the sum over h € (A —¢e, A+¢) and h > h,:

y Zne(A—eatey iz, (BL,BR)
m

=1.
lim - eﬁA (2.17)
ﬁi/Qﬁ}lq/z

Here, £ > 0 can be arbitrarily small and &, can be arbitrarily large. (But they
are fixed when we take the DLC limit.) To prove this claim [28], demonstrated
that in the direct channel, the total contribution from other (h,h) pairs is
suppressed compared to the dual-channel vacuum term. The main idea of the
proof involves decomposing the contributions into three distinct parts::

(1) h="h =0 (vacuum), (2) 7T <h < A — ¢ (lower twist),
(3) h > A+ ¢ (higher twist).

In the DLC limit, a direct computation reveals that the contribution from
part (1) is subleading in comparison with Eq. (2.15). Similarly, the contribu-
tion from part (3) is also subleading. This is primarily due to the fact that
e(A=mbr < =P which decays exponentially as 3, — oco. The subleading
nature of the contribution from part (2), however, is not immediately obvi-
ous. This is because e(A=8r > AL which grows exponentially as 37, — co.
Moreover, as g — 0, the contribution from part (2) becomes increasingly
significant, accruing a greater high-h contribution. Nonetheless, it remains
subleading due to the modular invariance condition (2.12). This condition ef-
fectively restricts the density of the high-h spectrum, thereby preventing the

emergence of an e BR behavior.

As a consequence of (2.17), (h = A,h = oo) must be an accumulation
point in the spectrum. Otherwise one can find sufficiently small € and suffi-
ciently large h, such that Zhe(Afa)AJrE)ﬁ},;* = 0, contradicting Eq. (2.17). By
interchanging the roles of 85, and (g in the above argument, we can show that
(h = 00,h = A) is also an accumulation point in the spectrum.

In terms of scaling dimension A = h + h and spin J = |h — h|, the above
argument implies that the theory must include a family of Virasoro primary
operators Ox,; with

-1
A, J — oo, A—J—>2A(Ecl2 ) (2.18)
Given that A — J is conventionally defined as the “twist” of the operator in
CFT literature, we refer to the point where h = A and h = co as a “twist
accumulation point.” For general CFTs, (2.18) is slightly weaker than the
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existence of both (h — co,h — A) and (h — A, h — 00) families. In a CFT
with conserved parity, these two statements are the equivalent.

Before concluding this subsection, we would like to point out the roles of
the properties of the coefficients n, , (or the spectral density p(h, h)). Through-
out the above argument, the crucial requirement was the absolute convergence
of Eq.(2.6) (or Eq.(2.7)) within the range f8r,08r € (0,400). This absolute
convergence is a consequence of the positivity of the coefficients and their
convergence property in the same regime. However, it is noteworthy that our
conclusion regarding the twist accumulation point remains valid even if the co-
efficients become negative or complex, provided that absolute convergence is
maintained. Additionally, it is not necessary for the n, ; values to be integers,
this is a key factor in the applicability of our argument to the continuum spec-
trum. Furthermore, the above argument does not require that n, j, or p(h, h)
be supported only at points where h — h € Z.

In summary, any modular invariant function Z(3z, fr) that possesses an
absolutely convergent expansion as defined in (2.6) or (2.7) will exhibit a twist
accumulation point (h = A, h = o).

However, for the specific results of this paper, the positivity of n, j, and
the constraint of integer-spin h — h € Z are significant in our analysis. It is
important to note, though, that the n, j values are not necessarily required to
be integers.

2.3. Main Theorem

In the previous subsection, we reviewed that in the double lightcone limit,
the dominant contribution to the reduced partition function Z(8z, 3g) comes
from the spectrum with high spin and twist near 2A in the direct channel,
while the vacuum state (h = h = 0) dominates in the dual channel. This
observation implies a connection between the spectral density p(h, h) (as given
by Eq.(2.7)) near the accumulation point (h = A,h = co0) and the vacuum
term of the partition function in the dual channel. In fact, by conducting a
more thorough analysis of the arguments presented in [28], we can not only
establish the existence of an infinite number of operators near the accumulation
point (h = A,h = o) but also estimate how many such operators there are.
To achieve this quantitative understanding, we will employ Tauberian theory
[25], building upon similar reasoning presented in [23,50], and integrate it with
the arguments put forth in [28]. This combined approach will be the focus of
the remaining sections in this paper.

The object we are going to study is the total number of Virasoro primaries
with A in the range (A — ¢, A +¢) and h = h + J where the spin J is fixed.
This quantity is denoted as AN;(¢) and can be expressed as the sum of the
degeneracies np, 4+ of Virasoro primaries over the specified range of h:

NJ(€) = Z Nh h+J- (2.19)
he(A—e,A+e)

Our goal is to derive non-trivial asymptotic two-sided bounds on N;(¢) in the
limit J — oo and € — 0, under specific constraints between ¢ and J. However,
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due to technical limitations, a direct estimate of N;(g) is not feasible.” To
overcome this, we introduce another quantity A;(8.,¢) by assigning a (-
dependent weight to each degeneracy ny, j, of Virasoro primaries:

A;(Br,e) == Z np e PP, (2.20)

he(A—e,A+e)
Importantly, Nj(e) and A;(BL,€) are related by the following inequality:
B_E’BL.AJ(ﬁL,E) <NJ(E) < EEBL.AJ(ﬁL,E). (221)

This inequality provides an upper and lower bound for Nj(g) in terms of
A;(Br,e), with a dependence on the parameter € and the inverse temperature
0Br- So our approach involves two main steps. First, we will derive asymp-
totic two-sided bounds for A;(BL,e). Then, we will use Eq. (2.21) to obtain
corresponding bounds for Ny (g).

To estimate A;(fAr,¢), we introduce the DLC,, (double lightcone) limit
defined as follows:

2
DLC,, limit: B, J — oo, W\/Z—meoo,

B log J — 0.

(2.22)

The reason we still refer to it as the “DLC” limit, similar to (2.13), will become
clearer later. For now, a brief explanation is that by introducing the additional
identification

5

51{:27&'

Y

=

(2.22) becomes a slightly stronger form o
later around (2.41).
With the aforementioned setup, we present our main theorem as follows:

(2.13). We will revisit this point

Theorem 2.1. Take any unitary, modular invariant 2D CFT with central charge
c>1 (ie, A= 02_41 > 0), a unique normalizable vacuum and a twist gap
Teap = 21" > 0 in the spectrum of non-trivial Virasoro primaries.

Then for any w € (%, 1) fized, and & within the range

1
Emin(Br,J) e <1~ 0’
A3/2 JlogJ 3logJ 2logfr
7rw2T \/j ’ 45L + ,61, } ’
the quantity Ay, defined in (2.20), satisfies the following asymptotic two-sided
bounds in the DLC,, limit (2.22):

(2.23)

emin(BL, J) = max{

1 . (]. (1 y < -/SLiQ(ﬁng) < 1 2(2 ) (2 9 )
an(mw(l—e ~ — 7/ ~ sin(2rwe) ’ .24
wl— T orw(l-e) 47T5/2ﬁb J 1/264 A7 Wi+ 2mwe

"While it is possible to compute N (g) directly on a case-by-case basis, our primary objective
in this paper is to derive universal behaviors of N (e).
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which is uniform in €. Here and throughout this paper, by a < b we mean
) a
lim sup 3 <1 (2.25)
i the considered limit.
Let’s make some remarks in Theorem 2.1:

Remark 2.2. (a) In Eq. (2.24), both upper and lower bounds are strictly pos-
itive quantities for the assumed ranges of w and . The upper bound is
always greater than the lower bound. This is because the upper bound
is consistently larger than %, while the lower bound monotonically de-
creases with € in the interval ¢ € (0, 1-— ﬁ) Notably, when ¢ = 0,
the lower bound is less than or equal to % This observation provides a
consistency check for the validity of the two-sided bounds.

(b) The gap between the upper and lower bounds in Eq.(2.24) decreases
as we increase w (i.e., when a stronger DLC,, limit is imposed) and
decrease . In the limit ¢ — 0 and w — 1, both the upper and lower
bounds converge to 1.

(¢) In the DLC,, limit, the lower bound em;n(8r, J) for e approaches zero.
We note that our choice of iy (081, J) is not optimal with respect to the
method that we use, in the sense that the coefficients of the logarithms
in (2.23) can be further improved. But we expect that the current form
of emin already captures its essential behavior in the double lightcone
limit, namely e, = O(J /% log J).

Using Theorem 2.1, we can obtain an estimate for Ay (g). Let us consider
the following constraints, which are compatible with the DLC,, limit (2.22)
(when J — o0):
2rT(1 — w?)
3A43/2
Substituting these values into Eq. (2.21) and Theorem 2.1, and choosing, e.g.,

B =3k"1JY2 e =kJ Y 2logJ <l€_1 < ﬁxed) . (2.26)

w? = %, we obtain the following result:
Corollary 2.3. Given any fized k € (E'ﬁgT/Q , oo), we have

Ni(e = kI V2 log J) = J-5/4eAmVATHIe() (2.27)
where the error term f,.(J) satisfies the bound
|f(J)| < 3log(J+ 1)+ C(k), (2.28)
with C(k) being a finite constant.

Before going to the proof, we have three remarks.

Remark 2.4. (1) Recall the twist accumulation point is given by 7 = 2A =
01;21, Corollary 2.3 tells us that at large spin J, the number of states that
are very closed to the twist accumulation point grows exponentially as

[(c=D)
e*™V e J, with additional slow-growth factors that are bounded by
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powers of J. This implies that the average spacing between adjacent

states in this regime is approximately given by e 2 . However,
we cannot at present rule out the possibility of having all the states
piling up near the end points of the interval. Therefore, the rigorous
upper bound on spacing is given by the size of window, i.e., J~%/2log J.

(2) In Corollary 2.3, it is crucial to note that the lower bound of & is propor-
tional to T~!. This dependence clearly indicates that our analysis will
not be valid if the theory does not have a twist gap. Also, our choice
of the lower bound of k here is not optimal. It is possible to improve
it, e.g., by choosing other w or by further improving our analysis in the
paper.

(3) If we further assume that the theory has some critical spin J,, above
which there are no Virasoro primaries with twist strictly below 24 =
12 , then all the Virasoro primaries have h greater than or equal to
A when h > h + J,. Consequently, considering the exponential term
eA=hbL < 1, we find that the number of Virasoro primaries with h
in the window [A, A+ rkJ?log J) cannot be smaller than A ;. This
leads to a more precise lower bound on N, given by:

Ni(e = rJY%log J) > const(J + 1)~ 5/4gAmVAT (2.29)

where the constant prefactor is strictly positive. Here, the power index
—5/4 is obtained by choosing By, ~ J'/2 in (2.24).

The index of —5/4 in N;(¢) can be understood by considering the con-
tribution from the vacuum character in the dual channel. This can be naively
reproduced by only taking into account this part of the contribution. To see
this, we rewrite the dual vacuum character in terms of the Laplace transform
of the modular crossing kernel:

\/% (1_6 f) _ /A b dh\/h_ZA [cosh(ary/AR = ) .
 cosh (/A= D = )] e

Therefore, a naive computation of the “vacuum character” contribution to
N (g) is as follows:

A+e h+J+1
[NJ nalve / dh/
hta—1 \| (h— A

x |cosh(dr /Al = A)) - Cosh( VAT 4)]
x [cosh(47r A(h — A)) — cosh ( (A )]

~const £3/2 ] 1/2eAnVAT (e<1, J>1).
(2.31)
By choosing ¢ = kJ~'/?1log.J, we obtain the correct index of —5/4 in (2.29).
We expect that this is the optimal power index of J for the lower bound
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A A
Ficure 1. Illustration of the idea behind Eq. (2.32). The
blue lines represent the allowed positions of the spectrum,
constrained by h — h € Z. We aim to count the spectrum
around the pink line (h = A). We choose two windows (shown
in red) with the same width in h but different widths in h.
Due to the integer-spin constraint, the spectrum inside the
two windows is the same, as long as the windows intersect
with only one of the blue lines

of Nj(e = kJ~Y/2log.J), in the sense that the index cannot be larger. One
possible approach to verify the optimality is to examine explicit examples of
torus partition functions, e.g., the one presented in [56].

2.4. Sketch of the Proof

To derive the two-sided asymptotic bounds (2.24) for A;(8r,¢) in the DLC,,
limit, we introduce several tricks as follows.

The first trick relies on the fact that only integer spins are allowed. (Here,
we only consider bosonic CFTs.) This implies that the spectrum is empty for
values of h — h that are non-integers. Using this property, we can express A ;
in a different form as follows (see Fig. 1 for a clearer visual representation):

A;(Br,e) = A(Br,H,e,8) Vé¢€ (e,1—¢), (2.32)
where
A=A+ (2.33)
and A(Br, H,¢,0) is defined as
Ate A+5
A(Br, H,e,6) = . dh o dh p(h, h)e~(h=A)0L (2.34)

where p(h,h) represents the spectral density of Virasoro primaries in the
continuum-spectrum version of Z given by the integral in Eq. (2.7).

Now, the problem is reduced to obtaining the upper and lower bounds
for A(BL, H,e,d) in the DLC,, limit. To achieve this, we express the DLC,,
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limit (2.22) in terms of B and H, taking into account that H = A + J:

2rT(1 —w?) |H—-A
A A

DLC,, limit: B — 0o, H — oo, - BL — oo,

6;1 log H — 0,
(2.35)
where w is the same parameter introduced in (2.22).

To proceed, we introduce the next trick which was used in [23,50]. Let
us consider two functions ¢4 (x) satisfying the inequality

o (2) < O5(2) < b1 (2), bs(x) == O( € [~5,0]). (2.36)

In addition, for technical reasons, we require that ¢4 are band-limited func-
tions, meaning that their Fourier transforms ¢, have compact support:

b (z) = / dt e (t)e—iot,

supp(q%i) C[=A,A] for some A < 27w.

(2.37)

The functions satisfying these conditions exist [57]. Later, for the specific range
of w we are interested, we will give explicit expression for ¢, see (2.96) for
A =27 and (B.1) for any A.

Here again, w corresponds to the parameter in Eq. (2.35). The choice of
A < 27w will be clarified at the end of Sect. 2.5.2. By substituting Egs. (2.34)
and (2.36) into the definition of A, we obtain an upper bound for A given by:

B A+e oo B _ _ B _
A(Br, H,e,0) < dh/ dh p(h, h)e~ "= BLHHFO=MBRG ([ _ F)
A—e 0
A+e o _ _ _ _ _
<[ an [ dhph et )
A—e 0

A+te ) _ .
:e(H+5)ﬁR/ - dh/ dﬁp(h’ﬁ)e*(h*A)ﬁL*hﬁR/dtqg_‘_(t)e*i(h*H)i
A—e 0

:e(H+5—A)ﬁR/dt Zneaoense(Br, Br + it)ds (£)e =D,
(2.38)
In the first line, we used e@+0-MBr > 1 in the support of 0s(h — H). In
the second line, we bounded 65 by ¢4. In the third line, we rewrote ¢4 as
the Fourier transform of gf)+. Finally, in the last line we used the definition of
Zhe(A—c,Ate)-
Similarly, we have the following lower bound for A:

A(Br, H,e,6) > eT=0= A0 /dt Zne(a-e.are)(Br, Br +it)p_(t)e! =D,

(2.39)
where ¢_ is the Fourier transform of ¢_. It is worth noting that although the
bounds depend on (g, the quantity A itself does not. The final result, given
by Eq. (2.24), will be obtained by selecting an appropriate value for Sr. Here,
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we choose g to be®

A
=2m\/ =—. 2.40
Pr=2m\| 7 (2.40)
With this choice, the limit (2.35) can be expressed as:
47T (1 — w?
DLC, limit: 0 — 00, fr—0. b (g, fn) = 2o g, o,
ABr
31" log Br — 0.
(2.41)

We observe that (2.41) is slightly stronger than (2.13): The inclusion of the w?
term in the third equation of (2.41) is sufficient to eliminate the logarithmic
term log(fz) present in the third equation of (2.13). The last equation in (2.41)
is introduced for technical reasons.

From now on, we will always assume (2.33) and (2.40) by default. Conse-
quently, the three formulations of the DLC,, limit, namely (2.22), (2.35) and
(2.41), are equivalent.

In the DLC,, limit, the exponential prefactor e ~4¥9Bx in the upper
bound (2.38) and the lower bound (2.39) coincide because Srd — 0. So we
have

— DLC., A(ﬂL,H,é‘,(S)
I_he(a—c,ave)(A H; Br, Br) S ——F—="
saTe o2/ A(H—A)

DLC.,, _
S Lynea—eave)(A H; Br, Br)

where I are defined in the following way:

(2.42)

Iy he(ae,ate) (A H; Br, Br) := /dt Znea—c,are)(BL, Br + it) o () AL,

(2.43)
So our goal reduces to deriving asymptotic behavior of the integral (2.43) in the
DLC,, limit. To do this, the main idea is to demonstrate that the asymptotic
behavior of the integral (2.43) remains unchanged in the DLC,, limit if we
replace Zhe( A—e,At+e) With the vacuum term in the dual channel of the full

reduced partition function Z:

lim [dt Znea—care)(Br, Br + it)p (t)eiH A1 _ (2.44)
DLC., [ axz__ 5 42 arx2 \ 4 i(H— ' ‘
fdt BLBr¥iD) Zvac (ﬁT’ ﬂR-H't) qbi(t)@ (H-A)t

To see this, let us consider the integral

I.(A H; B, Br) := / At Z(B, Br + it) ()’ -t (2.45)

8We will provide a technical explanation for this choice in Appendix A. Additionally, an
intuitive argument will be presented in Sect. 2.5.
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Using modular invariance, we evaluate this integral in the dual channel:

2
/ 2 i(H—A)t
(A H ﬂL»ﬁR /dt ﬁR—l-Zt ﬁR—l—Zt) ¢i(t)€ .

(2.46)
Now, we split I in different ways in the two channels. Using Eqs. (2.45) and
(2.46), we have:

I:I:,vac + I:t,TShéA—E + I:t,A—s<h<A+E + [:t,h>A+e - :l:u\?ic + I:dtl,lr?})nvac’
(direct channel) (dual channel)
(2.47)

where the integrals are defined as follows:
Ii,vac :/dt Zvac(ﬁLaﬁR + it)qgi(t)ei(g_A)ty
It r<hga—c :/dt Zr<nca—(Br, Br + it) g (t)e' H A,
It he(a—c,Ave) —/dt Zne(a—e.are)(Br, Br + it)u ()l =D

I:i: Jh>A+e —/dt Zh>A+5 ﬂL7ﬂR+Zt)¢i() i(H*A)t’

Jdual / a 4r? b (1) i A=At
ivac ﬂ]:g-i-lt ﬁR-i-’Lt ’
47r e - .
dual i(H—A)t
dt’ [——— .
:I: nonvac / 51% + ’Lt h h>T ﬁR ¥ Zt) (rb ( )

B (2.48)
Here and below, I always refers to I~ (A, H; 81, Br) with the identification

Br = 2m\/ 7.
In Sect. 2.5, we will demonstrate that in the DLC,, limit, the dual channel

is dominated by Iiu\?éc This is equivalent to say that
Idual
lim ——omae g (2.49)
DLCu I:I:,vac

Moving on to Sect. 2.6, we will establish that in the DLC,, limit, the direct
channel is dominated by I pe(a—e a4e)- Since the vacuum term dominates
the dual channel in the DLC,, limit, thlb is equivalent to say that

lim (I vac + I+ r<hca—e + 1t p>a4c)

dual
DLCw I:I:,vac

= 0. (2.50)

We will establish that each term in the numerator of (2.50) is suppressed by
the denominator I i“j“;c

Subsequently, Eq. (2.44) follows from Egs. (2.47), (2.48), (2.49) and (2.50).
We can then evaluate the denominator of Eq.(2.44), which corresponds to

Igual | using its precise expression. The result of 1§ will be given in Sect.
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2.6.1, and the technical details will be given in Appendix A. It provides
us with the desired estimate of the asymptotic upper and lower bounds on
A(Br, H,¢,6) in the DLC,, limit (see Sect. 2.7).

In Sect. 2.8, we will demonstrate that, while satisfying the aforemen-
tioned estimates, € can effectively approach zero in the DLC,, limit, as long
as it remains bounded from below by emin (0L, J) (defined in Eq. (2.23)). This
justification will support the final part of theorem 2.1.

Returning to A (0L, ) using Eq. (2.32), we note that the spectral density
p is positive, implying that A(3r, H,¢,d) is monotonically increasing in §. To
obtain optimal bounds for A;, we choose the smallest 0 for the upper bound
on A and the largest ¢ for the lower bound on A, yielding

5%%%@5)* A(ﬁLa H) &, 5) < AJ(ﬁL; 5) < 6ligl+ A(ﬁL; H) g, 5) (251)

These inequalities provide the two-sided bounds stated in Eq. (2.24).

2.5. Dual Channel

2.5.1. Dual Channel: Vacuum. Consider the vacuum part of I in the dual
channel

472 A s
dual — i(H—A)t
dtW/ t (252
:tvac / /())R—Flt 6 6R+Zt) (b ()6 ( )

where Zy,. is the vacuum part of the partition function, given by
Zoae (8,8) = ) (1= ) (1= 7). (2.53)
By definition I{"# = depends on A, H, 3;, and r. We will choose a proper 3r

+,vac

to optimize the asymptotic behavior of I i‘ﬂ‘}io in the limit (2.35). As mentioned

in Sect. 2.3, here we choose Br = 27 We leave the technical reason of

H H-A"
this choice to Appendix A. Here, we would like to give the following intuitive
explanation why this is a good choice.

For simplicity let us fix G; and take the limit 8z — 0. Using modular
invariance, one can show that Z (6L, Br) is dominated by the vacuum term in
the dual channel:

~ 472 - Ar? Arx 7r2T 73 4n24

o A (5282 [ ()] 8

(Br. Br) BLBR (5L 5R> { 323102
(2.54)

where 7" is the twist gap. To reproduce this asymptotic behavior, we make a
naive guess on the large-h behavior of the spectral density p(h, h) by perform-

2
. . —1/2 4nc A
ing inverse Laplace transform on g /2R

uess €4Tr\/m —
p(h,h) <" F(h)=———c (R — o0). (2.55)

h—A

9

9CGiven that h —h : must take integer values due to modular invariance, Eq. (2.55) cannot be
true in the sense for continuous functions. However, we expect that it holds in an averaged
sense and we will make the notion of averaging precise subsequently in the paper.
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p(h, h)e~"or

0 4m2A h=A
O

FIGURE 2. A typical behavior of coarse-grained p(h, ffz)e_mR
at small Br

This statement, with a more precise formulation, can actually be proven in a
rigorous way using the argument in [23]. Then, we have

Z(8L. Br) = / dhdh p(h, R)eA-MBHA-RBn  £(F)(5,)e

sm/AG=A)
AR ABR (g (),

=

where L(F) is the Laplace transform of F'. Now, let us focus on the Br-related
part:

/ VAR g i _ o, 25 / dz o on(e=22)" (2.56)
Vh—A

Here, we introduce the variable change x = \/h — A. Observing the integrand,

2?1127 which implies

Or = 27r,/% (see Fig. 2). As we aim to extract information about the

spectrum within the window h € (H — &, H + §), it seems natural to choose
Eq. (2.40) as the relation between 3z and H. This completes the intuitive
explanation.

After identifying Bz and H using constraint (2.40), one can show that

3/2
I:dtual an®\ ¥ /lezﬁ¢AH(lgi (0) (2.57)
vac ﬁL H

in the DLC,, limit. In this paper, the notation A ~ B is used to signify
that % — 1 in the considered limit. We leave the derivation of Eq. (2.57) to
Appendix A. In order to compare with the contribution from other parts in

(2.47), it is convenient to rewrite the asymptotic behavior of I$"a as

we notice that it reaches its maximum value at x =

e "r ¢, (0). (2.58)
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2.5.2. Dual Channel: Non-vacuum. Consider the non-vacuum part of I4 in
the dual channel, defined as follows:

Jdual /dt 4r® b (t)ei A=A
:I:nonvac R+Zt ﬂL 6R+Zt )

(2.59)
where Zj, > is defined by
- _ o) o _ _ _ _
Zywst (B,5) = / dh/ dh p(h, h)e=(h=A)B=(h=A)8 (2.60)
W= T T
For technical reasons, we split [ i‘fﬁénv&c into two parts Ii?ﬁénvac = Ii“;il <heat
Iiu;;‘; 1» Where the subscripts denote the regimes of (h, h) that contribute. We

begm with the following inequality:

ua 4 n A ~ 471-2 4772/61?
Ii,n(lmvac| < leaX ‘d)i(%)’ /AdchjL)T (7 >

BLBr Br’ 0% + 2

42 R A 5 4 2 4 26

TLZR max ¢i(95)’ /4\ di |:ZT<h<A (;L, ﬁg-*-;;)

5 (47 Am0r 2.61
+Z5>a <5L7 Wﬂ (2.61)

472

A ~ 472 4r?
g b ()] 20 [ZT<h<A (m’ 53)

~ Am2  4An?Bgp
oo (G0

Here in the first line, we use the inequality ‘,/ﬁ < Bi’ the identity

le*| = eRe(®) and the fact that supp(¢+) C [—A,A]. In the second line, we
split Z;, BT into two parts. In the last line, we make use of the inequalities

Br _ 2 N ar2pp -~ an?pp
e ~(h— A)ﬂ2 +2 e_(h_A)%Ta for h < Aande —(h- )32 e (- A)"z +4% for

h > A and |t| < A. Here, we use the maximum notation max, to indicate that

we are taking the maximum of ‘(Z)i(x)’ over all .

The estimate above is for Ii‘,‘;‘énvac, but it is straightforward to obtain
the following individual inequalities for Iiu;1< hea and Iiuli %
2 - - 4n? 4m?
Jdual ‘ <2A max ‘ Zpe ( ) ,
‘ FT<h<A LBr @ ?x () Br’ Br
(2.62)
- ~ 4m?  4m?BgR
Jdual ’ <2A max x ‘Z* (, > .
] <2m 5 oo 2o (S5 5
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To demonstrate that Ii“;‘,l<h <4 and Ii“;?; , are suppressed by Ii?f;c in the

DLC,, limit, we can establish some upper bounds on ZT<E<A and Zﬁ)A' We
present a useful lemma below:

Lemma 2.5. Let By € (0,00) be a fixred number. The partition function satisfies
the following upper bound:

Z(Br, Br) <k(Bo)ePrPm) (B, Br > fo), (2.63)
where

_ Z(ﬁOaBO)
H(ﬁo) =1 * Zvac(ﬂ@aﬂ()) . <264)

Proof. For B, Br = ﬁo, we have
(ﬂLa ﬁR) - vac (ﬂLy ﬂR) + Znonvac(ﬁLa ﬂR)
< Zvac(ﬁL7 ﬁR) + e(A_T)(BL+BR_2ﬂO)Znonvac(ﬁOa ﬁO)v

where we split the partition function into the vacuum part and the non-vacuum
part and used the fact that h,h > T for each term in the non-vacuum part.
The vacuum part is bounded as follows:

Zao(Br, Br) = ePrtir) (1- e_ﬁL) (1- e_BR) < eABL+6r) (2.65)
We also have

Znonvac(ﬁOvﬁO) < Z(ﬁo,ﬁO) Zvac(ﬁOvﬁO) < M(;Aﬁo

m Zvac(ﬂ(hﬂo)

where we bounded Z,onvac by the full partition function Z and used (2.65).
Putting everything together we get

. (2.66)

1+ e T(Br+Br—200) M

Z : < A(BL+BRr)
(ﬂL BR) € VaC(ﬁO?/@O)

< K(By)eAPrtir)

(2.67)
for 81, Br = Bo, where k(fp) is given by (2.64). This completes the proof. [

-~ 2 2
Consider the expression Zpcj, 4 (%, 46%) in the regime where 8r <

Bo < Br. We have the following inequalities:

~ 472 4x? ATy (42 _1x2) 2 472 4x?
Zr<han (5L’ 51%) <e! (% )ZT<E<A <5L7 ﬂo)

e D) [P0 751, ) (268)

<#(%o) iigo (A=) (% =255 ) +ABL+50).

In the first line, we use the fact that e(A_h)% <e (4= T)(W_i) (A=h) %55
for h > T and Br < Bo. In the second line, we bound ZT<h<A by the full
partition function and use modular invariance. Finally, in the last line, we use
Lemma 2.5.
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Using (2.58), (2.68) and the first inequality of (2.62), we obtain the fol-
lowing asymptotic inequality in the DLC,, limit:

Idual DLC ﬂ e
IS TS 0D (8o, ALT) (;) e P tAOE, (2.69)
+,vac R

where C’g)(ﬁo, A, T) is a finite constant for fixed §y, A, and T, given by

K (3 A1/261/2A
f(cl)(ﬂO,A,T) = ( 0)271_5/2 0 max

x

¢ () A

(=55 -5)  (2.70)
¢+(0)

We can apply the DLC,, limit (defined in (2.41)) to the remaining factor in
the r.h.s. of (2.69), obtaining:

3/2 2 2 3/2 42,2
(%) e B TAB T e AR (%) e “Fr
R R
3/2 _4arn2w?T
(4°) " gt

< [e-smamurian
AN

(BLBr < 47°)
DLCw o,
(2.71)

Here, we used the fact that 3;3r < 472 eventually holds in the DLC,, limit.
As a result, we conclude that I dua i is suppressed by I dual “ip the DLC,,

<h< +,vac
limit.
Then, let us consider Z;, dx® Ar*5n ) iy the regime I6; A Bo and
’ h=2A \ Bp Bp+A2 g Ly g, = MO

Or < A. We have the following bound:

- 472 4An?Bgr B (6% +A2) A?
Zioa (G mne) <\ i 2 (e )
(2.72)
ﬂ A2 L+Br A2
w(Bo) 275261%6’4(’6 +A +f’R>.

Here in the first step, we bounded Zﬁ? 4 by the full partition function and
used modular invariance, and in the second step we applied Lemma 2.5 in the
specific regime of (8r,Sr). By using the above bound and (2.58), we obtain
the following estimate:

[dual

DLC,, 3/2 22 a2
L | TS OD (g, 4, 1) DA (RS )
+,vac R
R (2.73)
3
(2) AT ﬂ (x)
(o, A ) = G () | 22
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We note that Cf)(ﬁm A, T) is a finite constant for fixed By, A and T'. Since we
have chosen ¢+ with A < 27w (see (2.37)), in the regime (81 8r < 472 (which
eventually holds in the DLC,, limit), we can write

3/2
L e_A(%_ﬁL) < (4772)3/26_A(%(1_w2)_%ﬁL) X 657/26_14%(1”2_%’;)

B

(2.74)
In the DLC,, limit, the first exponential factor goes to zero by (2.13) and the
second factor [..] also goes to zero because of A < 2rw. (This is the reason why
we made such a choice of A in (2.37).) Therefore, we conclude that {12!

=+, T<h<A
is suppressed by 79%2! "in the DLC,, limit.

+,vac

2.6. Direct Channel
Now, we consider I in the direct-channel. According to the dual-channel re-
sults in the previous subsection, we know that I+ has the asymptotic behavior

471'5/261{ 4#2,4 o

i ~ T m Pr ¢i( ) (275)
L

+,vac

in the DLC,, limit with the identification Sr = 27/~ In this section,

we would like to show that I+ is dominated by Ii,he(A—s,A+s) in the direct
channel (in the same limit), i.e

pro, 428 24 4

I —_ .
+,he(A—e,Ate) ﬁi/QAl/Qe r ¢4(0) (2.76)
We will argue this by showing that
. Iy vac Iy r<hga—c Iy h>ade
1 — AN — sIv= — .
DLC,, I8l pLC,, Idual pLC,, Igual 0 (2.77)

2.6.1. Direct Channel: Vacuum. Let us consider the vacuum term I yac in
the direct channel of I:

I vac E/dt ABLHBRFI) (1 _ =LY (1 — e=Br=it) §_ (¢)ei(H-A)t

(2.78)
—ABL+BR) (1 _ e*ﬁL) [Qsi(_]f[) _ e*ﬁqui(l _ f{)] )
S0 It vac has the following upper bound
It vac < 2max|¢y (z)| e P r0m), (2.79)

Compare (2.79) with (2.75), we see that the ratio L vac/I$"3, is asymptoti-
cally bounded as follows in DLC,, limit:

I vac DLCw 3/2 _A( A== A1/2
e | T 0O () PL A4z ~L=5r) C(A) = =5 max | (=)
Ii,vac 5R 2m ¢i(0)

=W
(2.80)
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Cig)(A) is a finite constant. The rest part of (2.80) is bounded as follows

_an2w?2  _ 4 4x? (1 w?
W= e 5 e A( )
Br
DLC, &3 a2 w2 oa(AriT—w2) 5
< e PrR Xe A( ABR fr ﬁR) 0.
N 52
R

Here in the second line, we used the fact that 83r < 472 eventually in the
DLC,, limit, and the third line follows from the definition of the DLC,, limit
(recall Eq. (2.41)). Therefore, It yac is suppressed by {92l “in the DLC,, limit.

+,vac

2.6.2. Direct Channel: High Twist and Low Twist. Then, let us consider the
non-vacuum terms in the direct channel of Ii: It r<pca—c and T4 p>a4c,
given by (2.48). Integrating over ¢ in (2.48) for I+ r<pca—e and It p>a4e, We
get

A—¢ [e’e] - _
Lt r<hca—e =eAPrthn) / dh/ dh p(h, h)e~"Pr="Br ¢ (h — H),
T T

Lipsage =00 t0m) / dh / dh p(h, h)e~"Pr=10% ¢ (b — H).
A+te

(2.81)
Bounding ¢+ (h — H) by its maximal value, we get

e r<h<a—el S max |ps ()| Zr<nca—o(Br, Br),
i (2.82)
[T+ h>A+el < max |6+ (2)| Zn>a+-(BL, Br)-

Now it suffices to show that ZTgth_E(ﬂL,/BR) and Zh>A+5(ﬂL,BR) are sup-

pressed by Ii‘fj;c in the DLC,, limit. This follows from the same analysis as in

[28], section 3.19

dual
+,vac

[ [T 2 (252 sy
LPR

The second factor is exactly the dual-channel vacuum term of the partition function Z. 1t

10Here, a quick way to see the suppression is to rewrite the asymptotic behavior of I
as

is known in [28] T<hga—e(PL.Ar) hzA+e(BL.Br) decays exponentially fast
an2 5 (4«2 4an2 ) ar2 5 (4«2 4#2)
BLBR 7Y\ BL Br BLBR “V\ BL ’ BR

in the M* limit. The DLC,, limit in this paper is a stronger version of the M* limit, and it

is sufficient to kill the extra slow-growing factors ,31;3/2.
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Let us derive an upper bound on Zh>A+E(ﬂL,/6R) first. We chose some
fixed By € (0,00) and consider the regime fr < 45%)2 < Br. We have

. 2\ 2
Znza+<(Br, Br) <6_€(5L_W)Zh>A+s (4;),53)
(B, — x> - 47
<@ 60)\/52Z(ﬁ0767;) (2.84)
el ) [Bo A2
Br

Here in the first line, we used e(4=MAr eis(ﬂLi%) e(Afh)% for B > %)2
and h > A + ¢, in the second line we bounded Zh>,4+€ by the full partition
function Z and used modular invariance (2.12), and in the last line we used
Lemma 2.5 in the reglme == > 0.

By (2.58), (2.82) and (2 84), we get

Tetatec| " cpon g (2) el o
+,vac R
Y b (2) (2.85)
(A, o) =k (Bo)y| 155 max ¢i<>

0(4)( A, fp) is a finite constant. The rest part of (2.85) is bounded as follows

BL 82 —8(5 _7)4‘145 3/2 —eBr/2+ABo+ 45k —3/2 DLC
(ﬁ) e L o :/BL e cPL o+ 57 « 6R e*EﬂL/Q ZCw g,
R

(2.86)

Here, the first factor obviously vanishes as 3;, — oo, and the second factor
vanishes because of last condition of DLC,,.

Then, let us derive an upper bound on ZTgth,E(ﬁL,ﬁR). We intro-
duce an auxiliary variable 7. Then, we have the following upper bound on

Zr<n<a—c(Br, Br):
Zr<nh<a—c(Br, Br)
< e =P Zr e (8. 8r) (0 < By <)

This bound follows from the fact that e(A—MAL < e—c(BL=BL) g(A=h)BL for
h < A—¢and 8L < 7. We choose

g AT T(/lm—Rw /2) <: 27rT(1;w /2) /H;A) . (288)

Then in the DLC,, limit, we have
47T (1 — w?)
ABr

(2.87)

Br—BL = — Br, — oo. (2.89)
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We see that 87 > Op eventually in the DLC,, limit so Eq. (2.87) holds, and

N Aw? - [(A7? 4x?
Zr<n<a—<(BL, Br) < 3 ﬂRZ< 7 7B7R)
LPR L

A e () e ()
ﬂiﬁR vac 7 ’BR h,h>T leﬁR

2 47r 47r
4m |:47r A( +

AL,

/N 3/2 an? _an?2\_pf4ax2 _an
s (25) A ) 2050

(2.90)
Here in the first line, we bounded Zr<p<a—. by the full partition function
Z and used modular invariance (2.12), in the second line we rewrote Z as
Zyac + Zp p>7, in the third line we used Zyac(, B) < BeAB+P) and Lemma
2.5, and the last line is just a rewriting of the third line. The second term in
[...] vanishes in the DLC,, limit because
3/2 ) am <2 _ax
B V72 (-t en- 2 )r (45 -42)
472
2 3/2 2
_ (W) o IR A A(Go— 4+ 45T ) DLC,
R

By (2.58), (2.87), (2.90) and (2.91), we get

(2.91)

I | pre, A28\ % (5, _py)yar2a
letencace)\ "o ) (L) e,
I:I:l,l\?‘ac ﬁLﬁR
(2.92)
A
C(5)(A) = max ?i(x) .
167 = $4(0)

C(4)( A, Bo) is a finite constant. The rest part of (2.92) is bounded as follows
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TABLE 1. Estimates of the suppressed contributions in the

DLC,, limit. Here, we have ignored the constant factors

Iy, /18% Eq.
_ 3/2 _4n2T 4
Dual channel, T < h < A (%) e Pr TAPL (2.69)
_ 3/2 _A(M_B )
Dual channel, h > A ﬁéz e Pr r (2.73)
R
3/2 _ A i,ﬁ
Direct channel, h = 0 ﬁL—Re (BR L) (2.80)
3/2
Direct channel, h > A+¢ (Z—LR) e~ehL (2.85)
5 2 75(47\'2’11(1—11)2/2)7‘51‘)
Direct channel, T < h < A — ¢ 3/2¢ APR (2.92)

An2BL \*/? (B —pr)+ o ABr,  \3/? _atrure
e L =(—-— e ABR
31, Br (1—w?/2)T

_5(4727"(17“,2) —5L>+ A285
X e

ABR (1-w2/2)T
201 _ a2 3/2  _ ax2ru2e
< (M) 672 AgR (2 93)
(1 —w?/2)Br '

(eventually in DLC )

75(4127"(171#) 75L>+ A25p
X e

ABR (1-w2/2)T

PLC:

Here, the first line is just a rewriting, in the second line we used the fact that
2 2

Br < %1;“)) eventually in DLC,, limit, and in the last line we used fact

that both two factors vanishes in the DLC,, limit.

2.7. Summary of the Estimates, Two-Sided Bounds for Fixed &

We summarize our estimates on various terms in (2.47) in Table 1. We conclude
that in the DLC,, limit, I c(a—c 44<) dominates the direct channel and Jdual

+,vac
. DLCw tdual .
dominates the dual channel. So we get I+ pca—ca4e) ~° [$%c, which

justifies Eq. (2.44).
On the other hand, Eq. (2.57) gives the asymptotic behavior of 74Ul in

vac

the DLC,, limit. Together with (2.38), (2.39) and (2.40), we conclude that

$7(0)< .A(ﬁL,ELE,(s)

5 3/2 _ S (z£+ (0)
(% ) JEeinVAR
in the DLC,, limit. Here, we would like to emphasize that the above equation
is valid only when ¢ (0) # 0. (The lower bound is trivial when ¢_(0) = 0.)

Recall that we would like to derive the bounds on A;(e, Br). We use
(2.32), i.e., Aj(Br,¢) is exactly the same as A(fBr, H,e,d) for 6 € (e,1 — ).

(2.94)
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This fact allows us to choose different § for the upper and lower bounds, say ¢4
and 0_ respectively. Therefore, we conclude from Egs. (2.32) and (2.94) that

- A (8L, e
b5 (0) s ——0) <
87T7/25L J-1/2p4mVAT

A

b6, (0). (2.95)

in the DLC,, limit, with 6+ € (¢,1 — ¢). Here, we added the extra subscript
0+ to ¢4, which simply means ¢4 in (2.36) with § = d4.

Now the question is: Given fixed A and 04, what are the optimal values
of ¢+ 5. (0)? This problem was studied in [50] for A = 2. In that case, when
04 very close to 0 and _ very close to 1, the optimal functions ¢4 are given
by

_ 160% [2 cos (16 ) sin (wx) — 04 sin (16.) cos (wz)]?

¢+,5 (I) - )
" (22— (5_%)2 (278, + sin(276))2 (2.96)
b s (@) 82 (zcos (1) — 6_ cot (76_) sin (rz))? '
_s_(z)=
o 22(62 — 22) (w6 cot (16_) — 1)
This choice of ¢4 gives'!
. 1 2 - 1 1
¢)+75+ (O) = ﬂ 1+ sin(2wd4) ? ¢_75* (0) = % 1_ tan(wd_) ° (297)
2704 TH_
The case with arbitrary A can easily be obtained by doing scaling:
A AZL'
¢+s.(r) (A=2m) — ¢i,5i (z) = ¢i,%5i o ) (2.98)
Under scaling, (/Abi)(;i (0) is given by
~ 2T ~
02,5, (0) = s, 25, (0)- (2.99)
This gives us
. 1 2 A 1 1
a0 = F ey 00 O = x—0mmy 200
Ad+ L i

Here, we neglect the superscript A in the expression.
Now, we insert the optimal values in (2.100) into (2.95). But we need to
be careful because the following constraints on d4, w and A should be satisfied:

According to (2.32), we need 61 € (g,1 —¢).

According to (2.37), we must have A < 27w.

The choice of ¢4 5, requires that 0 < Ad, < 7 (see Eq. (86) of [50]).
The choice of ¢_ 5 requires that 7 < Ad_ < 27 (see Eq. (88) of [50]).

HThese values are obtained from the first equation of Egs. (86) and (88) in [50]. These
function appeared in [58] in mathematics literature.



Lightcone Modular Bootstrap and Tauberian Theory

To make the above constraints consistent, we also need that

>A> ! > ! = <1 ! (2.101)
w>—>—>— € - — .

2 7 26- 7 2(1—¢) 2w’

Then, the condition € > 0 implies w > 1/2. Under the above constraints, we
choose §_ to be arbitrarily close to 1 — ¢, §; to be arbitrarily close to € and A
to be arbitrarily close to 2rw. So A; has the following asymptotic two-sided
bounds

i; i < AJ(/BIME) < l 2 +
w1 tan(rw(l—e)) Q- A5/2 73/21]_1/2 anvAT ™ w 1 sin(2rwe) Q-
T rw(l-e) g BL € + 2mwe

(2.102)
Here, .t are defined by

o= 2m (34,5, (0) = 672 (0)) am = 2m (G27E.(0) - 62 5_(0))
(2.103)
They are positive but can be arbitrarily small in the limit §; — ¢ and 6_ —
1 — e. However, A;(8L,¢) does not depend on 0+ and A because ¢ are just
auxiliary functions for our analysis. So we arrive at (2.24) for w € (3,1) and
(0 1— ) fixed.

Remark 2.6. There are also other choices of (ﬁi#; ., which give non-optimal
but simpler expressions of upper and lower bounds than (2.24). For example,
one can choose ¢+ 5 at A = 27 to be the Beurling—Selberg functions [57,59],

denoted by qf)i%.lz The B-S functions give ES(;(O) 5= (26 + 1). Then after
the same rescaling procedure as (2.98), one gets

- 1 2

bis, = (25i + A”) (2.104)

By taking extremal values of 1, the upper and lower bounds in (2.24) become

1
—I— 2¢ and 2 — — — 2e. We note that in the limit ¢ — 0, the B-S function

already gives the optlmal upper bound, while it gives the optimal lower bound
only when we also take the limit w — 1.

So far, the statement in Theorem 2.1 has been established with for fixed
€. As a final step, we would like to let ¢ also go to zero in the DLC,, limit.
This will be the subject of the next subsection.

2.8. Shrinking the (A — &, A + €) Window

In this subsection, we would like to establish the final part of Theorem 2.1,
which allows for the vanishing of ¢ in the DLC,, limit, provided it remains
larger than emin (8L, J) as defined in (2.23).

In our analysis, the e-dependence arises in three key aspects:

I2For the explicit constructions and technical details, see [50], Egs. (38)—(42) and appendix
C.
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1. In Appendix A, we used the dominated convergence theorem, which re-
quires the condition that |¢4 |, which depends on J, must be bounded by
an integrable function. This condition is automatically satisfied when e
is fixed since, in that case, we work with fixed functions ¢4 that are inte-
grable by themselves. However, as € — 0, the functions ¢ are no longer
fixed, and it becomes crucial to ensure that the family of ¢4 functions we
consider remains uniformly bounded by certain integrable functions that
are independent of §. This will ensure the applicability of the dominated
convergence theorem in the limit as e — 0.

9(2) i ¢i( )
55(0) (as seen in (2.70) and (2.73)) and max | 7= (

seen in (2.80), (2.85), and (2.92)) depend on the choice of ¢i. Ultimately,
we selected 64 = ¢ — 0 for ¢4 and 6 =1 — ¢ — 1 for ¢_. Therefore,
similarly to point 1, we need to derive some uniform bounds on the ratios.

3. The bounds on the high- and low-twist contributions in the direct channel
of I+ incorporate exponential factors that rely on ¢, as presented in Table
1.

To address the concerns raised in the first and second points, we establish
upper bounds on the quantities

| PEoe () bis. (@)
Qz):l:ﬁi (0) éi,éi (0)

for the chosen ¢4 5, . These bounds remain uniform in §; within the regimes
that permit the limits 64 — 0 and d_ — 1. The precise statements of these
bounds are presented in Lemma 1 and Lemma 2, while the detailed proofs
can be found in Appendix B. Consequently, the first and second concerns are
effectively resolved through the establishment of these uniform bounds.

To address the third point, we examine the conditions required for the
DLC,, limit as € approaches 0, as shown in Table 1. These conditions can be
expressed as follows:

) 3/2
i/Qe*E(Aﬂ (1—w?/2)=p1) (g;) e~Pr 0, (2.105)

i.e., the exponential factors must decay rapidly enough to render the power-law
factors negligible.

For the first term in (2.105), we use the DLC,, condition (2.41) and get
the following inequality:

3/2
e (BBramut o) (AT e o 4
L A ABr '

In the DLC,, limit, where Sz — 0, we need the r.h.s. of the above inequality
to vanish. This can be achieved if we impose the following sufficient condition:
212w T
el = >

An (2 + a) log(1/8R), (2.107)

where « is an arbitrary fixed positive constant.

2. The ratios max

and max

x

b1, ()]

x
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For the second term in (2.105), we rewrite it as follows:

3/2 o .
<5L> e—eBr _ (=TGR ) Bt S log Br (2.108)
Br

In order for this term to vanish in the DLC,, limit, we require the following
sufficient condition:

where « is an arbitrary fixed positive constant.

Now, we select the same « for both (2.107) and (2.109) for simplicity and
determine the smallest value of ¢ that satisfies these conditions. Specifically,
we have:

3 A
> max{ (5 + ) g O lox1/n)

log(1 1
3log(1/Br) (3 +a> ogﬂL}
201 2 BL

(2.110)
It can be verified that, in the DLC,, limit, the choice of & given by (2.110) tends
to zero. The last part of theorem 2.1 follows by choosing v = 3 in (2.110) and
using the identification (2.40) (which implies Sz ~ J~1/2 in the DLC,, limit).
This finishes the whole proof of theorem 2.1.

3. Holographic CFTs and Large c Limit

In this section, we shift our focus to holographic CFTs in the large central
charge limit, where ¢ — oco. Here, rather than considering a fixed CFT, we
consider a class of 2D irrational CFTs, denoted as {A.,}. The CFTs A.,
of this class are characterized by the central charge ¢ and other potential
model parameters o. However, since the parameter ¢ has nothing to do with
our subsequent discussion, we will simplify the notation from A., to A. for
brevity.

Our goal here is similar to that in Sect. 2: to count the spectrum of
Virasoro primaries of these CFTs near the twist accumulation point and get
some universal asymptotic behavior. We consider

c—1
NJ(E1,62,A) = Z Nh,h+J, A= Y s (3_1)
A—eg1<h<A-+es

and take the limit J;A — oo and e1,e0 — 0 with appropriate constraints
between e1, €9, J, and A. Unlike in Sect. 2, here we allow €1 and 5 to differ,
since in the large central charge limit, the lower bounds on these values will
behave differently as a function of A.

We define the CFT class {A.} as follows. The basic defining properties of
CFTs, as discussed in Sect. 2, are still adopted. Additionally, we introduce two
extra quantities, « and C(Br,Br). The class {A.} is thus defined by adding
the following two conditions:
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1. For any CFT in the class {A.}, the twist gap is bounded from below by
T > aA, (3.2)

where « is strictly positive.
2. For any CFT in the class {A.}, given that 8y, 8r > 27, the ratio of the
full partition function and its vacuum part is bounded from above by
Z(/@La ﬁR)
Zvac (ﬁLa ﬁR)

where C(0r, Or) is finite as long as (1, Br > 2.

< C(BL,Br)- (3.3)

It is worth noting that the first assumption is not strictly necessary, as we
expect our results to hold even if we include a sparse spectrum of operators
below the twist gap (7gap = 27) in the partition function. The second as-
sumption takes inspiration from the HKS sparseness condition [22] and its
implications.'3

Our analysis in this section closely follows that in Sect. 2. However, there
are additional subtleties that arise due to the following reason. In Sect. 2, when
we decomposed the partition function into several parts in different channels:

— 5 > ~ ~ ~dual ~dual
Z = Zvac + ZTgthfsl + ZA751<h<A+E2 + Zh>A+€2 = sz;lca + chl)lr?vacv

and argued that several terms are subleading, we actually bounded them by
the partition function itself at some fixed inverse temperature, e.g., Z (8o, Po)-
However, in the case of a class of theories, these terms may no longer be
subleading as they could all grow exponentially fast with ¢ in the large central
charge limit. This is the reason why we introduce the two additional conditions
mentioned above: we want the dominant terms in the fixed CFT case to remain
dominant in the holographic case. Exploring the generality of our additional
assumptions, particularly the second one, in holographic CFTs would be an
intriguing avenue for future research.

3.1. Holographic Double Lightcone Limit, Main Results

To estimate Nj(e1,e2,A4) defined in (3.1), we introduce the quantity
Aj(BrL,e1,e2, A) defined as follows:

As(Br,e1,62,A) = Z nhpge” TP (3.4)
he(A—e1,A+ez)

This definition is similar to the previously defined A;(3L,¢) (as defined in
Eq. (2.20)), but now it depends on A since the theory is no longer fixed. By
definition, Nj(e1,e2) and A (8L, ) satisfy the following inequality:

eielﬁLAJ(ﬂLa‘slaEQ»A) < NJ(517€2;A) < eEZﬁLAJ(ﬁLa[':lagQaA)' (35)

13We anticipate that (3.3) can be derived by imposing a similar, yet stronger, sparseness
condition compared to the HKS sparseness condition introduced in [22]. While the HKS
condition focuses on the sparseness of the low-energy spectrum, (3.3) specifically requires
sparseness in the low-twist spectrum.
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We consider A;(fr,¢) in the holographic double lightcone limit (HDLC),
which is defined by the following limit procedure:

HDLC,, limit: (r/A, J, A— oo, 2ma(l— wz)\/ % — B — o,

J
B log (A) -0,
where w € (%, 1) is fixed.
We note that in the HDLC,, limit, the first, second, and fourth conditions
imply that J/A® — co. When A and T are fixed, the HDLC,, limit reduces
to the DLC,, limit defined in Eq. (2.22). Thus, we consider the HDLC,, limit

as a natural generalization of the DLC,, limit to the case of the large central
charge limit.

(3.6)

With the above setup, we have the following result:

Theorem 3.1. Let {A.} be a class of CFTs satisfying the above mentioned
conditions (see Sect. 2.1 and the beginning of Sect. 3). Consider any w € (%, 1)
fixed and e; within the range

1
Ei,min(ﬁLa Ja A) gai < 1-— 5 (37)
2w

where €; min are defined by

e1.min(Br, J, A) 1= 310%‘(/%)\/?

2maw?

-1
(m _ 4;)

Then the quantity Aj(BrL,e1,e2,A) defined in (3.4) satisfies the following as-
ymptotic two-sided bounds in the HDLC,, limit (3.6):

(3.8)
52,min(/8L7 J7 A) :

3mA+ §log (ﬁL AJ)
2 27

1 1 <« ABrenend) 1 ( 2 )
tan(mw(l— ~ = —3/2 4_ - ~ sin(2mw ’
w L- W 47Td/2ﬁL / J1/2ed Va7 WAL+ 2(7rw£6)
(3.9)

where e = max{ey,ea}. The above bounds are uniform in 1 and .

Theorem 3.1 serves as the large-c counterpart to Theorem 2.1. It estab-
lishes the universal behavior of the spectrum near the twist accumulation point
in the regime where

J> (3.10)

Due to the similarity in the overall proof structure between Theorem 3.1 and
Theorem 2.1, we skip the proof of Theorem 3.1. Here, we only list the key
estimates in Table 2.

We would like to make some remarks on the key observations and the
main technical distinctions specific to the large central charge limit case:
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TABLE 2. Estimates of the suppressed contributions in the
HDLC,, limit. Here, we have ignored the constant factors. (G
is an arbitrary constant satisfying Gy > 27

It /Idual

+,vac

472(A-T)
Bo

_ 8 3/2 _47\'2T+A/30_
Dual channel, T < h < A (ﬁ) Al/2¢7 PR

an2 A2
B3/ A1/2 e—A(T—BL)
2
R 2
E 47
gy a? e’A(W’BL)
Br

Dual channel, h > A

Direct channel, h =0

3/2 - (B 7¢)+Aﬁ
Direct channel, h > A + &2 (%) Az 2\ A ¢
2 2
12 — (41 a—w?/2) g4 )
Direct channel, T < h < A — ¢ (é) e AR L

Remark 3.2. 1) The basic idea in deriving the above bounds is to estimate
the partition function by itself but evaluated at some fixed inverse tem-
perature, e.g., Z(ﬁo, 0o). However, in A — oo limit, Z(ﬂo, Bo) grows like
e?4%  This leads to subtle differences between Theorem 3.1 and The-
orem 2.1. For example, while Eq. (3.8) is similar to Eq. (2.23), there is
an extra 3wA factor in the expression for €9 min (01, J, A), which comes
about and is important because A is very large.

2) In the above discussions, we assumed that the non-vacuum spectrum of
Virasoro primaries starts from an O(c) twist gap, i.e., h,h > oA with
some fixed a > 0. In fact, our conclusion does not change if we have
finitely many Virasoro primaries with A,k being O(1) numbers. Using
the same analysis as in Appendices A.2 and A.3, one can show that the

contributions I i“(a}iﬁ), from each of these extra operators are suppressed:
Idual _
+,(h,h) | HDLC,,
Jdual -0, (3.11)
+,vac

and hence can be neglected in our analysis.

Let us now estimate Nj(e1,e2) using Theorem 3.1. For this purpose, we
choose the following values of (7, €1 and e5:

J 1 [ A 3 /A
BrL =k 1 Sl—w leg(AJ)7 52—; 7(27TA+10gJ)7
(3.12)

where 1 € (0,2ma(1l — w?)). It can be verified that in the limit J/A% — oo
(which is necessary for the HDLC,, limit as mentioned after (3.6)), both the
conditions of the HDLC,, limit (3.6) and the ¢; bounds (3.8) are satisfied.
Additionally, it is worth noting that for fixed A, both £; and e decay as
O(J~Y?log J) in the limit J — oo, which is consistent with the behavior
observed in the case of fixed CFT.
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By applying Eq. (3.5), Theorem 3.1, and Eq. (3.12), we obtain two-sided
bounds for the quantity Nj(e1,2). In order to simplify the statement of the
result, we sacrifice optimality by choosing w = %. Thus, we arrive at the
following estimate for A;:

Corollary 3.3. For any fized k € (0, MTO‘), we have
N (e1,2) = eXTVATHRAD - (J/4% = o0)

1[4 3 /A (3.13)
(slzm jlog(AJ)ﬁQ:E J(27rA+logJ)>,

where the error term f.(A,J) is bounded by
|fe(A,J)] < 6mA+ 5log(AJ) + C(k), (3.14)
with C(k) being a finite constant.

3.2. Near-Extremal Rotating BTZ Black Holes

In this subsection, we will discuss the implications of the results we have
derived in the previous subsection within the context of holography. It is worth
noting that the Cardy-like formulas are commonly used to compute the entropy
of black holes in AdSs [17]. However, our current investigation focuses on the
rotating BTZ black holes.

The near-extremal rotating BTZ black hole has an approximate AdS, x5!
throat, as discussed in section 4.1 of [60]. Since the Schwarzian action describes
gravity in nearly AdSs spacetime [51], it is reasonable to expect that the nearly
AdS; x S* throat of the near-extremal rotating BTZ black hole is described
by the Schwarzian action. From a holographic perspective, this suggests the
existence of a Schwarzian sector in 2D holographic CFT.

In the work [60], the authors made significant progress in identifying this
Schwarzian sector. They specifically highlighted that the near-extremal limit
in 3D gravity is dual to the double lightcone limit in 2D CFT. Their analysis
led to the proposal of a universal sector described by Schwarzian theory in
irrational 2D CFTs. The methodology closely follows the intuitive aspects of
the lightcone bootstrap in the large central charge regime, effectively captur-
ing the qualitative features of this limit. Furthermore, the authors extended
their analysis to correlators, providing additional evidence for the proposed
universality.

Here, we would like to focus on the torus partition function. In Sect.
3.2.1, we will briefly review the argument in [60]. Then in Sect. 3.2.2, we will
compare our results to the ones in [60] and clarify what we can justify and
what we cannot.

3.2.1. Review: Rotating BTZ Black Hole Thermodynamics in the
Near-Extremal Limit. The metric of the rotating BTZ black hole (without
electric charge), first derived in [61], is characterized by three parameters: r
(outer horizon radius), r_ (inner horizon radius) and ¢3 (AdSs radius). The
range of ro is 0 <7r_ < 7rg.
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To facilitate our discussion, we will use dimensionless parameters for the
physical quantities (such as temperature, mass, etc.) of the BTZ black hole.
The corresponding dimensionful parameters can be obtained by multiplying
dimensionless quantities by (¢3)® with the appropriate power indices a.

The mass M and spin J of the black hole are given by
_ T2+ + 72 TyT_

M=-"_=- J = 3.15
8Gnls ' 4G Nl3 ( )

where G is Newton’s constant. The requirement for 4 to be real implies the
bound J < M.

The thermodynamic quantities of the BTZ black hole, including the
Hawking temperature T3, the angular momentum chemical potential €2, and
the black hole entropy S, were derived using various semiclassical methods
[61-70]. The expressions for these quantities are as follows'4

2 _ 2
_ri—r

T_ mwr
Ty = =t

- = Q=—=, S§= .
27T£37’+’ 7"+’ QGN

(3.16)

In the regime where Gy < {3 (semiclassical) and ry ~ r_ (near-extremal),
the entropy of the near-extremal black hole is related to its angular momentum
using (3.15), (3.16), and the Brown—Henneaux relation ¢ = 2%2 [52]. We find
that the entropy is given by

S ~ 2, /%J ~AnrVAT (e 1). (3.17)

This result is consistent with Corollary 3.3 which provides the operator count-
ing formula in the large ¢ limit.'® It is remarkable that from the CFT side,
we obtain the correct entropy formula for near-extremal black holes, providing
a gravitational interpretation of our results. This matching between the CFT
and gravitational descriptions not only reinforces the validity of the thermo-
dynamic description of black hole physics but also provides support for the
holographic principle.

The inverse temperatures for left and right movers, denoted as G and
Br, respectively, are related to Tx := S~ ' and €, hence with 7+ as follows:

b= (1+ 8= 28 = (1-o)p= 20

—_—. (3.18)
Ty —T_ Ty +ro

In [71], it was emphasized that the self-consistency of semiclassical methods
requires the back reaction of black hole radiation to be negligible. Specifically,
the fluctuation in Hawking temperature, denoted as ATy, should be much

14 0One can verify the black hole thermodynamics: dM = Ty.dS + QdJ.
15Corollary 3.3 predicts S ~ 274/ %J instead of 27,/ %J. This is because in this paper we

are only counting Virasoro primaries instead of all states. This gap can be filled when we
take into account Virasoro descendants. Also, in the large central charge limit, this difference
is not important in the leading order of ¢ 1.
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smaller than Ty itself, which can be expressed using a standard thermodynamic
argument [72] as:

(ATw)?) _ L (0Tu
7 _TH<85)J<<1. (3.19)

By substituting (3.16) into (3.19), we find Ty > Cj—SN. Using (3.18) and the

Brown-Henneaux relation ¢ = % in the semiclassical regime Gy < /3, this
constraint can be written as:
Br,Br<c (c>1). (3.20)

For this reason, in ref. [60], ¢~ is referred to as the “gap temperature” of the
BTZ black hole. It was believed that the thermodynamic description of the
black hole breaks down when Ty = O(c™1).

The above analysis raises a puzzle regarding the validity of black hole
thermodynamics in the near-extremal regime (ry ~ r_ or Q ~ 1), where Ty
could be of O(c¢™1) or even smaller. A resolution to this puzzle is recently
proposed in [60]. See also [73] for a recent review.

Ref. [60] investigated the near-extremal regime of black holes character-
ized by the conditions:

BL=0(c), Br=0(c"") (c>1). (3.21)

Based on the previous argument, it appears that black hole thermodynam-
ics breaks down in this regime due to the violation of the “gap temperature
condition” (3.20). However, [60] proposed that the thermodynamics remains
valid, but it is no longer described by semiclassical methods. Instead, a quan-
tum mode governed by Schwarzian theory [51,74] becomes dominant in the
near-extremal regime.

Furthermore, [60] argued for the appearance of the Schwarzian sector
universally in a broad class of ¢ > 1 irrational CFTs with a twist gap and a
significantly large central charge ¢ > 1. Here, we aim to revisit their argument
while presenting it from a slightly different perspective. Instead of focusing on
the full partition function Z(f5r, Sr) as examined in [60], our analysis focuses
on the reduced partition function Z(8z, 8r), which exclusively accounts for
the Virasoro primaries. The computation below follows the same logic as in
[60]. This choice enables us to conveniently compare our results with those of
[60].

The intuitive argument goes as follows. In the grand canonical ensemble,
focusing on Z(ﬁL, Br), the limit as g — 0 favors the dominance of the vacuum
state in the dual channel, while the limit as 37, — oo favors non-vacuum states.
The presence of a twist gap in the spectrum of Virasoro primaries ensures that
each non-vacuum term is suppressed, leading to the vacuum state’s dominance
in the dual channel. The vacuum contribution in the dual channel can then be
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identified with the contribution from the rotating BTZ black hole. Hence, we
have the approximation:

~ 3.21 2 ax?4 | 4n? _4n2 _4n2 ~
BLBr
(3. 22)
where A = 52 1 - In the large central charge limit, the left-moving part of ZgTz

can be identified to the Schwarzian partition function. To see this, we introduce
the Schwarzian variable 3 by rescaling 3(= (81, + Br)/2)

3= % <E (leﬁl)) : (3.23)

In the regime (3.21) with large central charge, we have 8 = (1/2, then the
grand canonical partition function can be further approximated as

5 3.21 3z, 2\ 3/2 an?
Z(ﬁL,ﬁR)( ~ (g) e™ /B x (;) B2 TR (3.24)
and
R A\,
ZSchw(ﬂ) = <B) e’ /B (325)

is the Schwarzian partition function with a circle length 3. So we see that the
grand canonical partition function is dominated by the Schwarzian modes in
the regime (3.21). The grand canonical entropy can be determined using the
standard thermodynamic formula:

Serand (B, Or) = ( ) v ﬂ ﬁRaﬁ ) log Z (B, Or)
B 82 A
~ Br
Here, the entropy from Zgcpy is included in the error term.

The Schwarziall sector can also be seen in the canonical ensemble of
primary states with h = h + J (spin-J):

(3.26)

+ O(log Br) + O(log Br) + O(log A)

2
Z;(8) = / 49 ios Z(B —i6, 8+ ih). (3.27)
0 27r
In [60], it was argued that in an equivalent near-extremal regime!S:
B=0(), J=0() (c>1), (3.28)

16We modify the condition stated in ref. [60], Eq. (2.14), to J = O(c?). We believe this to be
the correct equivalent condition to B = O(c’l). The reason will become clear shortly: We

will see that B = 2w,/ g under the saddle point approximation. This identification, along

with the condition Bg = O(c™!), implies J = O(c3). This has also been noted in Appendix
B of [75] to justify the validity of saddle.
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Z 7(8) can be evaluated by replacing Z with Zgry and computing the con-
tribution around the complex saddle point § = i3 — 2771'\/% + O(J~1). This
yields:

Z,(9) (3£8) \/§7T5/zﬁ—3/2J—1/ze4wmfﬁ,1+%. (3.29)

Then, the canonical partition function Z;(3) can be expressed as
Z5(B) = Zsanw (B) x ¢'mVAT =0T +0log A)+0og 5), (3.30)
The canonical entropy is obtained using the standard thermodynamic formula:
Semon(: ) = (1= 555 ) Z(9) = 47/ + O(log 4) + O(log ). (331

Here, the entropy from Zggpy, is included in the O(log A) + O(log ) terms. To
match the grand canonical entropy (3.26) with the canonical entropy (3.31),

we recall fgr = 0+ 10 = 27r\/§ + O(J71Y) in the saddle point approximation.

This identification ensures the agreement of their leading terms: S = 47/ AJ+
(errors).

Let us consider the microcanonical ensemble now. In the limit (3.21),
where (1, ~ 28 = O(c), we expect the dominant contribution to the grand
canonical partition function Z (BL,Br) to arise from states with h — A =
O(c™1). This expectation is based on the duality between §; and h — A in
the definition of Z(8r,Gr) (as seen in (2.6)). Additionally, in the canonical
ensemble, we identify Or with the saddle point at large spin, which leads

to fr = 27r\/§. Using this relation together with (3.21), we find that J =

h —h = O(c?). In the microcanonical ensemble, we therefore anticipate that
the relevant spectrum for the limit (3.21) consists of states characterized by

J(=h—h)=0(), h—A=0(1). (3.32)

To determine the microcanonical entropy, we need to determine the number
of Virasoro primaries within the range (3.32). Based on the BTZ dominance
(3.22) in the limit (3.21), a plausible approach is to perform an inverse Laplace
transform of Zgryz to obtain the coarse-grained spectral density of Virasoro
primaries within the specified range. The inverse Laplace transform of ZBTZ
yields the following expressions for the left- and right-moving vacuum charac-

ters:
1  4x2a

R S < :/Oodﬁ A; ) e~ (h=A)8, 3.33
N ( ) . po(A;h) (3.33)

where the modular crossing kernel pg is given by

- cosh(4m\/A(h — A)) ~ cosh(4my/(A — 1)(h— A))
po(A;h) = L =L . (3.34)

Therefore, 2mpo(A; h)po(A; h) serves as the naive coarse-grained spectral den-
sity for Z. Let us use it to estimate the total number of Virasoro primaries
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within the range:

lh—Al <A™, [h—A—-J| <=, A=0(1). (3.35)

M| —

By integrating 27po(A;h)po(A;h) over the specified range of h and h, we
obtain

A4Ae! A+J+3 B
27r/ dhpo(A, h) x / dh po(A;h)

A AtJ-1
5/2 p\/6 1

~ %/O d(k?) sinh(27k) x ﬁe”‘“m (k =2\/A(h — A)).
(3.36)

In this expression, the integral over the left-moving part is identified as the
integral over the Schwarzian density of states (which is sinh(27k)). By taking
the logarithm of the result, we obtain the microcanonical entropy of the states
within the range (3.35):

Smicro(A, A, J) =4V AJ + O(log A) + O(log J), (3.37)

where the contribution from the left-moving part, which includes the Schwarzian
sector and is of O(log A), is absorbed into the error term.

The agreement between the entropy computations in different ensem-
bles for near-extremal BTZ black holes, as seen from Egs. (3.26), (3.31), and
(3.37), is significant. Furthermore, the entropy formula S = 47v/AJ can be
reproduced using Eqgs. (3.15), (3.16), and ¢ = 23(%\, in the near-extremal regime.
This provides strong evidence supporting the validity of the thermodynamic
description of AdS3 pure gravity in the near-extremal regime, where the Hawk-
ing temperature is of the same order as the “gap temperature.”

However, it is important to note that the above arguments have certain
caveats, and it is necessary to consider these limitations when concluding the
existence of a universal Schwarzian sector in a general class of irrational CFTs,
even without a gravitational dual. We will discuss these caveats in the next
subsection.

3.2.2. Fine-Prints and Resolution a la Tauberian. In this subsection, we would
like to compare our results from Sect. 3.1 to the ones in [60] and put some
of the intuitive arguments above on rigorous footing and clarify what can be
proven rigorously.

Let us first consider the partition function in the grand canonical en-
semble: Z(f3r,Br). By assuming (3.2) and (3.3), we can establish the BTZ
dominance, i.e., the vacuum dominance in the dual channel, within the regime
specified by (3.21). Similar to the estimate performed in [28], we find that

Zpr2(Br, Br)
Z(Br,Br)

2o
=1 + O i/QeiA(‘lBR 7ﬁL73ﬂF) (338)

)
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where ZBTZ was defined in (3.22). From this result, the BTZ dominance can
be reached under condition (3.21) and an extra technical assumption

472
Br
where £ > 0 is a fixed constant. The above extra assumption is weaker than
the one imposed in the HDLC,, condition (3.6). In this limit, 87, is allowed
to be of O(c), which gives an O(1) Schwarzian variable [ ~ 4% using (3.23).
Consequently, the grand canonical partition function Z (8L, Br) exhibits the
following asymptotic behavior:

— BL = ke, (3.39)

A

Therefore, in our framework, we have justified that the Schwarzian partition
function appears in the left-moving sector of the grand canonical partition
function. However, it should be noted that the presence of the Schwarzian
sector in the theory is not guaranteed, as the direct channel spectrum capable
of reproducing the above asymptotic behavior is not necessarily unique.

Let us next consider the canonical ensemble. We would like to start by
establishing a relationship between the quantity A;(08L,e1,e2, A) (defined in
(3.4)) which we used in Theorem 3.1 and the canonical partition function
Z7() (defined in (3.27)). By explicitly evaluating the integral in (3.27), we
find

. 21 3/2 24
Z(BL, Br) ~ Zerz(BL, Br) ~ Zsaw(B) x <W> BR%eFn . (3.40)

Z5(8) = ey mnngsen? 0. (3.41)
h
Comparing this expression with (3.4), we obtain the exact relation
Z5(B) = A;(28,00,00, A)e 7. (3.42)
Then, it is not surprising that setting 8 ~ 81,/2 > A in (3.29) yields
ZJ(/B) ~ 4W5/2ﬁ£3/2j_1/264ﬂm % e—ﬁJ7 (3.43)

which, by (3.42), implies
Aj(Br,00,00,A) = 47T5/2ﬁ23/2[]71/2647rm. (3.44)

This result agrees well with Theorem 3.1 (see (3.9), the denominator below
Aj). The main distinction is that (3.44) takes into account contributions from
all spin-J states (i.e., with e; = g2 = 00), while Theorem 3.1 only counts
the contributions from spin-J states with twists near 01_21 (i.e., with finite &9
and e9). This difference is actually one of the main points of Theorem 3.1: In
the HDLC,, limit, both A;(8L,e1,e2, A) and A (8L, 00, 00, A) yield the same
leading behavior.

Now, let us clarify the conditions required for our analysis in the canonical
ensemble. For Theorem 3.1 to hold true, we need the HDLC,, conditions (3.6),

which imply:

B >c, J>cE. (3.45)
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O0(\/$) STu < ¢! (Here) Ty = O(c™1) [60]

VelJ ¢! Tu

F1GURE 3. The three regimes of Ty compared to the “gap
temperature” ¢~! (assuming ¢ > 1 and Br = O(c™!) or
smaller). The results in our paper are valid in the pink regime.
The arguments of [60] (Schwarzian sector) correspond to the
green regime. The arguments of [71] (general regime of va-
lidity of black hole thermodynamics) correspond to the blue
regime

Thus, Theorem 3.1 pertains to a different regime than the one considered in
[60], where they require the condition (3.28). In [60], having S = O(c) is
crucial as it enables the identification of the Schwarzian sector through the
rescaling (3.23). The condition (3.45) indicates that our results are valid when
the Hawking temperature is much lower than the “gap temperature”:

Ty < c (3.46)

In addition, according to Theorem 3.1, the HDLC,, limit conditions (3.6) im-
pose a lower bound on the temperature. Specifically, we require
1 e

Ty > const X a™ i (3.47)

in order to ensure the validity of our analysis.

Figure 3 provides a schematic illustration of the corresponding regimes
for our arguments, as well as for the arguments presented in [60] and [71]. We
would like to highlight that the arguments concerning the universal Schwarzian
sector presented in the previous subsection [60] are meaningful only if it can be
shown that the dominant contribution to Z;(f3) arises from the BTZ partition
function, subject to the condition (3.28). However, to our knowledge, this has
not been rigorously established yet. A clean treatment of this issue would
involve proving the following equation:

Z

lim 2BTZ (B)
c—00 ZJ (ﬁ)

under the condition (3.28), where Z; pryz(3) represents the contribution from

the BTZ partition function. Equation (3.48) is similar to (2.49), where the

compact support of ¢4 played a crucial role in the proof. In the case of (3.48),
i0J

— 1 (3.48)

the analog of (;Abi is ", which is supported over the entire real axis of 6. Due
to this technical complication, we are unable to rigorously justify (3.48). It is
possible that (3.48) is not universally true for all classes of irrational CFTs, but
may hold with certain additional assumptions that arise from the gravitational
perspective. We leave this question for future study.
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Lastly, let us consider the microcanonical ensemble. In this paper, we have
shown that in the HDLC,, limit, the dominant contribution to A;(8,e1 =
00,69 = 00, A) arises from the spectrum satisfying the conditions
c—1

12

J>c A-J- € (—e1,e2), (3.49)

where

(=0 <\/§10g(,])> L =0 < Cj) +0 (\/Elog(J)) . (3.50)

We have established that within this range, the leading term of the micro-
canonical entropy is given by Spicro = An/AT , which coincides with (3.37)
as well as the standard black hole thermodynamic prediction (3.17). It is im-
portant to note that our argument is purely based on CFT considerations and
applies to a general class of irrational CFTs, without necessarily relying on a
gravitational interpretation.

While the microcanonical entropy formulas are the same, the regime of
validity of our result differs from that of [60], as mentioned earlier. In our case,
the first condition (3.49), which also appeared in the canonical ensemble (see
(3.45)), is more restrictive than the corresponding condition in (3.28).

In [60], it is crucial for the spectrum with 0 < A — J — Cl’; < O(c™?) to
dominate Z(fr, fr) in the limit (3.21) (i.e., the second condition of (3.32)) in

order to identify A — J — 01;21 with the positive Schwarzian energy of O(1):

k2occ(A—J—Cl_21> = 0(1). (3.51)

In contrast, in the second condition of our case (3.49), we do not exclude the

spectrum with twists lower than <=L (i.e., A—J—<L € (—¢1,0)). Additionally,

the width of the window depends on J and is not necessarily of O(c™!).

In our case, it is unclear which modes within the range A — J — % €

(—&1, ) are more important for the partition function Z(3z, fr) in the HDLC,,
limit. It would be interesting to investigate the general conditions under which
we can access the “Schwarzian regime” (3.32) and rigorously perform the mi-
crostate counting. We leave this for future study. It is conceivable to generalize
the rigorous discussion to the supersymmetric case along the lines of [76-78].

4. Conclusion and Brief Discussion

In this paper, we present a refined twist accumulation result for two-dimensional
unitary conformal field theories with central charge ¢ > 1 and a twist gap in
the spectrum of Virasoro primaries. Using the lightcone bootstrap argument
and Tauberian theory, we rigorously estimate the number of Virasoro primary
operators with twist near 61721 and large spin, leading to the derivation of a
Cardy-like formula (1.2) which counts the states around the twist accumula-
tion point with twist spacing going to 0 in the large spin limit. While this

paper is grounded in the context of 2D CFT, it is crucial to underscore that
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our results concerning the asymptotic behavior of the spectral density have a
broader relevance. They are applicable to a class of functions defined by key
properties: (a) modular invariance, (b) positivity of expansion coefficients, (c)
the inclusion of a “vacuum term,” and (d) the presence of a “twist gap.” The
CF'T torus partition function serves as an example of such functions. We antic-
ipate that the techniques developed here could be applicable for other aspects
of functions of such types.

One can conjecture potential generalizations of our result for CFTs with
conserved currents, which we will report in near future. It would be interesting
to consider irrational CFTs symmetric under a larger chiral algebra and with
a twist gap in the spectrum of primaries of the larger chiral algebra. The twist
accumulation point in the spectrum of such primaries is expected to shift, and
it is conceivable to establish analogous rigorous findings for irrational CFTs
with the larger chiral algebra.

Additionally, we study a class of CFTs with a twist gap growing linearly
in the central charge and a uniform boundedness condition on the torus par-
tition function. We establish a similar Cardy-like formula for microcanonical
entropy in the limit of large central charge. From a holographic perspective,
our result can be interpreted as the entropy formula for near-extremal rotating
BTZ black holes in the regime where the Hawking temperature is much lower
than the “gap temperature.” It would be interesting to investigate a general
CFT condition, inspired by the gravity side, under which we can rigorously
perform the microstate counting in the “Schwarzian regime.” In that regime,
the Hawking temperature is comparable to the “gap temperature.”

Another avenue to consider is the investigation of CFTs with a global
symmetry G and the study of the symmetry-resolved version of asymptotic
CFT data. For instance, it is possible to derive the density of states restricted
to an irreducible representation of G in the in large A limit [11] (see also
[79,80]). This analysis has been extended to higher-dimensional CFTs and
holographic CFTs in subsequent works such as [12] followed by [81]. Universal
results for CFTs with non-invertible symmetry are discussed in [15] and in [82].
By building upon the techniques elucidated in this paper, one can aspire to
derive the universality of the CFT spectrum when restricted to an irreducible
representation of G in the regime of fixed twist and large spin. Furthermore,
Tauberian theory can be potentially useful for extracting detailed structure of
asymptotic CFT data, unveiled in a beautiful recent paper [16].

One might hope to use the techniques in this paper in the context of
generic irrational CFTs with Virasoro symmetry only to shed light on (1) the
claimed twist gap [32] of S5+ and/or (2) shifting of BTZ threshold < by a
spin dependent quantity [83].

Finally, it is crucial to highlight the significance of the identity block ap-
proximation in elucidating the origin of universal results in CFTs under appro-
priate limits. The Tauberian formalism serves as a valuable tool for rigorously
understanding such approximations and their regime of validity. Notably, re-
cent investigations have shed light on subtle effects related to identity block
dominance in [84] and [85]. The identity block approximation appears in the
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context of Virasoro mean field theory [30,31] as well. We believe that tech-
niques developed in this paper will be useful to investigate such effects and
more.
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A. Estimating the Dual-Vacuum Term

In this section, we compute the asymptotic behavior of the integral

+oo 2
Jdual 42 am n i(H—A)t
t Al
:I:vac / ﬁR—f—Zt ﬁR+Zt>¢ ()6 ( )

in the modular double lightcone limit, where

Zone (8,8) = A (1= ) (1= 7). (A.2)
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By definition, I i‘jfic is factorized into two parts

Jdual (A,H;ﬁL,ﬁR) _ dual’L(A;ﬁL)Idual’R(A,H;ﬁR)7

+,vac +,vac +,vac
472 an? _4n?
k) =G (1),
’ Br
LR A T ) oo P fo2a, <1 —B;;"f.)d; (#)eiA—A)t
y 413 = € 7" —e vt e .
e Y VBt -
(A.3)
When (1, — oo, the asymptotic behavior of T iufole is given by
ua 472 3/2 4r24
st ~ () (a0
L
For Ii‘fji’cR, we introduce the identity
1 an2a a2 < - 7
—e 5 (l—e 7 )= / dh po(A; h) e~ (=48, A5
NG ( . ( (A.5)
where the kernel pg is given by
- cosh(4my/A(h — A cosh(4m\/(A—1)(h — A
po(A; h) = (4m v/ A( )) _ cosh(dmy/ (A4 — 1)( ) (A.6)
(h— A)r (h— A)r
Then, by Egs. (A.3) and (A.5) we get
o _
I (A H ) = / du po(Asa + H)e RO Doy (2). (AT)
A—H
We choose ¢4 which satisfy the following properties
(a) 164(2)| < 550 Cx <00, (B) 92(0) £0 (A8)
Below we will study Ii‘ff;’cR(A, H;Br) with Bg = 27/ =2~ in the limit
_ H
A> Ay >0, H,Z—>oo;, (A.9)
We split the kernel pg in (A.6) into four parts
po(As h) =pt (A ) — pi? (As h) + o (Ash) — pb? (A; B,
(1)(A }_L) edm/ A(h—A) (2)(A }_L) edm/ (A=1)(h—A)
P S = Y T T = Ayr (A.10)
&), o—Am\/A(h—A) W, o e iV ATDEA)
po (Ajh) = ——=—=, py (A;h)= = :
2/ (h— A)w 2/ (h— A
dual,R

Correspondingly, I is split into four parts

+,vac

bR _ pRO) _ pRR) L pRG) pRO) (A.11)

+,vac +,vac ,vac ,vac ,vac*
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We would like to show that for ¢ (0) # 0'7:

In the limit (A.9), the dominant contribution to I iuficR comes from 1))

+,vac*

Consequently, 1§ has the following asymptotic behavior:
3/2 -
R e Y ) (A1)
’ BL H
where the r.h.s. corresponds to the contribution from Iy (Vgc, which will
be derived in the next subsection.
A.1. Estimating I (vgc (the Dominant Term)
By definition, Iffva)c is given by
]ﬁ&k;i/ dz plY (A3 + H) e PnlH A (2 (A.13)
A-H
We rewrite Ifggc as
4;2A o
e Pr
f(\}ac(A H ﬁR) = — - dx
m(H — A)
(A.14)

| H—A _3.(/a 2m
xfﬁ—Ae BR( A f> ¢+ ().

We split the domain of integration into two parts

oo —H7 oo
/’ :/ +/ , (A.15)
A—H A—H —HT

where 7 € (3, 1) is some fixed constant. The first integral is bounded by

—HT H-A —Br \/m 27rf
/A,H ey ( e
Goston) [ ay ) H) 410
A_Aes_gr VOV A_fi Nerm-a

— (A_Hrgig_m {|¢i($)|}> (2\/}_[(}_[ g A))

Here, we bounded the exponential factor by 1 and bounded ¢4 by its maximal
value. Since ¢4 has the upper bound (A.8), we get

—HT — —
H-A _5.(/s 2mv3 20 H

[ e [ A T ] < 20

A—H IE+H—A 1+H

(A.17)

N

7By definition, we have ¢4 (0) > 0, whereas it is not always the case that ¢_(0) # 0 (see
the defining properties of ¢+ in (2.36)) and (2.37). In this paper, we will explicitly choose a
specific form of ¢4 that ensures ¢+ (0) # 0.
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in the limit (A.9).
The second integral is controlled as follows. We rewrite the integral as

/ dz Yg(z), where

- ] 2 (A.18)
Val@) =\ e VT @+ A7)
H—A 0

We have
r+H—-A H-H— A

for H > max {4A,41/(1_7)}. Let us explain the above bound. Since H >
max {4A,41/(1’T)}, we have H > 4A and H > 4H", leadingto H —A—H™ >
H /2. Plugging this in, we obtain 1/#1714 <V2.

Now, the exponential factor in Yz (x) is obviously bounded by 1. So we
get |V (x)| < v/2|é ()] for sufficiently large H and the r.h.s. is an integrable

function on R. Now, we consider the point-wise limit of Y (z) as H goes to
oo. First, using 7 > 0 we have

H-A __ (A9
e HT Y1 A.20
\/ — 0+ ) (A.20)

for fixed x. With the choice B = 27 ﬁ, which gives

2
ﬂR<\/x+H 27;@) =27 _A 1’

2

R H_A(\/x+FI—A+\/H—A)2
< 2T 2 -0
\m(¢x+H—A+\/H—A)2

(A.21)

A.
for fixed x in the limit (A.9). Thus, we get Yz (x) (—9>) o+ (x) for fixed z.
Then, using the dominated convergence theorem we conclude that

/OO dz Vi (z) A2 /DO dz ¢4 (z) = 2164 (0). (A.22)

—0o0 —00

Putting everything together, we get

R(1) _ _ [ A (Ar\.JQ) T 2 JA(H=A)
I:i:,vac (AvHvﬁR =27 T — A) \/;6 d)j:(()) (A23)

R(2)
,vac

A.2. Estimating I
By definition, 5@

+ vac 18 given by

If@) ::/A i dx péQ) (A, T+ H) eiﬁR(erHiA)d)i(z% (A24)

,vac
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Similarly to the analysis for Ify(\gc, R2)

we rewrite I .
;

as

ar2(A-1) o
%% (A 7,3 & dz
ivac( R) ’/T(E[—A) B

(A.25)

H—-A —ﬁa( /Z_,'_H_A_?w\gﬁ)z
\ e+ H - A r dx(a).

We see that its structure is very similar to (A.14), except that A is replaced
by A — 1 in two places. Then, we do the same analysis as If(l) . We split

,vac
the domain of integration into two parts as we have done in (A.15). Here,

the analysis is simpler than If’(vlgcz In the integrand, we always bound the

exponential factor by 1. In the limit (A.9), the main difference here is the
an2(A-1) 4x2A
exponential factor e~ = which grows slower than e #r  (which is the one

in If‘y(\gc) as Or — 0. Then in limit (A.9) (with Sr = 27,/ ﬁ) we have

¥ (A, H, Br)

+,vac

%) (A H, BR)

+,vac

< const(qﬁi)egt’LR —0 (A.26)

because of the exponential suppression. Here, the notation “const(¢4)” means
some finite constant which depends on the choice of ¢.

A.3. Estimating Iﬂ:( ) and IR(4)

vac vac

By definition, Ii( ) s given by

vac

[e.¢] —
. = / dz p (A7 + H) e Prlt=A) g (1), (A.27)
A-H
Similarly to the analysis for va(vle)hc, we rewrite I fffgc as

4g2A
) A @, e
vac( R) 7T(H — A)

e H - A — r+H— nvA\?
/ N I VIV =
A—H x4+ H—-A

(A.28)
We see that I R@) only differs from Ii vac Dy a change of the “+” sign in the

vac
exponential factor. Then, the analysis is similar to I ifvgc. We split the integral
into two parts as we have done in (A.15). In the limit (A.9), the first part goes
to zero for the same reason, and the second part is controlled by the dominated
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R(3)

+,vac

Br( $+E—A+27Tﬂ\RF \/ \/x-i-H A+VH- A)
\/7@49)

Here in the first line, we used g = 27

convergence theorem. But for I we have

(A.29)

ﬁ, in the second line we dropped
the first term in the bracket, and in the last line used (A.9). This estimate
implies that the second part of the integral also goes to zero. Therefore, we

get
{0 (A H, Br) (A.9)
LECL (A Br) ln—zm [
By the same analysis, we can also get
TR@)
—j;g‘?(A o) A0 G020, (A
I3 vac (A H, BR) pr=2r /745

So we conclude that If(3) and If(4) are subleading in the limit (A.9).

,vac ,vac

0 (¢+(0) #0). (A.30)

B. Some Uniform Bounds on ¢4 ;5

In this appendix, we address the subtleties that arise when we take the limit
d — 0 or 6 — 1 for the selected functions ¢4 5 (as discussed in Sect. 2.8,
specifically points 1 and 2). Throughout our analysis, we consistently choose
the following expressions for ¢ 5, which are (2.96) rescaled under (2.98):

1652 (con (3) i () — 5 (%) cos (4))’
(22 — 02)% (0A + sin(3A))>
45° (w cos (42) = Scot (22 sin (42))”

22(82 — 22) (5A cot (22) — 2)

Recall that the range of allowed values for ¢§ is given by e < § <1 —e. As we
approach the limit € — 0, it eventually leads us to consider § — 0 for ¢4 s and
0 — 1 for ¢_ 5. In these limits, the values of the corresponding functions ¢4 ;
are obtained point-wise as follows:

4 Ax
b10(a) = %ﬂﬁz) b a1(x) =

b1 5(x) =

)

(B.1)

¢—5(x) =

4 [Jccos( ) — cot (%)]2
]2

22(1—a?) [Ac
(B.2)
These limits are well-defined functions and are L!-integrable over the real axis.
This observation provides strong evidence that ¢4 s satisfy certain uniform
bounds that are essential for our analysis.
We aim to establish the following properties of ¢+ s:

(3)sin
ot (3) =
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Lemma 1. For a fited A € (0,27], the function ¢ s satisfies the following

bounds for § € [O, %]
64
g A 4A ’
max{ A }

4 x g ) ¢ v
¢+,5(I) < 64 | ‘ 3 + ( )
|>1
Lemma 2. Letw € (3,1) and A € [ 2w+1)” 27rw} be fized. For§ € {Qwﬂ)”, 1],

) <Z§+,5(90)
¢4,5(0)

< 1.
¢4,5(0)

A252 |m )
(B.3)
2A

the function ¢_ 5 satisfies the followmg bounds:

(2w—1)m
¢ s5(z) 4 cot (f> , dn?
Lz_,(;«» g e ) e
n w—1)7
b— () 4 cot (f) 9

B.1. Proof of Lemma 1

When |z] > 1, we have

2
z A Az _ 8 SA Az lz|+5 72
|p+.5(x)| = 16 [A cos (7) sin (52 )< A Sm(é(A))) cos (5) < 16 o A 62}
(:L‘ _ 62) Sll](SA —_
64
OA22°
(B.5)

In the first step, we rewrite ¢4 s(x). In the second step, we bound sin and cos
by 1 and use the fact that SID(M > 0for 6 € [0,1] and A € (0,27]. In the
last step, we use the fact that |x| -0 % for |z| > 1 and é € [0, 1].

When 0 < z < 1, we have

Z(Ssin(iA(mf‘s)) 2005( ‘m) sm(ﬂ) 2
2 _|_ 2
65| () = 4 A(z—3) 5/[: I+ -
(6 +a) (14 220) (65+a) (1 + 200

(B.6)
In the first step, we rewrite ¢4 s(x). In the second step, we use the inequality
|*2%] < 1 for any x € R and sinz < z for z > 0. In the last step, we use the

fact that Smls(iA) 0for § € [0,1] and A € (0, 2n]. The same bound on ¢ 5(z)
holds for —1 < « < 0 because it is an even function of x. This completes the
proof of the first inequality in (B.3). Next, we derive a uniform upper bound

7‘{’* 5@ | Using (2.100), we have ¢ 5(0) > 1 for A € (0,2n] and

th ti
on the ratio SO |
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o€ [O, %] Together with the first inequality in (B.3), we obtain

4 1
Mgma {6,4/\} <0<5<,0<A<27r>. (B.7)
¢+,5(0) A 2
The bound on |ii 2(8 | follows trivially from the fact that ¢+, d(z) > 0 for all
z. Hence, we have 2* ZE"S; < 1. This completes the proof of Lemma 1.
+

B.2. Proof of Lemma 2

We note that ¢_ s(x) is an even function of z, so it is sufficient to prove the
first inequality in (B.4) for = > 0. We rewrite ¢_ 5(z) as follows:

2 } sin (M52 ) gin (A2) cos (22)
)

SA cos (%) — 2sin (% 0—w x

0—x
0+x

¢—s5(z) =

Gy o

(B.8)
When x > 0, the first factor in (B.8) is bounded by 1. For the second factor,
we use the condition on the range of § and A, which implies that 22 € [Z, 7r].

Thus, the second factor is bounded as follows G < X—z where we used the fact

that the function f(x) = (cosz — #22)~2 i maximized at z = § with the

5 < o < 7. The last factor in (B.8) is bounded as
follows G5 < (% + 2) = A2. This bound is obtained by using the inequalities
|sinz) < 1, [sinz| < |z|, and |cosz| < 1. Combining the inequalities derived
above, we obtain |¢_ s(z)] < 7 (V x € R). In particular, this bound holds
for |x| < 2.

When x > 2, we use the condition § < 1 and further refine the bound by
noting that the last factor in (B.8) satisfies: B < ((z —1)7! +271)2 < 4(z —
1)~2. Thus, we obtain the improved bound |¢_ 5(z)| < #\2—1)2 (|lz| = 2).
This completes the proof of the first inequality in (B.4).

For the second and third inequalities in (B.4), we make use of the explicit
expression of <;A$_)5 given in (2.100):

maximum value of ’T for

N 1 1 1 1
= — > —
¢_’§(0) A 2tan(A5) = A 4Cot(7(2w471)‘") ’ (B9)
1- AS 1+ Cw+1)w
Here, we used the condition W < % < 7, where % < w < 1, and the fact

that 14% is monotonically increasing for § < z < 7. Consequently, (13_,5(0)
possesseswa strictly positive lower bound that remains uniform in § within the
specified range.

The second inequality of (B.4) follows from (B.9) and the first inequality
of (B.4). Similarly, the third inequality of (B.4) is obtained by combining (B.9)
and the first inequality of (B.9) with the additional estimate:

. d 4
‘ﬁbf,&(fﬂ)‘ < /% lo—s(y)| < 2m + A—Z (B.10)
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Therefore, we have established the validity of the second and third inequalities
in (B.4), completing the proof of Lemma 2.
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