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ABSTRACT: We study the free fermion theory in 141 dimensions deformed by chemical
potentials for holomorphic, conserved currents at finite temperature and on a spatial cir-
cle. For a spin-three chemical potential u, the deformation is related at high temperatures
to a higher spin black hole in hs[0] theory on AdS3 spacetime. We calculate the order p?
corrections to the single interval Rényi and entanglement entropies on the torus using the
bosonized formulation. A consistent result, satisfying all checks, emerges upon carefully ac-
counting for both perturbative and winding mode contributions in the bosonized language.
The order ;2 corrections involve integrals that are finite but potentially sensitive to contact
term singularities. We propose and apply a prescription for defining such integrals which
matches the Hamiltonian picture and passes several non-trivial checks for both thermal
corrections and the Rényi entropies at this order. The thermal corrections are given by a
weight six quasi-modular form, whilst the Rényi entropies are controlled by quasi-elliptic
functions of the interval length with modular weight six. We also point out the well known
connection between the perturbative expansion of the partition function in powers of the
spin-three chemical potential and the Gross-Taylor genus expansion of large-N Yang-Mills
theory on the torus. We note the absence of winding mode contributions in this connection,
which suggests qualitatively different entanglement entropies for the two systems.
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1 Introduction

The emergence of holographic descriptions [1, 2] of quantum field theories (QFTs), and
the subsequent development of the remarkably elegant proposal for holographic entangle-
ment entropy [3, 4], has led to enormous progress and effort aimed at understanding this
fundamental physical observable in QFTs. A first principles field theoretic approach to
calculating entanglement entropy (EE) has largely been limited to free field theories [5]
because the calculation of the reduced density matrix in an interacting QFT presents a
significant technical challenge. Conformal field theories (CFTs) in 1+1 dimensions provide
tractable examples where this calculation can be performed explicitly by implementation
of the replica trick [6-9], and where powerful universal results can be inferred using the
tool of conformal invariance. The effect of interactions on entanglement entropy can then
be studied within conformal perturbation theory [10].

The aim of this paper is to study and calculate the effect of perturbing free CFTs in two
dimensions, at finite temperature and on a spatial circle, by deformations that decompose
into a sum of holomorphic and anti-holomorphic pieces. Such ‘chiral’ deformations of the
free fermion CF'T have received some attention within the context of the large- N expansion
of Yang-Mills theory in two dimensions [11, 12]. More recently, CFT deformations of this
type have been related by holographic duality to higher spin black hole solutions [13—18]
in Vasiliev’s hs[\A] theory [19] in AdS3 spacetime. This holographic connection is the main
motivation behind our work, falling within the broader theme of higher spin holography
relating CFTs with higher spin currents to higher spin theories of gravity in AdS space-
times [20-24]. However, our results are purely field theoretic and therefore should be of
wider interest as analytically calculable corrections to Rényi and entanglement entropies
in chiral deformations of CFTs in two dimensions.

In recent work [25, 26], we have shown that for any CFT with a W [\] symmetry, when
formulated on the infinite spatial line, the lowest nontrivial correction to the single interval
Rényi entropy (and EE) in the presence of a spin-three deformation, is a universal function
of temperature and interval size. In [25], explicit calculations within the free boson and free
fermion CFTs unexpectedly agreed with each other, accompanied by equally unexpected
agreement with a holographic proposal for EE due to [27, 28] applied to the higher spin
black hole solution of [13, 14].! Subsequently in [26], universality of the spin-three current

1See [29] and [30] for some other recent developments on holographic entanglement entropy in higher
spin gravity.



correlator on the multi-sheeted cover of the cylinder was proven based only on Wy [A]
symmetries and then used to establish the universal result above for Rényi entropy. These
results have recently been extended to include deformations by any higher spin current [31].2
It is natural to ask if the above calculations of EE and RE can be extended to include finite
size corrections for the CFT on a spatial circle, yielding concrete predictions for finite-size
(non-universal) corrections to EE/RE in higher spin gravity.

Our primary focus in this paper is the free fermion CFT, deformed by the holomorphic
(plus anti-holomorphic) spin-three current in this theory. With a view towards extracting
all thermal and finite size effects at any given order in conformal perturbation theory, we
study the field theory on a circle of circumference L, at a temperature 3!, corresponding
to a torus with complex structure parameter 7 = i3/L. The reason for picking this theory
is that the branch point twist fields, necessary for implementing the replica trick [7], have
explicit representations in this case. Importantly, this explicit representation is available
upon bosonization of the free fermion theory. The free fermion CFT has an infinite number
of integer spin conserved currents with spin s > 1, furnishing a representation of the Wi o
algebra [33-36]. The dual holographic interpretation in terms of hs[A] theory with A =0
requires a truncation of Wi . to Wx[0] by removing the spin-1 current. We will not
address this issue in this work.

As remarked above our approach is to treat the deformation by such currents within
conformal perturbation theory in the Lagrangian formulation:

Icrr — IopT —i—,u/dzz (W(Z) +W(2)) . (1.1)

Physically, the deformation can be viewed as a chemical potential for the corresponding
spin-three charge in the Hamiltonian language, and the deforming parameter/chemical po-
tential can be thought of as a constant background higher spin gauge field. Whilst one
may be tempted to conclude that this picture is completely analogous to the standard situ-
ation with a chemical potential for a global U(1) symmetry, there are subtleties associated
to chemical potentials for higher spin charges. As pointed out in [12], and more recently
clarified in [37] with the holographic picture in mind, passing between Hamiltonian and
Lagrangian pictures in the presence of higher spin chiral deformations (and separate anti-
chiral ones), typically involves redefinition of the deformation parameters (and potential
mixing of the two sectors due to contact terms).

This brings us to one of the important points of our paper. Based on dimension
counting, the higher spin deformations (with s > 2) are irrelevant operators, and therefore
one would expect to see uncontrolled UV divergences in perturbation theory. However, this
is not the case; the integrals of holomorphic correlators over the torus, which determine
perturbative corrections to the partition function (and RE/EE) for (1.1), are finite except
for ambiguities involving contact term singularities that require a choice of integration
prescription. Although surprising at first sight, the absence of conventional divergences
signalling non-renormalizability due to irrelevant perturbations is in line with field theoretic
intuition. In particular, one expects that chemical potentials for conserved charges should

28pin-3 corrections to the Rényi entropy of two disjoint intervals have been studied in [32].



correspond to altering boundary conditions in some way and should not change the UV
divergence structure of the theory.®> We employ a prescription for treating the contact
term singularities which is essentially an ie-prescription on the torus. The results using
this approach exhibit precise, non-trivial agreement with thermal corrections computed
using the canonical or Hamiltonian approach (see e.g. [15]). Our prescription differs from
the “covariant” prescription proposed in [11, 12] by finite local counterterms involving
higher spin currents. The latter picture involves cutting discs around contact points and
applying Stokes’ theorem. Perhaps the most clear difference between the two prescriptions
for computing integrals over the torus is that our prescription yields results holomorphic in
7, whilst the prescription of [12] necessarily introduces non-holomorphic dependence on 7.

The universal results of [25, 26] on the finite temperature cylinder, which displayed
highly non-trivial agreement with the holographic EE proposal of [27, 28] were based on
precisely the same integration prescription that we adopt in the present work on the torus.
It appears that different choices of integration prescriptions accompanied by their specific
counterterms are related to different possible thermodynamical interpretations of the higher
spin black holes dual to deformed W-algebra CFTs [37, 46-49].

In conformal perturbation theory, the corrections to the thermal partition function
are determined by multi-point correlators of W-currents on the torus, while for the Rényi
entropies one needs the correlators in the presence of branch-point twist fields on the torus.
In particular, the order u? correction to the partition function for the deformed theory (1.1)
is controlled by the two-point correlator of spin-three currents in the presence of twist
fields. The bulk of our work is aimed at correctly pinning down this correlation function.
In order to work with an explicit representation for the twist fields we use the bosonized
formulation of free fermions. The main source of complication in the computation is that
one must separately account for the contributions from both the quantum fluctuations and
classical, nonperturbative sectors corresponding to winding modes of the compact bosons
on the torus.

The presence of winding modes ensures that crucial contributions are accounted for and
delicate cancellations occur at certain stages. Perhaps most significant amongst these is a
complete cancellation of non-hololomorphic dependence on the torus modular parameter
7 which appears (via powers of 1/Im(7)) in the intermediate stages of the calculation.
The reason for its appearance can be traced to the background uniform charge on the
torus required to makes sense of the free boson propagator on the torus. Remarkably, all
non-holomorphic dependence originating from the quantum propagators precisely cancels
agains identical contributions from the winding mode sectors. Furthermore, the winding
mode contributions are crucial for ensuring that the final result for entanglement entropy
correctly reproduces the thermal entropy when the interval spans the entire system. In the
absence of the winding modes the EE would vanish in this limit.

30n the other hand, the holographic duals to such states which are the spin-three black holes of [13, 14]
appear to display an RG flow from an IR AdSs geometry with W [A] symmetry [38-40] to a UV AdSs
with different (non-principal) asymptotic W-algebra symmetry [41]. Several works have pointed out both
the intriguing consequences of this picture [42, 43], and possibly the complete absence of an RG flow
interpretation [44, 45].



Our final results for EE and thermal entropy corrections satisfy several nontrivial
consistency checks that we describe in detail. Together they provide evidence in favour
of the integration prescription adopted and the relevant correlators on the torus. The
Rényi entropies are controlled by a quasi-elliptic function of the interval length with quasi-
modular weight six, which we determine in closed form.

The results for the order x? corrections to the thermal partition function and the Rényi
entropies on the torus can be used to extract predictions for finite size effects in the bulk
higher spin gravity dual. We find that thermal corrections at this order, both for free
bosons and free fermions, are determined by weight six quasi modular forms.

As in the case of the standard BTZ solution in AdSs, the classical thermodynamics of
the Gutperle-Kraus black hole yields the high temperature limit (3~ 'L) — oo of the CFT
partition function. The holographic, classical gravity description which is applicable in the
limit of large central charge ¢ > 1, captures the high temperature Cardy growth of states.
Finite size corrections to this emerge from the quantum corrections to the classical gravity
saddle point. In the presence of sources (chemical potential deformations) for higher spin
currents, these will be accompanied by further corrections induced by the deformations,
which are non-trivial and yet to be understood.

In the absence of higher spin hair, the leading finite size corrections to entangle-
ment/Rényi entropy can be extracted from one-loop determinants evaluated on bulk han-
dlebody solutions which serve as bulk duals for the replicated CFT [50, 51]. These cor-
rections evaluated from the bulk have been shown to match those of the free fermion and
boson CFTs [52]. It is indeed an interesting future problem to investigate how handlebody
geometries can be realized in the Chern-Simons formulation of higher-spin gravity and how
finite size corrections can be evaluated therein.

The paper is organized as follows: in section 2 we calculate free fermion current cor-
relators (for spin-1, spin-2 and spin-3 currents) on the torus (without twist fields) with
the goal of using them to compute thermal corrections in conformal perturbation theory.
We further cast the correlators in a form that makes direct contact with the bosonized
formulation to be employed for RE calculations. In section 3 we explain our prescription
for integrating holomorphic current-correlators on the torus. Subsequently, in section 4 the
current-correlators are integrated over the torus using the integration prescription. The
results are found to be in perfect agreement with exact expectations from other methods
for studying deformations of the free fermion theory by the U(1)-current, the stress ten-
sor and the spin three current. We also review and match with the known results of the
large-N expansion of Yang-Mills theory in two dimensions. In section 5 we employ our
methods to examine corrections to the thermal partition function of the free boson theory
with spin-three deformation, and we demonstrate exact agreement with the results of [15].
Sections 6 and 7 are devoted to the evaluation of the Rényi and entanglement entropies
for spin-one, spin-two and spin-three deformations along with a number of nontrivial con-
sistency checks along the way. Appendix A lists the W-algebra OPEs for reference. In
appendix B we collect a large number of useful identities for elliptic functions and modular
forms. We also relegate the details of the calculation of correlators in the presence of twist
fields from first principles to appendix C. All integrals necessary for evaluating the Rényi
entropies are derived in detail in appendix D.



2 Free fermion current correlators

The free fermion CFT provides a realization of the W1 algebra [34, 35] generated by
currents with spins s > 1. Specifically, the theory of M complex free fermions {¢®}
(e =1,2,...M) in the U(M)-singlet sector, has an infinite set of integer spin conserved
currents. The holomorphic currents J, T' (the stress tensor) and W with spin one, two and
three respectively, are

1
T=uit, T = (0 - vi0u") | 21)

W= Zl\gi (0™ — 40V 00" + Yr0% ™)

where the spin-three current has been normalised to match the conventions of [15, 25] for
the leading singularity in the WIWW OPE (A.1). The elementary fermions have the OPE

b
e () ~ —28 (2.2)

21— 22

and other operator products being trivial.

2.1 U(1) current correlator

Current correlators on the torus C/T" with I' ~ 2w Z @ 2wsZ, can be readily deduced by

making use of the free fermion correlator on the torus [53]

Oy (u12) 91(0)
9,(0) 91 (u12)’

Here v = 2, 3 for periodic (R) and anti-periodic (NS) boundary conditions, respectively, on

(@n(20)9"(22)) = upp = 2%1 (21 — 22) . (2.3)

the fermions around the spatial circle of the torus. The periods of the torus, 2w; = L and
2we = i3, are determined by the spatial extent and inverse temperature respectively with
T = we/wy = i/L. In order to avoid cluttering the notation, in all subsequent formulae,
unless explicitly specified, theta-functions will be evaluated at vanishing argument.

Using the free fermion correlators on the torus we obtain

e (e == 3208 (5w Ga) = - A

where v = 2,3 depending on the choice of spin structure. We will now rewrite this formula
in a way that will allow us to readily integrate it over the torus. Unlike the fermion Green’s
function the current correlator is a doubly periodic function on the torus with a second
order pole at z12 = 0. Non-trivial identities involving elliptic functions (e.g. (B.13)) allow
us to rewrite the above expression as

(J(21)J(22))12 = —M (H(zw) + (_L) zS‘Z) : (2.5)

H(z) = —p(zw1,w2) — =



Here Es(7) is the second Eisenstein series, a holomorphic, almost modular form with
modular weight 2. Under a general SL(2,Z) transformation on 7, it transforms as
mT—+n

T — mqg—pn=1, p,q,m,n € 7, (2.6)
pT+q

6
Ey(r) = (07 + @) Ea(r) + -2 (p7 + ).
We will see subsequently that this representation of the current correlator is natural in the
bosonized formulation of the free fermion theory. The first term in (2.5) arises from taking

two derivatives of the free (compact) boson propagator on the torus whilst the second term
is the outcome of the sum over winding number sectors of the compact boson.

2.2 Spin-2 and spin-3 current correlators

The spin-two and spin-three current correlators can also be readily evaluated following
Wick contractions and the resulting elliptic functions can be re-expressed in a form that
facilitates direct connection to the bosonized approach we will adopt later. The two-point
function for the stress tensor on the torus is

- (V4) in 2
(T(21)T (22))12 = % [2H(212)2 — 4H(z12) LQZZ t1a (%y - (g;) >] : (2.7)

Similarly, the spin-three current correlator is

5M . , w2 (oY 2E, v E2
<W(21)W(22)>T2 = 367T2 [67‘[(2’12) —187‘[(212) ﬁﬁfy—i-g?'[(zlz) ﬁ 1911 +Tﬁfy+?
76 (9P S

The correlation functions have the correct leading singularity structure dictated by confor-
mal invariance and the W-algebra OPEs.

2.3 High temperature limits: Wi4oo vs. Woo

It is a very instructive excercise to verify how the correct high temperature limit = —
i0T of the correlators (2.5), (2.7) and (2.8) is obtained.* The modular S-transformation,
T — —1/7, relates the limit to the low temperature behaviour as 7 — ico. Under the
S-transformation the Weierstrass p-function has weight two:

1
P (z; w1, —w1> = TQp(z; w1, TWi) . (2.9)
T T

Using the expansion (B.5) of the p-function and similar ones for the theta-functions, and
the modular property (2.6) of Es, discarding exponentially suppressed (’)(e*%L/ ﬁ) high

“Modular properties of correlators involving spin-3 currents for CFTs admitting YW symmetry were
recently studied in [54].



temperature corrections, we find,

(7 (1) (22))] M (2.10)
1 2)1 | r—io+ = 32 sinh? (%(zl B 22)) ‘
M 7t
<T(Z )T(z )> F—i0t
1 2 } 0 254 Sinh4 (%(21 _ 22))
71'6 71'6
(W)W ()| s = — 5M 6

36> /36 sinh® (%(21 - Zz)) ’ ;36 sinh? (%(21 - 32))

Expectedly, both the stress tensor and U(1)-current correlators, in this limit, are fixed
completely by conformal invariance and the map from the complex plane to the cylinder
(see e.g. [25]). However this does not appear to be the case for the spin-three current.
In fact its high temperature limit indicates a certain overlap with the U(1)-current. This
may be traced to the fact that the free fermion CFT has the Wi, algebra with a non-
trivial OPE between the W-current and the U(1)-current. Under the conformal map from
the complex plane to the cylinder, it can be shown that the spin-three current does not
transform as a tensor unless J = 0. In particular, a conformal transformation z(w) from
the complex-w plane to some Riemann surface (e.g. the cylinder) acts on the spin-three

current as

= i1,U/Z w) w, 2z .
W(Z)—W(Z)SVV(UJ)Jr%/6 (2) J(w) {w, 2}, (2.11)

where {w, z} is the Schwarzian derivative, and the normalisation v is chosen to match the
WW OPE:
0 /5
W (z2)W(0) ~ 6 Y= (2.12)
The transformation rule (2.11) can be derived by working in the bosonized language (in
terms of a chiral boson ¢) on the plane so that W = —i% : (0p)? : and J = id¢p. Under
the coordinate transformation w(z), using dp(z) = w'(2)dwe(w), and defining the current
W on both the z-plane and the w-plane using point-splitting regularization of operator
products, one directly obtains the result (2.11). Taking account of this mixing with the
U(1)-current, for the map to the cylinder z(w) = flnw/(27), we obtain eq. (2.10) for the
two point function of the spin-three current.
At high temperatures, it therefore appears that the spin-three current correlator, ap-

propriate for the We, theory is

¥ T6 2
W)W () — (W ()W (22)) — [<T>] (J(22) T (22) (2.13)

The one-point function for the stress tensor on the cylinder is determined by the Schwarzian

2
6%2 , (2.14)

M| = fw =M

T—i0t



which can also be obtained by taking the coincidence limit of the U(1) current correla-
tor (2.5) at high temperature. This manner of extracting Woo answers from the Wi
theory is clearly ad hoc. Indeed, while there is a natural and automatic generalisation of
the above subtraction to the torus, we do not have independent evidence to suggest that
the resulting expression is the appropriate one for the Wy [1] theory on the torus. A sys-
tematic method along the lines proposed by [56] and attempted in [25] would be to extract
correlation functions from the free fermion theory with the U(1)-current projected out by
a cosetting procedure. We leave this for future work and focus attention primarily on the
Wi 400 theory.

3 Integrating over the torus

The first non-trivial correction to the thermal partition function of the CFT perturbed by
a chemical potential for one of the currents above, is obtained by integrating the correlators
over the torus (egs. (2.5), (2.7) and (2.8)). Since the correlators contain singularities, we
must have a definite prescription for dealing with these. For the spin-three current in
particular,

InZ =InZcpr — BFP + ... (3.1)

—BF®) = ;/‘2/ dgzl/ d*zp (W (21)W (22)) + h.c.
T2 T2

where F( is the order 2 correction. The integrals are actually tractable and finite because
the integrand is holomorphic. However, the calculation is not without subtleties. It is well
appreciated that such integrals are potentially ambiguous due to singularities from contact
terms [11, 12, 18, 25, 26] when z; — 23.> We will evaluate them using two different
prescriptions:

e Prescription-1: perform the integrals along Re(z) first, followed by Im(z), or the
A- and B-cycles of the square torus respectively, and in that order (see figure 1). Sin-
gularities from contact points along the integration path are avoided using what is
effectively an ie-prescription. This prescription matches the correction to the canon-
ical thermal partition function.

e Prescription-2: apply Stokes’ theorem to the torus with infinitesimal disks centred
around the contact points excised out. This method was also used in [11, 12], and
whilst yielding a result differing from the correction to the canonical partition func-
tion, the result is closely related to that of prescription-1, and exhibits nice modular
properties.

5Note that we have tacitly omitted correlators between the holomorphic and anti-holomorphic currents
(W (21)W(Z2)). These are zero up to contact singularities [37] which can be dealt with using the prescriptions
that we discuss. The net result is that contact term singularities between holomorphic and anti-holomorphic
currents do not contribute since the prescriptions always excise the contact points from the integration
domain.
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Figure 1. Left: using prescription-1, integration along the A-cycle is performed first, avoiding any
poles along the integration path. The integral along C is finite and independent of any smooth
deformations of the path. The integral along C and C’, differ by any non-zero residue around a pole
(red dot). Right: using prescription-2, we apply Stokes’ theorem to the integral over the torus after
excising disks Dy centred around singular contact points (in red).

In order to integrate an elliptic (holomorphic) function along a cycle of the torus, one only
needs to know the coeflicients of the simple and double poles of the elliptic function. This
immediately follows from a theorem (B.15) (see [57] for details) which states that every
elliptic (doubly periodic) function can be expanded as a sum involving the Weierstrass
¢-functions and its derivatives, where the coefficients in the expansion are determined from
the Laurent series around each of the singularities.

The Weierstrass (-function is a quasi-periodic function on the torus satisfying ¢’(z) =
— p(2) (see appendix B). Any elliptic function with poles of order r; at z = aj, (j =1,2...)
can be written as

i CTD(2 — ay
f(z)= C’—i—Z (cﬂ C(z—aj)—cjal(z—aj) +...(—1)"! Ll C(rj — 5)' j)> . (3.2)
j

Crucially, ellipticity requires that the sum of simple pole residues vanishes
> e =0. (3.3)
J

The main advantage of this representation is that the function may be immediately inte-
grated, and since all ¢*)(z) with s > 1 integrate to give doubly periodic functions, only the
simple and double poles of f(z) influence its integral over a cycle of the torus. Therefore,
if the integration contour is chosen to avoid the poles, keeping all simple poles to one side
of the contour, then integration along the A(B)-cycle yields,

(2) =2w12C = 2{(wi2) > crpar —2((wi2) > cra, (3.4)

A,B L I

where we have used (B.7). When simple poles lie both sides of the contour, we must keep
track of any additional contributions from the residues at these poles. Simple poles do not
arise for thermal corrections at the order we work in, whilst for the Rényi entropy they
appear due to twist operator insertions on the real (spatial) axis.



3.1 Integration on T2: Prescription-1

We now perform the integral over the torus by first integrating along the A-cycle (or spatial
axis) and subsequently along the B-cycle. For simplicity, we take all simple poles to lie on
the real axis, to avoid issues arising from the contours threading between poles, and we find

[2w2 | 2w1
IAB = / dt/ do f(U—i—it) = 4’(02‘ (wlc—ﬁ(wl) ch71 ap — C(wl) 201@2) . (3.5)
0 0 & 3

One may check that performing the integrals in the reverse order yields a different result.
Before attempting to understand the physical interpretation of this prescription, let us
recast the expressions in terms of L, 8 and 7. For this we use the identity,

™

((wr) = —= Ea(7), (3.6)

to obtain
n

2 n
Iap=BLC — %Im(T) Es(7) (Z Cr,1 K + ; Ck,2> : (3.7)

k=1

Interpretation. The prescription for the calculation we have adopted above can be
understood as follows. The current-current correlator (W (z1)W (z2)) only has a singularity
when z; = zo. This cannot be a simple pole on the torus, since an elliptic function cannot
have only one simple pole. Our prescription requires performing the spatial integrals first,
taking care to avoid any pole(s) along the integration path (212 = 01,2 + it12):

/d%/ 22 (W (21)W (22)) = (3.8)
'H‘Q 'H‘Q

[2w2| 2w1 to—e \2w2| 2w1
lim dtg/ dog / dtq +/ dtq / dUl(W(Zl)W(22)> .
=0 Jo 0 0 tote 0

We can now use the definition of the conserved charge
B
Q) = / do W (2) (3.9)
0
which is actually independent of time, to rewrite the integral as
/ d2z2/ d? 2 (W (21)W (22)) = (3.10)
T2 T2
B B ta—e 9, 9
lim [ des (/ dty +/ dtl) (Q(t1) Q(t)) = B2(Q?).
=0 .Jo tote 0

This is precisely the O(u?) contribution to the canonical partition function. The interpre-
tation in terms of conserved charge expectation values is also supported by the fact that
upon doing the o integral first we get a result independent of the Euclidean times, ¢y
and to. The same prescription has already been used to calculate the integrals relevant for
thermal and Rényi entropies on the thermal cylinder (7 — i07) in [25, 26].
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3.2 Integration on T?2: Prescription-2

We now discuss the second method based on the prescription given in [11, 12]. For this
method we first note that the deformation by a holomorphic operator can be viewed as the
integral of an exact 2-form on the torus:

1 .
— dz/\dZW(z)...:/ d(z ,ZW(z)dz>..., (3.11)
20 J 2=, Da(ar) =Y Da(ar) N\ 2
where Ds(ay) is an infinitesimal disk centred at z = aj, and {a1, ag, . .. a,} is the set of poles
in the operator product of W(z) with any other insertions (denoted as “...”). Applying
Stokes’ theorem, we reduce the integral to a line-integral of the one-form
w= Z;Z W(z)dz, (3.12)
i

along the boundary of the torus (with the excised discs). Here w is defined only up to
an additive holomorphic one-form ¢(z)dz. This choice was originally made by Douglas
in [11] and it leads to a nice physical interpretation, related to the prescription-1 discussed
above. When applied to the two-point correlator of the W-currents, noting that the only
singularity of the two-point function of the two W-currents is when z; — z9 = 0, we find
that the boundary integral (figure 1) simplifies to

/ d?zy (W (21)W (22)) = (3.13)
T2—Da2(z2)

21— 21
21

B/OQMZL doy (W (o1)W(2)) + ?{ dz (W (z1)W(z2)) .

|z1—22|=¢
The first term on the right hand side is the correlator integrated along the A-cycle whilst
the second is a contour integral around the infinitesimal circle centred at z; = z5. The
result of the first term (since o7 # 29) is identical to that obtained using prescription-1.
The contour integral in the second term involves a non-holomorphic function so one should
be careful in evaluating it. It can receive non-vanishing contributions from both simple and
double poles in the current-current correlator. However since an elliptic function cannot
have a solitary simple pole, the only contribution from the excised disc is from the double
pole at z; = z9. In particular,

6
(W(21)W (22)) ~ Zz Gi—m)’ (3.14)

sS=

where the coefficients ¢s are the expectation values of operators contained in the OPE of
two W-currents (A.1). Therefore, we obtain

/dng/d2z1<W(z1)W(22)> ~ BQQ) + 7B Lcs. (3.15)

This matches the general prescription quoted in [12].
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Therefore, we have shown explicitly via egs. (3.10) and (3.15) that the results for the
lowest order correction to the free energy depend on the integration prescription as:

2
— BFihe s = —BF o1 + 5 (B Les) + hc. (3.16)
But ¢y is the coefficient of the second order pole in the OPE of two spin-three currents.
Explicitly,
5c 1 3
W(z)W ~N o .= —— [ BU+ = T" 3.17
(W) ~ g b= o (04 377) 4 (17

where U is the spin-four current of the W-algebra, and we have used the OPE (A.1) along
with the normalisation adopted in the body of this paper. Hence the two prescriptions we
have discussed differ by the one-point function of the spin-four (and dimension four) oper-
ator appearing in the above OPE. Therefore the difference between the two prescriptions
(at order p?) can be viewed as a local counterterm proportional to the spin-four operator:

2
_5Féfe)sc_2 — _gpgfgsc_l _ ;Lﬂ /d2z<A(4)(z)) +hee., (3.18)

AD(2) = 5U(2) + %T”(z) .

It is important to note that this local counterterm is finite and is uniquely determined
for the two specific prescriptions discussed in this paper. For the reasons we have already
described above, prescription-1 is automatically related to the canonical partition function
whilst prescription-2 can be now be thought of as a deformation of the partition function
by both spin-three and spin-four chemical potentials and where the spin-four chemical po-
tential is proportional to p? according to eq. (3.18). At higher orders in the p-expansion,
further differences between the two prescriptions can be explained by additional (fixed)
finite counterterms proportional to successively higher spin (and higher dimension) cur-
rents. Generalizing the picture, one can obtain a dictionary between generic higher spin
chemical potential parameters in the two prescriptions. For a detailed and elegant expla-
nation of this relationship between prescription-2 and the canonical picture we refer the
reader to [12].

The final result for the free energy correction using the second prescription can be
written compactly in terms of the non-holomorphic but modular form Eg which is obtained
by a slight modification of Ejs:

—BF e o =2BL (BLC - 7;21m<r>E2<T, 7) CQ> , (3.19)

3

EQ(T,T') = FEo(1) — WT(T)

(3.20)

Remarkably, the effect of prescription-2 is to simply replace the explicit factor of Fo(7) in
eq. (3.7) with EQ(T, 7), ensuring that the result has good modular properties.

In the calculation above there were only double poles contributing to the final result.
Simple poles in operator products become relevant when considering three and four-point
functions and therefore affect the correction terms at higher orders in u and other physical
observables such as the Rényi and entanglement entropies.
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4 Thermal corrections for free fermion theory

We now apply the integration prescriptions discussed above to calculate the corrections
to the thermal partition function for the free fermion theory in perturbation theory. The
current-current correlator (2.8) for M free fermions is expressed in terms of powers of the
function #(z12) which is the “perturbative” contribution to the two-point function of the
U(1) current (2.5). Here we use the term “perturbative” with reference to the bosonized
formulation of free fermions which will be reviewed at a later stage. In the bosonized
language, free fermion current correlators have both perturbative and non-perturbative or
winding mode contributions, and in this sense H is the perturbative piece. The correlation
function is a doubly periodic function of z15 = 21 — 22 as expected. In order to integrate
it over the torus, as explained above, we must first use the Laurent series (B.6) for the p-
function and apply the expansion of elliptic functions in terms of the Weierstrass (-function
and its derivatives (B.15). The two non-trivial expansions we require are for H? and H3
which appear in the correlators for the stress tensor and the spin-three current:

MY = oo (B3 4+ B0) — 2By ¢e) — ) (4.1)
9L4 V2 3.2 6
and
1

—H3(2) =C — ¢ C’(z)—%ﬁ(?’)(z)— g<(5)(Z)7 (4.2)

with
~ 3 m 2 w2
= T35 z0 (4o + BEE +553) . 2= 327y (BB +3B4) . ca= 5 Fn.

It is both a useful exercise and a valuable check to first focus attention on the simple
examples involving deformations by the U(1) current and the stress-tensor. In either case,
since we can deduce the exact partition sum we can compare these expectations with the
perturbative expansion employing the integration prescription introduced above.

4.1 Perturbation by the U(1)-current

Let us first consider the well understood example of the CFT with a chemical potential for
the U(1) current J(z):

Lopr — Lopr + ¢ / 22(J(2) + J(2)) . (4.3)

The first correction to the free energy (assuming that (J) = (J) = 0 at the conformal
2

point) appearing at quadratic order in €° is

— BF® = 522 / d?z / A%z (J(21)J (22))p2 + hec. . (4.4)

Using the expression (2.5) for the current correlator and employing our prescription-1 to
perform the integrals, we find

"
— BF®) = Mr223 % . (4.5)
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We may now check this against the exact grand canonical partition sum for the free fermion
CFT with a U(1) chemical potential. Following the relevant steps laid out in [15], the
partition function for the deformed CFT is (with periodic boundary conditions around the
spatial circle),

oo
nzZ — MlncosQ(msﬁ) + oM Z {ln (1 + 627ri'rm+27ri6,3> +1In (1 + e27ri'rm—27ri8,3>] ) (4.6)
m=1

where the m = 0 modes have been separately accounted for as we are in the Ramond
sector. The exercise can be repeated, with half-integer moding, in the NS sector. Both
partition sums then lead to the closed form expression,

9, (reBlr) |2

=

(4.7)

The R and NS sectors correspond to v = 2,3 respectively. This matches our perturbative
result upon expanding to order 2. We have used the fact that ¥/,/9, = 0 and that the
partition function in each sector is real valued for 7 = i3/ L.

4.2 Perturbation by the stress tensor

Perturbing the CFT by the stress tensor should have the effect of simply rescaling the
background temperature (whilst keeping the spatial circle fixed). Let us now see how this

works out,

Lcrr — LorT + € / d?z (T (z) + T(2)). (4.8)

This situation is interesting because the stress tensor also has a non-vanishing one-point
function on the torus. Therefore we have two potential checks to satisfy. The corrections

to the free energy at order € and 2 are respectively given by

_BFW — 9¢ / 22 (T(2))ge | (4.9)
—BF® = ¢2 / d?z / d?29 (T(21)T (22))72 -

Here we have taken account of the fact that the holomorphic and anti-holomorphic sectors
contribute equally. The one-point function for the stress tensor can be computed using the
derivative of the fermion propagator (2.3) and taking a coincidence limit for the two points

2
—BFM = —c M(BL)Z 1E2+19—$ : (4.10)
L2 \3 Y

Let us now compare this with the change in the free fermion partition sum upon infinites-
imally changing the temperature,

B Bros, =i (411)
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In a sector with fixed spin structure, we then have

1
In Z(7 +67) =In Z(7) 4+ 67 0- In Z(7) + 5572 PZ(r) +... (4.12)

)

Z(r) = [

For a rectangular torus with 7 = i8/L all functions above are real valued. The heat
equation (B.12) for theta-functions and the identity 24 0, Inn = 27miEs together then yield
T (1 v

S(InZ)=MsB— (B2 + -2 ) +0(68%) . 4.13

(n2) = M35 7 (352 + 57 ) + 065" (1.13)

This matches eq. (4.10) and the temperature variation can be identified as 05 = —2mef.

Therefore, perturbing the CFT by the stress tensor can be viewed as a marginal deformation
that rescales the temperature.

We now turn to the second order correction to the partition function. The stress tensor

correlator (2.7) along with the expansion (4.1) of H? can be used to readily evaluate the

necessary integrals so that

Mﬁ2ﬂ'4 2 19(4) 19// 2
_ B2 — 2 l _ g2 LA )
BF® == |5 (B = B + = < ﬁ) . (4.14)

Once again, making use of the heat equation and the Ramanujan identity E(7) = 2mi(FE32 —
E4)/12, it immediately follows that this is precisely the correction at order (§3)? to the
free fermion partition function in eq. (4.12), as a consequence of an infinitesimal rescaling
of the inverse temperature .

4.3 Spin-three chemical potential

Having seen how holomorphic perturbation theory on the torus works with our integra-
tion prescription (prescription-1), we now apply this to the case with spin-three chemical
potential. The order p? correction to the partition function is formally

— BF® = ,uZ/del /dQZQ (W (z1)W(22))72 . (4.15)

We use the expansions (4.1) and (4.2) to evaluate the integrals and find that

4 1
2 2,27 1 3 2y Uy
—M“—“MﬂﬁmLayﬁﬂwf”&@‘“@‘?gﬂﬁ—%h%
1 (99 9 A
56,32 < g, "By +E%197 ' (4.16)

The term in parentheses without any theta-functions, in the first line of the above expres-
sion, is a weight six quasi-modular form and was also obtained by [11] within the context of
2D Yang-Mills theory. The additional contributions appearing with theta-functions arise
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from winding modes (in the bosonized language) which were not relevant for the applica-
tion considered in [11]. We will return to this point shortly. Note that the entire expression
is a quasi-modular form of weight six. Furthermore, the g-expansion of the modular form
with ¢ = €™ has positive integer coefficients:

4
_BF® — 160Mu252% (q+ 14¢> + 84¢> + 220" +...) . (4.17)

Although it is not obvious a priori, this expansion precisely matches a direct calculation of
the grand partition sum closely along the lines of Kraus and Perlmutter [15]. The partition
function of the free fermion theory with a spin-three chemical potential, and without any
constraint on the U(1) charge, is

o
InZ =2M Z |:1n (1 4 eQWiTm+bum2> +1H (1 + eZTriTm—bqu):| : (418)
m=1
- 46 73
= I T -

Expanding to order ;?, the partition sum is

InZ =2M1 { V2 } 160022 i mign (4.19)
nz = n|—- wept— — 4+ ... .
7(r) 17 2 (T + 72

The g-expansion of the second term reproduces eq. (4.17). This confirms the validity of
our perturbative approach and the associated integration prescription. It also makes clear

that Lagrangian perturbations involving holomorphic currents have an equivalent, simple
interpretation in the Hamiltonian framework.

4.3.1 High temperature limits and Wi vs. Wxo[0]

At zero temperature, when 7 — 700, the free energy corrections vanish since ¢ — 0. It is
important that the correction to the thermal partition function is not exactly a modular
form due to the anomalous transformation laws for E5 and the derivatives of ¥,; this ensures
that the high temperature limit is non-vanishing. The high temperature behaviour, when

L and

7 — 40T, is obtained as usual by first applying the modular transformation 7 — —7—
subsequently taking the limit 7 — i0co. The anomalous modular transformation rules play

a crucial role in this limit and we find

-or®), =M (10 (7)) @20

whose leading term does not match the high temperature universal result at order u?
in [25, 26]. This is because the free fermion theory has a Wi+ symmetry and we have
neither cosetted out the U(1)-current (as in [25, 56]), nor have we worked in the sector with
vanishing U(1)-charge. The method of [15] which involved the introduction of a Lagrange
multiplier imposing the zero U(1)-charge condition on the ensemble average, is expected
to be correct only at high temperatures.
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We can, however, use our observations in section 2.3 and verify that the high temper-
ature behaviour (4.20) differs from the universal result for W [\] theory, precisely due to
a shift by the correlator of the U(1) current:

5M 67 n
_5F(2)’T4)’L'O+ = _M236772 d221/d222 6/ + 12 (x
36 sinh (B(Zu)) /36 sinh (3(212))

Evaluating these two terms separately using our integration prescription,

5M 6 ¢ 8m3L

— 5 d?z /d222 ‘W = MM2L3, (4.21)
367 36 sinh® (%(zu)) 9%

9 OM 6 _ 553 L

2 2
Iz d Zl/d 22 =Mp :
3672 66 Sinh2 (%(212)) 18B3

The first of these two integrals reproduces the universal high temperature correction for
Wao|A] theories with any A, perturbed by the spin-three chemical potential, and the sum
of these two contributions yields the corresponding high temperature result (4.20) for the
Wi+t theory. It would be very interesting to understand how to extract the correct torus
partition function for the W4 [0] CFT from free fermions at any temperature.

4.4 Free fermions and the 2D Yang-Mills connection

A fascinating aspect of the free fermion CFT on the torus, deformed by the spin-three
current, is its relation to the large-IN expansion of Yang-Mills theory in two dimensions
(YMyz). This is well known and there is extensive literature on the subject, e.g. see [11, 12,
58]. Thus our computation of higher spin corrections to the partition function of the Wi 4 oo
CFT is related to the QCD-string genus expansion in 2D Yang-Mills theory at large-INV.
For this reason it is interesting to review this connection briefly and to highlight significant
differences.

Yang-Mills theory in two dimensions is an exactly solvable system and can be refor-
mulated as a string theory in two dimensions [59-61]. In the 't Hooft large-N limit, the
chiral partition function of YMy with U(V) gauge group, on the square torus with area A,
can be formally expressed as a genus expansion,

— 1
g=1

where A is the dimensionless combination of the 't Hooft coupling and the area A,
A =g, N A. (4.23)

Thus A is essentially the dimensionless area of the torus, with the strong and weak coupling
limits corresponding to the large and small area limits, respectively. The functions F,(\)
are generating functions counting maps without folds from a genus g Riemann surface to
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the target spacetime torus [59-61]. They have the remarkable property [12, 62—64] that
they are quasi-modular functions of
A
=—. 4.24
=5 (4.24)
The strong coupling expansion of Fy(\) encodes a sum over maps with winding number n,
with an action given by the exponential of the area

Fo(A) = i D wple AN (4.25)

n=1 j

The power laws M\ arise from the integrating over the positions of branch-points and
collapsed handles for these maps. The (non-negative) coefficients wg’j are the Hurwitz
numbers which count the number of maps (without folds) with winding number n, and a
certain number of branch points and collapsed handles.

The g = 1 contribution, from genus one worldsheets, is dictated by the ¢ = 1 torus

partition function, which counts maps of the torus onto a torus,
Fi(A) = —=Inn(r), (4.26)

where 7(7) is the Dedekind eta function. The absence of theta-functions associated to
free fermion spin structures is indicative of the fact that, in the bosonized language, the
winding modes are irrelevant for the application to large-IV YM3y and can be systematically
eliminated as discussed in [11]. The g = 2 term is the correction to the Yang-Mills free
energy at order N 2. Ignoring all winding mode contributions (in the bosonized language),
the second order correction to the free fermion partition function using our integration
prescription yields, instead of eq. (4.16)

2
—BF® = M <6m MQL”) (27 Im 7)? x (4.27)

1 90 1080
—— (10E} — 6E4Ey —4Eg+ —— (B4 — E3) + ——— | .
25-34~5< 2 1B =B + 5 (Ba— By) + (27TID’1T)3>

Note the appearance of powers of 1/Im(7) which were absent in eq. (4.16). The dependence
on powers of 1/Im(7) is natural when winding modes in the bosonized picture are ignored,
and only the perturbative contributions to the correlation functions are included. We refer
the reader to the discussion in appendix C for further clarification. The correspondence
between free fermion theory with the spin-three deformation and large-IN Yang-Mills leads
us to make the identifications,

% o % % o %(12#7), (4.28)
where the numerical factors in the second expression originate from the normalization of
our spin-three current. With these identifications eq. (4.27) agrees with the correspond-
ing expression in [11] for the order u? ~ N2 correction to the partition function.® The

6Qur expression appears to differ from that of [11] by a term ~ A™*, but without any exponential factors.
The significance of this is unclear at present.
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strong and weak coupling expansions in YMy can be viewed as the low and high tempera-
ture expansions, respectively, of the free fermion CFT. The low temperature g-expansion
of (4.27) yields the instanton-like expansion of the genus two contribution to the Yang-Mills
free energy:

Fo(A) =22 (8¢° +64¢>...) + A (2¢ +12¢%...) + % (4.29)
Here ¢ = €™ = ¢=*. The coefficient of A\? counts the number of maps with two branch
points whilst the terms proportional to A are associated to maps with one collapsed handle.
The quasi-modular property of F» produces a similar expansion in powers of e~/* at high
temperature, but additional new terms appear which ensure the correct high temperature
thermodynamics. These additional terms in the high temperature expansion, which is a
weak coupling expansion in the language of YMs, can also be given a geometric interpre-
tation as in [58].

As already alluded to above, an important general property of F4(A) is that it must
be a quasi-modular form with modular weight 6g — 6. In particular, the g = 2 contribution
which we have evaluated has modular weight 6. We expect therefore that when we compute
the entanglement entropy of a spatial interval of length A in the free fermion theory, it
will yield a function of A with modular weight 6 at order ;2. On general grounds we also
expect this function to be a quasi-elliptic function of A. It would be extremely interesting
to understand if the EE contributions can also be given a precise geometric interpretation
in terms of maps from genus g Riemann surfaces to a torus with two marked points. We
note that the Rényi entropies for YMs on the torus have already been investigated in [65]
and [66] and, due to the topological nature of 2D Yang-Mills theory, have been argued
to be independent of the interval lengths. This is certainly not what we expect from the
free fermion theory as we see below. It would be worth investigating the reason for this
fundamental difference between the two theories, given that the two systems are closely
related (on the torus).

5 Thermal correction for Wy,[1] or free bosons

It is interesting to compare and contrast the thermal correction at order p? for different
CF'Ts on the torus. We can perform this excercise quite easily for M free complex bosons
®,, (a =1,2,...M). This theory has central charge 2M. The spin-three current in the
free boson theory, adopting the normalizations of [15], is

M
(2 —%Z (00, 0°0" — 0°B, 0B°) , v =i\ —s . (5.1)

Applying Wick contractions, and using the Green’s function for free bosons on the torus
we obtain

7T2/\

(VW ) = Mr? |~ + (o) + 5z Ba(r) ) oG] (52
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where z19 = 21 — 2z9. Since this is an elliptic function, we can express it in terms of the
Weierstrass (-function and its derivatives

c c
(W)W (z2)) = My (€ = xl'(2) = S¢0(2) - 2¢O02) ) (53)
with coefficients
876 8t 2 ~
C = @Eﬁ(T), Cy = @E;l(T), Cq = ﬁEQ, Cg — 1. (54)

Integrating the two-point function over the torus T? using prescription-1 and including
the contributions of both holomorphic and antiholomorphic sectors, we find the order s
correction to the free energy,

6 32
—BF® = (2M)u? 2%;;}354 (Eg — B Ey) (5.5)
5 247r552 ZdE4( T)

15104 dr

= (2M)p

Calculating the integrals using prescription-2 leads to the same result with Fo re-
placed by EQ.

As in the case of the free fermion theory we can compare this result with the canonical
partition function at order p? from the Hamiltonian approach of [15]. Accordingly, the
partition function of the free boson CFT with a spin three chemical potential (including
both holomorphic and anti-holomorphic sectors) is

mZ=-MY [m (1 - e27r”m+b“m2) +1n (1 - 62””’"*’”’“2)} , (5.6)
1 3
b= 6; T .

Expanding this exact partition sum to quadratic order in p we have

51287032 S mi g™

InZ=—Mln|n(r)]* = (2M)pu?y i EDE +.... (5.7)
m=1
From the g-expansions of the Eisenstein series (B.21), we deduce
X mAgm
7nZ:1 1= qm = _%(E6 — EhEy) (5.8)

leading to precise agreement between the grand canonical partition sum and eq. (5.5)
obtained by the integration method using prescription-1. Therefore the correction to the
free energy is an anomalous modular form of weight six. The leading high temperature
asymptotics, obtained after performing a modular transformation, matches the expected
universal answer for W[A] theories [25, 26], with exponentially subleading corrections,

— BF

— 2M)u 28§;f (14—0(6’2””5)). (5.9)

@) ‘ B/L—0 —
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Note that the central charge of the theory is 2M. The coefficients of the low temperature
g-expansion are non-negative integers, and constitute predictions for solutions with spin-
three hair in hs[A = 0] theory:

1287932

—BF® =~y M=

(q+18¢* +84¢® +...) . (5.10)

6 Single interval Rényi entropies

We will now adapt the prescriptions and method for evaluating the integrals over holomor-
phic current correlators to compute the singe interval Rényi and entanglement entropies
in the free fermion theory on the torus. The standard route for this calculation is via the
implementation of the replica trick using branch point twist fields [7-9]. The partition
function of the QFT is evaluated on an n-sheeted Riemann surface R, branched along the
interval, first yielding the so-called Rényi entropies Sgrg(A, n), and subsequently taking the
n — 1 limit to obtain the entanglement entropy,

z(n)
Zn

1

n
1—n

Sre(A,n) =

, See = lim Sgre(A,n). (6.1)
n—1

Here Z(") and Z are the QFT partition functions on the branched Riemann surface and
the torus respectively. The Rényi and entanglement entropies are formally related to the
reduced density matrix pa for a spatial interval of length A as,

1
SrE(A,n) = 1 In Trp} , Sgg = —Trpa Inpa . (6.2)

-n
As pointed out in [7], the calculation of Z(®) may be achieved by evaluating the partition
function in the presence of twist and antitwist fields o, and &,, inserted at the end-points
of the interval, so that in a perturbative expansion in y we have

Sun(dn) = 2 [1n (28 4w [ ) W) o) (63)

2
+% /d221d222 (@n(y2)W (21)W (22) 0 (1)) + hc. .. ) —nln z}
with y1, 2 € Rand |ya—y1| = A. Note that Z is the partition function of the deformed CFT
and can itself be expressed in a perturbative expansion in p. Therefore, to compute the
Rényi and entanglement entropies at order u? we need the three- and four-point functions
involving a twist-antitwist pair and one or two spin-three current insertions, on the n-fold
branched cover of the torus.

To implement the replica trick we take both the CFT Lagrangian density and the
chemical potential deformation as a sum over n independent copies

L=Lopr — W = (,cggT w4 h.c.) . (6.4)
=1
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Note that the deforming operator is also replicated.” Focussing on the system of M fermions
{¥a}a=1,..m for concreteness, the action of the twist fields on the replicas is via cyclic
permutation of the n-copies or branches {111((;)}7;:1,,“”. The different sheets or branches are
glued along a branch cut that coincides with the entangling interval.

In general, one is then faced with the difficult task of calculating the partition function
of the QFT on the n-sheeted Riemann surface. For CFT’s with generic deformations turned
on this can be complicated. However, in the case at hand, a crucial simplification results
from the fact that all the higher spin currents in the free fermion theory, including the spin-
three operator W, are bilinears in the fields [25, 34, 35]. The deformed theory continues to
be Gaussian and therefore it is natural to transform to a Fourier basis which diagonalizes
the permutation action of the twist fields:

Gop =Y DGO k= —(n-1)/2,(n-3)/2,...(n—1)/2. (6.5
/=1

+2mik/n acquired when

The action of the twist fields on %La,k: is given by a phase factor e
taken around one of the two branch points. The theory on the n-sheeted surface is then
recast in terms of n decoupled free fermions, and the QFT partition function is expressed

as the correlation function of the product of n-pairs of twist-antitwist fields,

20 = TT{onn(1)onn(y2)) - (6.6)
k

In the presence of a deformation away from the conformal point, evaluation of the partition
function in conformal perturbation theory is easier when there is an explicit representation
for the twist operators. This is possible in the free fermion theory, upon bosonization.
On the other hand, for the free boson CFT, there is no such explicit representation and
correlators of twist operators with other currents have to be reconstructed from their short
distance properties as was done on the cylinder in [25]. The situation on the torus is more
involved and so we will content ourselves with studying the simpler case of free fermions
in this paper.

6.1 Bosonization

In order to work with an explicit representation of the twist fields for the Rényi entropy
calculation, we will use the bosonized representation of free fermions in terms of M free
chiral bosons {¢,},

Po(z) =: e'¥a(?) ; (6.7)

satisfying the operator product expansion (OPE)
Pa(2) @p(0) ~ —dqp In 2. (6.8)

Crucially, the {¢,} must each be viewed as a compact chiral boson with unit radius. The
sum over the non-trivial winding sectors is then responsible for reproducing the correct

"Rényi entropies for perturbed CFTs have been studied in [10].
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fermion partition function and spin structure [53]. We proceed to outline the key ingredients
required for the calculation in the bosonized language, accompanied by consistency checks
where necessary.

In the free fermion theory, each replica field lz)a,k (in the Fourier basis) corresponds to
a compact chiral boson ¢, ., and the twist fields can be explicitly represented as

I ,’:ls
:!\x-
“6
Q
R‘

“6
Q
x>
=

M
H (€ak(2)=Pak(2)) . (6.9)

with k = —1(n—1),—4(n—3),... 3(n—1). Now, the corrections to the partition function
(as a power series in p) can be computed once the correlators involving these twist fields
with any number of current insertions are known.

On the plane and the cylinder such correlators follow immediately from Wick rules,
but the torus is more subtle and involves extra contributions from ‘instanton’ sectors as
we discuss below. We explain the resulting modified Wick rules in appendix C.

6.2 Twist field correlator on T2

In the absence of any other operator insertions, the two-point function of a twist-antitwist
pair on the square torus with 7 = i8/L and |y2 — y1| = A € R, in the undeformed theory,

is given by
i x o) [ |0 (B2 [
(ki (Y2)ohn (Y1) cPT = Lo, (22 EORER (6.10)
A=lyz =y,
so that 1 )
= 2M 5 AN |2M
<5(n) (y2)on(y1)) = k_l_‘[n1 21;19/1(%) 19”19(”%0?) (6.11)

The normalisations have been fixed so that in the short distance limit (A < L, 3) the cor-

relator approaches |y; — y2’2Mk2 /n?

. Depending on whether the fermions have anti-periodic
(NS) or periodic (R) boundary conditions around the spatial circle, v takes the values 3 and
2 respectively. A derivation of the twist correlator in the bosonized description is presented
in appendix C. It has already been demonstrated in [67] that the correlator (6.10) even-
tually leads to the single interval RE and EE in the free fermion CFT and, in particular,
satisfies the non-trivial requirement that Sgg(A = L) should match the thermal entropy

of the CFT.

6.3 Free boson propagator on T2

To calculate the effect of operator insertions in the presence of twist fields, we need to
understand both quantum and classical or nonperturbative contributions to the correlations
functions. The quantum pieces are encoded in the free boson propagator on the torus which
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is one of the main ingredients in the calculation. Recall that the Green’s function for a
free (real) boson ®(z,2) = ¢(2) + @(Z) on the complex plane

G(Zl,ZQ) = <(I)(Zl,21) @(22,22» =—1In |Zl — 22|2. (612)

Naively, the Green’s function on the torus C/T', I' ~ 2wy Z @ 2wsZ, should be obtained by
a sum over images

(B(21,71) (22, 2)) = —In ] lz12 = Qo (6.13)
nmeZ
where €, , = 2nw; + 2mwq, with 2wy = L and 2wy = if being the periods of the
torus. However, this is not the complete result since the torus is compact and we cannot
have a source for the Green’s function equation without a sink, so we need the following
modification

(2w1)2 Im(7)

where the second term on the right hand side can be viewed as a negative unit charge

00 Grpa (21, 2) = 7 (52(21 ~ ) - 1) , (6.14)

distributed uniformly on the torus with area (2w;)?Im(7) = SL. Integrating the left hand
side gives zero on T? and the same now holds on the right hand side. Including the effect
of the sink term above, up to an additive constant, the free boson Green’s function is

i (774) [
19/

(Im z12)2
L2Tm(r)’

Gr2(z12) = —1In W + 27 (6.15)

2192 = %21 — %9.

This is a standard result (e.g. [11, 55]). In particular this implies that the correlator of the
holomorphic current dy, up to an additive constant, is

72
@o(en)dp(e0) = ~p(e1 = 22) = 75 (Ba = o) (6.16)
:H(Z]_—ZQ)—F#IHT.

The function H was defined in eq. (2.5) for the current correlator in the fermionic picture.
Comparing with (2.5) we see two potential sources of disagreement. The first of these is
the dependence on 1/Im 7 which is absent in (2.5) and the second is the absence of theta-
function dependent terms in eq. (6.16). Both discrepancies are resolved by the inclusion of

the winding mode contributions.

6.4 Deformation by the U(1) current

Following the route taken in our calculation of thermal corrections, we will begin by ex-
amining simple examples of chiral deformations before addressing the spin-three chemical
potential. The simplest case is the spin-1 current which, in the bosonized theory, is given by

M
J=iY 0pa. (6.17)
a=1
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As a warmup towards understanding the structure of the perturbative corrections to the
twist-antitwist correlator due to deformations of the type (6.3), we will examine the basic
structure of correlation functions involving insertions of the holomorphic U(1) current
alongside the twist fields. Although the theory is free, calculation of correlators in the
bosonized description is subtle. This is because correlation functions in the bosonized
framework receive both perturbative and semiclassical winding mode contributions (see
appendix C and [53]). Specifically, in a sector with winding numbers w,w’ € Z, we have

3%(2)‘w7w/ = 0¢a;cl + 0Pa; qu(2) , w,w €7, (6.18)
it fw —wT
=7 (") + o0

The quantum contribution ¢, qu is a free field with vanishing one-point function. Following
the steps laid out in appendix C, the three-point function involving two twist fields and
one insertion of the U(1) current is given as,

Ok )00 1) O (N = Grnlmdoralilcrs { 2 60:) i (R

n L
(P) (kA
G(z) =Sz~ y) = — ), K<p>=(§)””;”((,;;§)). (6.19)
V\n L

The function ¢(z) is the logarithmic derivative of Jacobi’s ¥;-function defined in egs. (B.8),
(B.11). It is quasi-elliptic and a simple modification of the Weierstrass (-function.

Here G(2) is the one-point function for dg, i, in the presence of a positive and negative
point charge pair on the torus. As explained in appendix C, the twist operator insertions
act as point sources for the chiral bosons on the torus giving rise to a classical one-point
function for the fields. This also follows from straightforward Wick contractions of the
current with the twist operators. The constant additive piece K1) is a classical or instanton
contribution from the winding modes of the compact boson ¢, j. It is interesting to check
how these two terms combine and approach the correct high temperature limit % — 0. As
usual, this limit is obtained by performing a modular transformation, and subsequently
taking % — oo keeping % fixed, and we find

G(z) — % (coth;(z —y1) — coth%(z — yg)> , (6.20)
g0 _TEA
Lnp

This agrees with the correlators evaluated directly on the cylinder in [25]. For the two-
point function of two insertions of the operator dy, j in the presence of twist operators we
similarly obtain,

(Okn(Y2)0kn (Y1) 0Pak(21)00ak(22)) cFT = (T (Y2) Tk (Y1) cPT X (6.21)
{7—[(21 —20) + 9,(2) L Gr(21) Gi(22) 9, (2) ‘x:%(wA/L)} ,
Gu(z) = "G() - o (6.22)
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Here H(z1 — 22) is the function defined in (2.5) in the absence of any twist fields. When
k = 0, we recover the U(1) current-correlator encountered in (2.5) within the fermionic
formulation. Therefore the factors of 1/Im 7 we saw in eq. (6.16) cancelled against similar
contributions from the winding modes, which also introduced new theta-function dependent
terms that contain information on the spin structure. The expression® above illustrates
precisely how the Wick contraction rules are modified by winding mode contributions as
explained in appendix C.

6.4.1 Rényi entropies for spin-1 deformation

As a warmup excercise we will now calculate single interval Rényi entropy for the free
fermion CFT with a chemical potential for the U(1) charge. The Rényi entropy in the
presence of twist fields and U(1) current perturbation is

Tn(y2)J (21)J (22)00(y1))
(@n(y2)on(y1))

1 n
Sre(A,n)=— 1nzégT—n1nz+e2/d2z1/d222< . (6.23)

The CFT partition function in the absence of deformations is simply the twist-antitwist
correlator, ZénF)T = (Gn(y2) on(y1)). At order £°, it has already been explicitly verified
in [67], that the twist field correlators satisfy all necessary checks required of the entangle-
ment entropy of the CFT on the torus. In particular, the CF'T partition function Zg%)T on
the n-fold cover of the torus is given explicitly by the twist-field correlation function (6.11).
Upon taking the limit n — 1, this yields the entanglement entropy, Sgg(A), which was
shown in [67] to have the property that it yields the thermal entropy of the free fermion
CFT when A = L.

We have omitted from eq. (6.23) a putative one-point function for J in the presence
of the twist fields, because it vanishes identically at the conformal point. The definition
of the current operator involves a sum over both the fermion flavour index and the replica

Fourier index:

M
J=iY Y 0par- (6.24)
a=1 k
Recall from our previous discussion that the Fourier label ranges from k = —(n — 1)/2 to

(n —1)/2. Explicitly, the current-current correlator on the n-sheeted Riemann surface is

(Tn(y2)J (21) J (22)0n (11
(@n(y2)on(y1))

71'2
NNV [H(zn) - Lmo,@)"| . (625)
k

_kmA
T="pL

Any terms involving the functions G(z) vanish before integration due to independent sums
over a pair of replica Fourier indices. In addition, the integration prescription we have
adopted straightforwardly implies

/ P22 H(z) =0, / 22 G(z) = 0. (6.26)

8The results can be reproduced by acting with derivatives on the four-point correlators of vertex operators
on the torus [68] and taking two of the momenta to vanish.
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Therefore, the order €2 correction to the Rényi entropy is

e2n? MB? 9"
Sip(A,n) = =n) > [1D19u(~"3)]g:% —ng| - (6.27)
k v

There are various checks that this formula for the Rényi entropy satisfies. It vanishes
identically when the interval length A shrinks i.e.in the limit A/L — 0. Applying modular
transformation properties of the Jacobi-theta functions, for fixed A/L, we find that in
the high-temperature limit, /L — 0, the RE correction vanishes exponentially ~ e mL/B,
Therefore, at high temperatures, the entanglement entropy correction Sé%(A) also vanishes
exponentially with temperature. This is consistent with the behaviour of the thermal
entropy correction at this order. The U(1) chemical potential does not alter the partition
sum (4.6) at high temperatures. The most non-trivial check of the RE correction evaluated
above, comes from the requirement that when A = L, the entanglement entropy should
reduce to the thermal entropy for the deformed theory. For the undeformed theory (¢ = 0),
this check has already been done in [67]. We need only to verify that it is also satisfied by
the correction at second order in . The thermal entropy correction at order €2 is

"

S o = M72e252 8 (6 ZV) . (6.28)

v
To show that the Rényi entropy correction (6.27) yields this result in the limit n — 1 with
A = L, we first need to pick a specific spin structure, say v = 3 for simplicity. Then we
use the identity

(_1 m—+1

293(z|7')] > ) 1, €08 2mz 9
In =2 qz" , q=eT"". 6.29
e (0:29)

m=1

Although one may be tempted to set z = kw/n at this stage, the sum over k is not well
defined in the limit n — 1. To circumvent this, we first perform a modular transformation
V3(z|T) = (—it)"Y? exp(—iz?/n7) ¥3(2/7| —1/7), then make use of the identity (6.29) and
finally perform the sum over k. The exercise is straightforward and explicitly leads to the
required condition:

SER(A = L) = S{7)

thermal *

(6.30)

6.5 Stress tensor deformation

The second example we touch upon briefly is the deformation of the CFT by the stress
tensor as in eq. (4.8). The corrections to the Rényi entropies at order €2 are determined
by both the one- and two-point functions of the stress tensor on the n-sheeted cover of the
torus. For simplicity, it suffices to focus explicit attention on the first order correction:

1
1—n

ety [ (ST ). ]

Sre(A,n) = X (6.31)
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Here we have also expanded the deformed CFT partition function on the torus Z in powers
of the parameter ¢ (see eq. (4.9)). In the bosonized, replicated theory, the stress tensor
operator is

1 M
T=-3 SN (Opan)? (6.32)

k a=1
The quickest way to obtain the one-point function of the stress tensor in the presence of
branch-point twist fields is to take the coincidence limit (z; — z3) of the correlator of
two U(1)-currents 0pg k(21) and Opg k(22) given in (C.16). Integration of the first order
correction over the torus is achieved by making use of egs. (6.26) and (D.27) and the order

€ correction the Rényi entropy is

" TA i "
S (A, )= — ML [_ (1) ( 1 (WLA)+E2>+§ :(19”(‘”) _ ’191/) MA]. (6.33)
k =L

(1—n)L? 12n  \ 9 (Z2) (x) Y,

The terms within the first set of parentheses are periodic under A — A + L due to the
periodicity properties of ; whilst this is not the case for the Jacobi-theta functions with
v = 2,3. The stress tensor perturbation should directly correspond to a rescaling of the
temperature. Indeed, using the heat equation for theta functions, we see that

SW (A, n) = - (2577)% 0, In (7 (y2)om(y1)) - (6.34)

This confirms that the correlators we have computed in the bosonized picture yield the
expected results. Since our correction to the Rényi entropy is purely the effect of a tem-
perature rescaling in the CFT, the resulting entanglement entropy (n — 1) is guaranteed
to satisfy all necessary checks. In particular it was shown in [67] that the CFT partition
function Zg%)T in the presence of the branch point twist fields on the torus reproduces the
thermal entropy of the free fermion CFT when A = L and for any temperature. Therefore
any rescalings of the temperature (infinitesimal or otherwise) will preserve this relationship.

The order €2 correction to the Rényi entropy requires the use of the stress tensor
correlator in the presence of twist fields (C.19) and integrating over the torus. We will not
present any further details of this calculation as it is straightforward and the corrections are

once again perfectly consistent with the effect of rescaling the temperature at this order.

7 Rényi entropies with spin-three chemical potential

We finally turn to the evaluation of the Rényi and entanglement entropies for the Wi oo
theory with a chemical potential for the spin-three current. After bosonization, the spin
three current in the free fermion CFT is [35]

V5
(Vs

M
W) ==7) :(0pa)’:,  F=(—. (7.1)
a=1

in terms of the chiral bosons ¢,, where the normalization 4 has been fixed to match the
conventions of [15, 25] for the leading singularity in the WW OPE (A.1).

~ 98 —



7.1 The O(u?) correction to Rényi entropy

For the calculation of the Rényi entropy, the spin-three current in the replica theory is

M
W(z)==7) >+ (0pan(2)’: . (7.2)

a=1 k
Formally, the first correction to the partition sum on the n-sheeted torus is set by the
one-point function for W i.e. (G, (y2)W (2)on(y1)). Unlike the stress tensor, however, the
operator W (z) does not acquire a one-point function in the presence of twist fields. While
there is a non-vanishing correlator (G, (y2)Wk(2)ok»(y1)) in each sector labelled by the
integer k, it is an odd function of £ and vanishes upon performing the sum over k.

The first non-vanishing correction to the Rényi and entanglement entropies of the de-
formed theory appears at order u2. This is determined by the correlation function (C.20)
involving two spin-three current insertions in the presence of the branch point twist fields,
integrated over the torus. The steps leading to (C.20) are involved and explained in in ap-
pendix C. Despite the lengthy final form of eq. (C.20), a number of terms do not contribute
upon integrating over the torus due to the vanishing integrals

2 = 2Z Z) = . .
/Tde’H(z)—O, /TQd Glz) = 0 (7.3)

Therefore, introducing the shorthand notation,

19(17) ( x)
KO (p) = ()" 4

@=() (@)’ (74)
we can write down all the non-vanishing contributions to the O(u?) correction for the Rényi
entropy:

_ L (n) ~2 2 2 2 3
Sre(A,n) = ——— |In Zpp —nIn Z + M3°p >3 dPa | APz (6H(212)%+ (7.5)
k

k2 k4
— 18K (212)? Lz? G(21)G(z2) + K® (w)} + 9H(212) [714 G(21)%G(2)* +

+ 28 )0 (6() + 6() KV @) + 25 G kO <x>}
L 2 3K

_TG(ZI)Q G(z2) (Inv,(z))" + ? [G(21)? + G(22)?] x

L2

[K(?’) (@) KD (z) — KD (z) — ZiEg {In 19,,(95)}”} n [K@ ()2 — K©® (x)}
205 [KO WK @)~ K )] T B (o)) b0

=4(2)
The summation ranges over k = —(n—1)/2, —(n—3)/2,... (n—1)/2. The first term ~ H? in

the integral above is purely a correction to the thermal partition function at this order and
cancels against an identical contribution to nln Z in the first line. All thermal corrections
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can be removed by subtracting out the WW correlator (2.8). The integrals necessary for
the explicit form of this expression have been evaluated in appendix D. Schematically, there
are five distinct integrals that appear above:

I = //7'[ 212)>G(21) G(22), In = //H 212) G(21)° G(22)?,
I3—//7‘[212 212 22 I4—//7‘[Z12 21 ZQ I5 /G

Of these, Z; and Zy are directly related to the high temperature cylinder limit. They are
generalizations to the torus of the integrals encountered in [25, 26] which are responsible for
the high temperature universality of the entanglement entropy for Wso[A] theories, at this
order in pu. The remaining integrals 73,74 and Z5 are accompanied by coefficients whose
origin can be traced to the winding mode sectors in the bosonized framework. This is also
the origin of all the constant terms in the (WW) correlator. Technically, the evaluation of
7, and Zy is the most involved. The integrals Z3, Z, and Z5 are already contained in Zj,
7. The final results for Z3, Z4 and Zs are written out in (D.35), (D.38) and (D.40).

While the complete expression for the Rényi entropy is not particularly illuminating,
we write down the explicit forms of the two terms Z; and Zo which are directly connected
to the high temperature cylinder limit:

272

T(8) = 07 | 359 (8) + 300 @EA) + Q)3 + T Bfoa) i)

- 2 ol
+2¢%(4) (p(A) + E2> } - 125? o(A) (5E3 + Ey) +

3L2
4 6
+ 1576 (5E3 — 5ExEy — 3E6)} (7.7)
and
~ 7'('2
To(&) = (61 | 550 0(&) = g ¥ANA) +5(8) (80 + 375
27 . . Am? . 2
e B (A ) + o) {-ad(8) - T B8 - (o8 - B
4’ x 476 3
o () + TR - s (oY + ). 73)

These are quasi-elliptic functions of A with modular weight six. The functions (A) are
only quasi-periodic under A — A + i3. Interestingly, they are singly periodic functions of
A, under the shift A — A+ L. Therefore Z; and Zs vanish both at A =0 and A = L. The
winding mode contributions are responsible for spoiling this periodicity and reproducing
the correct physics of entanglement entropy, as we will see later.

7.2 High temperature cylinder limits

The first test that we will subject our result for the Rényi entropy (7.5) to, is to take the
high temperature limit. The high temperature calculations in [25], later shown to be uni-
versal in [26], demonstrated that the order 2 Rényi entropy corrections are universal for all
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theories with a Wuo[A] symmetry (for any A). The free fermion theory with Wy symme-
try is somewhat of an exception to this due to the presence of the additional U(1) current.
In particular, we saw in section 4.3.1 that the high temperature thermal corrections in this
theory can be empirically separated out into a Ws[0] piece and the U(1)-current contri-
bution. Our task is to repeat this exercise for the much more complicated Rényi entropies.

The Rényi entropy correction at order p? is obtained by first removing the k& = 0 piece
in (7.5) which is the thermal correction to the partition sum at this order. To extract the
high temperature limit /L — 0 we must perform a modular transformation first and then
take L/ — oo. Careful examination of this limit reveals that only three terms survive
when L/ is taken to infinity:

(2) B 1 5Mu? k2 k4
SRE(A,n)‘%_}O e ] —18( = Ti(A)+9 o To(A) (7.9)
—6 ¥ BL I5(A) W—4E (Ind,(x))"
TL2 5 L4 2 n v z %*}OO I
where ¢ = %’r% The high temperature limiting forms of the three terms are
A7t (AT A TA
Ti(A — | ——coth| — ] -1 1
8= 3 (G oo (5F) -1) ¢ 10
47t TA TA TA A\ 2
A ion? () <1 _ A ot ()) - ()
5 B { E E B
and
8t ( 4T A <7TA>)
To(A) > ——5 (5 ———coth| — | ) — 7.11
7274 TA TA TA 1 /7A\?
27 cinh2 <> (1 ~ T ot ()) ! <) ,
5 E { E 5)) 9\'B
while the final term surviving in this limit becomes
4 4
L ny ST T o (TR
(BL)Z5(A) L4E2(1n191,) — 72 <1 5 coth( 3 >> . (7.12)

The non-trivial limits for Z; and Z coincide” with the corresponding objects found directly
on the high temperature cylinder in [25, 26]. This should be viewed as a stringent test of
our integration prescription on the torus. In addition to these two terms which lead to the
universal entanglement entropy correction in the limit n — 1, we have a new contribution
from (7.12) whose origin lies in a sum over winding modes of the compact boson.

In this limit, the sum over the replica Fourier index k is rendered trivial. Using the
identities

K2 n?-1 k4 n?—1)(3n% -7
3 3 _ )( )

- nt = 240 n3 ’

o Nl
n? 12n ’ (7.13)

9The definition of Z» in this paper differs by a sign from that in [25]. This is because the quantum
propagator H as defined in this paper contains an extra minus sign.
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and taking the limit n — 1 to get the entanglement entropy, we can view the high temper-
ature correction to the entanglement entropy as the sum of two parts,

) 5Mp?\ 874 (7A TA
| 2) ’ - s? ’ —— | —|—coth| — | —-1]). .14
gino Sgr Was Skn - + 3672 ) 32 5 co 3 (7.14)
The first term on the right hand side, labelled as the Wy, portion, is universal [25, 26]:
2
2l = M7 (A) 4 7oA 1

The high temperature entanglement entropy needs to satisfy another important test. For
large interval size (relative to the inverse temperature), the entanglement entropy must be
extensive in the interval length A, and approach the thermal entropy. The high temperature
limit of the thermal entropy correction for free fermions inferred from eq. (4.20) is,

3
@) o 14m” L —orL
Sy, = M (1+0 (7). (7.16)
The corresponding large interval limit, A/8 > 1, for the entanglement entropies yields,
1473 A 9 3213 A
5(2)‘ — M2 , S()‘ — M2 7.17
EE Wisoo H 363 EE - K 953 ( )

This precisely mirrors the behaviour of the thermal entropies from (4.21). It is quite
remarkable that a priori very different and complicated looking contributions, from the
perturbative and winding sectors in the bosonized theory, conspire to give rise to the correct
high temperature behaviour as expected on physical grounds.

Equally noteworthy is the fact that, unlike the thermal calculation we have seen earlier,
for the high temperature RE/EE on the torus it is not so straightforward to interpret
the difference between Wi and Ws, as a shift involving the U(1)-current. Such an
interpretation may still possible given the origin of the term (7.12) as it can be related
to an operator of the type ~ (9pg a1)?(Tk)?, but it is unclear at the moment how this
connects up with a direct calculation on the high temperature cylinder. In particular, if
we had taken the cylinder limit before doing the integrals, at the level of the correlation
function of the W-currents (C.20), we would have found all winding mode contributions to
be suppressed leaving behind terms of the type, H(212)2G(21)G(22), H(z12)G?(21)G?(22)
and H(z12)G?(z1). The first two are the result of standard Wick contraction rules (on the
plane or the cylinder) between two W-currents and twist fields considered in [25]. The
third contribution ~ HG? can be related to the correlator of the spin-three and spin-one
currents (W.J) in the W) o theory. Such a cross term arises naturally and is the only
new contribution to the Rényi entropy at this order in y if the spin-three current is shifted
in accordance with eq. (2.11). Indeed, this interpretation works in a very precise sense
and calculation of the relevant integrals on the cylinder yields exactly (7.12) as the new
contribution to EE/RE. This is remarkable because the integral of the term HG? on the
torus vanishes identically. Thus there is a subtle sense in which the large L (or high
temperature) limit does not commute with integration, and yet gives rise to the same final
result. It would be worth understanding this somewhat mysterious behaviour better.

~32 -



7.3 Matching thermal entropy at A = L

Perhaps the strongest test of the RE/EE calculation comes from the requirement that when
the entangling interval spans the entire system, the entanglement entropy should precisely
equal the thermal entropy. It is already known to be true explicitly at the conformal
point [67]. Verifying this property for the higher spin correction (7.5) appears to be an
arduous task at first sight. However, we encounter a significant simplification due the fact
that when y2 —y; = L, all terms in the correlator that depend on the function G(z) vanish
identically since

G(2) ={(z—m)—{(z—ym —L)=0. (7.18)

y2=y1+L

The Rényi entropy correction at order p2, with A = L, can then be represented relatively
compactly after integration on the torus:

2M 7432 9" (x 1"
SI%:Z,(A7n> AL (f_ n) 8OL4B zk: 25%32 (E22 a E4) (02%1.; - 19Z> (7.19)
1 y o 9D (@) 0P () 0 (x) oY
26 . 32 E22 <[lnq9y(:1:)] _V>+2E2 ( 791/((@) _ V((x)) 19,/2;5; B o )
(6) (3) S ()
L) W @)\ o
Iy (x) Py (x) oy

km
n

Note that Jacobi-theta functions without a specified argument should be understood as
being evaluated at vanishing argument. We emphasize that the RE at A = L is completely
determined by contributions from the winding mode sectors of the compact chiral bosons.
Their presence, captured by the theta-functions, is precisely what guarantees that the RE
(for any A) is not a periodic function of A under A — A + L. Had we not included the
winding modes we would have found vanishing Rényi entropy and entanglement entropy
at A = L which would not be consistent with thermodynamical expectations.

The thermal entropy correction can be obtained from the free energy correction
eq. (4.16) or from its elegant g-expansion (4.19) as

@) _ g OF(®)

2) _ 2T o~ mig"
Sthermar = B 55— —BF® = 160Mu° Mﬂ;( (7.20)

1+ qm)2 :
Demonstrating the matching of the entire g-expansion with the n — 1 limit of the Rényi
entropy at A = L is an interesting and challenging exercise that we leave for the future.
We can nevertheless demonstrate the extremely non-trivial agreement between Séﬁirma
S(E2]%(A = L) at high temperature.
The high temperature limit of eq. (7.19) is obtained as usual after a modular transform

, and

and then taking L/ — oo. Up to exponentially suppressed terms, we find

M2 73 L (1 —n?)

540 653 (1 —n)n3’

S&)(L,n) (7:21)
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In the limit n — 1 we then have

2 1473 L

7.22
%—)O 333 ( )

which agrees precisely with the high temperature thermal entropy of the W theory.

8 Discussion

In this paper we have performed an analytical computation of the perturbative corrections
to the single interval Rényi and entanglement entropies (RE/EE) for the free fermion CFT
on the torus, deformed by a chemical potential for the spin-three current. At quadratic
order in the chemical potential our computation captures all finite size corrections to the
higher spin entanglement entropy for this CFT. The RE and EE are controlled by quasi-
elliptic functions of the interval length, which we have determined in closed form. The two
main ingredients that made the calculation possible are — the spin-three current correlator
in the presence of branch-point twist fields on the torus, and a prescription for integrating
holomorphic correlators over the torus. Both these ingredients have been shown to satisfy
several consistency checks.

A significant outcome of our calculation is a detailed understanding of the intricate
interplay between perturbative and winding mode contributions to higher point correlation
functions (involving twist fields) in the bosonized description of free fermions. In fact, we
have seen that internal consistency requires inclusion of both contributions. Discarding
the winding modes on the torus leads to a formula for EE that does not reduce to the
thermal entropy when the interval in question spans the system. It would be interesting to
understand whether this feature manifests itself within the context of large-N Yang-Mills
theory on the torus whose large- N expansion has been argued to be equivalent to the W;
theory with spin-three deformation, but without inclusion of winding modes [11, 12].

Our calculation was motivated primarily by higher spin holographic duality, and exist-
ing proposals for entanglement entropies therein, between W-algebra CFTs and Vasiliev’s
hs[\] theories. Since higher spin holography is a duality between systems that can both
be tractable (or weakly coupled) simultaneously, perturbative results in the the QFT are
intrinsically valuable.

Our explicit results for thermal corrections in the Lagrangian formulation for the free
boson theory (on the torus) with spin-three deformation agree with the results of [15].
These can be viewed as predictions of finite size effects for black hole solutions carrying
spin three charge in hs[1] theory. Furthermore, it should be possible to carry out RE/EE
calculations for the free boson theory by extending the results of [52, 69] to obtain the two
point function of spin-3 currents in presence of twist operators on the torus for this theory.
Then performing the integrals over the torus on this correlator would lead to results for
the Rényi entropy for the W, [1] theory.

For the free fermions on the torus, understanding how to extract Wy[0] answers from
the Wi results on the torus holds the key to making predictions for holographically
dual higher spin black holes. At present, we have been able to see how to do this at high
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temperatures (the cylinder limit) for both EE and thermal entropy allowing us to match
with the universal high temperature results for W [\] theories in [25, 26]. It should be
possible to do this consistently at any temperature.

Finally, both spin-one (the U(1)-current) and spin-two (stress tensor) chemical po-
tentials have natural interpretations in terms of transformations acting on the original
partition function — the first as a type of ‘twisting’ or modification of boundary con-
ditions around the thermal circle, and the second as a temperature rescaling. It would
be interesting to see if our results for the RE and thermal entropy can be interpreted as
some transformation on the respective partition functions due to the spin three chemical
potential.
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A W-algebra OPEs

We list OPEs involving the stress tensor T" and the spin-three current W, which are uni-
versal for any W-algebra. These particular OPEs (importantly, the WIW OPE) are inde-
pendent of X\ for W[\ (see e.g. appendix D of [16])

c/2 n 2T (w) n T (w)

T(@)T(w) ~ z—w? (z-—w)? (z—w)’
T(EW () ~ oW () + = W),
2¢/3 AT (w 27" (w 4U(w) + 27" (w
W @)~ 2 e s e

LU ’(w();r_ %)T’”(w) '

(A1)

Here U is the spin-4 current. For the W5 algebra, U is replaced by a composite operator
since there is no spin-4 current:

16 3
TT : ——T" | . A2
~ 221 5¢ ( 10 ) (4.2)
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B Some properties of elliptic functions and modular forms

We provide some details of the properties of elliptic, quasi-elliptic functions and modular
forms that are useful for our calculations. For a more complete treatment we refer the
reader to [57] and [70]. An elliptic function is a function on the complex plane, periodic
with two periods 2w; and 2ws. Defining the lattice I' = 2w Z ® 2wsZ and the basic period
parallelogram as

D = {z =2uw1 +2vws | p,v € [0,1)}, (B.1)

the Weierstrass gp-function is analytic in D except at z = 0, where it has a double pole.
©(z) is an even function of z, defined via the sum

1 1

1
p(zwn,w2) = -i-( %&:(0 ; { (- 2o —2nn)? @ 1 2nw2)2} . (B.2)

e The Weierstrass p-function satisfies

0'(2)? =4p(2)° — gap(2) —g3;  g2=060> Q1. gs=140) Q.5

where Q,,, = 2mw; + 2nwy with (m,n) # (0,0) and go, g3 are the Weierstrass
muvariants.

e Under a modular transformation, of the complex structure parameter 7 = wy/wy of
the torus, the p-functions transforms with weight two:

@(E; wi, —ﬂ> =72 p(2; wi, TW1). (B.4)
T T

e The following formula can be used to infer the behaviour of p(z) in the limit Im(7) >
1 [57]

eoo-(£)

e The Weiserstrass gp-function has a Laurent series expansion around z = 0 with mod-

_,+ Z ese (Z 232002 )_ i s (TZZQW)] (B.5)

n=—oo n=—oo

ular forms as coefficients:

o(z) = % " 22(% 1) CR(QI?;;,?;QE—QF];H(T) 2k (B.6)

k=1

where (g is the Riemann-zeta function.

e The Weierstrass (-function is a quasi-elliptic function, analytic in D but with a simple

pole at z =0
p(z) = =('(2), C(z 4 2w12) = ¢(2) + 2¢(w12) (B.7)
C(Z) i 1110'( ) O'(Z -+ 2&)1,2) = *O'(Z) 62«“’1,2)(2"!‘20)1,2) .

dz

The o-function is also only quasiperiodic, with a simple zero at z = 0. Both o(z)
and ((z) are odd under z — —z.
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e A slight modification renders the Weierstrass (-function periodic along one of the
periods of the torus C/T’

p Clwr
i) = cla) - S B3)
w1
The new function is periodic along the A-cycle, but only quasiperiodic along the
B-cycle.
- s
C(Z + 2W1) = C(Z) ) C(Z + 2”2) = C(Z) - ;1’ (Bg)
where we have used the identity
wal(w1) — wil(we) = im. (B.10)

e The quasiperiodic function ¢ (z) is the logarithmic derivative of the Jacobi theta

function
(i)
2) = 5 ALY (B.11)
<o ()
e The Jacobi-theta functions satisfy the heat equation:
029, (u|7) _ _i@ﬁu(uh’) ' (B.12)

ou? T Ot

e A useful relation between the Weierstrass gp-function and Jacobi theta functions can
be obtained using

/1 ) o(z) = E ozt wr)
o(2) r = ()2 ) r = p(wr), r(2) o (wy)

, (B.13)

where 7 = 1,2,3 and w3 = w1 + wy and 7, = ((w;) .

Representation of any elliptic function in terms of the (-function and its
derivatives [57]. Let f(z) be any elliptic function on D. Let aj,as...a, be isolated
poles of the function in D and let the singular terms near z = a; be

Tk

£(2) :Z(ziki’;k)r*“' (B.14)

Then it can be shown that

n Tk o s—1. s (s—1) s—a
f(Z)=C+Z<Z( Lot ’“>), (B.15

k=1 \s=1

provided also that ), cx1 = 0 i.e. the sum of simple pole residues must vanish.
This is a particularly useful theorem which allows us to integrate elliptic functions
along the cycles of the torus C/I'. The theorem can be used to deduce the following set of
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identities:

Do) = g2 + 2, (B.16)
o=@ plz =) = plb—a) (o~ ) + (-~ ) —pla) ) + (BT
/(b= a) (= = B) = C(z = a) + ) = ()} + pla)old).
o2)olz — 0) = p(a) {ol2) + (= — )} + @)Lz — a) (2~ )+
)l (@) + S0) ~ T Eur), (B.13
0o2) (C(z — @) = (=~ D) = o) (C2) ~ (= B} + pl0) (Cz =) ~C(2)}  (BA9)

+ p(2){C(b)—C(a) } +p(a)((a) —p(b)¢(b) + % {¢/(a) =/ (0)}.

B.1 The Eisenstein series

There are a number of ways to introduce the Eisenstein series (see [70])

1 Z 1 w9
k(T) 2 mnez (mT + n)k ’ ! w1 ( O)
(m’,n)zl

where 7 is the complex structure parameter of the torus defined by C/I" and (m, n) denotes
the greatest common divisor. Each series has a g-expansion

(o]
By(r)=1-24) o1(n)q", q=¢"" (B.21)
n=1

Eu(r) =14240) a3(n)q",

n=1

oo
Es(r)=1— 504205(71) q",
n=1

where o;(n) is a sum over each positive integral divisor of n raised to the 7 power. Under
the S-transformation 7 — —1/7, the modular forms with the exception of Ea(7), transform

covariantly with a specific modular weight

Ep(~1/7)=7"Ex(r) k>4,  Ey(~1/7)=7"Fa(1) + o7 (B.22)
im
The anomalous transformation of Es(7) can be fixed by a shift.
By(r,7) = By(r) — —> (B.23)
AT mlm(7) :

This is a modular form of weight two, although it is not holomorphic. Further useful
relations include

2 4t 876

E = ) -
1201 2(7—) ) 92 4 4(7—) ) g3 27(2001)6

L Eo(r). (B.24)

C(wr) =
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C Twist field correlators on the torus

Correlation function involving twist fields on the torus are somewhat subtle due to the
presence of winding mode sectors [53]. The reason for this is that bosonization relates a
free fermion field ¢ to a compact chiral boson ¢ with unit radius in our convention:

P =:e%: . (C.1)
The free boson partition function in the presence of twist and antitwist fields, can be
formally written as
B ik ik I
zZ= /[dw] [d] exp (—S[% Pl (olyr) = p(y2)) = — (2(51) — <p(y2))> . (C2)

The chiral and anti-chiral bosons are together packaged into the boson &:

B(z,2) = (p(2) —p(2)),  S—= 217r/d2z IDID . (C.3)

Since ® is compact, it contains a non-perturbative classical piece characterized by the
winding number around the target space circle. Taking z = x 4 iy and the torus periods to
be 2wy = L and 2wy = i with 7 = i/ L, we can split the field into a classical and quantum
part. The classical portion contains the winding modes and the background field generated
by the point charge sources on the torus due to the insertion of the twist operators:

(I)(27 5) = (I)cl + (I)quy (I)cl = (I)w,w’ + (I)source (04)
2 2
Dy = %wx + %w/% w,w' €Z (C.5)
2
ik |1 (F(z—w1))
) =— In|l———"2 C.6
source(z) n n 9 (%(Z _ yz)) ( )

Substituting the classical solutions into the action and summing over the winding numbers
w,w" (after careful Poisson resummation over w’), the twist field correlator on the square

torus is
Ok = etk®/mn Tk =: e e/ (C.7)
2k? /n? krAN |2
_ 91(0) 9 (3 7°F)
Okn(Y1) Ok nlY2)) = | =AY —

When the fermions are periodic around the spatial circle we take v = 2, whilst when they
satisfy anti-periodic boundary conditions we must set v = 3.

The primary object of our interest is the correlator of currents in the free fermion theory
in the presence of twist fields. The correlators of holomorphic currents in the bosonized
theory are built from the two-point function of the U(1) current operator dyy, which can
be split in the manner indicated above, into three pieces

aQOk (Z) = 890k;w,w’ + 890k,50111rce + 8(Pk,qu . (CS)

The quantum fluctuation ¢y, 4, has vanishing one-point function. Its two-point function
for operators located at two different points z1, zo is given by

(00k,qu(21) 0Pk qu(22)) = H(z1 — 22) (C.9)

N s
L2Imr
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Note here the presence of the 1/Im7 term, which originates from the background negative
charge on the torus (6.14). However if the location of the operators ¢y, 4, are coincident
one has to allow for self contractions. This is due to the fact that the normal ordering
constant does not vanish on the torus and must be taken into account. Therefore we have
w2, T
T30 T P
Note that this is the constant term that occurs in the two point function in (C.9). Self

(Ok.qu(21) 0Pk qu(21)) = (C.10)

contractions do not have any singular terms since those have been already subtracted
while defining the operator. The first two pieces in (C.8) are entirely classical in the sense
described previously, and are given by

a@l@source(z) = Zkaz (hl w> = % (5(2 - yl) - 5(2 - y2))

n

191 (Z(Z — yg)) n
O = i (S ) c)

In the winding number sector with integers (w,w’), the classical effective action in the
presence of twist operators (the exponent of eq. (C.2))

. 1 , 5 21k w' —wT K [91(y12) |2
- - il e 12
S 2Im(7) ' —wr "+ n Re <y12 Im7 n2 91(0) (C.12)
21 k2
© n2Imr (Rey2)”,

where y12 = y1 — y2. The insertion of d¢y.qy v, into the partition can be re-expressed in
terms of a derivative of this classical action (with respect to y12), so that the one-point
function of the full operator ¢y in the presence of the twist fields is

(Opk(2) ok (Y1) Ok (y2)) ik () im ¥, (z)

- = z) — .
(kY1) Ok (y2)) n L 9y (x) la=f =
This expression is obtained after performing the sum over all winding number sectors

(C.13)

(accompanied by Poisson resummation as an intermediate step). Here

G(z) =C(z —y1) — C(z —y2) (C.14)
which is periodic under the shift yo — yo + 2wy with 2w, = L.
The two-point correlator of two U(1) currents is also computed similarly by splitting
each current insertion into quantum and classical pieces and then performing the sum over
the winding number sectors. We find,

(00r(21)0¢1(22) Ok (Y1) T (y2)) . T ik
<0k,n(y1)6k,n(y2)> N (H( 12) + L2ImTt (n

2
> G(z1) G(z2)

ik B B —im\ 9, (z) —ir\* V" (z) T
e e () 30+ () 26 L21m7>x:m/m e

A remarkable feature of this result is that all factors of 1/Im7 cancel. The first line of
the above equation has such a factor due to correlator for the quantum fluctuations given
in (C.9). The last line also contains a factor of 1/Im 7 which arises when terms of the kind
(agpk;w,w/)Q are re-expressed in terms of the derivatives of the classical action due to the
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winding modes. It is noteworthy that such factors of 1/Im7 consistently cancel between
the quantum contributions and the classical winding number sectors. We will continue to
observe such cancellations for the two point functions of the stress tensor as well as that of
the spin-3 current in presences of the twists. We observe that the above correlator at k = 0
reduces to the two point function of the U(1) currents evaluated using the free fermion
description of the theory given in (2.5) as expected. We can use this result to evaluate the
U(1) correlator in the presence of twist operators which appears in the correction to the
Rényi entropy due to a perturbation by a U(1) current. This is given by

Ok w (Opr(20)0¢3 (22)) Tl pr Ohin (Y1) Trr i (y2)) 2 g (2"
e (o (1) 920 (2) > o) - T 00 sy
(C.16)

Here the sum over k,k’ runs over the values k, k' = —3(n — 1), —3(n — 3),--- 3(n — 1).
In obtaining the above answer we have also set all the terms which involve sums of odd
functions in k to zero. Note that the last term in the above equation arises from a careful
consideration of the kK = k¥’ term in the double sum.

We now consider the two point function of the stress tensor in presence of the twist
operators. Defining

Iy (G.17)

for this we obtain,

(00r(21)° 00k (22)* O (Y1) Thin(¥2)) _ o5 — 4F(z
(0 (Y1) Trn(y2)) 2H(212)” — 4H(212) %

)7
x T T 1(,1) x
" {(L) m(x)) * Py 1) (O + G +G(21)G(z2)}

(4) (2)
* (%)4 ﬁl;ly(itx)) 0 (%)2 ﬁz;jy(i‘x)) L2?m7' 3 <L2?m7'>2

39D @)  ao@) x| [k
(Z) 9,(z) | °L 9,(z) L2Imr [n(G(zz)JrG(zl))]

™ Dz 7r
+ [(L)z 19291,((3:)) * L?Imrt

x oW 3 A
+23139 (( )) (2) (G(21)G(22)(G(21) + G(22)) + <7]z> (G(21)G(22))?

(B, o N (PR 1\
3L2 L?TmT 3L2 L2Imt
2 9 (z) s
% {2 [(L) Iy () + L?Imr
79! )(x)

2 @)

+2

k 2
[() (G(22)* + G(21)” +4G(22)G (1))

n

(G(z1) + G(22)) + G(21)* + G(22)2} :
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Note that all terms with the 1/Im7 cancel and the terms due to the self contractions
contribute in this cancellation. In the above formula x = %% On simplification we see

that the correlator can be written as

(01 (21)%00p01(22)? k(Y1) Okn(y2))
<Uk n(yl)ak n(y2)) N (C.18)

2
() {ﬂu((f)) (fig)>]+z(L)3ﬁ:é)) [ﬁ(c;(@)m(zm}

+ (EY i [(DQ (G(22)? + G(21)” + 4G(22)G(21))

L) 9,(x)
(1) 3 4
#2728 () (Gae6ien + o)+ (£) Geee)
2 T ,,1) x
+ 3;22 2L1979V((x )(G(zl) +G(z2)) + G(z1)° + G(22) ]

2 (2 2
7% Es ™2 97 (x)
2 (H(212))? (7)

+2(H(z12)" + < 572 + L) o
The last term in the above expression can be seen to arise from the disconnected diagram
(0pr(21)?)(Opr(22)? ). We see that on subtracting this term, the k = 0 limit of the above
correlator agrees precisely with that obtained in the free fermion description of the theory
in (2.7) after taking into account the factor of 4 which appears in the definition of the

stress tensor. We now quote the result for the correlator which appears in the correction
to the Rényi entropy on deformation by the stress tensor.

21)2 , 2 ' Okm O,
Ok (Bor(21)* 00w (2 22 ) i Okn (1) O (y2)) Z{Q(H(m))%r (C.19)

Tl k(1) 7120 (92)) I
- (@), (2) (0 ?
6 [58- (%) | e

ca(TY <’*‘> G(1)G(22) [0, ()]

T 2) T T yl) T
—4H(212) (f)z f;ly((x)) + Lzﬂﬁy((x)) (G(z1) + G(z2)) + ( ) (21)G(22) }
mE 2191/2)5E k‘ﬂ'ﬁ,(,l):n k2
#25 + (1) a2 e+ (1) Gty
2By (m\2 09 () kol (@) N
s+ (1) i T ey e+ () e
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The terms in the last lines which contains a double sum over k, k" is due to the disconnected
contributions to the stress tensor correlator with 2/ = %% In evaluating the Rényi
entropy these terms should simply be removed.

Finally, we write down the correlator that appears in the correction to the Rényi
entropy for a spin three deformation.
Crpr (Opr(21)?001 (22)° ) Tl o Ohn (Y1) Thr i (12))

(Tkpr orn (Y1) Gk 0 (y2)) - (C.20)

w6 [05) () I @) | a9 ()
zk:{_ (E) 0, () 2B 0, (z) 5 9, (z)
oo (0@ L W@ @) L, (W@
+(3) {( 19,,(x)> 2By ) T\ ) | T
3k (75 9P (@) | 9P (@) 0P (@) 9P (@) 9 (@) 90 (@)
+(7) <G<Zl>+G<Zz>>l s N e e Ml e e e e e

B\ /4 , o 9@ 9P (@) 9D (@) 9@ (9P @)\
+3(5) () @) +6p) [‘ 0, T 0w w2\ e\

(7)
m\3 v z
(1) GEGE)GE) +Gz) [‘ Go@) " O,(0) O@)
o ﬁﬁz)(x) 191(/1)@) 2

(f) (G(21)G(22))? [ 9, (z) * < V()

m\ (00@) 2 9 @) 1,

(z) (m(@ T3, Tt

k rm\3 79,(/3)(5(}) E 191(,1)(37)
+o- (Z) (G(z1)+G(22))<19V(I) +3

n 9y ()
kN2 /72 o (9P () By 9% (z)

—|—6(H(2’12)3} .

Note that if one just retains the £ = 0 term in the above expression, we obtain the two
point function of the spin-three currents in the fermionic description given in eq. (2.8) as
expected. This completes the evaluation of all the correlators required to compute the
deformation of the Rényi entropies by the chemical potentials considered in this paper.
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D Integrals on the torus

In the following, we take the two periods of the torus to be
2w = L, 2wy =13, (D.1)

the spatial extent of the system and the inverse temperature respectively. The first two
non-trivial integrals relevant for the order p? correction to the Rényi entropies are

Il (yl, yg) = /d222/d221 7‘[(21 — 2’2)2 G(Zl) G(ZQ) s (D2)
Ig(yl, yg) = /d222/d2z1 H(Zl - 22) G(21)2 G(22)2 y

H(z) = —p(z) + K1 K1 =—=—— FEs(7),

G(z) =C(z—y2) =z —w1).
For the purposes of integration and keeping track of different contributions we find it useful
to split G(z) as

G(z) = g(2) + k2, (D.3)

2

312
The integrals are evaluated on the torus C/T" with the lattice T' >~ wiZ & woZ. Although
the computation of the integrals is tedious, it is rendered relatively straightforward by the

9(2) = ((z —y2) — (2 —y1); Ko = Eo(7) (y2 — y1) -

fact that the integrands are elliptic (doubly periodic) functions of the integration variables
z1 and z9.

Formal manipulations, namely, the exchange operation y; <> y2 accompanied by the
shifts z1 2 — 212 + y1 inside the integral sign can be used to show that the integrals must
be even functions of the variable A = (yo — y1):

Tio=Ti12(4A), A= (y2—uy1)- (D.4)

D.1 Evaluation of Z; (A|1)

The integral Z; can be calculated by repeated application of theorem (B.15) on the inte-
grand which is an elliptic function of both z; and zo. We first break up the expression into

three separate pieces:
Li=Tiz+Tio+Ti3 (D.5)

where
Tig = n%/d%g/ d?2 H(z — 22)? (D.6)
D= [ [ @ater = 22? {gle0) + gl2))
Ti3= /dQZQ/dQZl H(z1 — 22)2 g(z1) g(22) .
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Using (B.7), (B.16) and our prescription for calculating the integrals of holomorphic func-
tions, we find that

Tip=—2T111 (D.7)
L1 = S0 N B3 () (Bu(r) - Ba(r)?) D)
1,1 — ]1 L6 2 a\T 2\T . .

We are then left with the computation of Z; 3 which is more involved. This can be split
further into ‘easy’ and ‘difficult’ pieces:

T13="113q + 2135 + 11,3¢ (D.9)
1
1 = / / L1 — ) g(1) g(22)
T2 J12 6

T =21 [ [ ol = 2) o) az)
Tise= (st +22) [ [ et

Of these, the last one is easiest to perform

7.‘.8 52
81L6

We now turn to Zj 3,. Using the periodicity of the integrand we can integrate by parts

T13c = A? B3 (1) (Ea(7) + E3(1)). (D.10)

without acquiring any boundary terms so that

T13q = —é /T2 /T2 P21 — 22) [p(21 — y2) — p(21 — y1)] [p(22 — y2) — p(22 — y1)] -

We then make repeated use of the product formulae (B.17), (B.18) to write the products
of Weierstrass-p functions as a sum of ¢ and p functions which can be integrated and if
necessary simplified using (B.19). Along the way we make use of the following integrals:

272

[ 9t = otz =0 = 61) [olb - ) { -l o) - 37

EQ(T)} (D.11)
+/0-a) {0 - S} + plap)]
[ 9216 —0) - -0l = 60) [ {60 - 90 + pta)i(o) - o))}
T2

7'('2

B {{o - )]

With this procedure we obtain a result for Z; 3, which is a function only of A = (y2 — y1).
After careful evaluation, we find

_ (/BL)2 1 (4) 1 (3) ~ " N 272
T13a(8) = ¢ <20 e (A) + 1 D(A)(A) + "(A) (gQ(A) _ 3L2E2> (D.12)
2 5 4 6
T B A)A) + e ol8) (58— Bx) + (BB — 3E0)).
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It is straightforward to show that

7T62

%(‘%1 Oy T1 36 (A) = 2k1 | L1 34(A) + SiLA {2E6(7) — 3E2(T)E4(7)}] . (D.13)

Since all our integrals are only functions of A,
— 0y, 0y, Ty 30 = I 3, () . (D.14)

Therefore, (D.13) along with the requirements
Zizp(0) =0,  Tig(A) =Tiz(—A) (D.15)

completely determines Z; 3, upon integrating Z; 3, twice with respect to A. We list a set
of identities which enable us to integrate Z; 3,(A) with respect to A:

7T2

312

d

5<A>p'"<A>=dA<1p”'<A>+p"<A>5<A>+ B9/ ()~ 20a6(8)+ S} (D16

1 e 2 _ d Ly 1 2 92 93 w2 ., 92
O (A)C(A) = 1 570" + pc+p<—~—0+ A+6BE o + A+

dA | 120 15° " 10 3
+4p¢ — 8¢ 5 ; )} (D.17)
o d (1 2

P (A)C(A) =% ( o +9¢— s+ 12A) (D.18)
©"(A) ot s 59+ 3L2E2 p) (D.19)

o (A)( [go +§p'§+fp”+%+3—;E2p+ gj.jlna (Ey — E3)
2726 A? EyBy — 3 L2 E2 2+ AE2 g‘] (D.20)

We then find the indefinite integral
f:/LM@MA: (D.21)
BLE [ o+ 20 C+ o= P = Bl 2 B+ B3)

876 1
—|—27L6 A <E2E4 — 2E6>:| .

Now we can integrate this a second time using previous identities and Zj 35 is completely
fixed to be

Lig(A,7) = (D.22)

472(BL)? 1 PR w2 2 2t ml

—— By ¢+ ¢ 2 By + o Ea(? E5A 2E, — E3)).
oz B (o9 H 9 CHpC - om0 By 4 o B - S By A 9L4( 4 — E3)

This is an even function of A, vanishing at A = 0 and satisfying the differential

equation (D.13).
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D.2 Evaluation of Zy(A|T)

We can also see that the integrals in Zo can be related to the ones we have already calculated
for 7;. We recall

Iy = /d222/d221 7‘[(21 — 22) (g(zl) + Ii2)2 (g(ZQ) + KQ)2 . (D.23)

Next, we make use of the theorem (B.15) to write

(9(2) + K2)* = (=2 — 1) + p(= = y2) = 20(A) g(2) + K3
A=ys—uy1, ks = (p(A) = ((A)? + K3) (D.24)
where we have made use of the fact that ((A) = ((A) — ka. The integral can be organized

into six separate terms:
6
Ty=> Tam (D.25)

where
To1 =1 (/ 22 (g(2) + ko) )2 R —Kg/d%l /d222 o(x1—2)  (D.26)
Lo =2 [ & / P2 (o2 — 1) + 022 — 1) —~ 2(B)g(2)) ol — 22)
Tys = —43(A /d2z1 /d222 (21 — 29) g(#1) g(22)
Ts =10(8) [ @ [ @01 22 9(1) (002 = 1) + ola ~ )

Tog = —/d2z1 /d222@(21 — 22) [p(21 — 1) + p(21 — y2)] [p(22 — v1) + p(22 — y2)] .-

Both 751 and 739 are trivially evaluated. The integral Z 3 is also rendered simple if one
performs the zi-integration first. Furthermore 75 4 is identical to Z; 3, up to the constant
of proportionality. Finally, the calculation of Zp5 and Zy is slightly long winded but
straightforward and closely follows the procedure we have used for Z; 3,. We obtain,

71'2 2 N 71-2 2
T - —:Eif)Eg(T) CORNETN (.21)
7T4 2
Loz = (8 15 Ba(r) (9(8) = (A + L5 Ba(r)? (D.25)
7T4 ~
2o = T b? (o18) — 00 + Z5a? Ba(e)?) (862 -1) (D)
Ta = X807 a) (D30)
5 4m©

Ioe = —6Z13.(A) — (BL)

75 (2E6(r) = 3Ea(7)Ea(7)) . (D.31)

Finally 75 5 can be expressed in terms of the function 7 in (D.21) obtained by integrating
Il’ga once with respect to A:

Tys = 40(A >< T(A) + (BLPA (s ~ §E2E4>). (D.32)
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D.3 Zs(Alr)

The third major integral we encounter in the correlation function is
I3 = /d22’1 /d222 'H(Zm) G(21)2 G(ZQ). (D33)
It is easy to show, using the properties fH = f G = 0, that this integral can be written

in terms of those which we have already evaluated above. In particular

Iy Iza
ISEES

5 270
2715

I3 = E3(AL(A) —1)A. (D.34)

Inserting the complete expressions for these integrals we obtain

~ ~ 7r2 ~
T = (B |~ 56" (8) - 30" (AIA) + AN +2ola) + 7 B )
7'('2 ’7'('2 ~ 7'(4 ~
+§?p’(A)E2 + %W(A)EQC(A) + %C(A) (2E§ — E'4)] . (D.35)

In the Rényi entropy this term is accompanied by a factor of ¥, /9, (x) which yields
(quasi)modular weight six for this contribution. A non-trivial consistency check satisfied
by this expression is that it is periodic under A — A + L. This periodicity is necessarily
spoilt by the Jacobi-theta functions multiplying it in (7.5).

D.4 Z4(A|T)
It is easily shown that the integral
I4 = /d221 /d222 /H(Zl - 2’2) G(Zl) G(Zg) 5 (D36)
is determined in terms of integrals that we have already evaluated. In particular
L1 3p 2 2 2
Ty=—"— — L) —F>. D.
1= o0 K3(BL) a7zl (D.37)
Explicitly, we find,
T, = —(BL)? (D.38)
Loma) + 9(8)8a) + ol AEAS ~ T By (0(8) - SAY) - T (284 )
6 312 9L4 2
This is among the simplest integrals on the torus
7 — / 22 G(2)?. (D.39)
We find
s g 2m?
Is = (BL) | (B) = C(A)" — g5 B2 ) - (D.40)
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