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ABSTRACT: We present several new results for the N-partite information, I, of spatial
regions in the ground state of d-dimensional conformal field theories. First, we show that
I can be written in terms of a single N-point function of twist operators. Using this, we
argue that in the limit in which all mutual separations are much greater than the regions

—2NA " where r is the typical distance

sizes, the N-partite information scales as Iy ~ r
between pairs of regions and A is the lowest primary scaling dimension. In the case of
spherical entangling surfaces, we obtain a completely explicit formula for the I in terms of
2-, 3- and 4-point functions of the lowest-dimensional primary. Then, we consider a three-
dimensional scalar field in the lattice. We verify the predicted long-distance scaling and
provide strong evidence that Iy is always positive for general regions and arbitrary N for
that theory. For the Iy, we find excellent numerical agreement between our general formula
and the lattice result for disk regions. We also perform lattice calculations of the mutual
information for more general regions and general separations both for a free scalar and
a free fermion, and conjecture that, normalized by the corresponding disk entanglement
entropy coefficients, the scalar result is always greater than the fermion one. Finally, we
verify explicitly the equality between the N-partite information of bulk and boundary fields
in holographic theories for spherical entangling surfaces in general dimensions.
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1 Introduction

In quantum field theory (QFT), vacuum expectation values are statistical measures of the
vacuum state fluctuations in the quantum fields, and a complete knowledge of such expec-
tation values can be used to fully characterize the theory [1]. An alternative formulation
of QFT can be performed in terms of algebras associated to spacetime regions [2] — pro-
totypically, causal diamonds. In this, the réle played by the vacuum expectation values of
the quantum fields in the usual formulation should be played by statistical measures of the
vacuum state in the corresponding algebras. The natural quantities that one can associate
to such algebras are entanglement measures such as entanglement entropy (EE).

As a matter of fact, the EE of any pair of regions is ill-defined in the continuum, al-
though one can often construct well-defined regularized versions of it which capture univer-
sal information about the continuum theory.! On the other hand, an entanglement-based
axiomatic approach to QFT would naturally require the use of measures which can be
defined properly in the continuum theory. A natural choice is the mutual information (MI)
which, given a pair of disjoint regions A, As can be defined in terms of the EE as

I2(A17A2) ES(A1)+S(A2) —S(AlAQ), (11)

where AjAs is shorthand for Ay U As. Strictly speaking, the r.h.s. of this formula is
only defined in the continuum as a limit of regulated EEs, but there exists an alternative
equivalent definition which makes sense in the continuum theory in terms of relative entropy
— see e.g. [23]. The mutual information is positive semi-definite, Io > 0, monotonous
under inclusion, and symmetric in its arguments, among other properties — see e.g. [24].
It has been suggested that the long-distance expansion of the mutual information of pairs of
regions could be used to systematically extract the operatorial content of the theory [24, 25].
Indeed, the exponents of the inverse distance powers appearing in such expansion are linear
combinations of the conformal dimensions of the theory [26] and, in the case of spherical
regions, the expansion can be organized as a sum of conformal blocks associated to each
primary field [26-29]. In that case, the leading term is given by [30]

RIAR2A V7 T[NA +1]
Iy =c(2A)—1"2_ where ¢(NA)=Y_"_2 =" (Ria<r 1.2
2 = c(24) V5 (NA) =~ FNAT Y (Ri2 < 7112) (1.2)

In this expression, which is valid in general dimensions, R;, Ry are the radii of the spheres,
r12 is the distance between them, and A is the lowest scaling dimension of the theory, which
is assumed to correspond to a scalar field.? For more general regions, c¢(2A) is replaced by
a complicated function of the spacetime dimension, the geometry of the regions, and A.
Subleading terms in the mutual information long-distance expansion are expected to
include information also about the Operator Product Expansion (OPE) coefficients. In

LA few examples in the context of conformal field theories (CFTs) are: the trace-anomaly coefficients
for even dimensional theories [3-8], the Euclidean sphere partition function in odd dimensions [9, 10], the
stress-tensor two-point function charge Cr in general dimensions [11-13], the thermal entropy coefficient
Cs in general dimensions [14-16], and others [17-22].

2 Analogous formulas for the case in which the lowest primary has an arbitrary spin have also been
obtained [29, 31]. In the case of a free fermion, the subleading term has been computed in [24].



fact, one such coefficient appears already in the analogous leading long-distance term in
the case of the tripartite information, I3. Given three entangling regions Aj, As, As, this
is defined as

Ig(Al, Ao, A3) = S(Al) + S(AQ) + S(Ag) — S(AlAQ) — S(AlAg) — S(A2A3) + S(A1A2A3> s
(1.3)
where unions are again implicitly understood. As opposed to the mutual information,
the tripartite information can be both positive and negative for different theories [32, 33].
When a given theory satisfies I3 < 0 for arbitrary regions, the mutual information is said
to be “monogamous”, which is the case, for instance, of holographic theories [34, 35] —
see also [36-38]. On the other hand, examples of theories which exhibit non-monogamous
mutual informations include free fields [39]. Finally, as argued in [25], a CFT with I3 = 0 for
general regions is only possible in d = 2 — such theory corresponding to a free fermion [39].
In the long-distance regime, it has been shown that the tripartite information of three
spherical regions is given, for a general d-dimensional CFT, by? [25]
)| FSRRAREA

2087(A + 1)
— M_c(?)A)(COOO) A aaan s (P23 <7mig,re3,m3)  (1.4)

5 27T (3A + %) riritras

where A is again the scaling dimension of the lowest scaling-dimension primary of the
theory denoted by O, and Cope its three-point structure constant.

In view of the above results, it is conceivable to imagine a procedure which would boot-
strap the CFT data from long-distance expansions of this kind. In order to do this, one
could either go to higher orders in the corresponding long-distance expansion or, comple-
mentarily, consider the leading terms in higher- N generalizations of the mutual information.
Given N disjoint regions Ay, ..., Ay = {A;}, a somewhat canonical choice is the N-partite
information, which can be defined as

IN(A17'-'aAN> = _Z(_)|G|S(U)7 (15)

g
where the sum is over all the subsets 0 C {41,..., Ay} and |o| is the number of elements
in the subset. Iy can be alternatively written in terms of lower-partite informations, e.g. as

IN(An—1,AN) = INc1 (-, AN—1) + IN—1(-, AN) — IN—1(-, AN—1AN), (1.6)

where - = Ajq,..., Ay_9, which makes manifest both the fact that Iy is a well-defined
quantity in QFT and also that it can be interpreted as a measure of the non-extensivity of
In_1. Not much is known about Iy for general QFTs. In fact, studies of Iy for N > 4 in
QFT have been mostly limited to holographic theories. In that context, it has been argued
that I does not have a definite sign beyond N = 3 [34, 40]. The N-partite information also
plays an important rdle in various systematic approaches aimed at a full characterization of
various multipartite entanglement measures and their properties for holography theories —

3Observe also that, in the case of a lowest-dimensional fermionic primary of dimension Ay, the leading
power in I3 is no longer ~ (R/r)%27, but rather ~ (R/r)527, where Ay < Ay < Ay + %, the saturation of
the inequality occurring at least for a free fermion [25].



see e.g. [41-46]. Additional holographic explorations involving the N-partite information
include e.g. [47, 48]. In the context of two-dimensional CFTs, the N-partite information
has also been studied using replica trick techniques in [49, 50].

In this paper we present several new results involving the N-partite information of
spatial regions in CFTs. First of all, we show that for general CF'Ts in arbitrary dimensions,
the N-partite information can be written as a single N-point correlator of the form

N+1
(=) (SO 5y

N )

n—1 1—n

(1.7)

where 3. A, is the “twist operator” with support on A; which implements the identification
between copies when computing the Rényi entropy S (")(Ai) using the replica trick. Us-
ing this, we show that the leading term in the long-distance expansion of the N-partite
information behaves as

R] 2NA

Ay =[] ®<n (18)

for general theories and dimensions.* Here, A is the lowest scaling dimension of the theory
and, for simplicity, we assumed all region sizes to be equal to R and the same for the
relative distances (up to O(1) factors), which we denoted r. Generalizing the N = 2,3
cases, we observe that the leading term in Iy generically contains N-,(N — 1)-,... and
2-point correlators of the smallest-dimension primary operator. In particular, we obtain
the following general formula for the long-distance limit of the four-partite information in
the case of spherical regions

Iy
R8A -

2
1 1 1

(010:050,) — - - 1 c(4A) (1.9)
BE B B

_.I_

1 n n 1
A A 2N 2N A A A A 2N 2N A A A A 2N 2N A A
T13T14T34 T12 T23724  T12T14724 T13 723734 T12713723 714 24734

. WAL (34)" (Cooo)?
r(A)°T (44 +3)

_|_

2A,2A, 21, 2A 2A,2A, 2A, 2A 2N 27N, 2N, 2A
T12 723734 714 T13 723 24 T14 T12 T13 24 T34

1 1 1
+ + 1 [ (A) = c(1a)] .

In this formula, R < r;; Vi # j and for simplicity we considered equal-radii spheres, c¢(4A)
was defined in eq. (1.2) and cf&f’l’l)(A) is a complicated integral which appears explicitly
in eq. (A.49) and which we have not been able to integrate analytically, with the exception

of the A = 1/2 case, for which we find®
4 2

1,1,1,1
AL (A =1/2) = £t (1.10)

4An alternative N—partite entanglement measure and its associated holographic dual were recently
proposed in [51]. It could be interesting to study its asymptotic behavior at large separations.
5 Additional numerical values are presented in table 1.



Observe that the above formula for the I, contains a four-point function of the leading
primary, O, which will be a theory-dependent function of the two invariant cross-ratios.
Subindices in the four-point function refer to insertions in each of the four spherical regions,
so that (010203O4> = <O(.’L‘A1)O(.TA2)O(JUA3)O(I‘A4)>.

We perform a highly non-trivial check of eq. (1.9) by computing I, in the case of four
identical disk regions of diameter R centered at the corners of a square of side length /2r
for a three-dimensional free scalar in the lattice. The results read, respectively,

(19 1 1] R R atti R
ea (9 = { ] 002247 e~ 002075, (R<1)

A= A
(1.11)
which, given the limitations of the lattice, is an excellent agreement. We carry out addi-

n

180 T 6n2

tional lattice calculations for the free scalar for N = 2,3,4,5,6. We show that the scaling
given by eq. (1.8) is respected in all cases for different shapes of the entangling regions.
Our results suggest that the N-partite information of a three-dimensional free scalar is
positive for general regions and arbitrary N, i.e. we provide evidence that

)
IN({Ai})|d:3freescalar >0 V{Al}’N7 (112)

a result which most likely holds in general dimensions.

In the particular case of the mutual information, we perform additional lattice calcula-
tions for different pairs of regions at arbitrary distances. The dependence of mutual infor-
mation on the shape of the entangling regions has been previously studied e.g. in [52-56] for
holographic theories and e.g. in [24, 57-59] for free fields in the lattice and in the so-called
“Extensive Mutual Information” model. Here we consider both the free scalar as well as
a free fermion in the lattice and compute the mutual information for pairs of identical re-
gions with different shapes as a function of the separation. We observe that, conveniently
normalized by the corresponding disk EE universal coefficient, Fp, the scalar results are
systematically larger than the fermion ones, which leads us to conjecture that

IQ(Al,AQ) (;) IQ(Al,AQ)

VAL A, (1.13)
Fi 0 d=3 free scalar F 0 d=3 free fermion

holds for arbitrary pairs of regions.

Finally, we close with a discussion on holographic conformal field theories. We first
argue that at long distances the N-partite information of a holographic theory equals the
N-partite information of the dual bulk theory in the gravitational background dual to the
ground state of the CFT [60]. Then we prove that, at leading order in the long distance
expansion, both boundary and bulk twist operators equal each other. This is done by
explicit computation using the universality of the modular flow for boundary spheres and
bulk hemispheres, as well as the extrapolate dictionary. The whole result implies the
equality between boundary and bulk N-partite information for the cases in which each
individual boundary region has spherical boundary.

The remainder of the paper is organized as follows. In section 2 we present a derivation
of the N-partite information formula (1.7). We then study the long-distance expansion of



the twist operator and keep only the leading long-distance term. A new method for deter-
mining the OPE coefficients of such term is also presented and, in the particular case of
a spherical boundary region, this is evaluated explicitly in the n — 1 limit, leading to a
new explicit formula — see eq. (2.24) below. We then present a diagrammatic method to
organize the computation of the leading contribution to the N-partite information at long
distances. The method is illustrated via examples, through the explicit analysis of the Io, I3
and I cases. We present closed formulas for each of these quantities in the aforementioned
regime. In section 3 we apply the general formulas derived in the previous section to the
particular case of a free scalar in arbitrary dimensions. We then consider particular geomet-
ric arrangements of the regions in three spacetime dimensions and determine the associated
coefficients. In section 4 we compute the N-partite information (for N = 2,3,4,5,6) for
various entangling regions for a three-dimensional free scalar in the lattice. We verify the
leading scaling predicted by our general formula and perform a highly non-trivial check of
eq. (1.9) in the case of disk regions, finding excellent agreement. In all cases, we find Iy
to be positive for the free scalar. Additionally, also in the lattice, we compute the mutual
information for pairs of regions both for the scalar and for a free fermion for arbitrary
separations, verifying the expected scalings at short and long separations. In the case of
disk regions, we provide analytic approximations valid for most separations. Based on the
results obtained, we conjecture the free scalar mutual information to be greater than the
free fermion one for general configurations. In section 5, we reinterpret our previous results
from the perspective of holography. In that context, we argue that, at leading order in the
long-distance expansion, the CFT twist operator associated to a spherical region equals the
bulk twist operator associated to the dual hemispherical region, establishing the equality
between boundary and bulk N-partite informations, as expected from [60]. Appendix A
presents an explicit computation of the various coefficients appearing in the long-distance
terms of Is, I3 and I4. Those coeflicients are given in terms of sums of products of the
twist OPE coefficients Cj;. In order to carry out the various required computations of
this appendix we present a collection of formulas (and in some cases its derivations) in
appendix B. Appendix C contains a table where we compare various possible fits to the
lattice data obtained in the long-distance regime for the free scalar and verify that the
scaling predicted by eq. (1.8) is always preferred by the data. Appendix D contains ana-
lytic results for the mutual information of the pairs of regions considered in section 4 for
two toy models which possess, respectively, the same scaling as the free scalar and the free
fermion for long separations.

2 N-partite information for general CFTs

In this section we provide new general formulas for the N-partite information of spatial
regions in general CFTs and arbitrary dimensions. We start by proving that In can be
written in terms of a single N-point correlator of twist operators. Then, we obtain the
general scaling of Iy for long separations and obtain a new explicit formula for the OPE
coefficients of the leading long-distance term in the case of spherical entangling surfaces.



2.1 General formula in terms of twist operators

As explained in the introduction, given N non-empty disjoint regions we can define the
N-partite information as in eq. (1.5) or eq. (1.6). Explicitly, eq. (1.5) takes the form
IN({A}) =D S(A) =D S(Aid) + Y. S(AAjAL) — -+ ()N TIS(A1 4y - Ay),
i i<j i<j<k

(2.1)
where recall that we use the notation AjAs--- Ay = A{UAsU---U Ay, etc. This formula
has a natural separation in terms of the number of regions involved in each of the entropies.
We can thus use the following compact notation to write the N-partite information

N
IN(AD) = =D (9) DY S(4i - 4,). (2.2)
a=1 11 < <lg

We will use this expression later on. In order to proceed, let us consider the replica trick,
which entails the evaluation of the Rényi entropies for integer n in the form

1 z§)
(n) — A
S (A) - log [ 7n , (2.3)
so that analytically continuing for real n and taking the n — 1 limit yields the EE of
region A,
— lim S™
S(A) 7111_>n11 ST(A). (2.4)

In the above formula, C1(4n) represents the replica manifold for the n copies of the original

spacetime geometry, after suitably identifying the region A of the i-th copy with the (i+1)-
th one, and n+1 «<» 1. Z(X) is the partition function of the theory defined on the manifold
X (for simplicity we use Z when the manifold is a single copy of the original spacetime).
Observe that replacing all EEs in the above definitions of the N-partite information by
Rényi entropies, it is straightforward to define the n-th Rényi N-partite information, I](\;l),
which reduces to Iy for n — 1.

The identification process required to define the manifold Cﬁln) can be implemented by

introducing a twist operator E%) with support on the entangling region [3, 61, 62]. This
operator identifies the operators of different replicas in the region A, namely, ¢; — ¢;11
when z € A. Eff) can be normalized such that we extract the contribution from the

identity operator and write®

W = =M +£5) with (5 = (Z;j). (2:5)

We would like to write down a closed formula for I](\?) in terms of correlators of f]gl). Let
us start by translating equation (2.2) in the language of twist operators. More concretely,
we take the terms of order o which have the form

; . n—1. )
11 < <lq 11 < <lg

log(=) - =) ). (2.6)

1—n

®Notice that this definition implies (254")) =0.



Now, let us apply relation (2.5) to further massage the order-« correlators,

tog(54) 540} = log [543 )] +1og [ (1+59)) - (1459 )], @7)

where we separated the expectation values of the individual twist operators from their tilded
parts. The part that contains the products of tilded twist operators can be expanded and

it becomes
o [((1+582) - (1552 - 2
og[1+E S+ . +EPEDS)+ L+
other pairings other triplets
s 5]

where, as previously noted, there are not terms proportinal to (i(An% as those are zero.
We start by analyzing the contribution of the twist normalization factors to the N-
partite information. This requires studying the quantity

N
NGy ﬁ [log(=47) + - +10g(=) )] | - (2.9)
a=1 11 < <lgy

Notice that we have separated the logarithm of the product of expectations values of twist
operators appearing in (2.7) into the sum of logarithms of each individual expectation
value. For each order «, the number of ordered « indices is simply given by the number
of combinations of « elements one can take from a set of N objects, i.e. by the binomial
coefficient (];7 ). For each choice of ordered indices we have the sum of « different terms,
therefore, the total number of terms of the form log(Zgb is a - (]O\j) for each a. On the
other hand, among all these terms the logarithm of the twist operator of a particular region
should appear the same number of times regardless of the chosen region, since the formula
treats all regions on an equal footing. Thus, we conclude that for each o we have

1 (n) (n) a (MY 1 (n)
2 1_n[log<2An>+---1og<2Am>]=N< )Z log(x)). (2.10)

1< <ia a)iml-n

Summing the above equation over « with the appropriate signs one gets that eq. (2.9)
equals

N afN—-1 N1 (n)
(O;(—) <a1>>;1nlog<§]Ai>. (2.11)
Shifting the summation index « by 1, the term in parenthesis can be identified with the
binomial expansion of (1 — 1)~1 and therefore, vanishes identically for N > 1. This
shows that Iy for N > 1 does not depend on the expectation value of the individual twist
operators. Notice that for N = 1, I; reduces to the usual entanglement entropy and in
that case the normalization factor is the answer. This result is true even for the Renyi I ](\7),
as we did not need to take the n — 1 limit to arrive at this conclusion.



Now, we analyze the contribution of the second term in the right hand side of (2.7)
to In. The first thing to notice is that to simplify those contributions, it is convenient to
take the n — 1 at this stage. The correlator of an arbitrary number of products of %()’s
vanishes as (n — 1) in the n — 1 limit, therefore, the linear approximation of the logarithm
becomes exact in such a limit. This means that the contribution to Iy we are interested

in is
N
nom S Or £ O o S o
a=1 11 < <lg other pairings other triplets
bt @(}i)l g(;l jglm . (2.12)

For each « there would be contributions coming from correlators of each order K with
a > K. Thus we will study the contribution to Iy from all correlators of order K for each
K. These correlators will only appear for @« > K. Now, for each o > K the number of
ordered « indices appearing in eq. (2.12) is given by (]O\f ) and each such term will contain (;‘é)
correlators of K tilded twist operators, since that is the number of groups of K elements
one can made out of « operators. Finally, the number of times a given correlator of K
operators appears in such term will be independent of the choice of correlator and therefore

we have that the contribution to Iy from the order K correlators is given by

lim (i (—)a(g)JV(%)) SoEP sy (2.13)

2\ ook (k) )iz 0 K

where the factor of (%) in the denominator is the total number of distinct K correlators
we can form out of N twist operators, and thus, it coincides with the number of terms
appearing in the above sum over K indices. Using the identity

()

and shifting the summation index in eq. (2.13), we find that the term in parenthesis is

nothing but the binomial expansion of (1 — 1)¥=K and thus, it identically vanishes for
N > K. This means that the only correlator of twist operators that can contribute to the
N-partite information is precisely the correlator of N twist operators. Hence, we find that
the N-partite information is given by

(_)N+1

In({A;}) = lim SR .5y (2.15)

n—1 1—n

This result can be alternatively proved by induction. This method requires guessing
eq. (2.15), but such equation is the natural generalization of the I and I3 cases worked
out in detailed for example in [25]. Therefore, we start assuming that eq. (2.15) holds for
N = K — 1. Then, we use the recursive definition of Iy presented in eq. (1.6) to write
down a formula for I, namely,

- K () S (n (1 n n n
LA = tm (SRS (S0 s g0 ). 21e)

n—11—n 1 K-2



(1)

Using eq. (2.5) for the operator X, =, we have

(n) (n) (1) &(n) ~(Tl) &(n)
(") _ EAK—IZAK 1= 1+ EAK—1 + ZA EAK—IEAK 1 (2 17)
A A — n n - (n n ’ :
DO S 0N 1+ (=7 =)

(n ) A = E(}}( ) XLI)( while in the second we used

q. (2.5). Taking the n — 1 limit, the above equation reduces to

where in the first equality we used ¥,

S0 A5 50 5 5o 2.18)

Notice that we have ignored the extra term in the denominator. This is possible because
in the n — 1 limit, the correlator of an arbitrary number of twist operators goes as (n — 1)
and therefore, any extra (n — 1) factor in eq. (2.17) would not contribute to the N-partite
information. Plugging eq. (2.18) into eq. (2.16) leads to eq. (2.15) for N = K, and therefore
it completes the proof.

2.2 Long-distance behavior of Iy

With eq. (2.15) at hand, let us now study the long-distance behavior of the N-partite
information. In this regime, we can approximate each twist operator by the product of
local operators located at a convenient location inside the region X as [63, 64]

n—1
- 3 cfy T, 219
{k;}#1 J=0
For the j-th copy, the k; label a complete set of operators (with the identity removed).
The leading contribution at long distances will come from the lowest scaling dimension
operator of the theory. Assuming for simplicity that such operator is a scalar of conformal
dimension A, which we denote by O, then we can simply keep the term

S@ =Y X0 (2x)0 (zx) . (2.20)

1<J

Observe that in principle there is also a contribution of the form Y=, C;¥ O%(zx), but such
single-sheet operators do not contribute in the n — 1 limit.” We abbreviate O%(xx) with
O%. We apply this formalism to the particular case when X is a ball of radius Rx. In
that situation, it is convenient to use the new coefficients C;; = CZ-)]{ R;(QA which are scale
independent and thus are the same for all the ball-like regions involved.

The coefficients C;; can be computed by studying the effect of a twist operator in the
correlator of test operators far away from the region X, and located on different sheets.
This is, one considers

(SWOH(z)0 (2)), (2.21)

"The argument is the following: the coefficient C; has support on a single sheet and by the replica
symmetry it cannot depend on i, so it should be a constant. On the other hand, since 533?) —lasn—1,
then, one concludes that C; ~ O(n — 1). In the computation of the Ins1 we would always have products
of more than one of those coefficients. Therefore, they cannot contribute to Iy in the n — 1 limit.
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with |z — xx| > Rx. Using the above equation, eq. (2.20) and the two-point function

. A 5U
i J — _ 2.22
O @O ax) = = (222)
one finds the following formula for Cj;
_ A . .
Cyy = tim E X 500 i 03 () (2.23)

T—00 R%(A

The Cj; coefficients are determined by the two-point function in replica space. Earlier
works on the type of computations presented in this paper did not obtain explicitly the
form of those coeflicients but instead they managed to compute sums over these coefficients
in the n — 1 limit. We devote subsection 2.2.1 to study the Cj; coefficients and argue that

1

Cyj = (2.24)

in the n — 1 limit. Namely, the above expression is valid for the purposes of computing
entanglement related quantities, so after adding over all the indices we need to keep only
the piece proportional to (n — 1) in replica computations.

Now, let us write down the correlator in eq. (2.15) by keeping only the leading long
distance piece appearing in eq. (2.20),

N N
<H iglb = H R?ﬁﬁ Z Ciljl T Z CiNjN <Oi§1 Ofﬁ}l T OZNNO%A]’V> . (2-25)
a=1 a=1 11<J1 iN<JNn

The case in which all the indices appearing in the above correlator are different reduces
to a product of the expectation values of the individual operators, and since ((92}) =
0 such configuration does not contribute. On the other hand, the configurations that
use the minimum number of sheets simply put all the twist operators on the same pair
of sheets. Following this philosophy, we will separate the possible configurations in the
correlator (2.25) in terms of the number of sheets A/ with non-trivial operator insertions.
Below, we will represent those configurations using matrices where the columns represent
the different sheets while rows represent the different regions.

Before moving on, observe that eq. (2.25) makes evident the leading scaling of the
N-partite information at long distances. Indeed, if we assume for simplicity that all ball
regions are characterized by the same radius R and that each pair is separated a distance
r, up to order-1 factors, we have

er , (2.26)

In({Ai}) L
where the r-dependent piece comes from the N-point correlator of the operators (’)ffﬁ (’)if;
which, as we show explicitly below for the N = 2, 3,4 cases, gives rise to various products
of correlators of same-sheet different-region operators involving a total of 2N operators

2A

each. Schematically, for each pair of operators we get a contribution ~ r=“2, and so

- 11 -



IN({A;}) o 772N2 While this result is derived assuming the entangling surfaces to be
spheres, the scaling in eq. (2.26) holds for arbitrary regions as long as all relevant scales
characterizing them are much smaller than the mutual separations.

For the analysis of the correlator appearing in eq. (2.25) it is useful to introduce the
following graph representation of the twist operator,

A

EAR Vi GO O ~

where vertices represent the different sheets on which local operators are supported, and the
lines represent the spatial region on which the operator is located. We also introduce some
notation for the various coefficients appearing in the Iy. We will denote them by c%lK ’i“),
where the subindex IV stands for the fact we are considering the N-partite information while
the index K means that such coefficient is given in terms of a sum involving K different
sheets. The super index (i1, - - - ,i4) characterizes the various powers of C;; appearing in the

(i1, sia)

expression for that coefficient. Notice that the . % are symmetric under permutations

of the indices {i1, - ,is} and thus, we can chose to denote them in increasing order.

2.2.1 The Cj; coefficients

Let us now return to the problem of determining the functional form of the Cj; coefficients.
In order to evaluate eq. (2.23), one needs a formula for the correlator (2.21). Recently, one
such formula was derived in [31]. For the special case in which the operators in question
are scalars, this takes the form

tr {O()ply T O@@)p Y}

(n) i k _
Q50! 2)0@)|0) = o

(2.27)
The above result can be put in a more familiar form in terms of the density operator
pa(n) == p'y/trp’i. Since pa is a density operator, and therefore Hermitian, completely
positive and satisfying trpq = 1; the same holds for g4(n) for n > 0. Thus eq. (2.27)
becomes

(20! (2)0F (2)|Q) = tr {ﬁA<n> oy

mﬂ O(m)} , (2.28)

with 74y = w(k — [)/n. Notice that the operators on the r.h.s. are defined in the original
CFT (a single sheet of the replica space), and

O [x,5] = pa(n) O (x)pa(n)* (2.29)

is the operator transformed by the modular flow induced by pa(n). On the r.h.s. of
eq. (2.28) we have the correlation function of a field with a modular-evolved field. Such
correlator is analytic in the strip with Ims € (0,1), and obeys the KMS periodicity be-
tween the boundaries of the strip [65]. This implies that the correlator is well defined on
0 < 1y < 1. It follows from its definition that 1/n < 7y < 1 — 1/n provided we ordered
the indices such that k£ > [. We will do so here.
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The correlator on the r.h.s. of eq. (2.28) can be studied for any density operator p.
This observation suggests to approximate the operator p4(n) by pa in the n — 1 limit.
Any correction to this approximation will be of order (n— 1) and thus it will not contribute
to the entropies. Taking the n — 1 limit on the state while keeping the n dependence on
the modular parameters is the only consistent approximation of that correlator. Thus, in
this regime we have

@150 @) 0" (@) ~ tr {4 O

xz;’ﬂ 0(:(;)} ~ (o4

z, 17—:;1] O(x)). (2:30)

This relation coincides with the so called 1/n prescription derived in [29]. Such prescription
has been sucessfully applied in similar entanglement computations in the literature, see for
example [28, 29] and references therein.

Now, we are ready to compute the Cj; coefficients starting from eq. (2.23) and the
large r limit of eq. (2.30). For a sphere of radius R, the modular flow acts geometrically
on local operators via

(R +rt) — ™2™ (R — 1)

ri[s] = R(R+ri) e (R %) (2.31)

+ = r 4t are standard null coordinates [9, 66]. This flow can be interpreted as a

where r
conformal transformation, which helps us derive the form in which the unitary acts on the

operator, this is
Oglz,s] = UA(S)O(J‘)UL(S) = 0Pz, s|O(x[s]), (2.32)

where Ux(s) is the unitary that implements the modular evolution, while Q[x,s] is the
conformal factor associated to the coordinate transformation. This can be derived from
eq. (2.31) and the relation dxz[s]? = Q%[z, s|dz?. When r — oo we find

2A
(O [2,5] Oz)) = ! R (2.33)

(— sinh? [Ws]) & rif

Replacing s — iy /7 in the above formula, and plugging the result into eq. (2.23) leads to
our final formula for the Cy;, which reads

. (
with 7 = ———. 2.34
Sln2A Tkl M n ( )

1
Col = —5x—

In appendix A we use the above expression for the Cj; to compute the relevant coeffi-
cients appearing in the mutual and tripartite information at long distances, this is done
in sections A.1 and A.2 respectively. We reproduce results for these quantities previously
appeared in the literature, which provides strong support for the validity of the above for-
mula. In the same appendix we also compute the coefficients appearing in the four-partite
information at long distances (which are all new in the literature).
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2.2.2 Explicit formulas for I,

Completely explicit formulas for Iy in the long-distance regime can in principle be ob-
tained from eq. (2.15) on a case-by-case basis for arbitrary values of N. In the following
subsections we present such formulas for N = 2,3,4 in the case of spherical entangling
surfaces. Starting with the mutual information case, we have

(Al, Az) = lim

n—1n—1

=Py, (2.35)
As we have seen, in the long-distance regime the correlator can be written as

SIS = (RiR2)*2 3.3 € (0}, 0%, 08,04,) (2.36)

1<j k<l

where R; are the radii of the spheres. The various contributions can be organized in terms
of the number of sheets with non-trivial operator insertions,

1...0 ...0% ...1
-9 Ay Aq . .
N ’ (1...(934 ...(9342...1>’ z<>]

2

as previously described. We define the following coefficient

Z 2 (2.37)

which we compute explicitly in eq. (A.13) below. Plugging the result into the mutual
information we get

(Al,Ag) {I‘éii_—ii:l))<OAloA2>2R%ARgA . (238)

In figure 1 we provide a graph representation of the long distance mutual information in
terms of standard spatial correlators. The above formula can be written more explicitly
using the expression for the correlator of the leading primary operator,

(O@a)O(1,)) = %1? (2.39)

where r19 = |4, — z4,]| is the distance between the spheres centers. Then we get

V7 L (2A+1) RIAR3
drea+y) g

I(A1, Az) = , (2.40)

in agreement with previous results [26, 29-31].
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Figure 1. Graph representation of the mutual information. The result involves the square of the
correlator of the primary operator with the lowest conformal dimension of the theory. In each
correlator, the primary is defined at two points lying at the (centers of each of the) spheres.

2.2.3 Explicit formulas for I3

Let us now consider the tripartite information. In that case, we have

1
Ig(Al,AQ,Ag) = — lim

n—=1n—1

EPEPEy . (2.41)

The leading contribution to I3 comes from replacing the twist operators by a product of
two operators of lowest scaling dimension as in eq. (2.20), which leads to the following
expression for the correlator in eq. (2.41),

EVEPSY = (RIRR3) 3.3 Y. CyCriCrnn (0%, 0%, 05, 0L, 07 0% ). (2.42)

i<j k<lm<n

For N' = 2 non-trivial sheets there is one only possible configuration which has the following
structure

- O ...(9541...1

1-
1 .
N =2, 1Oy O 1] i'@'j
1 -

"Oix ...(9113...1

3

as previously described. The contribution of such term to eq. (2.42) is

30}, 04,04 (0% 0% 0 ). (2.43)

1<j

Notice in the above graph that each vertex represents a correlator. The number of legs
attached to it will correspond to the number of operators, thus, we have a product of two
three point functions, one at sheet i and the other one at sheet j.

The other non-zero configurations will necesarilly have two operators on each row
(sheet), one such example will be

k
1 ... ih"'ojf:h 1 1
N =3, 1 ---1 ...(934 (f)k 1],
/RS | OAs"'l
i J

This graph is obtained by taking three vertices (corresponding to three different sheets),
and three lines (corresponding to the three twist operators) and constructing a graph with
the condition that on each vertex there must be at least two lines connected to it. This
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leads to the single graph above. The terms contributing to the correlator with such a
graph are

> CyCuCl (01, 00, ) (0%, 0%, )(OK,08,) + permutations of {A1, A5, A} ). (2.44)

i<j<k

The number of terms in the parenthesis with the exact same contribution is 3!, which equals
the number of different ways we can label the sides of the triangle with labels Ay, Ay, and
As. Thus, we conclude that the I3, is given by

R1R2R3) i nJ
I = — lim (R1RyR3)*> [ 3 (0}, 04,00 )(0% 0% O )

n—>1 n—1 =
+6 Y Cz'jCjkaKOfcxlOixg)<O£10£2><0§120§13>}- (2.45)
i<j<k

Let us now define the following coefficients

(3) - (1 11) —

which we explicitly compute in detail in appendix A.2. The results appear in eq. (A.15)
and eq. (A.27), respectively. In terms of these expressions the tripartite information adopts
the final form [25]

26AI‘ (A + 5) 26A (F (?)A + 1))2
Iy = l P <3A N %) (0103)(0102)(0203) — T (6A 1 2) (010,03)?
< (RiFaRo)™ (2.47)

where we used the notation O; = O4,. Notice that in cases in which (OO0O) = 0, we have
I3 > 0. For those, the mutual information is non-monogamous at long distances.

The above formula can also be illustrated graphically in the usual space representation
of correlators as shown in figure 2. There, simple lines represent correlators, while lines
joint by a triangle vertex represents three-point functions. Thus, diagrammatically, the
tripartite information is determined by two contributions: one made out of products of
two-point functions connecting the three regions and another one which is the square of a
three-point function.

The final formula for the tripartite information can be written in terms of the relative
separations of the spheres using eq. (2.39) and the three-point function formula

Cooo
<O(xA1)O<$A2)O(xA‘3)> A AN A (2'48)
12723713

as in eq. (1.4).
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Ay Ay Ay Ay

Figure 2. Graph representation of the two types of terms contributing to the I3 at long distances.
Both contributions are represented via totally connected diagrams, as expected from clustering.

2.2.4 Explicit formulas for I,

Let us now move to the N = 4 case. We have
1
Li(A, Ay, Ag, Ay) = lim —— SEPEPs) . (2.49)
n—1ln —
Here again the leading contribution to I, comes from replacing the twist operators by
a product of two operators of lowest scaling dimension as in (2.20), which leads to the
following expression for the correlator in (2.49)

= (R1R2R3R4 Z Z Z Z Cz'jClemnCpq<OiO{O§OZQOZTOgOZOZ>7
1< k<l m<np<q

where throughout the subsection we use the notation % A = > and O; = O ;- Organizing
the contributions to eq. (2.50) in terms of the number A of sheets with non-trivial operator
insertions, one finds that for N’ = 2 there is one only possible configuration, which has the
following structure

1..-0L...00 ...
1...0t ...00 ...1
N =2, 20y 2.51
1...@5...0%...1 ( )
1---0} ...@i 1
The contribution of such term to eq. (2.50) is
3 CHO10,0304)? thus Iy D ¢f(01020504) 2R (2.52)
1<J
where
4
ciy = Jim, — 1 > Gy, (2.53)
i<k

and we can associate to it the graph presented in figure 3.
The next configurations we study are the ones that are defined on three different sheets,
i.,e. N'= 3. Let us illustrate one of such configurations in matrix form,

1---00 -1 ()if 1

1 -1 -0 ...0F ..
=3 . 2 2 2.54
N ’ 1...()3...@% o1 -1 )] ( )
1 ..@Z...@i 1 1
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<=

Figure 3. Graph representation of the contribution of the correlator of four twist operators to I4
when the twist operators have non-trivial support on only two sheets. In the above graph vertices
represent sheets while lines represents operators on particular regions. Observe that the number of
lines ending at a vertex gives the order of the associated correlator.

k k k
lé]z J i J

Figure 4. Graph representation of one class of contributions of the correlator of four twist operators
to Iy when the twist operators have non-trivial support on three sheets. In the above graph, vertices
represent sheets while lines represents operators on particular regions.

which corresponds to the left graph in figure 4. The other two graphs in that figure have
similar matrix representations obtained from the above by permutation of columns. In the
graphs of figure 4, the indices {4, j,k} have been ordered and, therefore, they represent
different contributions to Iy.

However, all of them will be proportional to the product of the following correlators

((010504)(0102)(020304) + permutations of {1,2,3,4}/~ equivalence) , (2.55)

where we include only the permutations that lead to independent configurations. For
instance, in the matrix representation of eq. (2.54) the interchange 3 <> 4 leads to the same
configuration and thus, it should not be included into the permutations of eq. (2.55). Thus,
the number of terms in eq. (2.55) equals the different orderings of 4 regions where two of
these are indistinguishable. This corresponds to 4!/2! = 12 configurations. The coefficient
can be obtained by summing over the contributions from all the graphs presented in figure 4,
which can be grouped together into the single coefficient

1,1,2) _ . 1
64(1:3 ) = 7111211 — Z [ijCjkai + CijCJZkai + CijCjkC]%i} . (2.56)
i<j<k
In the above formula each term represents the coefficient associated to the contribution of

each graph from left to right. Thus, the contribution to Iy coming from those graphs is
given by

I, D> CS?;M) ((01030,)(O10)(O2050,) + perms. of {1,2,3,4}/~ equivalence) R .
(2.57)
For N/ = 3, there is another set of configurations contributing to Iy which are represented
graphically in figure 5.
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Figure 5. Graph representation of another class of contributions of the correlator of four twist
operators to Iy when the twist operators have non-trivial support on three sheets.

The contributions of each of these graphs are proportional to the following correlators
(<0102><010203(94><0304> + permutations of {1,2,3,4}/~ equivalence) , (2.58)

where the number of terms is given by the number of different ways of labelling each of
these graphs with four letters taking into account that lines connecting the same pair of
sheets are indistinguishable. Thus we have 4!/(2!2!) = 6 configurations. The coefficients
associated to each graph can be grouped together into the following coefficient

22) _ 1. 1
i) = lim ——— 7 [CHCH + GO + CRCH] . (2.59)

where each term corresponds with the contribution of one of the graphs in figure 5, from
left to right. Thus, we find the total contribution to I of these terms is given by

1D Cﬁf) (<O1(92><(’)1(’)203O4><(’)3(’)4> + permutations of {1,2,3,4}/~ equivalence) R

(2.60)
For N' = 4, there are two different configurations. The first one is of the form
1...(')11'...('){ S U I |
1 ...1 - ...0F ...1 ...
N =4 2% , 2.61
1 ---1 ---1 olg@él ( )
1...(')3'1 R I | "'051"‘1

which corresponds to the left graph in figure 6. However, as in the previous cases, for this
given ordering of indices there would be a total of three independent graphs as illustrated
in that figure. All these graphs give contributions proportional to the following correlators

(((’)1(’)2)((’)2(’)3>((93(94><(91(94> + permutations of {1, 2,3,4}) , (2.62)

where in this case, every labelling of the lines for each graph gives rise to a non-equivalent
configuration and thus there is a total of 4! = 24 configurations. The associated coefficients
can then be put together in the following single coefficient

. 1
cﬁf’l’l) = lim — > [CiCikCriCli + CijCiiCuCri + CaCliCixChi] ,  (2.63)
i<j<k<l
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k1 l k1 : k
Joi J i J
Figure 6. Graph representation of one class of contributions of the correlator of four twist operators
to Iy when the twist operators have non-trivial support on four sheets.
l <> k ZO Okz l k

Figure 7. Graph representation of another class of contributions of the correlator of four twist
operators to I; when the twist operators have non-trivial support on four sheets.

where each term in the right hand side comes from a graph in figure 6 from left to right.
Thus the total contribution to I from the configurations described by the above graphs is

15 LY ((0102)(0205)(0304)(010s) + permutationsof {1,2,3,4})R* . (2.64)

The second set of configurations for N' = 4 are described in the graphs of figure 7.

Here each graph gives a contribution proportional to the following correlators
(((91(92>2((93(94>2 + permutations of {1,2,3,4}/~ equivalence) , (2.65)
where the number of terms equal the number of non-equivalent ways of labelling the four

lines of the associated graph. This is a total of 4!/(2!2!) = 6 configurations. The coefficients
to which each of the above graphs contributes can be grouped together into

> [CRCH + CECE + CRCR] (2.66)
<j<k<l

This gives a total contribution to I of the form

(2,2)

Iy Dy (((9102>2((’)3(’J4>2 + permutations of {1,2,3,4}/~ equivalence) RS2 . (2.67)

For NV > 4 since there is a total of 8 operators there would necessarily be a sheet
with only one operator insertion and therefore it would vanish for all those configurations.
Putting all the contributions from egs. (2.52), (2.57), (2.60), (2.64) and (2.67) together
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leads to the following formula for I in the long-distance regime

1y

TSA = +c§3 (010,050,)?

cﬁém) (((’)1(92(’)3><(’)3(’)4)<(’)1(’)2(’)4) + permutations of {1,2,3,4}/~ equivalence)
+ i )(<(’)1(92><(’)1(’)2(’)3(’)4><(’)3(’)4> + permutations of {1,2,3,4}/~ equwalence)
+ e ((0105)(0:03) (0304)(0104) + permutations of {1,2,3,4} )
+ 04(14 )(<0102> (0304)? + permutations of {1,2,3,4}/~ equivalence) . (2.68)

After a close inspection one realizes that the terms appearing in the last line should be
absent from a four-partite information, since those will not have the required scaling be-
haviour as one separates regions. In other words, they represent disconnected contributions.
However, similar disconnected terms will also come from certain contributions to the four-
point functions appearing on the other terms. We should be able to write down the final
answer in terms of connected contributions only.® We do so next

1y

5 = T i ((010:20504)° = (0,102)*(0304) — (0105)*(0204)? — (0104)*(0205)°)

+ 265" ((010304)(0102)(020304) + (010204) {01 05){0>0304)
+{010505)(0104)(020304) + (010504) (0203)(010304)
+(010203)(0>04)(010304) + (010203){0304)(010:04) )
+ 257 [ ((010,0304) = (0102)(0504) ) {0102){0304)
+ ((010:0504) — (0105){0>04) ) (O105)(0204)
+ ((010:0304) = (0104)(0:03) ) {0104)(0;03)]
+ 813 ((010:)(0205)(0504)(0104) + (0105)(0203)(0204)(O1O4)
+(0102)(0105)(0:04)(0304) )

T34
+ <c91c94>2<c9203>2) : (2.69)

1
+2 [051242) + 04(5552) C( ) } (<(91(92> (0304)% + (0103)2(0204)*

where we have taken into account the number of terms associated to each coefficient and
written them explicitly. Thus, consistency with the long-distance expected behavior (ex-
pectation from clustering principle) implies that the last combination of coefficients should
exactly cancel. That is precisely what happens.

8We thank Horacio Casini for pointing this out to us.
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All the coefficients appearing in the above formula are computed in appendix A, where
we find

S _ 22 [P EA+ 1P () _ 9V (38)°
4:2 2I'(8A+2) 7 4:3 4F(A)2P<4A+%)’
8A 2 8A 2
(22) _ 22 [C(4A+1)] (22) 2880 (4A +1)
i =T or(sAvz o 0 “4 T YT (8A 1 2) (2:70)

from eqs. (A.30), (A.40), (A.45), and (A.82) respectively. Unfortunately, we were not able

byt

to find a completely explicit formula for 024 . The expression for this coefficient appears
in eq. (A.49), whose numerical evaluation for a few particular values of A (analytically for
A = 1/2 and possibly also for A = 1) we present in table 1. As anticipated, we find
that the last combination of coefficients in eq. (2.69) vanishes exactly, which represents a
non-trivial consistency check of our calculations.

Additionally, the relation between CS;}% and cf;’f) from eq. (2.70) suggests that the Iy
can be written in a more compact form in terms of the square of the connected four-point

function, namely,

Iy

Tix = 1 [(01020304) — (0102)(0304) — (0103){0204) - <olo4><0203>}2

(288 [ (4A +1))?
2T (8A + 2)

— :<010304><01(92><02(9304> + (010204)(0103){O20304)
+ (010203)(0104)(020304) + (010204)(O203)(O10304)

97l (3A)?
2T (A)*T (44 +3)

+(010205){0>04)(010304) +(010,05) (03 04) (010, 04)]

+ [((91(92><(92(93)((93(94><(’)1(’)4> + (0103)(0203)(0204) (01 04)

A 2
o000 0] [tz - LA

(2.71)

Using the explicit form of the two- and three-point functions, the final expression for the
I, can be written as in eq. (1.9). Finally, observe that this final formula can be expressed
via a space representation of the correlators contributing to it as shown in figure 8.

In view of eq. (2.71) and the results previously obtained for N = 2,3, it is clear
that the leading long-distance term of the N-partite information will be given by some
linear combination of products of 2-; 3-, ..., (N — 1)-, N-point functions of the smallest-
conformal-dimension primary of the corresponding theory. While such information should
also be available (at least in principle) within the mutual information expansion, the results
presented here support the idea of using the N-partite information expansion as a com-
plementary approach. Given a CFT for which the input information are all the N-partite
informations corresponding to ball regions in the long-distance regime, one could system-
atically identify the scaling dimension of the leading primary as well as all its N-point
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Ay As Ay As Ay As

Al Ag Al A2 Al A2

Figure 8. We provide a graph representation of the various terms contributing to I;. Single
lines represent two-point correlators, lines converging at a triangle vertex represent three-point
correlators while lines converging at a square vertex represents connected four-point correlators.
Observe that each diagram gives a completely connected contribution to 4.

correlators as follows: first, A would be extracted from the mutual information expansion
in eq. (1.2); then, eq. (1.4) would be used to extract the three-point coefficient; eq. (1.9)
would be used to extract the four-point function; analogous formulas would yield the higher
N-point functions. Information about subleading primaries will start appearing at the next
order in the long-distance expansions. Determining the precise way in which this will hap-
pen and how one should systematically proceed in order to extract the CFT data involving
such operators requires further work. However, we know that an essential part in such pro-
cess will require to upgrade the expansion in terms of local replica operators (2.19) to an
expansion in terms of “OPE blocks” associated to each replica primary [27] — remember
that each “OPE block” includes the resumed contribution of a given primary as well as
their associated descendants [67]. Doing so would reduce the type of operators included in
the N-partite information expansion to the replica primaries. For a recent discussion on
the “OPE block” expansion applied to the tripartite information see [25].

3 Free scalar CFT

In this section we obtain even more explicit formulas for the N-partite information (for
N = 2,3,4) in the particular case of a CFT which has a free scalar as its lowest-dimensional
operator. We particularize our formulas to three dimensions, obtaining analytic results
which in section 4 we compare with lattice calculations. We close with some conjectures
regarding the sign of Iy for free-scalar CFTs in general dimensions.

Let us consider then a CFT which has a free scalar as its lowest-dimensional primary
operator. This includes, obviously, free scalar theories, but also theories which have a free
sector. Various simplifications occur in that case. First, the conformal dimension of a free
scalar field is given by

Afree scalar — % ) (3'1)
and so it is a half-integer. Second, correlators including an odd number of operators
vanish. Finally, correlators involving an even number of fields are completely determined
by two-point correlators by virtue of Wick’s theorem. For instance, the four-point function

becomes

(01020304) = (0102)(0304) + (0103)(O204) + (0104)(0203) , (3.2)
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and similarly for higher-point correlators. As a consequence, the long-distance N-partite
information of a free theory must be given by a single term of the form

N
IS ({A}) = Oy (H (04,04,,,) + permutations of {Ay, - ,AN}> RNW=2)
a=1

(3.3)
where Ay411 = A and R is the radii of the spheres. This is due to the fact that the
only completely connected 2/N-point correlators on /N regions that can be constructed with
two-point correlators are the ones presented above.

3.1 Mutual information

In the case of the mutual information, the general formula at long distances in the case
of spherical entangling surfaces was presented in eq. (2.40). For a free scalar such formula
reduces to

92(d-2)T (d _ 1)2 RAA

Ifree scalar __ 3.4
2 2T (2(d — 1)) 744”7 (34)

where R is the radius of the balls which we assumed to be the same, and r is the center-
to-center distance between the regions.

For comparison with the lattice results we consider the case of d = 3. Also, we rewrite
the result using the parameters Rt = 2R, Tatt = 7. We have

_ i Rl2att

Iéree scalar
_q 2
d=3 48 1

~ 0.08333272, (3.5)

where © = ria44/ Riatt -

3.2 Tripartite information

The tripartite information at long distances is given by eq. (2.47). For a free scalar this
reduces to

93(d-2)p (@)3
freescalar __ 2 3(d—2)
I3 - sy (P103)(0102)(0203) R - (3.6)
2T (M)

Now, let us consider a geometric configuration where the balls are located at the vertices

of an equilateral triangle. Then, we have

1

(0102) = (0203) = (0103) = =5,

(3.7)
where r is the length of the side of triangle. In that case, eq. (3.6) reduces to

f 1 93(d-2)p (%)3 R3(d-2)
I3 - P (3(d;1)) 3(d-2) (3-8)

where R is the radius of the balls, which we assumed to be the same for the three.
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Again, for comparison with the lattice results, we consider the case of d = 3 and use
instead the parameters Rjt and ra¢ which are related to the previous ones by Rzt = 2R
and ra = 1/ V3. R is just the diameter of each disk, while ri, is the radius of
the circumference containing the vertices of the equilateral triangle. In terms of these
parameters we have
1 R?att

— “latt ~ 0,015312 3 3.9
=3 1237 Ty (39)

I?f)ree scalar

where T = Ta4t / Rlats-

3.3 Four partite information

For the 14, the long-distance expression for spherical entangling surfaces was given in
eq. (2.71). This expression simplifies now for two reasons. First, the three-point function
of the free scalar exactly vanishes, which makes the whole second term vanish. Second, the
four-point function reduces to products of two-point functions as in eq. (3.2), which makes
the first term vanish as well. We are then left with

(d - 2) 244D (2d - 3)]

T r 1,11,
L{ eescalar _ + [802:4 ) 9 I (4d — 6)

] ((010:)(0:03)(0504)(0104)+

+ (0105){0104)(0203)(0204) + (010)(0103){0204)(O304) ) R .
(3.10)

Now, let us consider a configuration in which the spherical regions are located at the corners
of a square of side r. In that case the correlators become

(0105) = (0,03) = (O304) = (040;) = % (3.11)
and

(0105) = (0:01) = 5. (3.12)

Plugging this into eq. (3.10) results in

_ - _ o271 pA(d-2)
free scalar (1,1,1,1) d—2 _ 24(d 2) [F (Qd 3)] R
It — 16 [%4 ( . ) ST o) | e B

Like in the previous cases, we restrict to the case of d = 3 and use the parameters Rj it = 2R
and 710 = r/v/2 where Ry is the diameter of the disks while 7y, is the radius of the
circle that passes through the vertices of the square. Thus, in terms of these parameters

we have
1 1]R Ry
Ifreescalar — |: ] latt 00224ﬂ’ 3.14
4 d=3 180 * 62 Tflatt Tflatt | )

where we used the analytic result obtained for cg’ll’l’l)(A =1/2) in eq. (A.76).
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Evaluating 64(&11,1,1) for other values of A we can determine the leading long-distance

coefficient in the spheres I4 for a free-scalar CFT in higher dimensions. In particular, using
the results presented in table 1, we find

256 RS
Ifree scalar _ 2 1
4 d=4 105 8’ (3.15)
free scalar R12
If =~ 570678 5 (3.16)
RlG
Iireescalar ~ 15‘4904T6 . (3.17)
= T

As we can see, the coefficient is always positive and grows with d. In view of these results,
it is tempting to conjecture that the Iy for N = 2,3,4 will be positive for free-scalar
CFTs in arbitrary dimensions and for general regions. In fact, lattice results for d = 3
and for N = 1,2,...,6 suggest the positivity of In for the free scalar CFT for arbitrary
N and general regions. Thus, we conjecture that the N-partite information for theories
with a free scalar as their lowest-dimensional primary is always positive for arbitrary N
and d. While such a claim in the d > 3 case relies exclusively on our result for the leading
long-distance term in the case of spherical regions, it is natural to expect that moving the
regions closer should tend to monotonically increase the absolute value of the N-partite
information on general grounds (and hence its overall sign would not change with respect to
the long-distance situation). Similarly, it is reasonable to expect that changing the shape
of the regions will not modify the sign of the I either. This is related to the question
of whether or not the sign of Iy is completely fixed for a given theory independently of
the shape of the entangling regions and their relative separations. As far as we know, all
available evidence supports a positive answer to this question, but we are not aware of a
general proof.

4 Lattice calculations in d = 3

In this section we compute the N-partite information (for N = 2,3,4,5,6) for various
entangling regions assembled forming regular N-gon configurations for a three-dimensional
free scalar in the lattice. First we focus on the long-distance regime. We verify that the
leading scaling obtained for Iy in this regime in section 2.2 is fulfilled in all cases and
study the dependence on the shape of the entangling regions. In the case of disk regions,
we obtain numerical approximations for the coefficient of the leading terms, which can be
tested against analytic calculations using the results of section 2.2 for N = 2, 3,4, finding
excellent agreement. Our results suggest that Iy for a three-dimensional free scalar is
positive for all N and for general regions and configurations. In subsection 4.3 we perform
lattice calculations of the mutual information for pairs of regions both for a free scalar
and a free fermion for general separations. In all cases, we also present analytic results
for two toy models which approximate the respective scalings of each of the free models at
long separations. In the case of disk regions, we provide analytic approximations for the
whole range of values both for the scalar and the fermion. We determine various scalings
at small and large separations for the different regions and observe that, normalized by
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the respective disk entanglement entropy coefficients, the free scalar mutual information is
always greater than the fermion one, a feature which we conjecture to be true for arbitrary
regions.

4.1 Lattice setup and models

In the following subsection we perform lattice calculations for a free scalar CFT. In order
to do that, we consider a set of scalar fields and conjugate momenta ¢;,7;, ¢,5 =1,..., N
labelled by their positions at the square lattice — each subindex ¢ makes reference to a
position (x;,v;). The fields satisfy canonical commutation relations, [¢;, 7;] = id;; and
[¢i, ¢j]. = [mi,mj] = 0. Then, given some Gaussian state p, the EE for some entangling
region A can be obtained from the correlators X;; = tr(p¢;¢;) and P;; = tr(pmm;) as
follows [57, 68],

S(A) = tr [(Ca + 1/2)log(Cu + 1/2) — (Ca — 1/2) log(Ca — 1/2)] , (4.1)

where Cy = /X aPa and (Xa)ij = Xij, (Pa)ij = Pij (with i, j € A) are the restrictions of
the correlators to the sites inside A. We compute the N-partite information using eq. (4.1)
along with eq. (1.5). Setting the lattice spacing to one, the Hamiltonian is given by

o)

> [W?,j + (pig1,; — Big) + (Pijr1 — ¢i,j)2} ; (4.2)

1,j=—00

H =

| =

and the correlators corresponding to the vacuum state are given by [57]

cos(jy) cos(ix)
/ da:/ dy\/2 1 —cosx) +2(1 —cosy)’ (4:3)

(0 0),(4,5) 87r2
1

Po,0), i) = ) / dm/ dy cos(jy) cos(ix) \/2 1 —cosz)+2(1 —cosy). (4.4)

In the third subsection, where we compute mutual information of various regions for
arbitrary separations, we also consider a free Dirac fermion CFT. For that, we take fields 1,
1 =1,..., N defined at the lattice points, satisfying canonical anticommutation relations,
{wi,w;-} = J;;. For a given Gaussian state p, we define the correlators matrix D;; =
tr(/ﬂbﬂ/};). Then, similarly to the scalars case, the EE for some entangling region A can be
obtained as [57]

S(A) = —tr[DalogDa+ (1 —Dy)log(l — Dyl , (4.5)

where D 4 is the restriction of D;; to the lattice sites lying within A. Our mutual informa-
tion calculations are performed using this formula for the corresponding regions A, B and
AU B. The lattice Hamiltonian for the free fermion is given by

H=-1 Z [(#h00°9 W0 = ) + 82 it = Ym)) —hc] L (46)

and the correlators in the vacuum state read [57]

1 : 0,2 ‘
(n .G = 5 stkl / dx/ dy sin(z ’Y + sin(y );/ g ei@(n—j)+y(k=1)) (4.7)
724/sin? x + sin® y
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Figure 9. We show two examples of the N-gon arrangements of entangling regions considered in
the lattice. The one in the left figure corresponds to N = 3 for rectangles with dimensions L x 2L.
The one in the right figure corresponds to N = 5 for disk regions. In each case, r is defined as the
radius of the circumference which shares center with the N-gon and passes through the center of
the entangling regions.

In the second subsection, we analyze the behavior of the N-partite information at long
distances for N = 2,3,4,5,6, for several (simple) entangling regions and arrangements
— i.e. relative positions of the blocks with respect to one another. For a given N, we
consider two arrangements: one in which the blocks are located at the vertices of a regular
N-gon, and one in which they are all aligned. For clarity reasons, we only present explicit
results for the N-gon arrangement — see figure 9 — but we also mention the analogous
linear-arrangement results when something qualitatively different is obtained in that case.
For each setup, we consider five different elementary blocks: disks, squares, rectangles
with dimensions L x 2L (along the horizontal and vertical axes, respectively), rectangles
with dimensions I x 4L, and rectangles with dimensions L x 6L. We study the N-partite
information for sets of N identical elementary blocks of those kinds. We do this as a function
of the ratio = rjatt/ Riatt, where Ry is the characteristic size of the blocks and 7t is
the characteristic separation among them. On the other hand, in the third subsection, we
focus on the mutual information I, but we compute it for general separations, both for the
scalar and the fermion. In that case, results are presented for: disks, squares, rectangles
with dimensions L x 2L, rectangles with dimensions L x 3L, rectangles with dimensions
L x 4L and rectangles with dimensions L x 5L.

For our numerical calculations, we use a lattice of size 200, so we can consider points
separated at most 200 units. In the continuum limit, the lattice models yield results
corresponding to a free scalar field and a free fermion, respectively. In order to extract
such values from a finite lattice, we proceed as follows. Given a particular configuration
and keeping x fixed, we compute Iy for increasingly greater values of Rj.¢t and rage. In
every case, we find that such values clearly tend to certain constant asymptotic values
as Riatt, Tatt — 00. In order to obtain those, we perform fits of the data points using
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functions {1,1/z,1/22,...}. Reliable values are obtained whenever the resulting constant
values hardly depend on the order at which we stop adding fitting functions. This is
the situation encountered for the present models in all cases considered and therefore the
results presented can be directly attributed to the continuum theories. In the case of
the free fermion, we need to take into account the “doubling” in the number of fermionic
degrees of freedom which occurs in the lattice. In the present three-dimensional case, the
Dirac fermion result is obtained by dividing the final result by 4.

The quantities Ryat and 7.4t (which for the remainder of the section we denote simply
by R and r, respectively) are precisely defined as follows — see figure 9. For square and
rectangle blocks, R is the number of lattice links of the largest side. For instance, this
means that in a square of 5 x 5 lattice points, R = 4; while in a L x 4L rectangle of 4 x 13
lattice points, R = 12 (L = 3 in this example). For disk blocks, R is the number of lattice
links of the diameter. Thus, a circle with R = 12 has 13 lattice points along its diameter.
The definition of a circle in a lattice is not precise, so we define the circle of size R to be the
set of lattice points at a distance less than or equal to R/2 to the central point. Regarding
the magnitude r, for N = 2 we define it to be the distance between the rightmost boundary
point of the left region and the leftmost boundary point of the right one, whereas for an
N > 3-gon arrangement, it corresponds to the radius of the circle in which we circumscribe
the polygon. This is not the precise distance between adjacent sites except in a particular
case (the hexagon), but the difference is always an O(1) number which does not change the
functional dependence we want to identify. On the other hand, for the linear arrangement
and N > 3, r is the separation between the centers of adjacent blocks, measured in number
of lattice links.

When presenting the mutual information results in subsection 4.3, we will normalize
the results by the universal coefficient appearing in the EE of a disk region. For general
CFTs, the EE of an arbitrary smooth region A is given by

5(4) = P OA) ) o), (4.8)
where ¢q is a non-universal constant, 0 is a UV cutoff and F(A) is a dimensionless and
universal coefficient. In the case of a disk region, we denote this quantity by Fpy, namely,
F(0A =S') = Fy.? As it turns out, F} satisfies a number of interesting properties. On the
one hand, it coincides with the Euclidean free energy of the corresponding CF'T on a three-
sphere [9]. In addition, an entropic monotonicity theorem for general three-dimensional
theories has been proven in [74] and the c-function coincides with Fy at the fixed points —
see also [53, 75, 76]. Finally, as shown in [59], for arbitrary CFTs it happens that

F(A)/Fy > 1 for all regions A and F(A)=Fy < A=disk, (4.9)

namely, disks globally minimize the EE universal term for general three-dimensional CFTs.
In view of this, in order to compare the mutual information results of different theories, it

9F, and its properties have been further studied in different contexts and for various theories — see
e.g. [52, 53, 69-73] and references therein.
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is natural to normalise the results by Fj in each case, and that is what we do. For the free
scalar and the free Dirac fermion we have, respectively [77, 78]

1 3 1 3
=+ 2log2—7T2C(3)} o Fy=g {2log2+wgé(3) : (4.10)

4.2 Long-distance Iy for a free scalar

Based on the results obtained in section 2.2, we expect the N-partite information for a free
scalar in general dimensions to scale as

I]f\rfeescalar ~ (1/_%.)((1*2)]\7 for = T/R > 1. (4.11)

Here, we used the result for the free-scalar conformal dimension, Ageescalar = (d — 2)/2.
Hence, in d = 3 we expect I¥°eslar ~ (1/2)N . In order to test this, for each set of en-
tangling regions we produce points at five distinct (large) values of z, and we fit them to
(1/2)N=1 (1/2)", and (1/2)N+! curves. In table 2, which we present in appendix C, we
have compiled the resulting coefficients of determination R? — not to be confused with the
size of the regions — for each fit and highlight the one which corresponds to the best one.

The scaling predicted by eq. (4.11) is strongly favoured by all the sets of regions and for
all the values of N considered. Considering even greater values of N becomes increasingly
challenging due to technical reasons associated to the lattice, but the pattern is clear.
Repeating the analysis using the linear arrangement instead, we find very similar results
and the same evidence in favor of eq. (4.11).10

Let us now present the explicit results found for the N-partite information of the free
scalar corresponding to the configurations and regions explained above. The data points
obtained appear plotted in figure 10. As explained in the previous subsection, for every
data set we find that a function of the form Iy oc (1/z)" fits the points very well. Naturally,
we expect subleading corrections to this behavior, namely,

ij\geescalar _ Oz(N)(l/l‘)N + ﬁ(N)(l/:C)N—H + ... (LE‘ > 1) (4'12)

Now, the values of (o) and «a3) in the case of disk regions have been obtained analytically
in [30] and [25], respectively. They read

1
ag), . = 15 > 0083333, (4.13)
1
06(3) disks = m ~ (0.0153147. (414)

In these two cases, performing a fit to the data points which includes the subleading
contribution — i.e. of the form (4.12) without the dots — results in a numerical prediction

1%Tn that case, for N = 6 the 1/z° scaling is slightly favoured with respect to 1/z° for a couple of sets
of regions. However, this is most likely due to the fact that in the linear arrangement setup, studying
the long-distance regime is more problematic in a finite lattice because, as opposed to the N-gon case, all
separations between regions have to be large along the same direction.

— 30 —



0.0007

0.0005

3.107°
0.0003

1-107°

0.0001

7-107%F

9-107%} 9.10°8}

5.10°0| 7-107%¢ 7-107%}

5-107%1 -107%

[

31076

3-107%L 3-107%}

. 76.
1-10 110

0t

Figure 10. For a free scalar in the lattice, we plot the Iy (continuum values) for N = 2,3,4,5,6
for sets of: squares, disks, L x 2L rectangles, L x 4L rectangles and L x 6L rectangles (in each plot
moving from the uppermost curve to the bottom one) placed in a regular N-gon configuration. The
horizontal axis is @ = r/R, where r is the separation between the blocks and R their characteristic
size (see previous section for more details on these definitions from the geometric setup). The solid
curves correspond to fits of the form eq. (4.12), including two terms. The orange dashed lines in the
I, I3 and I, plots correspond to curves (1/12)/(z+1)2, 1/(12y/37)-(1/23) and (1/180+1/(672))/x*
respectively, which are the exact leading behaviours. In the last two cases, the subleading term
(unknown) has a non-negligible effect, which explains the discrepancy with the points and the
numerical fits (the dashed gray lines represent the leading terms in the numerical approximations
which include two terms, namely: 0.0832/(z + 1)2, 0.0155/23 and 0.0207/z*).
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for a(9) and a3y which is slightly better than the one obtained when only the leading term
is considered when compared to the analytic result. In particular, we find!'!

Igree scalar

L= 0.0832/(x + 12 40.00629 /(z +1)3, (z>1) (4.15)
S

free scalar
I
3

~ 0.0155 (1/z)® — 0.00861 (1/z)*, (z>1) (4.16)

disks

as the best fits. Hence, the lattice calculations for the disks mutual and tripartite infor-
mations reproduce the analytic results with remarkable accuracy (they differ by ~ 0.16%
and ~ 1.21%, respectively). For comparison, fits which only include the leading term
yield 0.0836 and 0.0144 respectively for the leading coefficients (discrepancies ~ 0.32% and
~ 6.35% respectively). In view of this, we proceed similarly for the N = 4 case, finding

Ifree scalar
4

~0.0207 (1/z)* — 0.0155 (1/z)%, (> 1) (4.17)

disks

The leading coefficient can be compared with the exact formula result in eq. (3.14) obtained
in the previous section. As we can see, both results differ by ~ 8%, which is considerably
more than for the NV = 2, 3 cases, but still a very good agreement in view of the limitations
of the lattice.!? This is a highly non-trivial check of our general formula eq. (1.9) for the
long-distance four-partite information of ball regions. On the other hand, for the N = 5,6
cases, we find

rfreeseats| 0,046 (1/2)° — 0.0699 (1/2)°, (2> 1) (4.18)
isks
Iéreescalar . ~ 0.183 (1/.73)6 — 0.489 (1/%)7, (,CC > 1) (419)

The leading-term coefficients could be eventually compared with formulas analogous to

eq. (1.9).
Performing similar fits for the square and rectangular regions, we find for the respective
mutual information coefficients'?

a(2)|L><L: 0.124, a(Q)‘LXQL: 00682, a(2)‘L><4L2 00412, a(2)|L><6L§ 00325,
(4.20)

Byl = 0.0150, By, 0y = 0.00126, Brgy|, ., =~ —0.000502, Bgl, s, = —0.000636.

Observe that, as we make the rectangles thinner, the coefficients ay) tend to decrease.
It is easy to check that they are very accurately approximated — see figure 11 — by a

1 Observe that in the case of the mutual information of the disk regions, defining r as the distance
between the leftmost point of the right disk and the rightmost point of the left disk, rather than the
separation between centers, the leading scaling is ~ o (2)|disks/ (2 + 1)2. For z >> 1, this is equivalent to
a(2)|aisks  [1/2% — 4/2% + O(z~*)], so we could have chosen to present the numerical results as an expansion
on 1/x rather than 1/(x 4+ 1). However, the definition of x we use here is more convenient for the analysis
of the following subsection, and performing a meaningful comparison with the leading analytic behavior of
our lattice points represented as a function of z in figure 10 requires using 1/(x + 1).

2These limitations include the fact that disks are difficult to approximate in a square lattice, or the fact
that increasing the number of regions makes it more difficult to reliably obtain the continuum limit in a
finite lattice.

1% As mentioned above, in this case we define the B(2) so that I§** " ~ o o) /(z+1)2+ B2y /(z+1)%+... .
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Figure 11. We plot the values of the leading coefficient in the mutual information of a free scalar
field in the long-distance regime for pairs of rectangle regions of dimensions L x (L, as a function of
£. The solid curve is the fit presented in the main text, and the dashed line, the asymptotic value
corresponding to & — oo (namely, very thin rectangles).

function of the form
a(2)|LX§L ~ 0.015215 + 0.102340(1/&) + 0.0073286(1/5)2 . (4.21)

From this, we can extract the limiting value corresponding to arbitrarily thin rectangles,

&>

1
a@)|ppe, = 0.015215, (4.22)

Note that in order for this to hold one needs to be careful with the order of limits (we are
taking > 1 and £ > 1 at the same time). In particular, eq. (4.22) is valid as long as we
keep r > €L, i.e. the expression is valid for pairs of very thin rectangles which are separated
a distance much greater than the length of their longest side. It would be interesting to
compute this coefficient analytically.

On the other hand, we find for the I3,

a@l, ., = 00280,  ag)l,,,, ~00112, agl,, ,, ~0.00512, o), .~ 0.00355,
(4.23)

ﬁ(g) ‘L><L ~ —0.0168 y ﬁ(g) |L><2L ~—(0.00551 y ,8(3) |L><4L ~—0.00211 s ﬁ(3) |L><6L ~—0.00136 y
for the Iy,

a(4)|L><L: 0.0442, a(4){L><2L2 0.0125, a(4)|LX4L: 0.00418, a(4)|L><6L: 0.00251,
(4.24)

Byl = —0.0409, By, oy = —0.00626, By, ,, =—0.000682, Bay, . ., ~—0.0000901,

14 An analogous calculation of the leading coefficient as a function of £ was performed in the case of a free
fermion in [24]. In that case, the leading scaling is I3 ™" ~ O(2~*) instead.
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for the I5,

~ 0.00543, ~ 0.00279,

(4.25)
Byl p = —0.281, Bis)l, 0y~ —0.0204, Bryl, ;= —0.00409, B, o =~ —0.00144,

and for the Ig,

a5y = 0152, as)|,, o~ 0.0226,

a(5)’L><4L a(5)’L><6L

)| o = 110, )| ony = 0158, aqg)|; = 0.0557, |, 6~ 0.0171,
(4.26)

ﬁ(6)|L><L: —4.02, ﬁ(6)|L><2L2 —0.752, 6(6)|L><4L: —0.0311, ﬁ(5)|L><6L2 —0.0591.

The resulting curves for the various Iy are shown in figure 10 and approximate the data
points very well in all cases. Let us mention that, as a matter of fact, fits which only
include the leading term in eq. (4.12) also do a very good job at fitting the data — in most
cases the curves are indistinguishable from the ones presented in the figure. However, as
mentioned earlier, the numerical results for the coefficients () and «a(3) in the case of disk
regions are more precisely obtained including also the subleading term, and so we choose
to perform fits of that kind for all the rest of configurations. For comparison, in figure 10
we have included, in the case of square configurations, the best fits obtained from ansatze
of the form Iy oc (1/2)N~! and Iy o (1/z)V*1. It is obvious from the figure that those
are clearly wrong.

Observe that for every N, the values of I]f\l}eescalar for all possible sets of regions are
positive. It seems then reasonable to speculate that the free scalar N-partite information
is positive for all possible regions and configurations. The results obtained replacing the
N-gon arrangement by the aligned one also support this claim. In view of the exact results
obtained in the previous section, it is in fact natural to conjecture that I]f\r]ee scalar > () for
all possible regions and in general dimensions. It would be interesting to find additional
support for this conjecture.

4.3 I, at arbitrary separations for free scalars and fermions

In this subsection we compute the mutual information of pairs of entangling regions of
different shapes for three-dimensional free scalars and free fermions in the lattice for gen-
eral separations. We also include results corresponding to two analytic toy models whose
long-distance behaviours mimic the free fermion and free scalar ones, respectively. The toy
models, which are introduced in detail in appendix D, correspond to the so-called “Ex-
tensive Mutual Information” (EMI) model [39] and a modified version of it, which we call
“Modified EMI” (MEMI) model. In the case of disk regions, we use the toy models to
produce very precise analytic approximations to the free scalar and free fermion mutual in-
formations for general separations. Based on the results, we conjecture that the free scalar
mutual information is greater than the fermion one for arbitrary regions (both conveniently
normalized by their respective Fy).

We present our results for the mutual information in a log-log scale. This allows for a
better appreciation of the short- and long-distance behaviours. On the one hand, observe
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that for rectangles of sides L x £L separated a distance r = x - (L along the Y axis we

have, for general CFTs,

L(z)/Fy *=° k/xFO +... (4.27)

where k is the universal coefficient characterizing the EE of a thin strip region. Hence, in
a doubly logarithmic scale, for any CFT we should have a linear behaviour with unit slope
for short separations, since log(I2/Fy) = log(k/Fy) —logx + ... in that case. Such straight
lines should cut the Y axis at a value log(k/Fp). The values of such constants are known
for free scalars and fermions. In particular, we have [57]

kS ~0.0397, k' ~0.0722. (4.28)

For two disk regions, the limit » — 0 corresponds to the situation in which the disks touch
at a point.!® In that case, the results for the analytic toy models we consider in appendix D
suggest that the mutual information diverges, for general CFTs, as

2=0 v/ Fo

I(z)/Fy *= NG + 0(2Y), (4.29)

where ~ is a new theory-dependent coefficient. On the other hand, for long separations

and general regions, we know that free scalars and fermions behave, respectively, as

L)/ Folgreoscatar = 03-(1/2)2+0@ %), L(2)/Folgee formion = 05+ (1/2)* +0(@~7),

(4.30)
and so, for long separations we expect the log-log curves to approach straight lines of slope
—2 and —4, respectively.

We present the results in figure 12. The different plots correspond to the mutual
information of pairs of identical regions separated along the X axis corresponding to:
squares, disks and increasingly thinner rectangles with lengths: L x 2L, L x 3L, L x 4L
and L x 5L, respectively. In all cases, we have included solid lines representing the short-
and long-distance behaviors appearing in eq. (4.27) and eq. (4.30). In the latter case, the
curves represent fits of the form (4.30) — including three subleading terms in each case
— to the data points corresponding to separations z = 3,4,5,6,7. The dotted orange
lines correspond to approximations of the form Io(%)/Fo|g oo fermion = @ * (1/2)* with the
coefficients o, obtained in [24]. In all cases, the numerical fits tend to the corresponding
curves. In the case of the squares and the rectangles, the data points seem to tend, in all
cases, to the short-distance approximations given by eq. (4.27), which is a good check of the
numerics. In the same plot we include the exact analytic results obtained in appendix D
for each set of regions for the EMI and MEMI models — see egs. (D.3), (D.10), (D.15)
and (D.18). For the MEMI model, the value of Fy turns out to vanish identically, and
so we normalize the corresponding curves in a way such that they tend to the free scalar
results for x — 0. As we can see, the EMI curves are quite similar to the fermion ones,
and so are the MEMI ones to the free scalar ones. This is particularly so in the case of the

5See e.g. [58] for examples of both finite and divergent mutual informations for pairs of regions with a
single contact point.
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Figure 12. We plot, in a log-log scale, the mutual information (normalized by the disk EE
coefficient Fy) for pairs of identical regions for free scalars (blue), free fermions (red) and the analytic
toy models EMI and MEMI* (gray and purple, respectively) as a function of the dimensionless
separation z = r/R, (R = £L). The upper plots correspond to square (left) and disk (right)
regions, respectively, whereas the middle and lower plots correspond to rectangle regions of sides
L x (2,3,4,5)L. The thick blue and red lines represent the analytic approximations explained in
the main text. The orange dotted lines correspond to the leading long-distance approximations
obtained for the free fermion in [24].
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disks. In that case, we can actually approximate the free scalar and free fermion results
by the MEMI and EMI ones for rather general values of z. In particular, normalizing
the MEMI and EMI formulas by the long-distance coefficients of the free scalar and free
fermion, respectively, we find the approximations

disks N 1.29802

free scalar — (1 -|-CC) $(2 -|-SL‘) ’

R 2.43574|\/2(2 +2) - 20(2 +2)(1+2— /(2 2))]
free fermion .13(1 +$)(2 _1_1,)

These appear plotted as the thick blue and red lines respectively in the disks plot in

Iy(z)/Fy| (z > 0.17) (4.31)

L (£20.2) (4.32)

figure 12 and, as we can see, they approximate the data points very well for arbitrary
values of = greater than (roughly) 0.2. This is no coincidence. Indeed, as shown in [24],
in the case of spherical entangling surfaces in arbitrary dimensions, the EMI model result
is exactly equal to the contribution to the free-fermion mutual information produced by
the conformal block corresponding to the leading replica primary operator — namely, a
conserved current J’ﬂu%a where i, j are replica indices. The EMI model does not contain
any additional terms which do contribute to the free fermion mutual information, but such
leading primary block contribution is large enough to reproduce most of the full free-fermion
result for most values of . As a matter of fact, something analogous happens with the free
scalar and the MEMI model, namely, the conformal block making the largest contribution
to the free-scalar mutual information in the case of spheres corresponds exactly to the
MEMI result in general dimensions — in this case, the leading conformal block corresponds
to a replica operator of the form ¢;¢;. Again, such contribution, given by eq. (4.31) in the
three-dimensional case, approximates the full free-scalar result very precisely for sufficiently
large values of x.

Near the touching points, we find the following fits for the scalar and the fermion,

respectively,
disks z—=0
L(z)/Folosks "= 4+1.3125/y/x — 1.3522 + 0.41962\/7 (4.33)
L(w)/Fo|ds 2% 10.95509/v/7 — 1.7427 + 0.83507+/x (4.34)

These appear represented as solid lines in the plot. Computing lattice data points near
x — 0 is increasingly challenging and so the values of 7/Fp|teescalar and ¥/ Foltree fermion
reported here should be taken with a grain of salt. They should be improved by additional
calculations near the touching region.

We observe that the curves for both models are monotonically decreasing as a function
of the separation for all sets of regions and that the scalar results lie above the fermion ones
for all regions and separations, a trend which persists as we make the entangling regions
thinner. It seems then reasonable to conjecture that

IZ(A? B)/F0|freescalar > I2(A’ B)/F0|free fermion > (435)

for arbitrary pairs of regions. Similar hierarchies — with the scalar systematically produc-
ing greater results — for EE universal coefficients in three dimensions have been previously
observed e.g. in [13, 59, 79].
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5 N-partite information in holography

In this section, we would like to reinterpret our analytic results of section 2 from the
holographic perspective. According to the proposal presented in [60], the entanglement
entropy of an arbitrary region A in a holographic theory dual to Einstein gravity can be
obtained from the formula

S(A) = mmw

b
min = =+ S(A), (5.1)

which includes the usual Ryu-Takayanagi term [80] plus the leading quantum correction.
In this expression, m(A) is the minimal area surface homologous to A, A’ is the bulk
homology region with boundary 9A? = AUm(A) and Sy(A®) represents its associated bulk
von Neumann entropy.

For a boundary region made of disconnected subregions, A = UK A;, it is known that,
for sufficiently large mutual separations, the corresponding minimal-area surface becomes
disconnected and equal to the union of the individual extremal surfaces associated to the
subregions

m(UZ4:) = U m(4y). (5:2)

Thus, at long distances the minimal-area contribution to the holographic N-partite in-
formation cancels out from its definition and should be given entirely by the N-partite
information of the bulk dual theory, namely,

IN({Asn) = I, ({AV}w) . (5.3)

In this section we will prove the above equality for largely separated boundary spherical
regions and its associated bulk hemispheres. We will achieve this by employing the same
techniques developed in section 2 to the bulk theory in the AdS background. Our re-
sult generalizes the analogous one obtained in [30] for the case of the holographic mutual
information.

Our main observations are the following. First, following the arguments presented
n [30], we conclude that, at large separations, the twist operator associated to a bulk
region can be approximated as

Ab ~ Z sz TAb (Tib) (5.4)

1<J

in the multicopy bulk theory, where the bulk OPE coefficients can be computed via

Ch= lim  GObrh) S (e (), (5.5)

|z—x 4|00

b are bulk Poincaré AdS coordinates so that r® = (z,2), = being the flat space

where 7

boundary coordinates. G(r,r ) is the two-point function of the bulk field ¢(r?) dual to

the operator O(x). In particular, for large separations, namely, for |z —x 4| > R4, we have
AA

2Pz
G(rb rAb) 2 A

=~ — a4 5.6
A ’J? I‘A|2A 5 ( )
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where the coefficient ap comes from a normalization relation between bulk and boundary
two-point functions [81]. Indeed, we could arrive at the above formula from the bulk
two-point function and the extrapolate dictionary [82], this is

d(z,2) =~ aAzA(’)(:c), (5.7)

which is the leading term in the near boundary expansion of the dual bulk operator.
The above statement generalizes to arbitrary IN-point correlation functions. Namely,
the bulk N-point correlation function can be obtained using (5.7) for each bulk operator

(B(x1,21) - dlan, 2n)) ~ anzg - 23 (O(x1) - Oan)) (5.8)

provided all distances |z;—xj| > |2| for all {4, j, k}. This is precisely the regime we are con-
sidering when computing correlation functions of bulk twist operators. The relation (5.8)
holds trivially for bulk replica operators as well with the obvious generalization.

In our derivation of the operator formula for In({A;}x) in terms of twist operators we
did not make any assumption about the theory being conformal or being defined on flat
space. Hence, the same formula should apply to I}’V({Aé’} ~), this is

b 1 ab O cmeam e
Re({Alhy) = lim 2 (EQSG) 20)) (5.9)

n—1 1—n Ag
The same happens with our derivation of the twist OPE coefficient Cj; of section 2.2.1,
more precisely, eq. (2.30). Thus, for the bulk twist operator we can similarly write

rb,ﬂ”} (")), (5.10)

s

(2! ()" ()| & (far

where ¢ 4» {rb, 3} is the bulk field operator evolved by the bulk modular flow associated to
region A, this is

O A0 {rb,s] = pijbgb(rb)pzzs, and T = ﬂ(kn_ ) . (5.11)
It turns out that the bulk modular flow for the region dual to a spherical region is also
explicitly known. The CFT modular flow for a spherical region is generated by the con-
formal Killing vector which preserves the associated causal cone, and it is given by (2.31).
Such Killing vector has a natural extension into the bulk where it becomes the AdS Killing
vector field which preserves the associated dual bulk hemispherical causal cone. This flow
is given by [9]

(R + rg—L) —eT2™ (R — )

+
T [S] = R 9
’ (R+71%) +e727 (R —rf)

(5.12)

where rf = 7P+t are standard null coordinates. Notice that this flow reduces to the bound-
ary flow for z = 0. The map generated by the bulk modular flow acts as a diffeomorphism
of the AdS metric and thus the action on the bulk field is trivial, this is

22 -s(p)

® ab
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since ¢(r°) transforms as a bulk scalar field. Using the above relation into (5.10), together
with the extrapolate dictionary (5.7) and the explicit modular flow (5.12), we find

QA(:U,Z'M)ZQA
QB () (I ~ oA T m T (5.14)
|z [i%] — x
for large |z — x4|. Plugging this formula back into (5.5) and using (5.6) we arrive at our

final formula for the bulk twist OPE coefficients

1 QA (z, 1L C
Clb’f ~ a2 2 lim 'Tk(l — )QA 2 lkz : (5.15)
QA 2%y |r—za|—oo | [I7EL] — x| a2y,

This is the main result of this section. It gives a simple relation between the OPE coeffi-
cients of the twist bulk operator and the ones of the boundary theory. Together with the
extrapolate dictionary (5.7) it allows us to conclude the equality between boundary and
bulk twist operators

sl ~ s (5.16)

which holds inside correlation functions with operator insertions far away from the locations
of the twist operator. Therefore, at large separations we conclude that

R{ADN) = IN({AiN) - (5.17)

6 Final comments

In this paper we have presented several new results involving the N-partite information of
spacetime regions in conformal field theories. Our main results appear summarized in the
introduction. Here, we close with a few comments regarding possible extensions.

As we have seen, our final formula for I, includes a coefficient which we left expressed
in terms of a triple integral which we were not able to evaluate explicitly for general values
of A — see eq. (A.49). It would certainly be interesting to see it done.

On the other hand, it should be possible (although increasingly challenging) to obtain
explicit formulas for the long-distance leading term of the In for N > 5 in the case of
spherical entangling regions. In each case, the formulas should involve a linear combina-
tion of products of 2-,3-,..., N-point functions of the leading primary. In relation with the
CFT reconstruction program mentioned above, obtaining information about subleading
primaries requires going beyond leading order in the long-distance expansion. As a con-
crete question in this direction, it would be interesting to determine precisely how much
information about a CFT one can reconstruct from the knowledge of the leading and first
subleading terms in the mutual information long-distance expansion for spherical regions.

On a different front, it would be interesting to provide further evidence (or disprove)
the two conjectures we have put forward in this paper involving free fields, namely: i) the
fact that the free scalar N-partite information is positive-definite in general dimensions
and for arbitrary regions; ii) the observation that, normalized by the disk EE universal
coefficient, the mutual information of the three-dimensional free scalar is greater than the
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free fermion one for arbitrary regions. In relation with the latter, it would be interesting
to explore the possible existence of similar hierarchies between theories beyond free fields
and also beyond the mutual information case, i.e. for N > 3.

In the context of holographic theories, it would be interesting to extend the arguments
leading to the equality between boundary and bulk twist operators to general shapes and
arbitrary distances. This could help us to understand further these mysterious objects,
although, there is no guarantee that such equality holds in those cases. For the shape de-
pendence, one might require further input on the bulk modular flow which might be possible
in the bulk free field approximation. The results of this analysis could be checked against
analytic and numerical results on the shape dependence of holographic entanglement en-
tropy [52, 71, 72, 83]. On the other hand, moving away from the long-distance regime for
boundary spheres may be possible, given the universality of both, bulk and boundary mod-
ular flows. This second exploration is of special interest, since understanding the behaviour
of the N —partite information at moderate separation distances could elucidate the nature
of the holographic phase transition of the Ryu-Takayanagi prescription.
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A Coefficients for the N-partite information

Throughout the paper, we are interested in computing sums of combinations of the following
basic coefficient,

1

Cij = (A1)

Following [28, 29], where similar sums over C;; were computed, we will make extensive use
of the following representation for the sine function:

1 g A A
= — / dge” 5676 <+iq>I‘<—iq>
GinA (g) m F 2m 2 27

2A72

(A.2)

This formula can be written in a more compact form in terms of the beta function B(x,y)
due to its relation with the gamma function,

Bz, y) — w _ /01 L1 — b, (A.3)
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where in the last equality we present its integral definition. Thus, we can rewrite eq. (A.2) as

1 2A=2  roo A A
= — / dqefgeTBB ( + ii - = ,q) (A.4)
sin® (%) T o 2 o’ 2 2

For the sake of simplicity, we introduce the following compact notation

0 (A+isk) ’2

T (2A)

B,(A) = <A+qu ;Tr)—

to represent the beta function of our interest. In terms of this function we have
1 2A 2 q j A
A / dge 2e2r B, <2> , (A.6)

where the integral representation of the beta function (A.5) from eq. (A.3) takes the sim-

sin

ple form
! 1
_ / di 121 (1 — 1A eat loe(5) | (A7)
0
We will make use of this notation in what follows.

A.1 Computation of I> coefficients

We are interested in computing the sum

1
cg% = lim 1 ZC’z = lim —— — . (A.8)

For that purpose, we use the representation (A.6) with § — 275 /n in the above sum, which
leads to

3 roo .
cg% = lim Z - [ dq e_%e%Bq (2A) . (A.9)

We can carry out the sum over j explicitly using

n—1

o el/n _ et qet
Zlenzm’&f(n—l)eq_l, (AlO)
J:

which cancels out the (n — 1) in the n — 1 limit and leads to

AA—-3 1 3
2 2 A— A— e2 g _t
) = — /0 dt 2271 (1 - t)? 1/ dg eq_ pr— i og(17) | (A.11)

after plugging in the integral representation (A.7). We can now perform the integral over ¢,
which is just the Fourier transform presented in eq. (B.16) with k£ — [logt —log(1 —t)]/2x.
This results in:

g

€2 log(%) _ 2 -
/ dg 223t () = are(1 - ). (A.12)



Plugging this result back into (A.11) leads to the well-known expression for cg?%,

(2) 4A-1 2A an—11 (2A + )
—9 /dtt 0 =2t (A.13)

(2)

The above result for c,., was first obtained in'6 [26].

A.2 Computation of I3 coefficients

We are interested in computing the coefficients cg and cé LY which appear in the expres-

sion for the tripartite information at long distances. We start with

Z (A.14)

(2)

This computation is identical to the one of the coefficient c;.5 which determines I at long
distances with the simple replacement A — 3A /2, therefore, we conclude that

20A-1T (3A + 1)

( ) _ A.15
B2 T (6A + 2) (A-15)
Our second coefﬁcient of interest is
RERE! 1
z<j<k i#j#k

n—1k—1
= }Llinl m Z COJ jkaO = 11 Z Z CO] ]kaO (Alﬁ)

0<j<k k: 275=1

In the first line, we rewrite the ordered sum in a disordered form by including the permu-
tation factor that accounts for the multiple counting of each configuration. In the second
line, we fix one index to the particular value of zero and multiply by n the result (making
use of the replica symmetry). Furthermore, we reorder the resulting sum, which requires
an extra permutation factor of 2!. Plugging in the explicit expression for the coefficients,
we get

(1,171) n nl 1 kol 1 1

c3 = 3(n—1) ];2 N (%) ; gin2A (W) §in2A (ﬂ) ' (A.17)

- n

Next, we use the integral representation (A.6) for each of the sine functions above, leading to

3
ALEY — Jim n 2287
53 n—13(n—1)| =2
a8 p _a _s pk g sk=j)
XZZ/ dp/ dq/ dse"2e 2e 2enene n B,(A)B;(A)B(A)
k=2 j=1

(A.18)

Y5While the authors of [26] arrived at the same single sum in eq. (A.8), following a methodology which is
completely analogous to ours which at the time was only established for 2d CFTs, the method used to carry
out the sum differed from ours only in the way the analytic continuation was carried out. Namely, they did
not use the integral representation (A.6), but instead followed a series of mathematical manipulations that
allowed them to find the appropriate analytic continuation in n.
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In this form, we can explicitly carry out the sums over j and k and take the n — 1 limit
of the resulting expression. This gives

n—1k—1

e 23 Zzepfeqjes(knﬁ ~(n—-1)f(p,qs), (A.19)
k=2 j=1
where
_ pta+ts p B q s
f(p,q,s) = —e 2 |:(ep — ed)(1 — epts) (e5 — e9)(1 — erta) + (e —e)(1— ep“)}

(A.20)
This function is to be introduced inside eq. (A.18). We can therefore manipulate it to get
a more symmetric form by changing p — —p, obtaining

ptats

flp,q.5)=e">

p q S

T Tt e ) A
The resulting function f(p, ¢, s) is symmetric under permutations among {p, ¢, s}. We could
deduce from here that inside the integral each term will contribute the same and thus it
should be enough to focus on evaluating any of the three terms and multiplying the answer
by three. However, this is not true because each term individually is not well defined due
to spurious divergences at coincident points of the {p,q, s} variables. Such poles would
cancel in the full expression, the following form of the function makes it manifest

pta+s

Fp.ds) = —— [p_s - q_s}- (A.22)

(eP —ed) |eP — e ed— e

Thus, the integral of interest is
6(A—1) 00 00 1
LI 2 P 1
A = T [ et B [ dget By (8) 5

/dse2B )( S—q_3>. (A.23)

ep — ef el — e’

We start by doing the integral over s of the p dependent piece; the one that depends on ¢
is identical. We have

00 o S—Pp
/ dse3 B, ( )ep_esze—%/ ds U=PICZ B A) ax2e BB, (A1), (A24)

—0o es P —1

where in the last equality we used eq. (B.23). All in all, we obtain

6A P q
111 2 o0 o0 e2B;(A+1)—e2B,(A+1)
i = o /_ dp /_ B, (8) B,(A) ( e — . (A.25)

Once again, the resulting integral has a simple spurious pole if we split the terms which
does not appear in the full expression. Nevertheless, for computational purposes we need
to treat each term independently. We can do so with eq. (B.24), obtaining

6 00
(1,1,1) 2 / a9
c = dgge 2 B5(A)B, (A+1) . A.26
3:3 3(27r)4f - qq q< ) q( ) ( )
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This final integral can also be carried out using eq. (B.26), which leads to our final formula
3
25T (A +1)

(REVN
1207 (38 +3)

(
C3:3

(A.27)

We have been very explicit in the manipulations leading to the final form of this coefficient.
We will be more sketchy from now on; the general strategy is always the same: replacing the
inverse powers of the sine by the integral representation (A.6), summing and extracting the
piece that contributes in the n — 1 limit, and then manipulating the resulting expression
to be able to integrate it.

A.3 Computation of I, coefficients

The first coefficient appearing in eq. (2.68) is straightforward to obtain, as it is given by
the single sum

n—1n—1

1
cz‘% = lim Z C?j . (A.28)
<k

This can be written as a single sum using the symmetry under ¢ <+ j and the ciclicity of
the replica geometry,

cz(fg = lim Z ng . (A.29)
ji

The computation is now analogous to the one of c% which produced eq. (A.13), the only
difference being the power of Cp; in the sum. This is accounted for by changing A — 2A,
producing

@) osail (4A +1)

Ciy = TEAT) (A.30)

The remaining coefficients in eq. (2.68) require more work, so before getting into the
details of the computations, let us write them in a convenient form. Using arguments
analogous to (A.16) based on replica symmetry and the symmetries of the expression being

summed, we can write them as

n—1k—1
1,1,2 . n
Cz(L; ) — 7111_% m ];2; [ngCjkao + Coijkao + CojCjkC%O] , (A.31)
2.2) n n—1k—1
2) _ 1 2 2 2 2 2 2
Cp3 = 7111_>ml m kz::Q ng [C()jc'ok + Co;Cji + Cokcjk} . (A.32)
id n  nllslkel
051:41 b = il_ﬂnl in—1) Z Z Z [C0;CjkCriCio + Co;C;iCii.Cro + C0iC1;CjkCiol
1=3 k=2 j=1
(A.33)
2.2) n n—1101-1k-1
) = lim =33 S [CR03, + CFCh + CR.C3] (A.34)
n—1 4(n 1) 1=3 k=2 j—1
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A.3.1 Computation of 021’1’2)

Replace in eq. (A.31) the integral representation for each coefficien. Summing and extract-
ing the relevant piece in the n — 1 limit, we get

n—1k—1

s . (k—j) s s (k—3) k s(k—j) pk
67%67%675 Z Z (ezifeqn]ef —l—eriep o eqn +e = 626”) ~ (n— 1)f£1 1’2)(p7Q)7
k=2 j=1
(A.35)
where
p+qg+s ptg+ts
(112)( s) = .’ q+s  p+s e 2 stq P4
b,q,s) = (e9 —eP) leats —1  epts —1 (e5—eP) lesta—1 epta—1
p+t21+s + +
e STp q—rp
" (e —ed) lestp — 1 ettp — 1} (430

Therefore, we are left with the following triple integral to evaluate

8A—6
L1 237T6/ dp/ dq/ ds £ (p, q,5) By(2A)By(A)By(A) . (A.37)

The form of f4 (p, q, s) allows to integrate each piece by means of the same tricks than
before. Integrals (B.23) and (B.24) reduce the computation to the following single integral

(11,2) 28A 4
5 = oy | daaed By2A)B,(A)B (A + 1)

28A 4
i / dqqe$ BX(A)By(2A + 1), (A.38)

We can now shift the argument of one of the beta functions of the first term by means of
basic gamma function identities to obtain:

(11,2 28273(TA +2)
C ?
137 30N (2A 1 1)

—3“8“/ dgqe 3 B2 (A) B, (2A) (A.39)
T2A 1 1) ) M1 P 122 ‘

/ dqqe B2 (A) B, (2A +1)

Using the result (B.26) from appendix B, we get

JL12) 97T (3A)? __9X 25T (3A)°T (4A + 1) ' (A.40)
4:3 4F(A)2F(4A+%) 2T (A)°T (8A +2)
(2,2)

A.3.2 Computation of c;.;

We start now from eq. (A.32) and use the integral representation of the coefficients. We
carry out the sum over the indices, obtaining

n—1k—1
L gk i a(k—j) (k—3)
e e 3 ZZ (e};eqn et p e ) (n—l)f( )(p,q), (A.41)

k=2 j=1
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where

+
(220, ) = ez [q+p g } e’ [ g P
’ (eP —1) ledtPr —1 e1—1 (e —eP) [e7—1 er—1
pid P
e q pe
— A.42
+(ePJrq—l) Lq—l ep—l} ( )
We have an integral expression for our coefficient of the form

(2,2) 28874 (2,2)

) =" [ dp [ da s .0 By28)B, 28 (4.43)

Symmetrizing the integrands in ¢ we can obtain
2.2) 28A 4 5 28A 2
cpy = dqq B;(24A) — dq B,(2A)B,(2A+1), (A.44)

and from here, by shifting the argument of the last beta function, we can use eq. (B.26) to
conclude:

C@m__?AW@A+UF
7 9T (8A +2)

(A.45)

A.3.3 Computation of c(1 LLL)

Doing the sum like in the previous cases, we obtain:

8A—8
SLLBD = 247r8 / dp/ dq/ dr/ ds £S5 (g, g,y 8) By(A) By (A) By (A)By(A),
(A.46)
where
ptatrts + s + s
g =5 l@ﬂ—n@—;mwww+wﬂ—n&—;wﬁwm
(r+s)
et 1) (e —en)(e — ep)]
pg+rts el(p+r—q—2s) el (g +s)
e 2LWHW%W4WLM*WLMWuwWA>
B (r—s) ]
(em —es)(edt™ — 1)(eP — e9)
—w”ﬁwﬂ el(p+ s) e(q+ s)
(e~ D)(er—1)(e — o) (e~ (e 1) (e — el

(r+s+p+gq) ] (A47)

(ertstpta — 1)(edtm — 1)(ePtr — 1)
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It is immediate to integrate over s by means of eq. (B.23). After some relabelling of the
variables we arrive at the following expression

98A—8  roo 00 0o
= [“ap [ [ arB,(8)B2)B(2)

s

3¢ By(A+1) (e 4+ 1) T By(A+1)  elBy p (A+1)
(b —er)(ep —et) | (et —D)(ertr—1) | (ePtr —1)(eP — 1)

Byipir(A+1) 26779 By(A+1)
(ePtr —1)(e?tm — 1) (ePta — 1)(ePtr — 1)

. (A.48)

We can write the By—p_r(A + 1) as Bpiqr(A + 1) by sending ¢ — —¢ and using the
symmetry of the beta function B_s(A) = Bs(A). That term then combines with the one
in which Bptg+r(A+1) is already present, after some trivial relabelling. Similarly, we can
replace

(€977 + 1) "5 By(A+1)  2ePt1e"3 By(A +1)

(ertm —1)(ePtr — 1) (ePta — 1)(ePtr — 1)
3" By(A+1)  4e"T By(A+1)
(e —1) " (e —D)(er 1)

The first term is odd under (p,r) — (—p,—r), while the prefactor in the whole integral
is even due to the symmetry of the beta functions. Therefore, it will not contribute and
only the second term is relevant. Let us recap and split the integrals in a suitable way for
further manipulation,

Cf&il’l’l) =J1+Jo+ J3, (A.49)
where, explicitly indicating the A dependence

28A78 o 00 00 2Bp+q+7" (A + 1)
WA =" [ dp [ da [~ drBy(a)B(@)B () TP S (A50)
98A=8 oo o0 o0 3e'2 By(A + 1)
A) = B,(A)B,(A)B,-(A P A.51
B8 =" [ dp [ aa [ ar BB R (A
98A-8 oo 0 o0 4€%Bq(A—|— 1)
BA) == L dp [ dg [ A By (M) By (A)BA) O (AS)
Notice that the expression we have obtained for cf&jll’l’l), though simpler than eq. (A.46),

is ill-defined due to the appearance of spurious poles. These are not present in the original

expression, and we must remove them in order to obtain a sensible answer. We do it by

symmetrizing under the variables of integration for each of the three pieces independently.
For Ji, after sending p — —p, replace inside the integral,

2e* Byyr—p (A+1) - 2 e® Byir—p (A+1) € Byipr (A+1) | € Byirq(A+1)
(eP —e")(eP — €9) 3| (e —er)(eP—ed)  (em—eP)(em —el) (el —eP)(e? —en)

If we now use in the last term the following identity

1 n 1 + 1
(P —er)(eP —ed) (el —eP)(ed —e) (e —ed)(e" —eP)

=0, (A.53)
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we get:

Ji(A) _ 22 8/ dp/ dq/ dr Bo(2)B,(2) X (A.54)

T3 g6 ep—er

X [e PBysr—p(A+1)— €21 Byir—q(A+1) _ ¢ " Byip-r(A+1)— €28y, g(A+1)

eP — ed e’ — el

This formula is pole free and consequently it is well defined. Unfortunately, we were not
able to integrate it in a closed form analytically; not even by means of the manipulations
we will describe for Js and J3. The most we managed to do is obtaining numerical results
for particular (integer or semi-integer) values of A. We present them after the results for
Jo and Js.

The same manipulations in Jy — symmetrizing and using (A.53) — transform the
integrand into the following pole-free form

ptg+r
28A78 00 00 0o e 2
BA) =T [ dp [ dq [ dr B,(A)B,(A)B,(A) x (A.55)

eP — el

y e B)(A+1)—e 2B (A+1) e 3B (A+1)—e iB(A+1)
eP —e” el — e’

which, after integrating over ¢ in the first term and p in the second one, we get

2878 . (e 5B (A+1)—e 2B (A+1
J2(A) = / dp/ dr BZ(A)B,(A) p 2(“ 2l +€,))_Z,«2 e

(A.56)
This integral can be done for integer or semi-integer A through the following procedure.
We will present the details for A = (2k+1)/2 with k& € N; analogous manipulations provide
the results for A = k. First of all, write the difference in the denominator as sinh((p—r)/2)
and use the symmetries of the integrand to obtain

2%k + 1 o8k~ (%2)" B, (25
() e [ [ TR

X [cosh(p)Bp <2k;_ 3) — cosh (p—;—r) B, (2k;_ 3)] .

Now, use the shift formula for the beta function (B.22) to write all arguments as (2k+1)/2.
The final step is the most involved one; we will illustrate it for the first term within
brackets. The basic idea is that we can decouple the p and r integrals by introducing an
extra integration variable u with a d-function at u = (p — r)/2; so that we can write the
denominator as sinh(u/2). Writing then the J-function by means of its integral Fourier
representation, we get, dropping the global prefactor in the previous integral

o de¢ | e p? + 2 (2k +1)2 <2k+1>3 y
hotc3 d h B igp
/_oo o [/_oo ppeoship) T ek r ) P\ 2 ) ¢

y UO; "B, (2k2+ 1) eisr} /O:O du Smf:(tm] . (A.58)
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The integral over r can be done directly by using the hyperbolic representation of the beta
function in (B.21), while the one over w is just eq. (B.15). The only really challenging one
is the integral over p. We can use the expansion (B.30) to write the integrand as some
polynomial in p times cosh(p)/ cosh(p/2). The powers of p can be traded for derivatives i0¢
and taken outside of the integral, while using cosh(p) = 2 cosh?(p/2) — 1 we can write the
remaining integral as a combination of eq. (B.14) and eq. (B.17). All in all, the previous
expression becomes

m2(2-3k) tanh (7€)
— d¢ F. —_— A.
28kHL(2K)13(2k + 1)(2k + 2) /_oo NG )cosh2k+1(7r§)7 (4.59)
where F2 (f k) is the result of extracting powers of p as we described
k—1 2
) 34
F. k) D D —_— A.
2 (5 |J]__£ 2l+1‘| 2’€+18§ (cosh(wf) ) ( 60)
and D,, is the following differential operator:
D, = —82 + n2n?. (A.61)

This expression can be evaluated for any non-negative integer k algorithmically and, in
particular, it is not difficult to introduce it in a standard symbolic algebra software. The
remaining integral over £ can be done by means of the general formulas presented in
appendix B, because it is just an inverse power of cosh(7¢) times some complicated function
of ¢ and hyperbolic functions cosh(ag) or sinh(a€).!” Alternatively, for low enough k,
Mathematica is able to do the resulting integral over ¢ directly. One can show, as an
example, that for k = 0 (A = 1/2) the previous integral evaluates to 47* + 1675 /15.

The second term in (A.57) can be treated analogously (after separating the p and r
parts of the cosh by means of the identity for the cosh of a sum), although in this case
both the p and the r integrals have to be done by means of the expansion (B.30). The
remaining manipulations are identical, so we will just write the final result,

2k +1 1
= < 2 > T 167r6k+2(2k)!3(2k+ 1)2 2% + 2) / d¢ tanh(w§)
ROEk)  FYER)
g [QCOSh%“(wg) (2k)Im2k | 7 (A.62)

where F2(1) was presented in (A.60) and F2(2) is

1 k-1 )
(ll_% D2z+1> 23 <Cosh(77£)>] Kg D%m) Dog+1 <cosh(77£)>]
k-1 k—1
)| () e )] o
<ll_£ 2141 £(COSh(W5)> ll}) 241 | P2k+1 (cosh(w@) ( )

"For this one might need to express powers of hyperbolic functions in the numerator as hyperbolic

FP (k)

functions with different argument, e.g., 4 cosh®(z) = 3 cosh(x) + cosh(3z).
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The case A = k is completely analogous, obtaining as a final result,

1
T2 (k) = 16w0F—1(2k — 1)13(2k)2( 2k+ / d¢ tanh(¢)
GS (e k &
8 [2 CO2Sh(2§;(7T)§) + (2k i 1()6!71'2?“_1] ’ (A.64)
where
k—1
g, k) [H DQZ] Doy} ((3 — 4€%) tanh(r¢) ) | (A.65)
l kl 1 k—1
P (e, k) (H D21> 9 (tanh(m¢) ] [(H D§l> Dyi0F (tanh(wf))]
=1 =1

k-1 k—1
(H D§l> 0 (¢ tanh(ﬂﬁ))] KH D§l> D05 (¢ tanh(ﬂg))] . (A.66)

=1

We come finally to the last piece, J3. We first manipulate a bit the integrand: changing
(p,q) = (—p, —q) and symmetrizing afterwards over p and r, the final part of the integral

becomes
1" By(A+1) et 1 1
/2
e e e e R e el
(A.67)

Applying now (A.53), symmetrizing the result over the three variables and then using (A.53)
again to write the integrand in a pole free form like in the previous J; and Js, we get

228A 8 ep+g+r
BA) = -7 / dp/ dq/ dr By(A)By(A) By (A) S—— (A.68)
" e2Bp(A—|— 1) —e2B.(A+1) B e2Bq(A—|— 1) —eiB(A+1)
eP — e el — e’

Integration over ¢ in the first term and over p in the second one produces

SA—8 . L 1) — z 1
J3(A) = —22 / dp/ dr By(A)B,(A)pe <ezBP(A+ )—c15(A+])

epP — e’

l\'ﬁ

(A.69)
Already from the form of this integral we can see that it is very similar to Jo(A). The
technique we use is exactly the same one, so we will not give details about the intermediate
steps, but instead we will present the final result directly. We need to separate semi-integer
and integer A. In the first case, we have

2% + 1 1
I3 ( 2 ) T 6mORT2(2k)B(2k + 1)2(2k + 2)
o [FW@E k) tanh(ze)  FEP(& k)
x [ e [ S o (o5~ o o) (A.70)
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where

k—1 2
(1) _ 3 144¢
F37 (& k) = Ll;% D2l+1] Doj110s (COSh(W§)> , (A.71)

k-1 k—1
B (6, k :K Dj )8 _£ 1 K D2 )D & 1 A72
37 (6, k) ll 20+1 5<suﬂmw§)> ll 20+1 2k+1<snﬂmw§)> ( )

While for integer A = k we get
1

I (k) = 6m0h—1(2k — 1)13(2k)2(2k + 1)
=[G tanh(me)  GP(E k)
X /—oo d§ 8 COSth(ﬂf) - (Qk _ 1)!7r2k—1 COth(ﬂf) ) (A73)
where
k—1 7
G (& k) = ll‘[ D3| Doxd} (1 +4€%) tanh () | (A.74)
=1 i

k—1 k—1
G (6, k) = [(H D%) 9 (¢ Coth(WS))] KH D%;) D% (¢ coth(w&))] . (ATH)
=1 =1

We conclude with table 1, where we show numerical results for J; — obtained from
eq. (A.54) — as well as exact results for Jy and J3, for the smallest semi-integer and integer
values of A. We also compute the total value of the coefficient 02211’1’1) for those cases. For
A = 1/2, there is a fortunate numerical coincidence, easy to discover, which allows us to
write an analytic value of the coefficient. The total value of 04(1%4,1171,1) (A =1/2) is twice that
of J2(1/2) to an extremely good level of precision, and this last one we know analytically.

Therefore, we conclude!'®

11,1 4 2
LA =1/2) = 5T (A.76)

Unfortunately, it is not obvious that a similar relation holds for other values of A. Still,
for A =1 we are reasonably confident that the numerical value obtained corresponds to

7 64 4 1,1,1,1 7 64

More generally, we do believe J;(A) might have a reasonably simple closed form, much
like the others. This is a technically challenging problem which we leave open for further

investigation.'”

'8 This coefficient can alternatively be read from [84] — more precisely, from the last two terms on the
right hand side of their equation (4.19). Similarly, one can also find that expression in eqgs (79) and (80)
of [29]. In order to identify the exact result, it is useful to notice the following relations Ci; = 2{¢;(1)¢;(1))
and C;; = 1/s;; between our coeflicients and the correlators in [84] and [29] respectively. In their context,
the computation appears in the subleading contribution to the mutual information of two disjoint disks for
a free scalar in three space-time dimensions.

191¢ is also conceivable that all the integrals, or at least the coefficient as a whole, can be done for general

A in a closed form. This is what happens for the other coefficients cf%, 04(1?51,2)’ etc.
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A Jy I Js bt

12| &+ 2+ —Z + o2 15 + 522 ~ 0.156436
U | g5 — 70 315 + ge 515 — 702 315 = 0203175
3/2 | 0.04382 B2 + 522, —351as + g 0.399298
> | ooasr | Mmoo | owemeoam oo
/2| 000 | MR | RS SRS 2sseis
3| ool | ey s | s e | s g
Table 1. Values of the different terms contributing to cfﬁjll’l’l). J1 is obtained by numerical

integration of (A.54), while Jo and J3 are obtained from the expressions (A.62), (A.64), (A.70),
and (A.73).

A.3.4 Computation of cff)

Finally, we come to the coefficient (A.34). With the integral representation for the coeffi-
cients, we must perform the following sum

n—11-1k-1

EEY Y Y (H e R ) 2 - 0P ). (A7)
1=3 k=2 j=1
where
ptq
(2,2) ez [eP(p+qg p—q
fii”(pq) = P —1 | erta —1 P —ed| (A.79)
The full integral form of the coefficient is
1 28A74 0 0
=3 [ - ] [ v [ dasP .0 B28)B,E). (A.80)

and the integral over ¢ is trivial to do by means of the same tricks as in the previous cases.
The final integral to be done is

) _ 207 = 4 B.(2A)B,(2A + 1 A81
Cpq™ = 7_[_2 . p p( ) p( + )a ( . )

but this is of the form (B.25), so

(22 _ 22 (A + 1)
T 4T (8A +2)

(A.82)

B Some useful integrals

We present here some very general Fourier transforms that are needed at different points
of our computations. Defining the function

e(aJrib)z

fn(z) = ma (B'l)
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we can compute the integral over the real line for |a| < n by means of a rectangular contour,
with basis on the real line and height i7w. The only pole enclosed is that at z = im/2, and
the periodicity properties of the cosh allow to relate the horizontal integrals to obtain

2miRy,(a,b) sinh (b + ia)m/2) , if nis even.
00 cosh(bm) — cos(am)
| da fulw) = b (b5 iorm/2) (B2)
cos ia)m
27iR,(a,b . ifnis odd.
mifn(a )COSh(bﬂ') + cos(am) nnaso
Here R, (a,b) is defined as

Ry(a,b) = e @O/ 2 Res [ £,(2), 2 = in /2] . (B.3)

This is a polynomial in (a,b) which can be easily computed for any n with the aid of a
symbolic algebra software. Separating real and imaginary parts, and rescaling the variables
of integration and the parameters we arrive at the general Fourier transforms for k =
1,2,...,

cosh(az) e B 2 [ ) a & om
[ i = cosh () + cos(= ) et (55 ot (16 i1 35)
(B.4)
o0 cosh(ax) e, 2 [ _ a &N . —
/—Oodx We - cosh(%g) o CoS<ﬂ7a)Re {ZR% (V7 7) i <(€ + i) QVN - (B5)
o0 sinh(ax) e 2mi /)~y a ¢ N
[mdx cosh%_l('yw)e = cosh(%f) + cos(%) {ZR% ! (’Y ’Y) cosh <(£ * ZQ)Q’YH ’
(B.6)
o0 sinh(ax) e, 27 [~y . a &N . N
[t it cosh () — cos(=) (53 ) (e )] 0

We can play the same game with

e(a—i-ib)z

fn(2) = m (B.8)

In this case, there are poles lying on the contour at z = 0,¢w. We circumvent them in the
usual way, thus computing the principal value of the integrals, and obtain

/ dx SH?E?S (f(:)x) e = :Tlm {iR%z—l (: f;) tanh ((5 - z’a);ﬂ , (B.9)
[ ot (2 ) (- 0Z)].
/_OO da mei _ %Re [ifi%_l (j i) tanh ((g = ioz);y)] , (B
| meigx _ i;rlm [uiz% (3‘ i) coth ((g - m);ﬂ , (B.12)
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where, in this case,

Ry(a,b) = Res [fa(2),2 = 0] . (B.13)

We will be interested in particular cases of the previous Fourier transforms, trivially
obtained from the previous general expressions. Let us list them here. The simplest ones are

o0 eiée o0 et/2 . 21
de ——— =2 de — e = — = B.14
/,oo v cosh(z/2) [OO = + 16 cosh(m¢) ’ ( )

[e'S) 'Lﬁx
=2
/,Oo de sinh(z/2) / de‘

Derivatives of these functions allow to include polynomials in x. As an example, we will

= 2mi tanh (7€) . (B.15)

need the integral
2

w\a

T
d —_— . B.16
/ Te cosh2(7r§) ( )
We list some other relevant integrals for the computations in appendix A,
o it 4 S it
d - B e e (R ,
/_oo v cosh?(z/2)  sinh(m§) —o v cosh®(z/2) ( ¢ )cosh(wﬁ)
(B.17)
o0 eiéT 4mé o0 eléT
d =— , / dr —————— = —in(1 + 4€%) tanh ,
/m Y sinh®(z/2) | tanh(nf) oo ™ 32y T ir A 487 tanh(we)
(B.18)
o cosh(z/2) , 2mi o cosh(z/2) ,
d e — / —— I G — 4 tanh B.19
[oo v Sinh($/2) € tanh(ﬂ-g) ’ oo x SinhQ(x/Z)e & tan (7‘(‘5) s ( )
o0 inh(z/2) 4mi
/ dz 2(:”/ ) giga _ _ATE__ (B.20)
—0o  cosh®(x/2) cosh(m¢)

In appendix A, we follow essentially two strategies when dealing with the integrals.
Whenever we find it computationally feasible, we work with the beta functions for general
argument. When doing this, it is convenient to remember the integral representations of
the beta function defined in eq. (A.5),

1 i t 1 oo ei%z
A :/ detA1(1—t A_leﬁlog(ﬁ) = —/ dr—————. B.21
) 0 ( ) 48 J oo cosh®®(z/2) (B.21)
We will refer to the first one as the logarithmic representation, while the second one will
be the hyperbolic one. From properties of the gamma function it is trivial to show that

1
Am2(2A)(2A + 1)

By(A+1) = (¢ +47242) B,(A). (B.22)

From the logarithmic representation (or from the hyperbolic one, for what matters), and
using the previous Fourier transforms, it is possible to prove a number of useful identities.
The first one is

pEq
o0 ez (ptq
/_OO dp epifl—l) By(A) = 47T2Bq(A +1), (B.23)
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which follows directly from eq. (B.16) after introducing the beta function integral repre-
sentation. From eq. (B.15) we similarly obtain

ptq

o0 e 2 q
/ W g1 Br(B) =51 Be(B). (B.24)

—0o0
It is also straightforward to obtain the identity

L dq Byso(A)B,,o(A) = 452By_o(A + A), (B.25)

Finally, a bit more involved is the following result

o0 - 21281 20adD (A + 5 ) (T (A1 + Ag))?
/ dqqe  B2(A) By(Ag) = — . (B.26)
o (AT (82)T (2814 As + )
It can be proved to be valid by considering the integral
oo .
I(a) = /_ N dq B3 (A1)By(As), (B.27)

which can be integrated over ¢ and one of the variables appearing in the representation of
the beta function straightforwardly for Im(a) € (—1/2,1/2). Using the trick presented in
appendix B of [85], taking —id, to recover the ¢ term in the integrand of eq. (B.26), and
approaching o — i/2 from below, it is possible to reproduce the value of the integral in
terms of gamma functions.

This last computation shows very clearly that things become arbitrarily involved when
one starts adding beta functions and/or more complicated prefactors. At some point in
the computation of the c&f’l’l) coefficient in appendix A, we were not able to carry out
the integrals in full generality, for any value of A. In those cases, we will need to restore
to another approach, still able to generate results for integer or semi-integer A, but in an
algorithmic way. This approach is therefore well-suited for implementation in a standard
symbolic algebra software, and it is based on the following observation. For a = 0, the
R, (a,b) notably simplify,

. k—1
v 2 2.2
R 0:0/7) =~y 11 (0 + @ +1)%) (B.28)
ip g 22
From the hyperbolic representation of the beta function, it is then immediate to obtain
2% +1\"  pl-20n AL 5 5 1
B,,( ) = i | L] (PP + @+ 1)%7%) | —— (B.30)
2 22kn (2k)! l:O( ) cosh”(p/2)
r2(=Fk)n k—1 p"
B, (k)" = P AP | e B.31
p () 2@k=Dn(2) — 1)In l:l_Il (p A ) sinh"(p/2) ( )

It is also possible to obtain these results by repeated application of (B.22), knowing the
seed values

_ T 1 p
By(1/2) = m, By(1) = §m . (B.32)
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C Identifying the leading scaling in the lattice

N =2 | Blocks | R?[1/z] | R?[1/2?%] | R?*[1/2%] || N =3 | R*[1/2?] | R?[1/23] | R?[1/x*]
LxL | 0.99759 1. 0.99772 0.99387 | 0.99994 | 0.99229
Circles | 0.99761 1. 0.99770 0.99378 | 0.99995 | 0.99239
L x2L | 0.99763 1. 0.99769 0.99366 | 0.99996 | 0.99252
L x4L | 0.99764 1. 0.99768 0.99350 | 0.99997 | 0.99269
L x 6L | 0.99764 1. 0.99767 0.99345 | 0.99997 | 0.99275
N =4 | Blocks | R?[1/23] | R?[1/z*] | R?[1/2°] || N =5 | R?[1/z%] | R?[1/2%] | R?[1/x°]
LxL 0.99630 | 0.99974 | 0.99479 0.99726 | 0.99884 | 0.98852
Circles | 0.99613 | 0.99975 | 0.99498 0.99655 | 0.99920 | 0.98984
L x2L | 0.99589 | 0.99977 | 0.99524 0.99599 | 0.99960 | 0.99103
L x4L | 0.99558 | 0.99978 | 0.99555 0.99474 | 0.99987 | 0.99268
L x6L | 0.99546 | 0.99978 | 0.99567 0.99422 | 0.99993 | 0.99326
N =6 | Blocks | R?[1/2°] | R?[1/2°] | R?[1/27]
LxL 0.99903 | 0.99968 | 0.99665
Circles | 0.99873 | 0.99979 | 0.99716
Lx2L | 0.99944 | 0.99955 | 0.99598
L x4L | 0.99812 | 0.99987 | 0.99791
L x6L | 0.99903 | 0.99981 | 0.99686

Table 2. We show the values of the coefficient of determination, R?, of different fits to the
long-distance results obtained for Iy, with N = 2,3,4,5,6, for a free scalar field in the lattice.
In each case, we consider sets of N identical entangling regions (squares, disks and increasingly
thinner rectangles) placed on a regular N-gon arrangement. R? is computed for fits of the form
Iy ~(1/2)* witha=N—-1,N,N + 1.

In this appendix we present a table with the coefficient of determination R? obtained from
different linear fits to the continuum lattice results for Iy in the case of the free scalar in
the long-distance regime. We do this for the scaling predicted from our general discussion
as well as for the immediately greater and the immediately smaller power. In all cases, we
observe that the scaling predicted by eq. (4.11) is strongly favoured.

D Analytic mutual-information toy models

In this appendix we present two toy models which resemble the mutual information re-
sults corresponding to free scalars and fermions, respectively, while allowing for analytic
calculations. For both models, we present analytic formulas for the mutual information
corresponding to the different shapes considered in section 4.3.

D.1 EMI model

The mutual information is a positive semi-definite quantity for general regions and theories,
I5 > 0. On the other hand, as we mentioned in the introduction, the tripartite information
does not have a definite sign and, in fact, there exist theories for which I3(A;, Aa, A3) >0
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and others with I3(Aj, Aa, A3) < 0, corresponding to “subextensive” and “superextensive”
mutual informations, respectively. On the other hand, a theory with a vanishing tripartite
information for arbitrary regions, I3(A1, Az, As) = 0 for all A;, Ay, A3, would have a mutual
information which is extensive in its arguments, since in that case Iy(Aj, Ay U A3) =
I5(Ay, Ag) + I2(Aq, A3).

Interestingly, imposing I3(A;, A2, A3) = 0 for general regions along with the set of
known axioms satisfied by mutual information in a relativistic QFT, strongly restricts the
form of the mutual information in general dimensions. The result defines the so-called
“Extensive Mutual Information” (EMI) model. Further imposing conformal invariance,
the expression for its mutual information is fully determined up to a global multiplicative
constant and reads [39]%"

a4y, A2) = 200 [ doy [y (T2 M) = L Ba) )

. (D1
94, 9As |21 — @o|2(d=2) (D-1)

where k(g is such (positive) constant and n; and ny are unit vectors orthogonal to the
surface and to each other, ny - 7 = 0. For fixed time slices, one can choose n; = ny = t
and the integrand reduces to — (7 - fig) /|@1 — 22242,

In spite of its simplicity, the EMI model produces physically reasonable results in
general dimensions [13, 53, 58, 59, 88, 89]. Such results are rather similar to the free fermion
ones and, in fact, the EMI model exactly coincides with a free massless fermion in d =
2 [90].2! On the other hand, using the long-distance expansion of the mutual information
to bootstrap its putative operatorial content, it has been shown that the EMI model cannot
describe the mutual information of any actual CFT in higher dimensions [24].22 Still, as
we have said, the EMI model produces reasonable results which tend to resemble the free
fermion ones in most situations, so we find it useful to include its predictions in the present
cases. In particular, in general dimensions the long-distance expression for the EMI model
for two regions in the same time slice takes the universal form

7’>>RA1,A2

Ipi(Ag, A2) = 4H(d)(d ~1)(d —2) vol(Ay) - vol(Az)

2(d—1)

(D.2)
which is the same scaling as the one corresponding to a free fermion.

Disk regions. The result for the mutual information of two identical disks of diameters
R and separated a distance r in the three-dimensional EMI model can be extracted from
the result presented in [24], where it was computed in the more general case of boosted
spheres in general dimensions. Defining r as the distance between disks such that r — 0

200ne can also arrive at the EMI formula by assuming the Rényi twist operators to be exponentials
of free fields [86]. The EMI model formula can also be interpreted naturally as a “partial entanglement
entropy” [87].

21 Besides, as shown in [24], the result for the mutual information of two arbitrarily boosted spheres in
the EMI model exactly matches the contribution from the free fermion leading conformal block in general
dimensions. However, it does not contain all the rest of conformal blocks present in the free fermion theory.

22This implies that the set of known axioms satisfied by EE in QFT is incomplete.
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when the disks touch at a point and z = r/R, one finds

[Vz@+ ) - 202+ 2)(1 + 2 — 22 + 2))]

Iowi (A1, As) = 2%k D.3
sr(A1, 42) @) (1+2)(2+ ) (D-3)
In the almost-touching regime, as well as in the long-distance one, one finds
0 V2K s
A T() — dnk(s) + O(VT) (D.4)
2K 212K
Tog "2 =28 22 26 4 0(1/a8). (D.5)

274 0

On the other hand, the EE disk coefficient Fj, which we use to normalize our curves in
section 4.3, is given for the EMI model by Fy™' = 27r2/<a(3).

Rectangle regions. Let us now consider the other case of interest for us, which corre-
sponds to two identical rectangles of sides £ R x R separated along the X direction a distance
r — measured between the rightmost edge of the left rectangle and the leftmost edge of the
right one. In the » — 0 limit, the two rectangles would touch each other. The boundary of
the leftmost rectangle is defined as 04 = {[X, 0], X € [0,£R]; [ X, R], X € [0,£R];[0,Y],Y €
[0,R];[€R,Y],Y € [0, R]}. The boundary of B is obtained by shifting the resulting figure
along the X axis a distance R + r, 0B = {[X,0],X € [ER+ 2R + r];[X,R], X €
[ER+ 7 28R+71];[ER+ 1, Y],Y € [0,R];[26R+r,Y],Y € [0, R]}.

In principle there would be 16 contributions to the mutual information coming from
the 4 x 4 pairings of segments from the two rectangles. However, observe that 8 of them
vanish, corresponding to segments perpendicular to each other. It is not difficult to see
that the remaining contributions can be written as

IEMI(AL Ag) = —2,%(3) [2A1 + AQ + Ag + 2A4 + 2A5] , (D6)

where
Av=A[R,0,R,7+€R], Ay=—A[R,0,R,r+2%E], Ay=—A[R,0,R,v], (D.7)
=A[ER,(R+ 1, 26R+ 1,0, As=—A[ER,(ER+r, 2R+ 1, R], (D.8)

and we defined

a, 8,7, x / / a1y (D.9)

X2+ (x1 —22)?

Performing the integrals and simplifying a bit, one finds the final result

arccot(z)  2arccot(z +§) | arccot(x + 2§)
T r+& T+ 2€
(z+&'A+a?)(1 + (z +26)°)

Pl R PO @ e ]

(D.10)

Tonn = 4K(3) —2(z +§) arctan(x + &)

+ zarctan(z) 4 (x 4 2§) arctan(x + 2§) — 1
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where we defined = r/R. For almost-touching rectangles and in the long-distance regime
one finds, respectively,

(3)

oes0 k

Lo “=° ~5 4 8k logz + 9(§) + O(x), (D.11)
8r(E2 32k (53

i 727 POE_TOE | o0 (D.12)

where kg\,)n = 27k (3) is the coefficient appearing in the entanglement entropy of a strip
region, g(£) is a complicated function of & and £€2/z* in the second expression is the product
of the areas of the two rectangles A, B divided by their separation to the fourth power,
€2/2* = area(A)area(B)/r?, as expected from the general formula, eq. (D.2).

D.2 MEMI model

A simple modified version of the EMI model can be constructed such that the long-distance
scaling reproduces the one corresponding to a free scalar field. This “Modified” EMI
(MEMI) model is defined, in the case of a fixed time slice, by a mutual information of
the form

1
IMEMI(AlaAZ) = 2M(al) /(‘BA doy dos (D.13)
1

94, |z1 — @a[2(d=2) 7

where fi(g) is a positive constant. It is easy to see that, for long separations, this behaves as

TRy, area(0A7) - area(0A
IMEMI(AlvAQ) 2 2,u(d) : ( T12)(d21") ( 2)7 (D‘14)

which is indeed the same scaling as for the free scalar. Note that this formula seems
problematic in the case of regions Ay, As which have very small volumes but are bounded by
finite area surfaces. In that situation, one would expect the mutual information to vanish,
a behavior which is not reproduced by eq. (D.14), since p gy is a fixed constant. In other
words, the MEMI model does not obey the monotonicity property of the mutual information
and thus, it can not describe an actual mutual information for general geometric regions.

On the other hand, interestingly, we have verified that the MEMI model for the case of
disjoint spheres is proportional to the conformal block of an intermediate scalar operator
with scaling dimension d — 2. In those cases the MEMI model can thus be interpreted as
the resumed contribution of the replica primary operator ¢'¢’ and its descendants to the
mutual information of a theory with a free scalar ¢ in its spectrum. A similar statement
holds for the EMI model, where the associated replica operator is the conserved current
@Z)ﬂ/ﬂﬂj associated to a free fermion [24]. It would be interesting to explore the extent to
which similar statements might exist for higher spin generalizations or interacting fields.
Another unusual feature of the MEMI model is that the universal term in the EE of a
disk region turns out to vanish for this model, i.e. Fj"™ = 0. Hence, when presenting the
results for this model we will normalize the mutual information in a way such that at short
distances the result tends to the free scalar one (in the main text, we denote the model
with such normalization by MEMI*).
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Disk regions. In the case of two identical disks of diameters R separated a distance r
defined as in the EMI case above, we have for the MEMI model

21 ugs)

oo = VA T D)

For small and large separations one finds, respectively,

vy V272 572 T
e =4 he) N(S)f + 0(323/2) ) (D.16)

Va 2v/2
voo 2T 5y ATPp
Ty “ 2 $2(3> 7 1:3(3) +0O(1/2Y. (D.17)

(D.15)

Rectangle regions. Following analogous steps to the EMI model ones, one can also
obtain the mutual information corresponding to two rectangle regions of sides £R X R in
the MEMI model. The final result reads

arccot(x) n 2arccot(z + &)  arccot(z + 2¢)

* x x+E x+2¢

Iyen = 4#(3) —2(x + &) arctan(z + &)

(z+&)*
(14 22)(1+ (x+2£)?)

+ xarctan(z) + (x + 2§) arctan(x + 2§) + log

0 x 26 +x
2 [ dtte - D.18
+ /0 ¢ [62t$2+1 e2t(x—|—2§)2+1] ( )
This behaves respectively, in the almost-touching and long-distance regimes as
=0 ]ﬁ(v?%MI 2mp(3) .

Typw "= . + ¢ logz + §(§) + O(z), (D.19)

R 14+6)?2 16 14+¢)?
g 72 OO HECHE” o), (0.20)

where §(&) is some complicated function of €.
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