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INTRODUCTION

CORNER CONTRIBUTION TO ENTANGLEMENT ENTROPY

Let us consider a 3d CFT. If V has a corner of te =0
opening angle (), the entanglement entropy 4
is given by Ry

<l

See = a —q(Q) log (ﬂ) —2n¢y,
0 0 Q)

where g(Q) is a positive even function of Q)
constrained to behave as casini, Huerta; Myers, Singh

qQ~0)=«/Q, qQ~n)=0c-(Q—mn).

k and ¢ encode well-defined information
about the CFT. 0 n/4 /2 3n/4

o (w1 =
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STRESS TENSOR 2-POINT FUNCTION

@ The stress tensor 2-point function defines a central charge for
CFT's in any spacetime dimension

@ In the vacuum, functional form completely fixed by conformal sym-
m(:‘tI’LJ and enel’gg Consel‘vati0I1 Erdmenger, Osborn, Petkou

where

( Tab(x) Tea(0) ) = Lab,cd(x) .
ZLab,cd(X) (lac (%) lab (X) + 1ad (x) leb(x))

1
g 0ab Ocd
@ In 2d CFT’s, standard definition of the central charge ¢: C; = ¢

lap(x) = 0ap — 2Xaxb
4
squared term in the trace anomaly

X
@ In 4d CFT's, C; = 40c/n* where c is the coefficient of the Weyl- f‘l
=] (=] = = A20N €4



CONJECTURE

PB., Myers, Witczak-Krempa

Based on strong evidence, we conjecture that o and C; are
o

equal up to a numerical factor for general 3d CFT’s

C, 24

=] [ = E DA
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HOLOGRAPHIC CALCULATIONS

HOLOGRAPHIC ENTANGLEMENT ENTROPY

Ryu-Takayanagi prescription for the EE of CFT’s dual to Einstein gravity

Ryu, Takayanagi A( )
m
seev)= o, | % |

We extremize the area functional .A(m) over all possible bulk surfaces m
whose bhoundary coincides with dV.

Result for a corner region: Hirata,

Takayanagi

2 H H
See = 3¢ 5~ ae(@)log

) +0(9,

S 1+ ho(Q2(1+y?)
026 Jo "Y[l‘ 24 ho(O(+ 7 |

ho 2h2/1 + h3
Q(ho) =/ dh °
0

VIT /(B — h2)(h3 + (1 + h3)h2)
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L Houcwenccuuwnons
HOLOGRAPHIC ENTANGLEMENT ENTROPY

@ [2/G ~ [2/€2, , ~ # d.of For Einstein gravity this ratio appears every-
where, so we cannot distinguish among charges = higher-derivative terms,
which introduce new dimensionless quantities A;.

@ Higher-derivative terms = Ryu-Takayanagi no longer valid. Replace by Hung,

Myers, Smolkin; Dong; Fursaev, Patrushev, Solodukhin; Sarkar, Wall...

See(V) = exgsgm(m). Not Wald!

@ Corner contribution for the higher-order theory
1 4 6 2 2 v
| = R/d X\/E[F + R+ L% (MR* + 2R R" + AcsXa)
+L% (A3oR® + A1 RXs) + L8 (AgoR* + hoy R2Xs + Ag 2 X2) ] )
The final expressions take the form P, Myers

9qQ)=aqe() = o=a0, |f‘l'.

o =1—24A; —6My + 432430 + 241 1 — 691244 9 — 57621 + O(A2).
=] (=] = = A20N €4



STRESS TENSOR 2-POINT FUNCTION

@ In holography, the stress tensor is dual to the normalizable mode of the metric witten
Gubser, Klebanoy, Polyakov = metric fluctuations in AdSa

2
where again P.B., Myers

2 2
-2 [EI + E] hyy = 871G T,y

= Cr=aCrg

a=1—24) — 6y + 432430 + 24M11 — 6912140 — 576)21 + O(A2)
s
, - jT3
@ Then, for all the holographic theories considered

ol

a

O _ JT2
Cre 24
disk _ €1
Sgg' =

Cr -
@ This is not the case for other charges, e.q.,

f—F:f

(1 — 248 — 24411 + 288ha1 + 96402 + O()) =,
“ft
sh= T2 = L = (1-16Mg2 + O(2)) 2=
Cs Cs.E
=] 5 = E a



CoMPARISON WITH QFT CALCULATIONS

@ Holographic calculations < strongly coupled 3d CFT’s dual to our bulk
theories.

@ Remarkably, g(Q) known for a free scalar and a free Dirac fermion with
certain precision. Casini, Huerta

@ C; known exactly since long ago in those cases: 0sborn, Petkou
C;ermwn — 2C?calar — 3/(167T2)

@ Notably, results for g(7/2)/C; also known for the N = 1,2,3, O(N)
Wilson-Fisher CFT's. Kallin, Stoudenmire, Frendley, Singh, Melko

@ Given the different nature of the theories, even a qualitative agreement
would look surprising...

o (w1 =
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COMPARISON WITH QFT CALCULAT'ONS P.B., MveRrs, Witczak-KReMPA

— AdS/CFT
12+ — Freescalar |
— Freefermion
10+ ® lsing (N=1) 4
& 8 YV XY (N=2)
= °r /\ Heisenberg (N=3) |
96_ 6L — Swingle i
4 i
2 i
0
1.12 B

=
i

1.08]
1.06)

e
b

1.02

[a()/Cr] / [a(€2)/Crlholo

[=
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CoMPARISON WITH QFT CALCULATIONS

@ Good agreement among all results. g(Q}) and C; seem to have the
same kind of emergent scaling with the number of d.o.f. In particular,
q°WN(7/2) = N ¢"*"9(x/2) and C,ON(7/2) = NC,*"(/2).

@ All curves/data points lie above the holographic curve. Does the holo-
graphic q(Q)/C; represent some kind of universal bound?

@ A striking feature occurs as Q — s, where [g(Q)/C:]/[q(Q)/ C]|ads/cFr
seems to tend to 1 both for the free scalar and the free fermion.

@ This suggests that [o/C; /[0 C]|ads/crT = 1.

o (w1 =
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A UNIVERSAL RATIO

@ o computed approximately for the free fermion and the free scalar by Casini and Huerta
Ofermion = 0.007813,

Oscalar =~ 0.0039063,
@ Using the values for Cr, one finds

Jermion -, 0 411235, 59 0411235
leglmlon C;_(alar
@ For all our holographic theories we had found

o _ % _™
CT - CT,E - 2
@ All the results agree within ~ 0.0003%!

~ 0.411234.

@ Given the extremely different nature of the theories and the calculations, we are led to
conjecture that this is a universal quantity for general 3d CFT's. |
o =) = = DA
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QFT comPARISON

A UNIVERSAL RATIO

@ The EE of a region with an almost smooth corner would be fully de-
termined by the two point function of the stress tensor.

@ We can use our conjecture to predict the exact values of gicar and
Ofermion

1 1
Oscalar = =7

256 ' Ofermion = 58 .

@ We are using holography to improve free field theory results!
@ But we can do even better...

=] [ = E a
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A UNIVERSAL RATIO

Let us revisit the original free field computations... Casini, Huerta.

x
i

2 =

PasLo Bueno

+oo +00
Oscalar = =27 j dm[ db y H a(1 — a) msech?(nb),
1/2
Ofermion = —411/ dm/ db [u Ha(l—a)— —] mcosech?(rb),
1/2
—iX1T—iX2T+ 1 b= 2 (a(a— 1) + m?) sin?(ra) ’
2h 2¢ 167a(a—1) m2 (cos(27ra) + cos (nm))

22-1751 — 5 sec(ﬂ(za+m)) (7_a+1m)
ml'(27a)2|'(afl lm)

[(~a)[xsinh (%) + icosh () (4@ (a+ ¥ + 1) - v© (a— ¥ + 1])]

223+1pra+1)r(—a— Y+3)r(-a+ % +1)(cos2ra) + coshmy)

“X1" with a replaced by (1—a), T =1/h(a®2—a+(h+1)m?),

—%, Fi=a? (8nc? (m? +1) Xa T +87h (m? +1) Xa T — ch) — 167> T (c2Xa + hXa )
a (787rc2m2X1 T —81hm?XaT + ch) +81a%T (c2X1 + th) — ch(h+ l)m2 ,
2
8ch(az—a+m2) C u=vam?—1, a= ib'+% forthescalér, |fl
(2a—1)p ib for the fermion,
=] [ = E E DA
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QFT comPARISON

A UNIVERSAL RATIO

We can improve the accuracy of the numerical results:

Ot~ 0.00390625000000(5),
Oermon =~ 0.00781250000000(7),

These agree with our predictions

1 1
Oscalar = oo = 0.00390625,  Oiermion = 128 = 0.0078125,

with a precision of 1 part in 10*2 (the precision at which we computed the
integrals).

Recently, the integrals have been evaluated analitically retang, Hadjiantonis
The results agree with our expectations.

it

[m] (=] = a
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NN
COMMENTS AND SUMMARY OF THE 3D EE RESuLTS

@ q(Q)/Cy is an almost universal ratio for a broad class of 3d CFTs.

@ Is the holographic curve g(Q)/Cr a universal lower bound (rem-
iniscent of n/s = 1/(4n))?

o Conjecture: ¢/Cr is a universal quantity for general 3d CFTs:
very different theories and procedures (holographic vs field the-
oretical methods), same result.

@ This result allowed us to improve the free field theory results for
a.

o (w1 =
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NN
GENERALIZATIONS TO COME SOON...

@ Higher-dimensions (cones)
@ Rényi entropies

[m] (=] = E DA
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UNIVERSAL HOLOGRAPHIC CONES ps, s

@ Sharpening spheres: cone coefficients o¥ = for general holo-

old) —

graphic theories in higher-dimensions (Using ve-i's formula)
d—1

(d) JT (d —

= C!

l)r[%]g (—1)% d even
AN+ 2 |, e

d+1
(—l) 2 7
@ Cones with non-spherical cross-sections?
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|
CORNER RENYI ENTROPIES 5, v, wircose ki

@ Rényi entropies: S,(V) = 1 log Tr pf,.
@ Analogous corner coefficients g,;:

H

Sn = Bus — 4a(0)log(H/8) + ¢, = 4alQ ~ 7) = o(m — 0.

@ Twist operators 7,(V): line operators (3d) extending over @V, (1,), =
Tr py,. Its scaling dimension h,,, defined by the coefficient of the leading
divergence in (T,,Tn),, €.g.,

_ hn 6ab
<Tab‘n>n = _E? .
@ h, independent of the geometry of the entangling surface. |f.l

=} = = = 12N Ge
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CORNER RENYI ENTROPIES 5, v, wircose ki

Generalized conjecture:

hn
Oy = ————
" oa(n—1)
@ It reduces to our previous conjecture
for n=1.
@ It works V n for a free scalar and a
free fermion! iy
@ Some interesting consequences, e.g.,
1 ¢
2
Op—0 = mﬁ , Sthermal = Cs T 0
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Bueno

The end?

(IFT,
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BONUS SLIDE: A HEURISTIC ARGUMENT

@ g, = universal response of S, to a small deformation of an
originally smooth surface.

@ In the case of EE, this response is determined by correlators of
the stress tensor and the modular Hamiltonian H. H involves an
integral of the stress tensor over V' = the calculation involves
(TT) ~ Cr. Natural to expect ¢ ~ Cy.

@ In the case n > 1, the calculation involves in turn (T 7,) ~ hp.
Natural to expect g, ~ hy,.

o (w1 =
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