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Abstract Recently holographic prescriptions were pro-
posed to compute the quantum complexity of a given state
in the boundary theory. A specific proposal known as ‘holo-
graphic subregion complexity’ is supposed to calculate the
complexity of a reduced density matrix corresponding to a
static subregion. We study different families of singular sub-
regions in the dual field theory and find the divergence struc-
ture and universal terms of holographic subregion complex-
ity for these singular surfaces. We find that there are new
universal terms, logarithmic in the UV cut-off, due to the
singularities of a family of surfaces including a kink in (2
+ 1) dimensions and cones in even dimensional field theo-
ries. We also find examples of new divergent terms such as
squared logarithm and negative powers times the logarithm
of the UV cut-off parameter.
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1 Introduction

Quantum entanglement has been widely studied in the con-
text of holographic field theories after the pioneering pro-
posal of Ryu-Takayanagi (RT) [1,2]. Quantum complexity
is another notion in quantum information theory which has
been recently included in the context of holographic field
theories. Roughly speaking, the quantum complexity of a
state is the minimum number of information gates needed
to prepare a state from a given reference state. There have
been made some efforts to develop a holographic dual for
quantities related to this notion in the context of AdS/CFT
correspondence [3-11].

From a more geometrical point of view, it is well estab-
lished that the von Neumann entropy of a subregion in a given
state corresponds to the area of a co-dimension two surface in
the gravity solution dual of the state. One has also tried to find
geometrical duals for other quantities in the context of infor-
mation theory; such as Renyi entropies [12,13], information
metric (fidelity susceptibility) [14,18, 191,! Fisher informa-
tion [20], etc. Some of these geometrical objects are still
co-dimension two objects in the dual theory but some are
not.

There are two distinct proposals to compute complexity of
a state in the dual gravity theory. The first one, which is some-
times called the ‘complexity = volume’ proposal, states that
the complexity of a given state at a given time in the boundary
theory is given by the volume of an extremal co-dimension
one surface in the bulk which meets the corresponding time
slice. To be more concrete, one can state this proposal as

CV=rnax|: ], (L.1)

Gyt

where the maximum is chosen among those co-dimension
one surfaces which end on the corresponding time slice on the
conformal boundary. In this proposal ¢ is some length scale

! For related work also see [15-17].
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which should be identified case by case, e.g. the radius of the
asymptotically AdS solution or the radius of the horizon in
the case of AdS black-hole geometries. This non-recognized
length scale seems to be a disadvantage of this proposal.

The other proposal, which is sometimes called ‘complex-
ity = action’, states that the complexity of a given state at a
given time is equal to the on-shell action of the dual (Ein-
stein) gravity theory computed in the domain of dependence
of any Cauchy surface in the bulk which ends on the given
time slice at the conformal boundary.? This region is known
as the Wheeler—DeWitt patch, corresponding to the given
boundary time slice. Although this proposal (in contrast with
the previous one) does not need any length scale by defini-
tion, it has its own challenges due to surface terms and corner
contributions of the Wheeler—DeWitt patch (see [11,22]). We
will come back to this point in the next section.

A natural generalization of the ‘complexity = volume’
proposal concerns with generic mixed states. A specific way
of constructing a mixed state out of the entire state of a system
is to trace out a part of the space-like manifold of the dual field
theory. The mixed state constructed in this way is described
by what is known as the reduced density matrix. Then the
complexity of such a (static) state is proposed to be given
by the volume enclosed by the Ryu—-Takayanagi surface and
the corresponding subregion in the boundary theory.? To be
more concrete the subregion complexity is defined as [18]

V(y)

N 1.2
8nlGy (12)

C,subregion =

where y is the RT surface of the corresponding subregion
and ¢ is a length scale of the dual geometry. This proposal
(up to a numerical factor) reduces to ‘complexity = volume’
given in (1.1) if the subregion is chosen to be the whole time
slice of the dual theory.

Different proposals for complexity all lead to UV diver-
gent results since they all contain a volume of a surface which
reaches the conformal boundary of an asymptotically AdS
geometry. This is the same as what happened in the case
of holographic entanglement entropy.* Natural questions as
regards such quantities are: What is the divergent structure
of this quantity? How it can be regularized? What kind of
universal information can be extracted from it? Is it possi-
ble to find any monotonic function out of this quantity under
the RG flow of the dual theory?® Specifically for the case of
subregion complexity one may also question the (subregion)
shape dependence of the divergence structure.

2 Recently some progress has been made for complexity in higher
derivative theories in [21].

3 Recently a covariant generalization of this proposal is given in [11].

4 A concrete example of a dual CFT calculation for Fischer information
metric in the case of marginal deformations has been presented in [14].

5 See [23] for a related case study.
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Some of the above questions have been recently addressed
for different proposals of complexity and even for the com-
plexity of reduced states due to smooth subregions [11]. The
goal of this paper is to investigate the divergence structure of
subregion complexity when the subregion is a singular sur-
face. Similar to the case of entanglement entropy we expect
new divergent (sometimes new universal) terms due to sin-
gularities in the subregion. There have been made a consider-
able amount of efforts investigating the role of singularities
of entangling regions in the context of (mostly holographic)
entanglement entropy [24-37]. In the case of entanglement
entropy it has been shown that in the smooth limit beyond
the leading order one can give some information as regards
the four point function of the stress tensor [38].

We will consider the simplest case of a singular surface
in a (2 + 1)-dimensional field theory and its generalizations
to sufficiently symmetric singular surfaces in higher dimen-
sions (see [27,28] for a similar analysis for entanglement
entropy) and we study the divergent structure due to subre-
gion complexity proposal [18].

The rest of this paper is organized as follows: in Sect. 2
we define different families of the singular surfaces which we
study. If the reader is just interested in the final results, we
have summarized our subsequent results in this section. In
the following sections we study complexity of different sub-
regions and we finally in the last section address interesting
directions for future studies.

2 Singular subregions and summary of results

We are interested in asymptotically AdS solutions of Ein-
stein gravity with a negative cosmological constant in d + 1
dimensions. The simplest case which we study in this section
is the pure AdSy+1 solution in the Poincaré patch with the
following coordinates:

L
ds? = = |:—dt2+dz2+d,02
Z

m
+0%(d6? + sin® 9dQ2) + Z(dxi)21| , (2.1

i=1

where z is the radial coordinate and L is the AdS radius. Here
d6? + sin? QdQ% is the metric on a unit sphere S+ and the
term y i, (dx")? indicates a flat R™ space in Cartesian coor-
dinates. The conformal boundary of this solution is achieved
in the z — 0 limit. Hence, the boundary metric reads

ds? = —dr? + dp? + p*(d6? + sin® HdQ2)

+) (dx') (2.2)
i=1
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For the whole manifold of the bulk, as well as the bound-
ary, the range of the parameter 6 is (—m, ) for n = 0 and
(0, ) for n > 0. However, throughout this paper we con-
sider different kinds of singular subregions, i.e. the conic
singular subregions, in which —Q2 < 6 < Q for n = 0 and
0 <6 < Q forn > 0. The simplest conical geometry is
a kink (k) in d = 3 where n = m = 0, as the following
subregion of the boundary:

k={tg=0,p=1[0,00), —Q2 < 0 < Q}.

The cone family (c,) of singular surfaces ind = n + 3
dimensions consists of manifolds withm = 0 andn > 1 in
Eq. (2.2) confined to the region

Cn={tE=0,,0=[0,00),9=Q}.

The crease family in d = 3 + m dimensions is the manifold
(k x R™) derived by considering n = 0 and m > 1 in Eq.
(2.1). We also consider mixed cases where both integers n
and m are non-zero which we call them cone-crease.

We also study singular surfaces in asymptotically AdS;1
geometries given by

L2
as?= = [dz2 + fi(2) (—dt2 +dp?

also some specific higher derivative gravity theories. In this
paper we calculate the holographic complexity in each case
by using the proposal of Ref. [18]. As we have mentioned in
the previous section, according to this proposal the volume
of a co-dimension one surface enclosed by the subregion in
the boundary theory and the RT co-dimension two surface in
the bulk is proportional to the complexity of the (mixed) state
corresponding to the subregion. To do so, one should find the
RT surface corresponding to subregion A, which we denote
by y4, and calculate the volume V (y4) enclosed by y4. The
holographic complexity given by Eq. (1.2) is proposed [18].
We choose £ in the asymptotically AdS gravity solutions to
be identified with the AdS radius. In what follows we will
study this quantity in different singular subregions.

Summary of results

Since the detailed calculations presented in the following
sections may be involved, here we briefly summarize our
results. We study the divergent structure of holographic sub-
region complexity and find new divergences due to singular
subregions which in some cases lead to new universal terms.

In the case of a crease entangling region in a (2 + 1)-
dimensional boundary theory (see the left panel of Fig. 1)
we find that there is a new divergent term of the form log 3,
which is a universal term. The entanglement entropy for the

+p2(d6? + sin? gdgﬁ)) + f2(z)R2dQ,%1] ) (2.3)  same subregion also leads to a logarithmic universal term.
d Background Geometry of Crease Expected New
space-time entangling surface dimension divergences divergences
3 R3 k 0 1/82 logé
4 R* c1 0 1/83,1/8 log s
5 R’ © 0 1/8%,1/82,log s log® §
6 R 3 0 1/8%,1/8%,1/8 log 8
7 R’ c4 0 1/8%,1/8%, 1782, log$s log? 8
>3 R4 k x R?3 d-3 1789117893 -
4 R3 x §! k x S! 1 1/83 -
5 R3 x §? k x §? 2 1/8%,1/82,log$s -
6 R} x §3 kx $3 3 1/8°,1/8° -
6 R* x §? k x (R' x §%) 3 1/85,1/8%,1/8 -
5 R’ c; x R! 1 1/8%,1/8%, log s 1/8
6 RS ¢ x R? 2 1/85,1/83,1/8 1/82
5 R* x §! cp x §! 1 1/8%,1/8%, log s 1/8
6 R* x §? c] x §? 2 1/83,1/83,1/8 1/62,1og
6 R c2 X R! 1 1/8%,1/83,1/8 1/81logé
7 R’ c2 x R? 2 1/8%,1/8%,1/82,1og 8 1/8%log s
6 R x §! e x St 1 1/85,1/83,1/8 1/81ogs

In these cases fi and f> are functions which are determined
by the gravity equations of motion. We study different cones
and creases in these asymptotically AdS geometries.

In Ref. [27] the holographic entanglement entropy for the
above singular surfaces is calculated in Einstein gravity and

For the case of a crease entangling region with a flat locus,
which we denote by k x R™ (see the right panel of Fig. 1),
there is no universal term due to the singularity and even no
actual new divergent term, although the subleading divergent
term gets corrections from the singularity. This resembles
the entanglement entropy in having no new universal term.

@ Springer
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V)

Fig. 1 Left: The blue plane represents a constant time slice of a d = 3 CFT with a kink (k) entangling region on it. Middle: Conical entangling
region in a d = 4 CFT. Right: A crease (k x R™) entangling region as a direct generalization of the kink in higher dimensions

Even for the case of k x S!, for which again the locus of the
singularity is flat, there is no new universal term and no new
divergent contribution from the singularity.

In the case of creases with a curved locus we again find
that there is no new divergent term. This is in contrast with
what happens for entanglement entropy of these surfaces. We
study the case of k x S% and k x §3 and also k x R x S? and
in all of them, although there is a log § term, it is suppressed
with a positive power of §, resulting in no new divergent term.

The most interesting behavior happens for conical subre-
gions which we show by ¢, (see the middle panel of Fig. 1).
For these subregions we find that there is a new universal
log 8 term for odd n and log® § for even n. We have worked
out a few examples forn = 1, 2, 3, 4. In comparison with the
entanglement entropy of these surfaces we find a shift from
odd to even n where log? § and log§ appear, respectively.
It would be very interesting to see whether these universal
terms are related to some characteristic feature of the dual
field theory.

The other family of singular surfaces which we have stud-
ied are conical creases of the form ¢, x R™ and ¢, x §™.
Among these surfaces the only case where we find that a
universal log 8 term appears is ¢; x S2. In other cases new
divergent terms appear due to the singularity which has the
form of 1/8 log 8 or 1/82 1og 8. These are very similar to what
has been recently found from the ‘complexity = action’ pro-
posal [11]. This similarity may be due to the singularities
within the Wheeler—DeWitt patch. We have summarized our
results in the table.

3 Flat locus singular surfaces
3.1 Kink k

The simplest case is a kink in a 2 + 1 dimensional boundary
theory. The bulk metric dual to the vacuum state is given by
L2

L=y 0 2 2, 2442
z2( A +dz% +dp +pd0),

ds? =

3.1

@ Springer

and the subregion in defined in constant time slice as p €
[0, H] and 0 € [—2, ], where H is an IR cut-off. The
corresponding Ryu-Takayanagi surface can be described by
z = z(p, 0); hence the entanglement entropy is given by

270 L2 [02 + p272 + 32
R
P

Skll’lk —

(3.2)

where 7' = 9,z and Z = 9pz. Since there is no length scale
except p, the radial coordinate z depends on p linearly [26],
ie.

z = p h(®), (3.3)
and /(0) should be found such that it minimizes the entropy

(area) functional and is anchored to the kink in the asymptotic
boundary. Applying this to Eq. (3.2) gives

471L2 " d,o 96 1+h2+h
S35k = —5— —_—
8/ho

(3.4)

where i = dh/dO, h(0) = ho and z = § is UV cut-off.
However, since the integrand of Eq. (3.4) does not depend on
0 explicitly, we have the following conserved quantity along

the 6 translation:
(1+h?) Y1+ h§

RN Y2 h3

To find the holographic subregion complexity we should
write the volume V() of the subregion of the bulk,

4
V(y)—L*/ dpp/ d9/ <
8/ ho Qe B
o1
Sl oo (5 2)

8/ ho Q+e Z
QL3 ) H qp (9% de

H>— — | - — —., (3.6
262< hz) /Mop/ i G0

(3.5)
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Fig. 2 Right panel: The opening angle 2 is plotted versus the turning point /o. Left panel: The coefficient of the universal (logarithmic) term of

complexity for a kink is plotted versus the boundary data

where € is a short distance cut-off in the boundary corre-
sponding to § in the bulk. To clarify the singular terms of
Eq. (3.6) we convert 6 integration to an integral over & as
follows:

/9—8 do _/5//’ dh
o hr Ly h2h

One can easily find the following expression from Eq. (3.5):

3.7

. 1+h22h — h*( +h2)(1 + h?
A (R (R (RLe) a8)
hA(1 + h)
. . . 1
Using the coordinate transformation y = | — — —, where
h*  h}

y — oo as we approach the boundary via 8 — €2, we have

dy

/3/p dh /,/(p/s)z—l/hé
n h2h o Jo

(1+n3)
X T 2.3 STV (3.9)
(L+h§+ y2h) (2 + h + y2h3)
In the limit § — 0 and hence y — oo the integrand is finite.
So we can find it just for y — oco. We have finally
V(iy)=L? QHz+ (hoytog ()| + finit (3.10)
= ——ta og| — nite , .
14 252 0)l0g 7

where a(hg) is the cut-off independent term given by

(h)—/ood (1-+5) (3.11)
=L N+ 3wy @ nd+y2m)

which vanishes in the smooth region limit (i.e. Q — m).
Thus the divergent structure of the holographic complexity
of the kink is given by

L?> [QH? 8
Crk=—|=— +alhp)l — 1. 3.12
f 8nGN[282 o o)0g<H)] (3.12)
In Fig. 2 we have plotted « as a function of the opening angle
of the kink 2. As expected our numerical result shows that
in the smooth limit, that is, 2 — 7, the new universal term
vanishes.

3.2 Cone ¢,

As indicated in the previous section, to consider a conical
subregion ¢, with n = d — 3, we use the following form of
the bulk metric:

L2
as?= = [—dr2 +dz2 +dp? + p2(d6? + sin? edsz,%)] :

(3.13)

where d€2,, is the metric of a unit sphere S,. The subregion
in the boundary is defined by p € [0, H] and 6 € [0, 2].
The extension of this region in the bulk is denoted by the
function z(p, 6). One should find the profile of this extension
via minimizing the following area functional:

d-3
s=L"q, / dpdo Z—
=

x sin? 30/ p2? + p272 + 32,

where Q,, is the volume of the unit n-sphere and z = dyz, 7' =
0p2z.

As in the previous case, z can depend on p only linearly,
i.e. z(p, 0) = p h(0). Using this assumption and the change
of variable y = sin 6 = y(h), which gives

(3.14)

1—y2 o P+ =Dy
= —/7 h = - 3 )

y y

the equation of motion for the case d = 4 reads as follows:

@ Springer
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0=h(l+1)y1—y?)y"
—yy (3 2+ (3+5h% + 2h4)y’2)

+2hy? (1 +(1+ hz)y’z) —h (1 +(1+ hz)yfz)

+3+hHy*y — hy?, (3.15)
where y’ = dh - and y” diﬂ Since we are interested in the
singular behavior of the complexity near the boundary, where
h — 0, let us concentrate on this limit (still for d = 4). For
this reason we consider a power law expansion for y(%) in
terms of & and put it in Eq. (3.15). Then using the boundary
condition y(0) = sin Q2 we find the following result:

y = sin(Q) — 41_1 cos(§2) cot()h? + O(h™Y). (3.16)

The expansion for i follows consequently from i =

N

vy
. 2tan(2) 1
h=— p — Eh(S — c0s(2£2)) csc(22) log(h) + O (h) .

(3.17)

The corresponding volume is given by

4 2 . “dz
V(y)=L"Q [ dpp” | dOsin@) | —
s 2
L4Q /d ’ f 46 sin(0) 1 1
= — sin - — =
T | dpp 5

_2nL*H?
T 983
L*27

(1 — cos(£2))

H d,o /S/p
8/ ho ho

Using asymptotic expansions (3.16) and (3.17) the integrand
of (3.18) has the following behavior near the boundary:

sin(6) 1 cos(£2)
h3h 2 h?

+% cotz(Q) sin(£2) csc(2€2)(3 — cos(2€2)) log(h)

sm( )

+ finite. (3.18)

+é cos(2) cot?(R) + O (h) .
(3.19)

Let us divide the singular parts of V(y) into I; and L, where
the latter contains the singularities due to the integrand while
the former shows the contribution of the limits of the inte-
grations, i.e.

e L¥27 (1 do /‘W sm(9) 1 cos(R)
s/ho P Jho Wh 2w

x % cot?(R) sin(£2) csc(2€2)

@ Springer

X (3 — cos(2R2)) log(h) — écos(Q) cotz(Q):|, (3.20)

2nL*H LY2x (H d,o 8/p
Ih = —(1 —cos(R2)) —
953 3 Jsin o

xdh|:

X (3 — cos(2R2)) log(h) + éCOS(Q) COtz(Q):|. (3.21)

lcos( )
2 B2

% cot?($2) sin(2) csc(22)

So the singular part of the complexity is given by

Caey = (11 + Ip). (3.22)

1
87 LG N
In the limit 7 — §/p there is no singular term from integra-
tion over & (neither from the integrand nor from the integra-
tion limits); we have just a logarithmic singularity from the
lower limit of the integration over p as follows:

L*2 0 in@®) 1 Q
I = 3”1og5/ dh(sm(.)+ cos(<2)
ho

mho 2 W2
— é cotz(Q) sin(€2) csc(2€2)(3 — cos(22)) log(h)

—é cos(R2) cotz(Q)) ) (3.23)

The singular terms in /> can be calculated directly. Hence we
have

o _ L7 [20 —cos(@) H
T 8GN 9 5
_cos(Q) H N B(ho) log <£>] ’ (3.24)
304 3 H
where
sm(G) 1 cos(£2)

'3010):2./;: dh(———— ot T

— % cot (Q) sin(£2) csc(2€2)(3 — cos(2€2)) log(h)

1 2
~3 cos(£2) cot“(£2))

cos(2)  ho
— o — ZCOS(Q) cot (Q)

+ AllhO(l — log(ho)) cotz(SZ) sin(€2)

x ¢sc(22)(3 — cos(282)). (3.25)
In Fig. 3 we have plotted the turning point in terms of the
opening angle for c1. As expected in the smooth limit, that is,
Q — m/2,the coefficient of the new divergent term vanishes.
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Fig. 3 Right panel: The opening angle 2 is plotted versus the turning point /¢ for a cone in d = 4. Left panel: The coefficient of the universal

(logarithmic) term of complexity is plotted versus the boundary data 2
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Fig. 4 Right panel: The opening angle 2 is plotted versus the turning point /¢ for a cone in d = 5. Left panel: The coefficient of the universal
term [first line of Eq. (3.26)] of complexity is plotted versus the boundary data 2

One can perform similar computations for cones in higher
dimensions. We have done this for ¢; and c¢3 in CFT5 and
CFTsg, respectively. The method is similar to what we have
presented in d = 4, so we will skip the details and report the
results in these cases.

In the case of ¢, one finds two families of divergent terms
proportional to log 8 and log® 8, which are given by

4
o L 5
G50 = 3Gy 8 (E)

y < /Odh |:sin2(9) B 4 cos2(Q2) cot(2)
h

0 h*h 9h
+2 cos(£2) sin(Q)i| cos(2) sin(Q))
3h3 3h{
log? _ cos2(€) cot() log? [ 2 (3.26)
567 36G y gE\m ) '

2
One should note that C;sz isnotauniversal term. In Fig. 4 we
have plotted the turning point in terms of the opening angle

for ¢;. As expected in the smooth limit, that is, Q — /2,
the coefficient of the new divergent term vanishes.
For the case ¢3 we find

C160g _ Lw log 3 Odh sin3(_9)+§ cos(£2) sin%(Q)
320Gy H h Who 4 n*

0

i cos(2)(67 + 35 cos(2L2))

256 h?
27
— ——(155+106 cos(22)
8192

+ 15 cos(4€2)) cotz(Q) csc(Q)))

cos(Q2) sin2(2) 3 cos(R)(67 + 35 cos(2§2)
4h3 256hq

27h
+ 279155 4 106 cos(292)
8192

+ 15 cos(4€2)) cot*(Q) csc(Q)):| . (3.27)

@ Springer
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3.3 Crease k x R™

Consider the following metric for a AdSy41 space-time in
the bulk:

2 m
ds? = L—2 |:—dt2 +dz% +dp? + p?do% + Y (dx )2} (3.28)
< i=1

where the Cartesian coordinates x’ denote a R™ flat space for
m = d—3.Consider akink subregion definedas 6 € [—€2, Q2]
and p € [0, oo] for the full range of xt e [—o0, 0o]. How-
ever, to avoid IR singularities in the following calculations
we restrict oprselves to the limited region p € [0, H] and
xie [—%, %]. Assume that the extension of the entangling
region in the bulk is given by the radial coordinate z = z(p, 0).
Hence, the induced metric on the extended surface reads

2

L? L
=+ @)% 7%
L’ ’s L2, 2, :2
EES Z—z(p +27)
h= < 12 (3.29)
ra
L2
2
The area functional to be minimized is given by
~ 22 4+ 02(1 + 72
Sy pi-s = Ld_lHd_3/dpd€ VEFPIUHT) 550,

Again one can use the scaling property z = ph(6), to find

the equation of motion:
h(1+hDh+(d — D> +h* +dh?> +(d — 1)=0.  (3.31)

Equation (3.31) can be integrated to find the following con-
stant along the 6 variation:

PO L S L (332)
R AT E e B YO '

Noticing that £ is a decreasing function near the boundary,
we have from Eq. (3.32)

VIHR2 (14 k22 — K32
B kghd—T

One can find the volume, thus:

i <
V(y):Lde_3fpd,0/d9 =
s 2

~ LdHZI:Id—3Q 2Ld1:1d—3
T (d — 1)§d-1 d-1)

/H dp /W dh
X g .
s/ho P12 Jng AR

@ Springer

h=

(3.33)

In the limit 4~ — 0 the integrand in the last term behaves as

1 2
Py ~ —Kg+ O(h*). (3.34)
So we can write
LYAY3QH?
Viy)= ————
W)= g = 1se
2Ldﬁd—3 H d,O
d—1) Js/n, P92
8/p 1 214 fd-3
X / dh < - + Kd> +—
ho hhd—1 d-1
H d 8/p
x / %/ dhK,. (3.35)
8/ho P ho
We can separate the divergent term as follows:
H 3/p
dp 1
I =/ —/ dh (— + Kd> . (3.36)
s/ho P42 Jig hhd=1
Let us denote
J(h) = i + Ky; 3.37)

it is clear from Eq. (3.33) that J(h) ~ (h*) as h — 0. We
can find the integral (/1) by integration by parts

| 8/H 5
n=e— dhd (h) — —>—
=T @ =33 /,,0 =773

H dp
X ——1 7/ Wz
[ 00

1 5/H 8
= dhJ(h) — b.
<d—3)Hd—3/ho = g=3"

(3.38)

Now for finding the divergences of I, we make a change of
variable from p to ¢ = % and then Taylor expand the terms
around § =0

1 §/H
h=———s / dgq?J(q)
5d—2 ho
1
= —de

0 B S _
X [/}‘lo dqqd 3J(q)+ﬁ(qd 3J(‘1))q:5/11+"'1|

1 0 d-3 d
= _(sd_—Z/,, dgq?31(q)+ 0(89). (3.39)
0
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From Eq. (3.33) qd_3J(q) ~ qd_l for small g, hence in the
above expression the integral over g is finite. We have also

s 1 (0 ,
I = T332 /ho dgq“ " J(g) + finite. (3.40)
So the singular terms of the volume are as follows:
V) = LYH?AY73Q 2K LYH3
YT d = 1yed d—1)
ho (ho\* 8 [(ho\“7?
x| — — +— =
d—3\$ d—2\$
2Ld ﬁd—?)
"~ (d—1)(d —3)893
0
x f dgq®~3J(g) + finite. (3.41)
ho
The complexity is finally given by
V)
Crxpm = 3.42
kxR 87LGy ( )

3.4 Conical crease ¢, X R™

In this section we consider the special cases of n = 1,2
and m = 1, 2 in the metric (2.1) which we denote them by
cone-crease ¢, X R™. As in the previous cases the subregion
is restricted to the intervals 8 € [0, ], p € [0, H] and
x; € [—H /2, H/2] where H and H indicate IR cut-offs. The
extended surface in the bulk is demonstrated by the function
z = z(p, 0) with the following induced metric:

2 2 .
Sa+@ L

2 ,. 2 .
%z/z ?7(,02 +22)

L2

2

(3.43)

where g[451(S") is the metric of the sphere (5™). The surface
function to be extremized is the following:

Sd,c, x R™ =Ld_lﬁ"152n/d,od9 e
e

(3.44)

The equation of motion for z(p, 6) after imposing the scaling
relation z = ph(0) reads

0" sin™(0)/ 22+ p%(1+2/2)

h(1 + h>)i +n cot@®)hh> + (d + nh* — Di?
+ncot(@h(1 + hHh

+(+Dh*+d+nh*>+d —1=0. (3.45)

First consider n = 1 and m = 1, i.e. d = 5. Let us expand
y = sin(f) and & near the boundary in powers of A.

y = sin(Q) — éhz cos(2) cot()

Loy 2 5
— —h"(19—5cos(2R2)) cot“(£2) csc(L2)+ O (h”),

YED (3.46)
o) = —1and) %h(S — cos(292)) csc(29) + foh?

— ﬁh3(435 — 404 cos(2)

+ 52 cos(49)) csc® (Q) sec() + O(hY), (3.47)

where o is fixed by the condition f(h9) = 0 at O (h*) and
vanishes at O (h%). Using Egs. (3.46) and (3.47) the volume
functional is as follows:

Vo= EIAR )
= — cos
4 1254
LSHQ, /H dp [0/° i sin(0)
4 s/ho P2 g hih4

=Vi+ V. (3.48)
Near the boundary &7 — 0, we have
sin(6) cos(2) N (—13 +5cos282) cot(£2) csc(£2)

hi* 3h3 108h
1
— §f0 cos(€2) cot(£2). (3.49)

Now we can use it to make the & integral in holographic
complexity finite, i.e.

LSAQ (H d 8/p
Vo= — 1/ &L x/ dh
) h

4 Jsyho 02 Jno
sin(@) cos(2)  (—13 +5cos(2L2)) cot(£2) csc(£2)
. [ md T T3 108K ]
LYHQ /H dp
4 5/ho P>
8/p cos(R2) (=13 +5c0s(292)) cot(£2) csc(£2)
X dh | — +
/ho [ 3n3 108h ]
=01+ 1, (3.50)
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where

b=

4 652
1 [ cos(£2) N (—13 + 5 cos(2£2)) cot(£2) csc(2)ho
8 3hg 108

(=13 +5c0s(292)) cot(£2) csc(S2) log ( : ) }

LSHQ, |:cos(Q)H

108H H

(3.51)

Let us indicate the integrand in I by J5(h) and integrate it
by parts,

LSAQ (1 dp [0
n=-—"— 1/ & dhJs(h)
1)

/ho p? ho
le:lgl
T
X [—l/(w{dh] (h)—S/H d—'OJ (h)] :|
H Jy, : 5/ ho P’ =P |

(3.52)

Near the boundary Js(h) ~ O(h%). We further make the
coordinate transformation ¢ = 6/p and Taylor expand the
second term of Eq. (3.52) in terms of § to find

Lsﬁgl
L =——
4
T [O/H §/H
X | —— dhJs(h) + 1/8/ dqus(q)]
L ho ho
_ LHQ
- 4
r 0 0
X | —— dhJs(h) + 1/8/ dqqJs(q)
ho ho
8 fo cos(£2) cot(£2)
g ] +0(9). (3.53)
So we have
LSHSQ, H3 cos(QH
V(y) = — 1 — W(COS(Q) — 1) + T
1 [ cos(£2) . (—13+5cos(2£2)) cot(£2) csc(2)hg
8 3ho 108
0
- / dquS(CI)>
ho
(—13 + 5cos(2£2)) cot(£2) csc(£2) 1 1)
f— 0 —
108H \H
+ finite.

(3.54)

@ Springer

For ¢; x R? the result is as follows:

LOQH? | H3(1 —cos(R)) cos(QH
V(y) = -

- +
5 383 1283
N 1 [ —cos(2) hgcot(2)csc(2)(—11 + 5cos(2€2))
82 8hg 512
1 [0 cot(£2) csc(R2)(—11 + 5cos(2R2))
+5 f dqq®J(g) ) + :
ho 256 Hé

(3.55)

where

Sin(9) _ cos(®) _ cot() ese(R)(—11+5 cos(29))
WSk 4kt 256h2 '

J(h)=
(3.56)

For ¢» x R! similar steps lead to

QLA  HYQ - 1sin@Q)  cos(Q)sin(Q)H?
V(V) = - - 5 + 3
5 88 125

1 <_ cos(£2) sin(£2) B cos2() cot(2)(log(hg) — 1)

8 4ng 16
Od ; cos2(Q) cot() 1 . )
+/h0 a9 (‘I))"‘Tg Og(ﬁ) )
3.57)
where
2 : 2
J(h) = sin“(0) N cos(€2) sin(£2) _cos (€2) cot(£2) (3.58)

hh3 2h* 16h2

4 Curved locus singular surfaces

In this section, we consider several singular embeddings
which have a curved locus such as k x ¥ and ¢, x X, where
the locus X will take the form §” or "7 x RP.

4.1 Crease k x X

Consider the geometries k x S2 kx S*andk x R x S%. We
will see that singularities with even dimensional locus will
contribute through a logarithmic term. To begin with, let us
consider a d = 5 CFT on background R? x S2. The action
for the six-dimensional dual Einstein gravity reads

1
Ie = —

- @.1)
Iy

20
6
d XA/ —8& |:E+Ri| .
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We consider the following ansatz for the solution:

12
dszzz_2 [dzz+f1(1)(dt2 + d92+P2d92)+f2(Z)R%dQ%] ’

4.2)

where dQ% = dég+sin2(§o)d‘§12 represents a two-sphere met-
ric and f1 and f> are functions of the radial coordinate. The
boundary of this solution is R x S% with R; the radius of
S?; so we can recover the flat boundary results in the limit
R1 — o0. Using the Fefferman—Graham expansion near the
boundary to find f; and f leads to

fi=1+ S L A A 4.3)
: 12R2 " 576R?  324RC '
2 4 6
z 5z z
=1-— - +—+ 4.4
& AR?  192R* " 72RO @9

The subregion of interest here is p € [0, H] and 6 €
[—€2, Q] where H is again a IR cut-off. The coordinates are
(z, 0, &, &) on the minimal surface and p = p(z, 0) on the
sphere. In the limit Ry — oo one may expect from the case
of the entanglement entropy that the leading order correction
to the holographic subregion complexity would be O(1/R 12),
however, we show that in this case there is no new divergent
term up to O(1/ Rf). We first work out the solution p(z, 6)
in this approximation with the following ansatz:

2 3 5

__ = z z 7
0)=——+ g2(9)+R1283(9)+R?g5(9)+(’)(z).

PEO=1 S Y /e
(4.5)

Using the ansatz (4.5) in the equation of motion of p(z, )
leads to vanishing of even terms, gz,. In order to sepa-
rate the logarithmic divergence, we impose p = po(z, 0) +
p1(z. 0)/R} + p2(z,0)/ Ry, where py = z/h(), and p| =
2 g3(0), p2 = 2 g5(0) are higher corrections in the large R
regime. Now we come back to the metric (4.2) and find the
volume holographic complexity to be

S1f20

V(y)=L5R1292/dpdedz

=L5R%Q2/d9d fl—fz/ dpp
p(z,0)

Z

LR’Q 2
_ 1§20 —/d@dzflfzp +H2/d9d N2
2 ol 2
=Vi+ V. 4.6)

Now, we can insert the ansatz p = pg + ,ol/Rf + ,oz/R‘l1 with
po =z/h(®), p1 = 2°g3(6) and pa = 2°gs(6) and use (4.4) in
the integrand to simplify the results,

Vi = LSRR [/ dz /’“C dn 1 / dz
ho h? 6R2 z
hegqp 2 04z hlcdhgg(é?)
/ho et R2 /h
hlc dh 1 )
B 288R4/ ZZ/h hh? W/ dzz

hic h1c 0
/ dh‘.g—3+—4 dzz/ ( )
h hh  R| ho

X

X

0
hlc 0
+ / / gS( )|, 4.7)
ho
Vo = L’R°SQHH?Q do
! 48%  12R382
S5QL R}QH? ,
+ ——————— log$ + finite, 4.8)

288R}

where 6 is the UV cut-of. We have also changed the inte-
gration limits from (—£2, €2) to (0, €2) and then changed the
integration variable in V| to h(6). It is instructive to use the
following constant of motion:

(1 + h?)?
AT+ h2 02

Ks = (4.9)

which is related to /4(0) at the turning point. To find the log-
arithmic divergent parts it is enough to find the asymptotic
behavior of 4 and g3. Solving g3 in terms of 4 in the limit of
small 4 leads to

by 1+ 88b3
+

_ 4 +72b3 3

=13 s T 1% h+O (h ) , (4.10)
9b3  b3(345 + 15856b3) 1

85 = 5h5 + 700043 +0 (h ) ’ @.11)

where b3 can be fixed by requiring g3 to have an extremum
at 0 = 0. We will need to find the series expansion of /. in
terms of § as follows:

1 byH b3H?
e(® = (ﬁw—g‘ 5K}

(1 +88b3)
+
56H R}

| + 88b3) Hb
L4 32 3 33+O(55)
56K

4.12)

where h1. = h(2 — €). The result is obtained for the leading
corrections in R; at any order of §. Now we look at (4.7) to
analyze the divergent terms in the asymptotic limit

@ Springer
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1 2 4 6
5~ —Ksh® +2Ksh' +0 (h ) (4.13)
and

Ks(1 — 24b3)h?

83 gy - KU Z 247, (h“) , (4.14)
hh 56

2 2 2
g_3 _ K5b3 B k5(b3 + 32173) 2

; = 5 +0 (h ) , (4.15)
8 9Ksbi  b3(345 — 9344b3)Ks Lo (hz) “.16)
hh 5h2 7000 T

We organize different terms of the integrand in the following
form:

dz [Me dh
I = / / 4.17)
Zm ho
dz e dh
2_/ Z/ 4.18)
/ f dz /hlc dhg3 f dz /hlc
3= =)
h h
dz
x dh (— + K5b3) K5b3/ —(hie — ho)
hh i 2
12, 4.19)
1€ dh
Iy =/ / , (4.20)
hh2
Iﬁ/ =/ / (4.21)
hic 2 K b
13”—] zdz/ dh(—.3 5 3)
ho
hlc K5b2
/ Zdz/
ho
= Il’” + Ié”, (4.22)
hie 9K5b2
1”_/ d / dh(3= 3
4 “ L ( w2 )
hie 9K5b§
/ zdz/h 52
= I”’+I/” (4.23)

Now we differentiate each of them with respect to the UV
cut-off and look for 1/4 divergent terms. One can easily find

dI, he dp
ds 63/ W2
dh 1dh [ 1
- 5_3/,,0 2 52 ds [W}hzhh, "

1 (0 dn
= 3_3 o W (424)

@ Springer

+0O (30)

dl»

ds

dé

ar _
dé

dry
ds

dry
ds

dl///

1/’11(- dh
8 Jny hh?
1 (° dh dhlc[ 1 }
— + — +---
8 Jng hh2 " dS | ih? e,
1 (° dh
- .—+0(52), (4.25)
8 Jny hh?
1 hic
-/ dh[£2 + Ksbs]
8 Jhg hh
1 (0 dh
=—/ dh <—+K5b3> e |:$—3+K5b3i| +...
8 Jio hh ds | hh h=hie
1
— | dn (22 +Ksbsy ) +0(8%), 426
5/h0 (hh 5 3) ( ) (4.26)
_ Ksb hoKsb
5 (e = ho) = ===
K b
—2(1 byH?/R? — b2H4/5R)+(’)( )
4.27)
Me dh
6 ~ ~
/ho hh?
0 dn dhy 1
S| — +82—C | —
ho hh? ds |:hh2i|h=h|p+
0 dn 4
5 A ?+o(5) (4.28)
[Fon
ho hh
/Odhi zdhlc [&]
he  hh? ds L hh Jpep,,
O dh )
5| m+o(a) (4.29)

K5b§ K5b2

h=hlc

sdhye

2
+4 gf3+
h

h2 ds h2
0 2 2
g5 Ksby 2
s dn|=22 o(s8%). 4.30
/ho (h h? )+ ( ) ( )
e Ksb3
= 73/ 523
ho h
1 1
=5Ksb3 (— - —)
73 hlc hO
_ 8Ksb3 byH? bIH* )
+Ksb3H |1 — : o(s8*), 4.31
/’l 503 |: R% 5R4]1 + ( ) ( )
/ g5 9K5b§
i k2
/ '75 9Ksb3 Lg2dhe | & 9K5b§ .
5h? as | in " s o
=lie
g5 9Ksb3 2
) 4.32
/ <hh 5h? O( ) (4.32)
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ary’ S/hlv 9Ksb3
ds o Sh?

_sOKsb3 (1 1
5 \hie ho

9Ksb? 9Ksb?H
B i Rt i
Sho 5

b3H?> DbIH*
LD
R} 5R}

+0 (82> .
(4.33)
So from (4.17)-(4.27) we can find the logarithmic diver-

gences in the holographic complexity for the k x S geometry
as follows:

LR?*Q 1 Odn 2 [°
C]1:>gS2 i B __2/ — +— dh
x 8TLG | 6R} Juy hh2 R
2hoKsb3

83
X | =+ Ksb3 | +
(hh 53) R?

x log(§).

288R?
(4.34)

SQL592H2:|
+

Note that in this case no new divergent term appears due to
the singular surface. All new log § terms are suppressed with
a factor of % where o > 1.

Subregion k x §3

Now we want to find the holographic subregion complexity
forthe k x S> geometry ina CFT on R> x §3. We will show that
in this case the singularity gives no logarithmic contribution
to the subregion complexity. Consider the following metric:

L2
ds2= > [dz2+ Fi(2)de? + dp2+p2do%)+ fz(z)R%dgg] ,

(4.35)

where dQ3 = d&] +sin’(&0)d&? + sin’(&o) sin®(&1)d&7 is the
unit $3 and we find f; and f> to be

322 69zt 6 /33 "
=1+ + +— === +0(z°),
N=1 2082 Te00r? R6 (8000 200 ogz) ()

772 174 67 1
Bt e e (o) +0(4).

20R?  1600R} 8000 * 200

(4.36)

Similar to the previous case the induced coordinates on the
RT surface are (z, 6, &, &1, &2) and p = p(z, 0). Using the
equation of motion for 2 we can find the following constant
of motion:

(1+h*)>3/?

K6:—.7
N1+ h? + h?

(4.37)

which can be fixed in terms of the boundary data. Using the
metric (4.35) we find the holographic complexity as

3/2
N 2/ 14
Z
3/2

LOR}Q
=LOR’Q; [ dodz iy dpp = el e
1 :
2 Jpo) 2

3/2 2 3/2
x (—/d@dzflfi—6p /ded U )

=V + Va. (4.38)

V(y)=L°R}Q; / dpdédz

Inserting the ansatz p = pg + pl/R%, po = z/h(0) and
p1 = 2°g3(0) and using the expansions (4.36) in the inte-
grand simplify the result to

dz (me dh
Vi = LRIQ / Z/

1
(Zz 20R% R? g3(9)) (*-39)

and

1 9

Vo= LORIQUH?Q | —p — —5—
g e 1085~ 60R?83

) + finite, (4.40)

where § is the UV cut-of, such that p(z, 2 — €) = H and z,,,
is defined such that p(z,,, 0) = H. We have also changed the
integration limits from (—£2, 2) to (0, €2) and then changed
the integration variable in V to h(0).

Similar to what we have done in the previous sections in
detail, one can work out the logarithmic divergence in this
case. Here we step the details and report to the final result

LSR}Q3 | @QH? 9QH?> 1 [Odn 9
Crxss =

— _— B i E—
87LGy | 108° 60R?83 683 Jy, hh? 20R3S
0 dn 1[0
o hh® R3S Juy  hh

In this case no new divergent term appears due to the singular
surface and all new log § terms are suppressed with a factor
of §% where o > 1.

(4.41)

Subregion k x R' x §2

In the following we give another example showing that an
odd dimensional locus does not contribute to logarithmic
singularities, although it has non-zero curvature. We consider
a CFT defined on R* x S2. The bulk metric is given by

@ Springer



665 Page 14 of 17

Eur. Phys. J. C (2017) 77:665

LZ
ds? = = [dz2 + £1(2)de? + dp? + p2d6? + dx?)
Z

+fz(z)R12dSZ§] : (4.42)

where d€2, is the line element over S2, and f1 and f> have
the following expansions:

2 4 6
Z A 1 1 3
s ——logz) +0(2*),
2087100k ' R (1200 400 ¢ Z) (=)

2 4 6
Z 7z R 7 1 g
=1--___"= —1 O .
2=l 5 " ookt (4800 200 ¢ Z) +0 ()
(4.43)

Si=1

The subregion k x R x 82 is defined byf € [-R,Q], x €
[—o0, oc] and p € [0, oo]. we put IR cut-offs on the x and
p directions such that x € [—1:1/2, I:I/Z] and p € [pm, H],
where p,, is given in terms of §. Similar to the previous cases
(z,0, x, &, &) are the coordinates on the RT surface with
p = p(z, 0). The equation of motion for £ gives the following
constant of motion:

(1+h*)>/?
WSN1+h2+ 72

Returning to the metric (4.42) we find the holographic com-
plexity as

Ko = (4.44)

V(y)= LﬁRfﬁszz/dpdedzfz e

= L6R%I-192/d9dz foé / dpp
p(z,0)

Z
_L°RIHQ,
- 2
3/2 2 3/2
x (—/d@dzfzfl—6p /d@d L2i )
4
=Vi+ V. (4.45)

We then insert the ansatz p = po + p1/R?, po = z/h(6) and
p1 = z°g3(0) and use (4.43) in the integrand to simplify the
expressions as follows:

- indz (M€ dh
Vi =—L6R12H522f —5/ —
§ Z
L1 2,0
X 5 T T 5 -y b
2 s ™

1 1
565 24R?83

(4.46)

Va= LORIQH?HQ ( ) +finite.  (4.47)

@ Springer

Again we step over the details of the rest of this calculation
and find

Crxrt xSst =

LORIHQ (QH?  QH?
87 LG 585 24R?83

_L an dn 2 &
383 hh2 8R2 ho th R2 o hh)’
(4.48)

Asin the case of k x S? and k x 3 new logarithmic divergent
terms in this case are also suppressed by a factor of §% with
a positive power.

4.2 Conical crease ¢;, X X

In this section, we will calculate the holographic complexity
for subregions with conical singularities of the form ¢, x S™.

Subregion c¢1 x S!

To begin with, we consider the simplest case with m = 1. In
this case, the background geometry for CFT is R* x S'. The
dual bulk geometry is then given by

L2
ds? = Z—z[dz2 + fi(2)(dr? + dp® + p*de?

+ p?sin®(0)d¢?) + fr(2)RIdE]]., (4.49)
where fi = 1+O(1/R$) and f> = 1+0(1/RY). The singular
subregion of our interest is defined as 6 € [0, ], & €
[0,27], ¢ € [0,27] and p € [0, H].

One can find that g3 = 0 is the exact solution for this
case and since the equation of motion for / is the same as
c1 x R! case, the holographic subregion complexity might
become the same. Returning to the metric (4.49) gives the
holographic complexity:

f1/2 3/2
V(y)=L5R14n2/dpd9dz 2

Z
1/2 :3/2 H
sin(@
=L5R14n2/d9d f—S()/ dpp?
< p(z,0)
_ L3Ry4n?

3
1/2 3/2 3 3/2

172
X (—/ d@dz#+H3’ /d@dzfz—sl) .
Z Z

A similar analysis to the previous cases leads to the following
divergence structure for the holographic subregion complex-
ity for this case:

P sm(@)
5
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L B30 — cos(a) — SSEDH

C
484 652

xSt =
! 6G N

L4R1n[ 1

1 [cos(2) (—13+5cos(2£2)) cot(£2) csc(L2)hg
s\ 3h 108

cos(§2) cot(R) foh?
18

0 .
B f dh <51.n(9) . cos(R2)
ho hh3 3h?

_ (=13 + 5c0s(22)) cot(£2) csc(£2) N cos(£2) cot(Q)foh> )

108 9

(—13 + 5cos(2£2)) cot(£2) csc(£2)
* 108H

log(8) | + finite.

(4.50)
Subregion ¢i x S?

Next we consider the singular subregion ¢; x S? in a CFT
defined on R* x S2. The bulk metric is given by

L2
ds? = Z—2[dz2 + f1(2)(dr? + dp® + p>do?

+p?sin(0)’de?) + fr(z)RTdQ3], (4.51)

where d2; is the line element over S2, and f; and f» have
the following expansions:

2 4 6
Z Z z 1 1
S TS — logz |+O
f= 0k 100k R (1200 400 ng) ().

2 774 gz) L0 (Zs).

e
(4.52)

z6 7
SR} 800R4 4800 " 200

Using the metric (4.51) we find the holographic complexity
as

3/2 .
Fa £ p¥sin(6)
6

V(y)=an6Rfs22[dpd9dz
Z

3/2 . H
sin(@
:271L6Rf$22/d9dzfzfl—6()/ dpp?
z 0(z,0)

_2mLOR{
B 3

3/2 3 3/2
x(—/d@dﬁf +H3/d9dff )

(4.53)

A similar analysis to the previous sections leads to

oo L3R?Q) 3 /Odh sin(@)g3  cos(R)
axs? T T12Gy R ho hh? 8042
L cos@)(1 + cscz(Q)) log(h)
384

L COS(R(=3+27 cot?(Q) — 45 csc?(Q) + 3840b3)
15360
cos(2)
80h¢
cos(2)(1 +ese?(R2))
r—e— (ho log(hg) — o)

15360

0 .
—L<'/. dh |:51.11(€) N cos(2)
8RZ \ /i, hh3 ~ 4h?

_ cos(Q) csc2(Q)(—11 + 5 cos(2R))
256

L COS((=3+27 cot?(S2) — 45 csc2(Q) + 3840b3)hg )

cos(2)  cos(R2) CSCZ(Q)hO(— 11 + cos(2R2)) loa(s
T Tang 256 > 0g(®).

(4.54)

5 Discussions

In this paper we studied the divergence structure of holo-
graphic subregion complexity for various singular surfaces.
We showed that there are new divergences due to singularities
in the subregion. More specifically we have shown that for
a kink in a (2+1)-dimensional field theory and also cones ¢,
in even dimensional field theories a new universal log § term
appears. In odd dimensional field theories the singularity of a
cone ¢, gives rise to a log? § divergent term. We also showed
that surprisingly crease singularities of any type do not give
rise to any universal term or even any new divergent term. For
generalized conical singularities the situation is completely
different. There are examples for which new power law diver-
gences appear but there is no new universal term due to the
singularity. We found also an example, i.e. ¢; x S, with a
curved locus that has a new universal term. Another type of
conical singularity has 1 5 logé and L log 8 divergent terms
for even and odd dual field theories, respectlvely. The latter
family is very similar to what has been recently found using
the ‘complexity = action’ proposal on the Wheeler—-DeWitt
patch which also possesses corners. We have summarized all
of these results in a table in Sect. 2.

There are several directions to follow in future work.
Regarding the divergence structure of subregion complexity,
the most important question is whether one can define any
monotonic function from the universal terms which leads to
a kind of ’c-function’ in higher odd-dimensional dual field
theories.

Another interesting open question is how to general-
ize complexity proposals beyond Einstein gravity. Recently
there have been some proposals trying to address this ques-
tion (see e.g. [39]).

A natural question as regards this work is how to study
the role of singularities of subregions in the ‘complexity =
action’ proposal. Recently some progress have been made in
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[11] for spherical subregions. The authors have proposed the
intersection between the “entanglement wedge” and the cor-
responding WDW patch for ‘complexity = action’ for mixed
states constructed from subregions. It would be instructive to
understand this proposal by considering more complicated
examples.
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