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Several arguments suggest that the entropy density at high energy density p should be given by

the expression s = K

v/ p/G, where K is a constant of order unity. On the other hand the covariant

entropy bound requires that the entropy on a light sheet be bounded by A/4G, where A is the area
of the boundary of the sheet. We find that in a suitably chosen cosmological geometry, the above
expression for s violates the covariant entropy bound. We consider different possible explanations
for this fact; in particular the possibility that entropy bounds should be defined in terms of volumes

of regions rather than areas of surfaces.

I. INTRODUCTION

How much entropy S can there be in a given region?
The ‘Bekenstein bound’ [1] was proposed for regions
where gravity is not strong. It says that S < 2nER,
where E is the energy in the region and R is some mea-
sure of its physical size. The Bekenstein-Hawking en-
tropy of black holes is given by S = A/4G [2]; based
on this expression it has been argued that in strongly
gravitating systems the number of degrees of freedom is
proportional to the surface area of a region rather than
the volume.

Cosmology poses a further challenge. Consider a flat
universe at an early time in its evolution; say, in the ra-
diation dominated phase. Consider a box-shaped region
of physical volume V. the entropy in the box is propor-
tional to V', and so for a sufficiently large box the entropy
S in the box will exceed the surface area of the box. Are
there any limits that we can place on S?
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FIG. 1. A box of the same physical size at different times in
an expanding cosmology. At an early enough time, the box
will contain more mass than required to make a black hole
with size equal to the size of the box.

One can hope to bound the entropy in the box by lim-
iting the box itself. Bekenstein [3] argued that entropy
bounds should be plced on the matter inside the particle
horizon. In [4], it was argued that entropy bound should
be given by A/4G, were A is the area of the particle hori-
zon. In [5, 6], it was argued that the more correct scale
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for this purpose is H~!, where H is the Hubble constant.
In [7] it was suggested that one should use the scale set
by the apparent horizon arising from the cosmological
expansion!; this scale is also ~ H~1. In [8] a covari-
ant version of the entropy bound was given: the entropy
passing through a ‘light sheet’ should be less than A/4G,
where A is the area of a surface that bounds the light
sheet.

In this paper we will consider a certain expression for
the entropy density s, which is motivated by several dif-
ferent physical considerations. We will then observe that
this s violates the apparent horizon bound and the co-
variant entropy bound.

In more detail, we proceed as follows:

(i) We recall that several different considerations lead

to the expression
p
=K,/ = 1
s=Ky\/ (1)

for the entropy density in the early universe. Here p is
the energy density, and K is a constant of order unity,
determined by the details of the gravitational theory. In
string theory, it appears plausible that one can actually
construct a set of states that give rise to such an s; we
will recall this construction. For example we can take
a lattice of string states [9] that are near the Horowitz-
Polchinski correspondence point.

(ii) We consider a flat cosmology

d
ds® = —dt® + Z aZ(t)dz;dz; (2)
i=1

I In [10] it was argued that entropy bounds of this form should not
be considered; instead the most general constraint on entropy
comes from the generalized second law of thermodynamics. In
[11] it was noted that the proposal of [4] gives constraints of the
fluctuations arising from inflation.



At some time ty we choose initial conditions

ai(to)
a;(to)
to get an expansion that is in general asymmetric, since

the b;p need not be all equal. We will need to consider
only an infinitesimally thin slice of this cosmology

= biO (3)

to—At<t<t0, At — 0 (4)

The metric of this thin slice is determined just by the
choice of initial conditions (3). The only constraint on
the b;g comes from the Friedmann equation relating them
to p.

(iii) We construct the a light sheet in the thin slice (4),
and compute the entropy flowing through this light sheet
assuming the entropy density is given by (1). We find
that the covariant entropy bound of [8] is violated if the
expansion is suitably asymmetric. For example, suppose
all but one of the b,y are equal: by = b,i = 2,...,d,
while byg is allowed to be different. Then the bound is
violated if

blO T d—2
5 > 2K2(d 1) 5 (5)
This is the main result of this paper. To summarize, it
appears that we can construct states in string theory to
get the entropy density (1), and this entropy density vio-
lates the covariant entropy bound in the above mentioned
asymmetric cosmological metric.

Note that we are not trying to violate the bound by
assuming that K is larger than a certain value. Rather,
we are assuming that the theory of gravity determines
some value of K, and then we show that for any such K,
the bounds will be violated when the initial conditions of
the expansion are chosen to be sufficiently asymmetric.
Note that the asymmetry required is not parametrically
large in any way; it is just order unity. For example, if
d =3 and K =1, then the bound is violated for

bio > 2.65 (6)
b

After arriving at (5), we explore other issues related
to this result. In particular we look at entropy bounds
based on the apparent horizon, and on causal connection
scales; we find that the former is violated by asymmetric
expansion while the latter need not be.

What should we conclude from this violation of the
bounds? There are several possibilities:

(i) It might be that some physical effect in string the-
ory disallows the states leading to (1), or disallows the
asymmetric initial conditions that we assume. In that
case we would learn something interesting about the lim-
itations of the expression (1).

(ii) It might be that the conditions assumed in the en-
tropy bounds need to be tightened, so that the states

leading to (1) are not appropriate candidates for appli-
cation of the bound. In that case we might discover new
limitations on the application of entropy bounds to the
very early universe.

(iii) Tt might be that the very notion of bounding en-
tropy by area is flawed; in that case it may be that (1)
itself gives the general bound on entropy.

The plan of this paper is as follows. In sectionIl we
recall the arguments for the equation of state (1). In sec-
tionIII we review the covariant entropy bound, using as
an illustration the geometry which we will use later when
examining the bound. SectionIV contains the main re-
sult of this paper: we show that the covariant entropy
bound is violated in a thin slice geometry for the equa-
tion of state (1) if we consider suitably anisotropic ex-
pansion. In section V we compute the full evolution for
the equation of state p = p, and again note the violation
of the covariant entropy bound. In section VI we discuss
the evolution in the situation where we have p = p, but
also the minimum viscosity required by the conjectured
bounds on 7/s. In section VII we perform a check for
the entropy bound based on the apparent horizon, and
again find a violation for suitably asymmetric expansion.
In section VIII we recall some proofs that were proposed
for the covariant entropy bound. These proofs assumed
certain conditions on the entropy flow, but we find that
the asymmetric initial conditions we need for violating
the bound also violate the assumptions made in these
proofs; thus our results are not in conflict with these
proofs. In section IX we recall the causal entropy bound
proposed in [12] and note that it can be consistent with
the equation of state (1). Section X is a discussion where
we analyze various possible implications of our results.

II. A CONJECTURE FOR THE ENTROPY AT
HIGH DENSITIES

In this section we will review the arguments that lead
to a certain suggestion for the entropy density s of the
early universe. We will first explain the construction of
the states in string theory that lead to this expression
for s. We will then note that several abstract lines of ar-
gument (not necessarily related to string theory) suggest
the same expression for s.

A. The entropy in a box

Consider a toroidal box of volume V. In this box we
put an energy E. What is the entropy

5=S(E,V) (7)
in the limit where the energy density p = E/V becomes
large?

For low values of the E, we expect the phase of matter
to be radiation. This phase has entropy S ~ V p/(d+1),
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FIG. 2. (a) At energy E ~ Ey, the maximum entropy is
attained by a single hole filling the box (b) At larger E, a
lattice of black holes has more entropy than a single hole.

where d is the number of spatial dimensions. At larger
E, we can get more entropy by forming a black hole. As
we increase F, we reach a critical value E ~ F},;,, where
the radius of the hole R, becomes order the size L of the
box (fig.2(a)). The entropy of this black hole is

A Ld—l
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Can we fit more entropy than Sy in our box with vol-
ume V ~ L%? A simple construction shows how we can
achieve such a goal. Instead of one black hole filling V,
we just consider a lattice of smaller holes (fig.2(b)). We
will recall below the computation of entropy for such a
lattice. But before we do that, it is helpful to address a
few natural questions:

Spbh =

(a) It is often said that entropy is maximized when
all the energy is put into a single black hole. But this
statement is true only if we hold the total energy fixed,
and allow the hole to expand to its natural size in an
asymptotically flat space. Suppose instead that we fix
the volume to a given value V', and do not constrain the
energy E. Then we can get more entropy than that of a
single large hole, as can be seen from fig.2. In fig.2(a), we
have a single large hole filling the box; the surface area
of this hole is of order the area Aok of the walls of the
box. In fig.2(b) we have a lattice of smaller holes. The
total area of these holes is of order the total surface area
of the cubes that contain these holes. The total surface
area of these cubes includes a contribution Ay from the
outer walls of the box. But we also get the contribution
of all the other walls depicted by the dashed lines, so the
total surface area of these cubes A upes is much more than
Apox- Thus we see that the entropy of the lattice of holes
in fig.2(b) can be made much more than the entropy of
the single hole in fig.2(a).

(b) Even though the lattice of black holes in fig.2(b)
has more entropy than the single black hole of fig.2(a),
one might wonder if the lattice of holes is somehow un-
stable to collapsing into a single large hole. But this
is clearly impossible, since the lattice of holes has much
more entropy than the single hole. The holes can cer-
tainly move and interact, but the configuration they will

end up in cannot be a single black hole; the total entropy
is ~ Acubes/G which is much more than Apex/G.
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FIG. 3. A pictorial depiction of the configurations that repro-
duce the entropy (1). (a) Clusters of intersecting branes give
the entropy of order the black hole entropy for each cluster.
The overall entropy is then the sum of these entropies. (b)
These brane sets will in general interact and merge, but the
entropy cannot decrease below the value obtained from the
separate brane sets of (a).

(c) Black holes might appear to be somewhat esoteric
objects, and one might wonder if entropy bounds are re-
quired to work for a fluid made of such holes. But in
string theory we know that the entropy of a black hole
can be reproduced by considering a set of intersecting
branes [13, 14]; further, the size of this set is of order the
horizon radius of the corresponding black hole [15]. In
fig.3 we depict a lattice made of sets of such intersecting
branes. It is true that the intersecting brane construc-
tion in string theory is best established for extremal and
near extremal holes, but this is sufficient for our pur-
pose. We can let the lattice in fig.3(a) be composed of
extremal holes, with charge alternating between positive
and negative for successive holes in the lattice. Then the
overall configuration will be charge neutral as required
for a cosmology. The resulting configuration of branes is
a configuration of ‘normal matter’ in string theory, and
gives an entropy of the same order as the entropy Scubes
in fig.2(b). It is true that if we start with the configura-
tion if fig.3(a) and then let it evolve, the brane sets will
in general interact and merge to create more complicated
states (fig.3(b)). But since entropy can only increase, the
resulting configurations will not have an entropy that is
below the entropy of fig.3(a), which is of order Scypes-

B. The entropy of a lattice of black holes

Let us now compute the entropy of the lattice of black
holes in fig.2(b).

We will assume that we are in a (d 4+ 1)-dimensional
spacetime. Consider a torus T¢ with volume V. Consider
a lattice of black holes, each with the same radius R,.
Let the separation between the holes also be ~ Rs. The
number of holes is then

Niole ~ (%) (9)



The entropy of each hole is

Rdfl
Sholc ~ - (10)
Thus the total entropy is
v
S ~ NholeShole ~ .G (11)

We see that we can make S as big as we want by making
R, small enough. In particular, the entropy of such con-
figurations can exceed the entropy given by the surface
area of the box. The energy of each hole is

d—2
Eholc ~ (12)
Thus the total energy is
\%
E ~ Nyole Enole ~ G (13)

From this expression we have

m~<%9% (14)

Substituting this in (11) we find

1 ~3 E
5 1% (V> 1% v

“R.G \EG) @~ NG

Introducing a constant K of order unity we get

S:K,/% (16)

Noting that

FE
= — 1
P=v (17)
we see that
p
=K,/= 1
S GV (18)

The entropy density s = S/V is then given by (1).

C. General arguments for the entropy expression

(1)

Let us now recall the various arguments that suggest
the expression (1) (or equivalently, eq.(18)) for the en-
tropy density of the early universe.

(a) In the above discussion we treated our box as hav-
ing a fixed size. But in fact the energy density p will

cause the box to expand in accordance with the Fried-
mann equation. This expansion leads to a cosmological
horizon, with radius

H™' ~ (Gp)~? (19)

Supose we argue that the entropy in a region of radius
H~! should be given by the entropy of a black hole with
radius ~ H~!; models of this kind can be found in [6, 9,
16]. The entropy of a black hole of radius H~! is S ~
H—(d=1) /G. If we use a similar expression for the entropy
in a cosmological horizon region, then the entropy density

would be
S H 0
s~ e~\Va (20)

in agreement with (1).

(b) Banks and Fischler made a detailed study of a uni-
verse where the energy is in the form of a dense collection
of black holes - a ‘black hole gas’ [16]. It was noted that
the entropy (1) corresponds to an equation of state

p=p (21)

A general picture was developed where horizon sized
black holes coalesce as the universe expands, so that the
entropy in a region of size H(¢t)™! remains of order the
entropy of a black hole of radius H(¢)~!.

When p is of order the string scale, it was argued in
[9] that an entropy density (1) would be obtained for
a closely packed gas of string states which are at the
‘Horowitz-Polchinski correspondence point’ [17] (i.e., at
the point where the string is large enough to be at the
threshold of collapsing into a black hole).

(c) The expression (1) was obtained in [18] by arguing
for a ‘spacetime uncertainty relation’. In [12, 19] the
notion of a causal connection scale was used to arrive at
the same equation of state (1). In [20] a similar relation
was argued to correspond to the Cardy formula for the
density of states.

(d) In [21] it was noted that the expression (18) was
invariant under the T and S dualities. It was noted that
if one further requires that S o V (i.e. S is extensive),
then we get (18).

In [22] the expression (18) was obtained as an extension
of the entropy of black holes. Let E}}, be the energy for
which a black hole has a size of the order of our torus.
Suppose we require that

(i) S should be invariant under T-duality in any cycle
of the torus.

(ii) S should be invariant under S-duality.

(iii) We should get S ~ Sy, when the box size and
shape is such that E ~ Ey), for that box.

Then it was argued in [22] that we are led to the ex-
pression (18), in the domain

Poh S P S Pp s (22)



Here pyy, is the energy density corresponding to the en-
ergy Fpn placed in the volume V, and p, stands for the
Planck density — Planck mass per unit Planck volume.
At the lower end of this range (p ~ ppn) the expres-
sion (18) matches onto the area entropy of the black hole
Spn ~ A/AG. At the upper end p = pp, (18) gives an
entropy of one bit per unit Planck volume.? Thus (18)
extrapolates the Bekenstein ‘area entropy’ to the domain
(22). Since p 2 ppn, we will say that matter is ‘hyper-
compressed’; i.e., compressed beyond the density of the
largest black hole that can fit in the box.

It is interesting that the different approaches (a)-(d)
mentioned above all lead to the expression (1).3

D. The equation of state

Let us compute the values of different thermodynami-
cal quantities that follow from the equation of state

SZK,/E—GV (23)

The observations below were noted earlier in [16, 18], and
a detailed dynamics was conjectured for such an equation
of state in [27].

The first law of thermodynamics gives

TdS = dE + pdV (24)
Thus
as\~' 2 [EG
r= (o), w1V <25>
oS E
p=1(53) ~7 - (26)

Writing p = wp we see that
w=1 (27)

IIT. THE COVARIANT ENTROPY BOUND

The expression S = A/4G for the entropy of a black
hole suggests that the entropy in a region is somehow
limited by its surface area in Planck units. But consider
a flat homogenous cosmology. Since the spatial slices are
homogenous, the entropy S should be proportional to
the volume of any region R on this slice. But for a large

2 We will recall the details of this statement in section X C below.

3 For other conjectures about the entropy in the early universe,
see for example [23-25]. For other conjectires on the entropy in
gravitaional systems, see [26].

t=0 t=0
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FIG. 4. The entropy in a region R increases with the volume
of R. To get a bound proportional to the area of the boundary
of R, we consider only the entropy that passes through the
light sheet shown with the dotted lines. (b) If we take the
region R to be a horizon volume (and assume that entropy
is conserved in each comoving volume), then the entropy on
R is the same as the entropy passing through the light sheet
bounding R.

enough R, the entropy in R would exceed the quantity
A/4G defined through the surface area of the region R.

To remedy this problem, the following idea was sug-
gested in [4]. Consider a light-like surface formed by
light rays heading to the past and towards the center of
R. Instead of looking at the entropy in the region R,
we should only look at the entropy that passes through
this light-like surface. It was then conjectured that this
entropy would always be bounded by A/4G, where A is
the area of the boundary of R.

A somewhat different approach was suggested in [5],
where it was argued that the Hubble radius H ! should
be taken as a ‘maximal box size’; the entropy in a ball
of radius H~! should be bounded by A/4G where A is
the area of the boundary of this ball. In [7] a suggestion
was made that also involves the scale H~!. We consider
a space-like slice, with a particular point on this slice.
Assuming spherical symmetry around this point, we find
the radius X, of the apparent horizon. The conjecture
then says that the entropy within X, is less than A/4G,
where A is the area of the apparent horizon.

While such prescriptions were interesting, it was found
that there are counterexamples to such conjectures (see
for example [28]). An approach without these problems
was developed by Bousso [8]. Let us describe this pro-
posal, called the ‘covariant entropy bound’ or the ‘Bousso
bound’, in more detail:

(a) We assume that we are in (d+1)-dimensional space-
time. Consider a (d — 1)-dimensional space-like hyper-
surface S. This hypersurface may be closed (i.e. without
boundary) or it may be open (i.e. with boundary). Let
A be the area of S.

As an illustration let us take an open hypersurface S;
later on we will use this example (and the notation given
below) to carry out our investigation of entropy bounds
for the equation of state (1). We let the S be a cuboid in
the directions 22, ...z%, spanning the coordinate ranges

0<a' <L (28)

All points on this cuboid are at a fixed value of time ¢
and space coordinate x!:

t=tg, ' =z} (29)
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FIG. 5. The set-up of the covariant entropy bound in (2 + 1)-
dimensional spacetime {¢, zt, :c2}.The cross depicts the spatial
direction z? which goes into the plane of the paper. The solid
slanted line starting at the cross is a null ray headed to the
past; this ray stays at constant z2. The set of such null rays
(for different 2?) form the light sheet. The upward arrows
depict entropy crossing the light sheet.
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FIG. 6. The same set-up as in Fig.5, but in a 3-dimensional
depiction. The length of the z? direction shrinks to zero as
we follow the light sheet back towards ¢ = 0.

(b) At each point of the hypersurface S we look for a
null geodesic leaving the hypersurface, in a direction that
is orthogonal to the hypersurface. In general there will
be four such null geodesics from every point: there are
two opposite spatial directions to move out in, and the
geodesic could be future directed or past directed. We
consider the set of null geodesics constructed this way;
one from each point of S. (As we will note below, there
will be further restrictions on this set of null geodesics.)

In our illustration, let us assume that the metric has
the form

d
ds® = —dt* + ) _ al(t)da'da’ (30)
1=1

so that the directions ¢,z’ are all orthogonal to each
other. Then for the hypersurface (28), the orthogo-
nal spatial direction is z'. In fig.5 we depict the null
geodesics heading in the positive direction z' as we move

to the past. Each geodesic remains at a fixed value of

6

the coordinates z2,...xz% The change of 2! is found by

requiring ds = 0 in the metric (30):

dat 1
FZN0) (31)

(¢) We require that the set of null geodesics constructed
this way be nondiverging as we move away from our hy-
persurface S. In other words, suppose we consider a small
area element dA on S, and the subset of the null geodesics
discussed above that start in dA. After we follow these
geodesics for an affine distance A, the transverse area
spanned by the geodesics will have a value dA(\). We
require that

dA(N)
dA

<0 (32)

In our illustration, we can consider the area element
defined by infinitesimal intervals dx*, i = 2,...d. In the
metric (30), the area of this element is

dA(t) = ] ai(t)da’ (33)

Requiring that dA(t) decrease along the geodesics head-
ing to the past is equivalent to

d
-4 (_H am) >0 (34)

(d) We follow the null geodesics described above up
to the point where they reach a caustic; i.e., the point
where the separation of neighboring geodesics goes to
zero. The surface spanned by the null rays emanating
from S, followed up to any point before meeting a caustic,
defines a light sheet. We now consider the entropy Ssheet
on this light sheet; this can also be defined by the entropy
that ‘crosses’ the light sheet from one side to the other.

(e) There are two versions of the covariant entropy
bond that we will study:

(i) The covariant entropy bound originally proposed in
[8] says that

Sshcct S Sbound (35)
where
A
Sbound - E (36)

with A being the area of S.

(ii) A generalized version of this bound was proposed
in [29]. In this version, we do not need to construct
the light sheet all the way to the caustic; we can stop



following the null rays at any point before they reach the
caustic. The end points of these null rays then describe
a surface with area A’. Let Sgneet be the entropy that
passes through the part of the light sheet that these null
rays describe. Then the generalized covariant entropy
bound is the requirement (35), with

AA

Sbound = E (37)

where
AA=A-A (38)

(Note that A’ < A because the light rays are converging
along their path.)

We will first look at the form (37) of the covariant en-
tropy bound in the case where the surfaces with areas
A, A" are very close to each other; in this situation it will
be easy to see that the equation of state (1) can violate
the bound for suitable initial conditions. Next we will
consider complete evolutions where we follow the light
sheet all the way to its caustic at the initial singularity;
in this case the bound is given by (36). The latter com-
putation will allow us to address some efforts that were
devoted to proving the covariant entropy bound under
certain assumptions.

IV. VIOLATING THE BOUND IN AN
INFINITESIMAL TIME SLICE

In this section we will look at the violation of the co-
variant entropy bound in the simplest setting: where the
light sheet is infinitesimally thin in the time direction.
In this situation the metric in the neighbourhood of the
sheet is given just by a choice of initial conditions.

A. The metric

We wish to consider a metric of the form encountered
in a flat cosmology:

d
ds® = —dt* + Y a}(t)dxda; (39)
=1

We have in mind that the full theory of quantum gravity
is given by M-theory, so we should have 10 space direc-
tions. But in what follows it will be equally easy to let
the number of space dimensions be an arbitrary integer
d.

The light sheet we use will be confined to the interval

to— At <t <ty (40)

where we will take the limit of At small. The metric is
subject to Einstein’s equations, which are second order

equations for the metric components. We can choose the
a;, CLl at time tol

Q-

i(to
a; (fo

~—

a;(to) = ajo, = bio (41)

~—

subject only to the constraint set by the Einstein equa-
tion G, = 87GTY;:

2
1 Za 1Za§
—§<l 0:) +§ i a—?:—STFGp (42)

This constraint gives

2
1 1

where pg = p(tg). The G¥) equations for the space di-
rections k then determine the dj (there is no sum over
k):

. . . .2
Gy = By () G
Ak (477 f a; CL%

= 8rGT*), (44)

These equations have the form

Mi=S (45)
where @ is a column vector with entries {dq,da,...,dq},
M is the matrix with entries

and S is a column vector with entries
. . . 2 1 . 2 .
ag a; a a; ]
Si = 87GT" ) —— — | +—E4- — | +

We have

|Q
Sofso

(47

~—

det M = (1—d) #0 (48)

so solving the relation (45) yields finite values of the dy.
Thus in the interval (40) we get

a;i(t) = aio[l + bio(t — to)] + O(AL)? (49)

Since we are interested in the limit At — 0, we will just
write

al(t) = aio[l + sz(t - to)], t() — At S t S to (50)
in what follows. We will take

bio > 0, i=1,...,d (51)



so that the slice tg — At < t < ¢ represents a segment of
an expanding cosmology. (We take a;p as positive num-
bers as well.)

Note that we have used very little information about
the matter content of the theory in constructing the ex-
panding segment (50). We can always choose the initial
values of the metric and its first derivative, with the only
constraint being (42).4

B. Checking the covariant entropy bound

Let us follow the steps (a)-(e) in sectionIII where we
described the covariant entropy bound with the help of
an illustration; we will use the metric and hypersurface
etc. used in that illustration. We label the steps below
as (a’)-(e’), in accordance with the corresponding steps
in section III.

(a’) Our metric is given by (39),(50). Consider the
(d — 1)-dimensional hypersurface S defined by (28),(29).
The area of this hypersurface is

d d
A= H Liai(to) = H Liaio (52)
=2 1=2

(b’) Consider a null geodesic starting at a point
{23,...2¢} on S. The geodesic starts with a tangent
vector which has with nonzero components

dx! dt
— <0 — <0 53
P AR (53)
so it heads to the past, in the direction of decreasing z!,
and in a direction normal to S. The coordinate z' along
the geodesic satisfies (31), which gives, in the infinitesi-
mal slice (40)
to—t
2(t) = o — Lo =0 (54)
ato

(¢’) We require that the set of null geodesics con-
structed this way be converging as we move away from
S. The condition for this is (34). We find

d d d
% = % <H Liai(t)> = (H Liaw) Zbio (55)

4 In the initial conditions we have taken the off-diagonal compo-
nents of the metric to vanish; the corresponding Einstein equa-
tions tell us that these off diagonal components will be O(At)2
in our slice, and so can be ignored in (50). In fact the Ein-
stein equations have a ' <+ —z* symmetry. Thus assuming that
the matter stress tensor also has this symmetry, the off diagonal
terms g¢; and g;;,% # j will continue to vanish for all time if they
are taken to vanish in the initial conditions.

where we have used (50) and kept only terms that are
nonzero in the limit At — 0. From (51) we find

dA
— >0 (56)

in accordance with the requirement (34).

(d’) Our light sheet is made of the above null rays,
followed back from the surface t = tg to the surface t =
to — At.

t=1p

X
/s :
t =ty — At x
Al’l —

FIG. 7. The same set-up as in fig.5, for a light sheet that
lies between two spacelike hypersurfaces separated by an in-
finitesimal distance At. The entropy on the spatial segment
Az will pass through the light sheet in the time At.

Let us now compute the entropy passing through this
light sheet. On the spatial slice at this time ¢, consider
the sliver of space given by

a:(lJ—Axl <zl Sxé, 0<a2' <L; i=2,...,d (57)
where
At
Axt = = (58)
aio

As can be seen from fig.7, the entropy passing through
our light sheet is equal to the entropy present on this
sliver of space. The proper volume of this sliver is

d d
AV = apAz? (H aioLi> = At <H aiOLz) (59)
i=2 =2

The entropy density on this sliver is

Po
— 7
s=K e (60)

Thus the entropy Ssheet passing through our light sheet,
which equals the entropy on the sliver, is

d
Ssheet = SAV = K p—Cg AtgaioLi (61)

(e’) We will use the form (37) of the covariant entropy
bound. The area A is given by (52). The area A’ is the
area of the surface at the lower end of the light sheet.
We have

d d
A = H Liai(to — At) = H Liaio(l - blOAt)

=2 =2

d d
= (H Lﬂio) (1 - Athi()) (62)



Thus
d d
S A— A/ (Hi:z LiaiO) At Zi:Q biO
bound — e = e (63)
We find that
r= Ssheet _ 4l{(;/ pOG (64)
Sbound Zi:2 biO

Substituting po from (43), we get

K [(Z?—l bi0)2 - Z?:l b?o] :
TR > bio o)

It is easy to see that for any given value of K, we can
choose the b,y to get r > 1, thus violating the covariant
entropy bound. For example suppose we set

1=2,...d (66)
We then find that » > 1 if we take
d—2

blO 7T(d - 1)
b - 2K? 2 (67)

The relation (67) is the main result of this paper. This in-
equality shows that we can violate the covariant entropy
bound by an asymmetric choice of initial conditions on
a spacelike slice, if the entropy density is given by (1).
On the other hand it has ben argued that an entropy
density of the form (1) can be obtained by a collection of
string states at the Horowitz-Polchinski correspondence
point [9], or by a gas of black holes [16], or by a collection
of intersecting brane states that describe black holes in
string theory [22]. Putting this fact together with the in-
equality (67), we find a violation of the covariant entropy
bound.

In section X A we will discuss if it is possible to avoid
this conclusion; for example there may be a physical rea-
son why asymmetric expansion like (67) is not allowed.
We do not however know of any such clear reason, and
looking for one may open up interesting avenues of ex-
ploration.

V. THE FULL COSMOLOGY FOR THE
EQUATION OF STATE p = p

We have seen that using a thin slice (50) of a flat cos-
mology was enough to yield a violation of the covariant
entropy bound for the equation of state (1). Neverthe-
less, it is helpful to get a perspective of the full evolution
under this equation of state, and to see the violation of
the bound in this situation. In this section we will con-
sider the evolution assuming a perfect fluid with p = p;
in the next section we will consider the effect of viscosity
on the evolution.

A. The metric for the equation of state p=p

In this section we will solve the Einstein equations for
our flat cosmology with equation of state p = p (eq.
(26)), assuming the stress tensor of a perfect fluid.

The metric is assumed to have the form

d
ds’ = —dt* + Y _ al(t)dwida; (68)
i=1

Suppose the pressure in the direction x; is given by p; =
w;p. The G% component of Einstein’s equations gives
the Friedmann equation

2
1 a; 1 < a?
—5 < E CL_1> + 5 E a—g = —87TGp (69)

3

The G*}. components give
.. . . . 2 ..
% , %k Qi) A N
a;g—i_a;C (;al) ai ;ai
= 87G(1 4+ wg)p = 167Gp (70)
where in the second step we have set w; = 1 for all ¢ in

accordance with our equation of state (26).° The above
equations can be solved with the ansatz

a; = apit®, i=1,...d (71)
with ag;, C; constants. Then

a; t ’ a; t2

@G _ G4

Equations (69) and (70) give respectively

2
1| 1 1 )
5|3 <ZC> +§zi:q. = —87Gp (73)

Cr(Ch —1)+Cp Y _Ci—=CR =Y _Ci(C; — 1)1

= 167Gp (74)

1
2
Eliminating p gives
Ch <Zci—1> => ¢ (ZQ—I) (75)
i j i
There are two cases:

(1) Suppose

> Ci#l (76)

5 The solution for general w; was found in [30].



Then we get

Cv=)» Ci=Cr (77)

3

Summing over the d possibilities for k gives d Cr = d*Cr,
which implies Cr = 0. From (77), we get

Cr=0, k=1,....d (78)
From (69) we find p = 0, so we just have empty, toroidally

compactified, Minkowski space. This case will not be of
interest to us.

(2) The other option is
Y Ci=1 (79)

Then the relations (75) place no constraints on the Cj
apart from the condition (79). From (73) we get

_ 1 2
“m(l‘;q‘) (80)
To get p > 0 we need
Y cr<i (81)

We will take this solution for the metric and examine the
entropy bound using the entropy density (1).

B. Checking the bound

Let us follow the steps (a)-(e) in sectionIII where we
described the covariant entropy bound with the help of
an illustration; we will use the metric and hypersurface
etc. used in that illustration.

Our metric is (30). The scale factors evolve as

ai:aiotci, ’L:L,d (82)

where a0 > 0 are constants and the C; satisfy (79),(81).

We assume in addition that

Ci>0, i=1,...d (83)

so that all spatial directions collapse to zero size at the
initial singularity ¢t = 0.

We again label the steps below as (a’)-(e’), in accor-
dance with the corresponding steps in section III.

(a’) Consider the (d — 1)-dimensional hypersurface S
defined by (28),(29). The area of this hypersurface is

d d
=2 i=2
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(b’) Consider a null geodesic starting at a point
{23,...2¢} on S. The geodesic starts with a tangent
vector

dx! dt

— <0, —=<0 85
dX dX (85)
so it heads to the past, in the direction of decreasing !,
and in a direction normal to S. The coordinate z* along
the geodesic satisfies (31), which gives

oo dt I
1 1 1t
®) 0 /t:t aipt O ap(l-0h) (86)

(¢’) We require that the set of null geodesics con-

structed this way be converging as we move away from
S. The condition for this is (34). We find

d d
dA d d d
—_— = . J— Z = C; — 3 _ 1-C1
dt (,_2 azo) dt (t 12 ) (i_l_[Qa“) ai’

(87)
where in the last step we have used (79). From the condi-
tion (81) we find that 1 — C; > 0. This gives dA/dt > 0,
in accordance with the requirement (34).

(d’) Tt is easy to see that as we follow the null geodesics
backwards in time, the separation between neighboring
geodesics reaches zero at ¢t = 0, but not before. The
surface formed by these geodesics from their start at S
to their endpoint at the singularity t = 0 is thus a ‘light
sheet’.

FIG. 8. The same set-up as in fig.5. We consider the entropy
passing through a small part of the light sheet. The entropy
on the spatial segment Az' will pass through the light sheet
in the time At.

Let us now compute the entropy passing through this
light sheet. Take a time ¢, with 0 < ¢ < ty. The position
of the light sheet at this time is given by the value of
x1(t) given in (86). On the spatial slice at this time ¢,
consider the sliver of space given by

() —Art <zt <2't), 0<a' <L, i=2,...,d
(88)
As can be seen from fig.8, the entropy on this sliver of
space will soon thereafter pass through the light sheet.

The spatial volume of this sliver is

)

d
AV = ay(t)Ax' [ [ ai(t)Ls (89)

1=2



The entropy density on this sliver is

S—KH KG™*2

where we have used (80
is

=

-3¢

167TGt2 (90)

). Thus the entropy on the sliver

(91)

We can write Az! = At/a;(t), where At is the time over
which the entropy on the sliver crosses the light sheet
(fig.8). This gives

(1-35¢F)

As=KG 2
s “ | T 1erGE

Atl_[aZ

(92)

Adding over all such intervals At gives the total entropy
Ssheet Passing through our light sheet. Using (82) we find

KHdzg ail; [1-3,C?] T oo 42,
Sshcct = u 1 1 gl
G 16 | i r
d .
— KH?:2 aipol; [1— Zi CZ?' 3 tozizz C;
a d
“ B 167 Zi:Q C;
1
Kl panli [1-3,02] @ (93)
G | 167 1-C,

where in the last step we have used (79).

(e’) We consider the covariant entropy bound in the
form given by eq.(36). Using (84) we find

A 1 d pOe
Sbound = FrelmbTe HLiaiO o

1 _
=10 <HL am) o~ (94)
We find that
K(1-%,02)°
r= Sshcct _ ( Zl z) (95)
Sbound \/E(l - Ol)

It is easy to see that for any given value of K, we can
choose the C; to get r > 1, thus violating the covariant
entropy bound. For example suppose we set

C,=C,i=2,...d (96)
Using (79) we can write C in terms of C}

Ci=1-(d-1)C (97)
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We then find that r» > 1 if we take

2K32

l-—T < (C <1 (98)
K2d
1+ 54

where the last inequality follows from (79) and (83). It
can be checked that if we take a thin slice of the full
geometry studied in this section, then the condition (98)
is consistent with the general condition (67).

C. Comments on the computation

Let us now make a few comments on the above com-
putation.

(a) In the above computation we had used an open
surface S. We can perform a similar check for a closed
surface S, as follows. The open surface S was defined by
the coordinate intervals

0<az'<L; i=2,....d (99)

Let us compactify spacetime so that this cuboid becomes
a torus 791

(' =0) ~ (a'=Ly),

i=2,...,d  (100)

In (86) choose x such that

1-Cq
1 tO

xp 01— C1) (101)
With this choice, the null geodesics starting on S reach
z'=0att=0.

Now consider the (d — 1)-dimensional region R de-
scribed as follows

t = to, 0<z'<L; i=2,...,d

(102)

The x! direction gives a 1-dimensional line segment with
two endpoints; at each endpoint we have the torus 742
described by the compact directions z%,i = 2,....d.
These two 79~2-dimensional torii form the boundary of
the region R, and their union is the surface S that will
appear in the Bousso bound. The light sheets start-
ing at each of these torii are constructed just as in sec-
tion V B: the null geodesics stay at a constant value of

—xégxlgxé,

z', i=2,...,d, while moving in the z! direction as
dat 1
— =4 103
dt aq (f) ( )

(The two signs are for the right and left torii respectively.)
We thus get the wedge shape depicted in figs.9,10. The
entropy through each of the slanted portions of the wedge
is equal to the value Sgheet found in (93). The area of each
torus is equal to the area A given in (84). Thus for the
present case both Sgheet and Shounq are twice the values



in (95), and we get the same value for their ratio r as
before

shee K 1 - 02 3
r= Sh t _ ( Zz 1)2 (104)
Sbound \/E(l - Cl)
Thus the choice (98) will again violate the bound.
left torus right torus
\ R t=tg
X X
t
At xl
—
Azt
t=0

FIG. 9. The region R; its boundaries are marked by the
crosses, which depict compact torii. We compute the entropy
through the light sheets indicated, and compare this to the
total area of the two torii.

Non- compact Directions

\ Compact Directions (torus)

FIG. 10. The same as in fig.9, shown in a 3-dimensional
depiction. The light rays making up the light sheet maintain a
constant coordinate position in the compact directions, while
moving radially in the noncompact directions.

In the above example, the surface S was compact, since
it was the boundary of a region R. The region R had
one noncompact direction, while its other directions were
compact. It does not seem possible to violate the bound
(for an arbitrary value of K) if we choose a region R
which has more than one noncompact direction. It would
be interesting to understand the implications of this re-
striction better.

(b) The equation of state (1) has s ~ pz. If one con-
siders the cases s ~ p* with p > %, then we do not get a
violation of the bound. In this latter case one finds that
the ratio 7 = Sgheet/Sbound decreases with ¢; we repro-
duce the relevant computation in the appendix A. Thus
if the bound is satisfied at the Planck time, then it will
be satisfied at later times. For the case u = %, the ratio
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r becomes time independent, and then the choice (98)
violates the bound at all ¢ where this equation of state
holds.

VI. THE EFFECT OF VISCOSITY

We have seen that the equation of state (1) gives p = p.
But it is possible that the fluid has in addition a viscosity,
which will add further terms to the stress tensor. In this
section we will consider how the evolution of the last
section is modified by viscous effects.®

With viscosity 7, the stress tensor T}, gets an addi-
tional term —2no,,,,, where o, is the traceless symmet-
ric part of the velocity gradients. With a metric of the
form (39), we get

(105)

where in the last step we have set p = p.

We do not know the value of 7 for the ‘black hole gas’,
but it was conjectured in [31] that as a general rule

1
7

> (106)

» |3
W~

This inequality was derived using AdS/CFT, where a
black hole yielded n/s = 1/4m; conjecturing that a black
hole has the lowest 7/s yields (106). Let us conjecture
that the black hole gas also has this minimum viscosity,
so that

1 K /p
Now let us consider the Einstein equations. The G9

component gives the Friedmann equation

2
1 a; 1 az 0
-3 Z; +§Z¥:8WGT0=—87TG;) (108)

6 We thank Soo-Jong Rey for pointing out the possible connections
between entropy bounds and the viscosity bound.



The G*}, components give

ak n ak a; ai a;
- - E — | - =5 - -
Q. ag 3 a; Q. S a;

= —81GT% + 87GT*;
LK ax

p p 27 G ag

oy K [p (a1 4
PTa\e\w T d&a

With dissipation, we no longer expect to get the simple
power law solutions that we had without dissipation. But

=81

=8rG

(109)

it is instructive to check this fact explicitly. Thus we
assume the ansatz
a; = apit’, i=1,...d (110)

with ag;, C; constants. Equations (108) gives
2
1l pye +1202 = —81G (111)
2|2\ &) st T
Eq. (109) gives
Ck(Ck—l)JerZC- —0,3—20- Ci—1)

e i)

(112)

We can find p from (111) and substitute into (112); this
gives

=87

Cr(Cl — 1)+Ok201- — C? —ZQ(Q—U]
- Gt <O’“_dzq>
(z@-) Y

21
Ky 2=
\/;tQ

Solving for the C} gives

8nG |2

1
2

1 ° 1<
(st o189
1 1 =1

(113)

[(Zz Ci)2 - Zz Cﬂ '

7 1
% |:(Ez Ci)2 - Zz Cﬂ ’
(114)

Cy. = <Z C;

B

) Qo Ci—1)+
2 Ci—1)+
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so that all the Cj are equal. Summing (114) over k gives
(after a little algebra), the relation

Y Ci=1 (115)
so that we get
1
Ok*a, k=1,....d (116)

Thus the only solution in the power law ansatz is an
isotropic one. For an isotropic expansion the viscosity
term has no effect, and (116) agrees with the isotropic
solution allowed by (79) in the zero viscosity case.

Even though we have not found the general solution in
the case of nonzero viscosity, the lesson we wish to draw
can already be seen from (113). We expect that if we
start from anisotropic initial conditions, then the solu-
tion will eventually asymptote to the isotropic power law
solution (116). From (113) we see that the contribution
of the terms from the geometry is of the same order as
the terms from the viscous effects. Thus a solution that
is initially anisotropic will isotropize on a timescale that
is of the order of the Hubble scale H~!; in particular this
isotropization will not happen ‘instantaneously’ or over
planck times. Thus even in the presence of viscosity, we
can return to the computation of section IV where we set
up anisotropic initial conditions, and follow the evolution
for a small time At; viscous effects will contribute only
to the O(At)? terms in (49), and will thus not affect the
argument showing violation of the generalized covariant
entropy bound.

VII. THE ENTROPY BOUND BASED ON THE

APPARENT HORIZON

Let us also consider the entropy bound proposed in [7].
Due to the expansion of the cosmology, we can find space-
like surfaces of dimension (d — 1) that form an apparent
horizon. Take any such surface, and let the area of this
apparent horizon be A. Then the conjecture states that
the entropy within this apparent horizon will be bounded
by A/4G.

To get a violation of the bound for the equation of state
(1), we will again need to have an asymmetric expansion;
i.e., not all the C; in (71) would be the same. In this
situation the apparent horizon is not a spherical surface,
making computations difficult. To avoid this problem,
we take a spacetime where some of the directions are
compactified to circles, while the others are noncompact.
We will then let these two sets of directions expand at
different rates, getting the required asymmetry.

We let d; directions be noncompact and do = d — d;
directions be compact. Let each compact direction have
a coordinate range

0<a' <L,

i=di+1,....d (117)



We let
ai = aot’ = anc(t), i=1,...,d;
a;=aot’ =a.(t), i=di+1,...d  (118)
with
C>0, C>0 (119)
The condition (79) gives
d,C +doC =1 (120)

The metric (39) in the noncompact directions is now
homogenous and isotropic. We can thus write it in the
form

ds? = —dt? + afw(t) (dr2 + TQdQQ) (121)

Following [7], we define 7 = a,.r, and compute V7 in the
directions ¢, r

Vi = {f,tv 7:.,7“} = {dncry anc} (122)
We then have
\Vil® = 7,7 0g" =1 — a2, (123)
This vanishes when
1
= 124
"= (124)

This corresponds to a proper radius of the apparent hori-
zon

Xo = aper = C.an, (125)

nc

a value that equals the Hubble radius of the expansion.
Noting from (118) that a,. = aot®, we get

t
X, = — 126
3 (126)
The volume V, of the compact directions is
V, = VthC (127)

where Vy = (apL)?. The area of the apparent horizon
(including the extent in the compact directions) is

d1—1 _
A=Qq 1 XDV, =Q4 (5) Vot®2¢  (128)

The volume of the noncompact directions is

Qa1 Qa1 ()"
Vnc — 1 Xdl — 1 _
=2 (o)

(129)

Thus the overall volume inside the apparent horizon is

dl _
L (%) Votd2¢ (130)

dq
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From (80) we have

_ 1 2 52
P =T (1 d,C? — doC ) (131)
This gives, with the entropy expression (18)
1 ~
= - (1= 2 _ 2
S = K\/167TG2L‘2 (1 d,C2 — dyC )
le—l t « doC
x—o ( O) Vot (132)
We can write this as
(1—d1C? —dyC?) A
S=K — 133
\/ nd3C? 4G (133)
Thus
S (1 —d,02 — dyC?)
" Sbound \/ ﬂ'd%CQ ( s )

Let us choose any d; > 1 and any dy > 1. The relation
(120) gives

1-diC

C=— (135)

Then we can see that we get r > 1 if we take

d1K2 + \/dldQKQ[(d — 1)K2 + dl(dg — 1)71']

C
< 4 (K2 1 dydar)

(136)
where d = dl + dg.
Thus we see that the entropy expression (1) can violate
the bound given in terms on the area of the apparent
horizon.

VIII. RELATION TO PROOFS OF THE

BOUSSO’S BOUND

There have been several approaches to proving the
Bousso bound. These proofs start with some assump-
tions, and prove the bound subject to these assumptons.
We will now look at some of these proofs, and see that
the assumptions taken there do not hold for the equation
of state and initial conditions on expansion that we have
used to show a violation of the bound.

A. The first proof of [29]

In [29] it was shown that under some assumptions on
the matter stress tensor, one can actually prove the co-
variant entropy bound. Two such proofs were given. For
the first proof, it was assumed that the entropy current
s% is constrained by the stress tensor Ty in the manner

I5ak?| < T(Aoo — \)Tupk?k® (137)



Here )\ is an affine parameter along the null geodesics
used in the covariant entropy bound. We have A = 0
at the surface S used in the bound, and A = A\, at the
endpoint of the geodesic.

For our example, we have the metric (39) and a null
geodesic moving in the plane ¢,z'. The null nature of

the geodesic gives

dt da? (138)
dx "
The geodesic equation gives
del o deldt | adeldt | day 1 dat
AN 10dN dx ar d\ dA dX\ a1 dA
(139)
This gives
dx! o} Q
— = =t 140
dA ai  ad (140)
where a < 0 due to (53). We then have from (138)
dt Q50 Qo
— =a—t = —t 141
dA “ a%o aio ( )
which gives
t
- ai,c, a10 1+C
A= Ao = dt—t"t = —————¢* 1 142
/t_O « a(l+Ch) (142)
We have
s ={s,0,...0} (143)
and
a dt dx?
k —{ﬁ,ﬁ,o,...,O} (144)

Thus we have
dt [p(=a), ¢
Kl =ls—| =K,/ =—=t"
|S | Sd)\ G aio

S (1—203)%ﬂf01*1 (145)

1
4Gr2 aio

With the equation of state p = p (eq.(26)) we have

T = p diag{1,a},...,a3} (146)
Thus we get
dt > dz'
agb _ - 22
(1-32,C7) a® _oc
= o e i 147
8rGt2 a3, (147)
Then the inequality (137) becomes
1
K ’ 1 (1=X,¢)
1-3 ¢?| < . 148
4G7r%< Z ) - (1+Ch) 8G (148)
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which simplifies to

K< 149
-1+ 2 (149)

We can write this as
g AFC) (150)

T2 (1 - Zz CZQ)E
We have
/ _ 2

U Gl &9 (151)

05,09

where r is given in (64). Since (1 —3Y,C?) < (1 —C%),
we find

ﬁ\

>2 (152)

= |

Thus if we take initial conditions that give » > 1 to vi-
olate the covariant entropy bound, then we would also
have ' > 1, so we would violate the condition (137) of
the proof of [29]. Thus there is no conflict between the
violation we find and the first proof of [29].

B. The second proof of [29]

In the second proof of [29], there are two assumptions
about the matter content. We will now examine these,
and find that the second condition is in fact violated by
our equation of state and the chosen initial conditions.

The two assumptions are

() (sak*)’ < GTuk K (153)

(i) |kKPsap| < anTupk®k® (154)

where k% is any null vector. The constants aq,as are
constrained by

(71'041)i + (%)% =1

™

(155)
Let us examine the conditions (i) and (ii) in turn.

(i) Our metric is (39). The entropy current and the
stress tensor are given respectively in (143) and (146).
The most general null vector (up to a scaling) is

(156)

where

(157)



Then
sak® = —s, Tk’ =2p (158)
Thus the condition (153) becomes
201p
< 159
s< /2 (159)
We see that we can satisfy this if we take
K < V2o, (160)
(ii) We have
St = —$, St =85;t =0
s»»—&»a-d»s—&»g(fs (161)
gii = 0ij@ja;8 = 0ij =~ a;
Thus the condition (154) is
-5+ Z Ls| < 2amp (162)
We have from (80)
— 3. 0?)3
S:K E:E(l 2101)27
G Gt 16w
K (1-3,C2)
H - ( Zz 7 ) 2 (163)
Gt V16w
Then (162) becomes equivalent to the requirement
2K/m(1+
’I"I/ \/—( Z] 12] ) S 1 (164)
( Z'L 1 C )
We note that

" (1 - Zi:1 012)
where 7 is given by (64). From (155) we note that ag < 7.
We then have

P 2(1- (14 Y5, 3C))

r (1-30,CP)
2=+ L, 80
- (1—02)
_ 2 (125 56) (166)
(1+4+Cy)

We can choose out null vector £* such that e; =1, e; =
0,7 =2,...d. Then we get

r
" >2 (167)
Thus we see that whenever we choose the initial condi-
tions in our cosmology to get » > 1, we also find that
"> 1, in violation of the condition (154) which was as-
sumed in [29]. Thus the situations where we violate the

covariant entropy bound are not covered by the proof of
[29].
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C. Other proofs

In [32] another proof of the bound was given, under
the assumption that the entropy current s® vanishes on
the surface S. But in our cosmology, s® is nonvanishing
on S, so this proof does not apply.

For situations with weak gravity, a proof of the co-
variant entropy bound was given in [33, 34]. This proof
builds on definitions of the entropy S and the energy
E formulated in terms of entanglement entropy [35]. It
may be that the definitions of energy and entropy that
give the covariant entropy bound are not the ones that
are directly related to the entropy and energy that we
have used. We have treated these quantities as contin-
uous functions, defined by an appropriate local averag-
ing proceedure. It may be that in certain situations the
quantum fluctuations are such that they do not permit
such an averaging, and then one may be able to preserve
the covariant entropy bound in some way. But in that
case it is not clear what the significance of the bound is.
One would hope to use the bound in situations like the
early Universe, and if the quantum fluctuations here are
such that they do not give well defined local entropy and
energy densities, then it is unclear how the bound could
be useful.”

IX. THE CAUSAL ENTROPY BOUND

In this section we address the ‘causal entropy bound’
proposed in [12]. This bound is based on the idea that
there is a critical ‘Jeans length’ scale above which pertur-
bations in a cosmology would be causally disconnected,
and so black holes larger than this scale would not form.
The bound is then obtained from the entropy of the
largest hole that can in fact form. The bound is expressed
in a covariant form, described as follows.

Consider a hypersurface 7 = constant in spacetime,
and a region described as ¢ < 0 on this hypersurface.
Then the entropy S in this region is bounded by

ScEB
C1

4 v
=10 <0d x\/—g5(7)\/Maxi (G £ Ry )0HT0vT]

—eyq] = 4y /=
=c 2G/o<0d xy/—go(T)

1
X \/Maxi [(Tw +T,, F §gm,T)8“7'8”7'

(168)

We have included an extra constant ¢; of order unity (not
present in the expression of [12]), since the arguments
leading to (168) are order of magnitude estimates and it

7 We thank R. Brustein for a discussion on this issue.



is not clear if they imply ¢; = 1; further, we would like
to extend (168) to all space dimensions d, and it may be
that ¢; depends on d.

Let us consider this bound for our metric

d
ds* = —dt* + Z a? (t)dw;dx; (169)
i=1

Setting 7 = t, we find that the delta function reduces
to a 3-dimensional one over a spatial volume; thus the
bound is given in terms of a volume rather than an area.
This is in line with the arguments of the present paper,
which suggest that bounds in terms of an area may not
be valid. We have

o7 ={-1,0,0,0} (170)
We then find
Max. {(Tw +T,., F % gWT)a#Ta”T}
= Maxy. {(p tp+ %(—p + 3p)]
= Maxs [(p £ p & 0]
=3p (171)

where in the third line we have set p = p, and in the
last line we see that the upper signs give the required
maximum. We then find

_ TP
SCEB—301\/; e

The equation of state (1) is not in contradiction with this

bound, as long as
T
K S 361\/;

If we conjecture that the causal entropy bound is satu-
rated in the early universe by the ‘black hole gas’ type of
states, then the equation of state for this phase would be

5—301\/§ g

X. DISCUSSION

(172)

(173)

(174)

We have seen that the equation of state (1) leads to
a violation of the covariant entropy bound if we take a
sufficiently asymmetric cosmology. Let us now discuss
the possible physical implications of this observation.

A. Possible inadmissibility of the set-up

We have made several implicit assumptions in our
treatment of the equation of state; let us now see if these
could be invalid:
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(a) We required the cosmology to have an anisotropic
expansion, with an anisotropy of order unity. It is possi-
ble that the brane states depicted in fig.3(b) are resistant
to such an anisotropic expansion. Consider the setup of
sectionIV. Suppose there was a dynamical reason which
enforced the requirement

by 2 = ~£a-) 7s)

Then we cannot have the asymmetry required in (67),
and we would not be able to violate the covariant entropy
bound. We do not however know of a clear reason that
would yield a requirement like (175).

(b) We have seen that the entropy (18) can be realized
by a gas of black holes [9, 16], and that in string theory
we can get the same entropy by sets of intersecting branes
[22]. Tt is possible that some long distance effect disallows
such an array of black holes or intersecting brane sets. In
that case we may get less entropy than that given by (18),
and thus not end up violating the bound.

There are some difficulties in such a resolution how-
ever. For one thing, it is not clear what effect in general
relativity could prevent us from taking a lattice of black
holes. If we use intersecting brane sets in string theory,
then in the configuration of fig.3(a), these brane sets are
expected to just reproduce the entropy of black holes.
Away from the black hole horizon the physics of these
branes is supposed to approximate the usual supergrav-
ity behavior of black holes. So again it is not clear how we
could avoid getting configurations that yield an entropy
(18).

In spite of these issues, let us assume that there is
some long distance effect that makes the entropy of an
intersecting brane lattice less than (18). Note that it
would not help if this long distance effect just reduced the
value of K; we have seen that the bound can be violated
for any value of K, however small. We can avoid violating
the bound if (18) was modified to

EV EV\ !
S=K\& (log ?)

In [22] it was noted when arriving at (18) that we are
working in a regime EG—V > 1. Thus the log factor in this
relation does not vanish and lead to a divergence. For
macroscopic volumes V' the log reduces S by a large fac-
tor. To compare this modified expression of S with the
expression (18), we can say that the prefactor K in (18)
gets replaced by an effective prefactor K/log(EV/G).
Then eq.(98) tells us that the values of C; needed to
violate the bound tend to unity. From (80) we then find
that p — 0, and we do not get a sensible evolution. Thus
we avoid violating the covariant entropy bound.

But a modification of the form (176) does not respect
the underlying idea used in [22] to conjecture the equa-
tion of state (18). Recall the requirement (iii) in the ap-
proach (c) mentioned in section IT A. This requirement

(176)



says that the entropy S in the box should be of order the
Bekenstein entropy Spn when the energy F in the box is
order Eyy, the energy of a hole with radius the order of
the box size. Since a round hole cannot exactly fit in our
toroidal box, this requirement S ~ Sy, can only be an
order of magnitude relation, undefined upto a factor of
order unity. But this lack of precision cannot be extended
to accommodate a modified relation of the form

S ~ Spn/log(EV/G) < Spn (177)
since it is in fact possible to make a black hole in the
box with S ~ Spp. Thus (176) does not appear to be a
reasonable modification of (18); other attempts to reduce
S will face a similar difficulty.

B. Possible constraints on applicability of the
bound

It might be that a naive use of the equation of state
(1) violates the covariant entropy bound, but that there
are subtle conditions on when we can use the bound, and
these prevent us from arguing that the bound is indeed
violated. It has already been noted that the quantum
evaporation of black holes gives a stress tensor that re-
quires modification of the Bousso bound [37, 38]. Let us
examine some possibilities related to our current matter
model:

(a) When we model our matter as a ‘black hole gas’
(following [16]), then these holes have some typical radius
R, that depends on the elapsed time ¢ since the big bang.
A similar ‘lumpiness’ on the scale Ry may exist when the
holes are replaced by sets of intersecting branes. One
finds that [16, 22]

Ry~ (178)
so the size of the ‘matter bits’ is of order the extent of the
light sheet. It is possible that in this situation we cannot
use the bound; the bound may require the matter fluid
to be very homogenous on the scale of the light sheet.®

If such is the case, then we learn something interesting
about the domain of validity of the bound. It is also not
clear if we can use such a bound in the early universe,
where models like the ‘black hole gas’ may describe the
matter content.

(b) Suppose the matter is described by the black hole
gas. If we follow a null geodesic back from our hypersur-
face S, then this geodesic can fall into one of the holes
and end up at the central singularity of the hole. In that
case one may say that we cannot follow the geodesic all
the way back to the cosmological singularity at t = 0,

8 We thank Erick Weinberg for a discussion on this point.
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and thus we cannot get the full light sheet that has been
used above. Then we would not get all the entropy Ssheet
in (61) to flow through the sheet, and we may not be able
to violate the bound.

But in string theory we would replace the black holes
by intersecting brane sets, which give rise to ‘fuzzballs’
but no horizons or singularities. One may still argue that
null geodesics follow very complicated paths when they
enter an entity like a fuzzball, and one might find caustics
before reaching t = 0. If we use such an argument to save
the bound, however, then we have to ask how we can ever
hope to use the bound for cosmology, since the matter in
the very early universe is likely to be dense and stringy
anyway.

C. Replacing the area bound by a volume bound

Finally one must consider a fundamental change in how
we expect entropy bounds to work. Black holes have an
entropy given by their surface area:

A

S:E

(179)

This fact has suggested that we try to bound the en-
tropy in a region R in terms of the area of some surface
associated to R; the covariant entropy bound is one such
conjecture. But duality symmetries of string theory sug-
gest the answer (18), which gives the entropy in terms of
the volume of R. In fact, as we have noted

£V p
S=K\|l—=K,/zV
G G

so the entropy is extensive in the volume just as for nor-
mal thermodynamic systems. The area entropy (179)
arises as a particular limit, where the energy FE is just
enough to make a single black hole in the box of volume
V. This can be seen as follows. Suppose we have just
enough energy to make a single black hole radius the size
of the box:

(180)

Ry~ Vi (181)
The energy of this hole is (eq.(12))
Rd—2 Vﬁ
B~ o Gd (182)
The entropy expression S ~ % gives
vt vt A
~ ~ ~ = 1
S ez e e (183)

Thus we recover the area dependence of (179). If we have
more energy in the box, then we will have several holes,

and the expression ~ % will cover this more general



case as well. As noted in [22], we expect the volume
dependent expression (180) to hold over the domain

Poh S P S Pp (184)
Here ppy is the energy density that is just enough to make
a single black hole of order the box size; the entropy at
this density matches onto the area expression as noted in
(183). At the upper end p = p, (180) gives an entropy
of one bit per unit Planck volume. This corresponds
to having a lattice of black holes with each hole of order
Planck size. Thus (180) extrapolates the Bekenstein ‘area
entropy’ [2] to the domain (22). Since p 2 ppn, we will
say that matter is ‘hyper-compressed’; i.e., compressed
beyond the density of the largest black hole that can fit
in the box.

We have seen that the causal connecton bound of [12]
expresses the entropy in a region in terms of the volume of
region, rather than area of its boundary. We have seen
that our arguments do not rule out this bound; rather
they support the spirit in which this bound was proposed.

It is interesting that the Bekenstein bound [1] related
the entropy to the energy F and the parameter R giv-
ing the linear size of the system. The covariant entropy
bound tries to extend the behavior of black hole entropy
to general situations, limiting the entropy through a light
sheet in terms of the area A of the enclosed region. The
expression (180) gives an entropy that is proportional to
the volume V.9

It would be interesting to explore these general ideas
further, in particular using lessons from the fuzzball pic-
ture of black holes. This picture suggests that whenever
there is enough mass in a region to create a horizon, then
tunneling into fuzzballs leads to a breakup of the space-
time into parts that are disconnected but entangled [40].
This suggests that the black hole gas may have to thought
of as a collection of disjoint spacetime regions, that join
up as the expansion proceeds. We hope to return to these
considerations elsewhere.'”

Appendix A: General power-law entropy expression

In this appendix we study a general power-law entropy
expression in an isotropic spatially flat FRW universe.
The entropy for a photon gas or the entropy given by
Eq.(1) would be special cases of this general expression.
We work in (d+1) spacetime dimensions. We assume the
the entropy density has the form
(A1)

s=m%ph .

9 In [39] it was argued that the expression for the entropy of a
black hole should be modified in a cosmological context, to one
which involves length and volume terms besides the area.

10 For other conjectures on the evolution of the big bang/ big
crunch, see [41].
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Here m is a constant with the units of mass. (In most
cases m would just be the Planck mass). Matching di-
mensions, we find

a=dl—p)—p. (A2)
We first derive the thermodynamical properties of this
equation of state:

r=(as), = (owm), = (1), ="
oS 1—p

p—T<—J =T(1 — p)ym®ph = —=p .
V), (1 —p)m®p G

Thus
(1-p)

w = ,
1

(A4)
As expected, this gives w = 1 for y = % In the Fried-

mann equations (69) and (70), we assume for simplicity
that we have isotropy:

a;(t) = a(t), i=1,...d (A5)
Then we get
i d+d—2 d
aa _ wdtd-2_, 4 (A6)
a2 2 24
The scale factor and entropy density are given by
2
_ 2p/d — o (d B 1)
alt) = aot™%, ArG2d
2 Iz
— pe(d—1) =24 — p—2p
s(t)y=m ( Cd tT = (A7)

Now consider the computation of entropy passing
through a lightsheet, as carried out in section VB. As
in that computation, we choose the surface S at a time
to, in a plane orthogonal to the x! direction. Using the
results from (A8) and repeating the steps in the compu-

tation leading to (61) gives
S = [ sOAT] (2 ) st 2

sheet = S a T

heet 0 o ai(to) ! dt

to 2pa—a)
0

To get a finite value for the entropy passing through the
sheet we need

d

(A8)

2u<d. (A9)

We notice that for p < %, the ratio of Sgpeet to the Bousso

bound increases without any limit. Our equation of state
(1) has 1 = %, and we see it is a marginal case in this
sense. For the cases p > % we have

4Gnd
d—2p

o Ssheet
Sbound

b, (A10)



Thus we can formally violate the bound by going to a
sufficiently small value of tg; that is by choosing

to < }-1/(172@M}(led)(ku)/(lf?u)ma/(lf?u) ., (A11)
where
4d p?(d—1)\"
F = Al12
(d—2p) < 4drd (A12)

and we have set G = 1/M1§71. If the scale m is set
at the Planck mass, then it is easy to check that the
condition (All) gives ty < tp. Since we do not expect
our gravitational analysis to make sense at times earlier
than Planck time, we see that there is no violation of the
bound for p > %

Appendix B: Entropy in a comoving volume

In this appendix we show that for the equation of
state (1), the entropy enclosed in any comoving volume
is constant during the cosmological evolution. Consider
a small comoving cubic coordinate volume AVipord =
Az1Azsy ... Azgy. The entropy enclosed is sAVphys where
s is the entropy density given by (1) and AVpnys is the
physical enclosed volume:

d

AVphys(t) = AVeoord H a;(t) .
i=1

(B1)
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Using (79) we get

d
K |
ASenCl(t) = S(t)AVphys (t) = ? % Achoolrd H a; (t)
=1

= E g A‘/coord <ﬁ aiO) tzgzl G
t VG P
o d
= K\) 5 A‘/coord <Zl_[1 aiO)

where we have used (79). Thus the entropy in our co-
moving volume is independent of ¢.

(B2)
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