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Abstract: Black hole entropy remains a deep puzzle: where does such enormous amount
of entropy come from? Curiously, there exist gravitational configurations that possess
even larger entropy than a black hole of the same mass, in fact, arbitrarily high entropy.
These are the so-called monsters, which are problematic to the Anti-de Sitter/Conformal
Field Theory (AdS/CFT) correspondence paradigm since there is far insufficient degrees
of freedom on the field theory side to account for the enormous entropy of monsters in AdS
bulk. The physics of the bulk however may be considerably modified at semi-classical level
due to the presence of branes. We show that this is especially so since monster spacetimes
are unstable due to brane nucleation. As a consequence, it is not clear what the final
fate of monsters is. We argue that in some cases there is no real threat from monsters
since although they are solutions to Einstein’s Field Equations, they are very likely to be
completely unstable when embedded in string theory, and thus probably are not solutions
to the full quantum theory of gravity. Our analysis, while suggestive and supportive of the
claim that such pathological objects are not allowed in the final theory, by itself does not
rule out all monsters. We comment on various kin of monsters such as the “bag-of-gold”
spacetime, and also discuss briefly the implications of our work to some puzzles related to
black hole entropy.
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1

Introduction: monsters and their kin

The term “monsters” was coined by Stephen Hsu and David Reeb [1, 2] to refer to pathological configurations that possess entropy greater than their area in Planck units. Monsters have finite ADM (Arnowitt-Deser-Misner) mass and surface area, but potentially
unbounded entropy. The idea for constructing such configurations is not difficult: in flat
space, given an area that bounds a volume, we have good knowledge about the volume
of the interior. In particular, as the area shrinks, so does the volume; this is however not
necessarily true in curved spaces, since one can have larger proper volume than expected
from looking at the surface area alone. The idea is not new, for example, Wheeler’s “bagof-gold” spacetime [3] (closed FRW universe glued across Einstein-Rosen Bridge) is such
an example; see also discussion in [4]. In other words, curved space can hide large amount
of “stuffs”.
As it turns out, monsters are problematic with regard to both unitary evaporation
of black holes and Anti-de Sitter/Conformal Field Theory (AdS/CFT) correspondence.
Since Einstein’s General Theory of Relativity allows for such solutions, if we argue that
monsters somehow cannot arise, then the prevention mechanism must lie in the realm of
quantum theory. In section 2, with the hope that this work is self-contained, we will briefly
review the construction of a monster and recall why such pathological configurations are
problematic for AdS/CFT correspondence, as well as some ideas that have been proposed to
banish monsters and their kin from quantum gravity. In section 3, we introduce SeibergWitten instability for asymptotically locally hyperbolic Riemannian manifold, which we
then employ to investigate the stability of AdS monsters in section 4. We conclude with
discussions about various kin of monsters, and puzzles regarding black hole entropy.
The main idea to keep in mind is as follows: in string theory, asymptotically locally AdS
geometry becomes unstable if certain brane action becomes negative. If the negative action
is not bounded below, then such configurations are inherently unstable, and if furthermore
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1 Introduction: monsters and their kin

2

A monster is born

As detailed by Hsu and Reeb [1, 2], monsters configurations are expected to quickly undergo
gravitational collapse to form black hole. Consider, for example, a spherically symmetric
initial data on a Cauchy slice Σ0 at a moment of time symmetry, which is not yet a black
hole, i.e., there is no marginally trapped surface. Intuitively “moment of time symmetry”
means that the configuration is initially “at rest”. Mathematically, an “instant of time”
is described by a spacelike hypersurface Σ, which is a Riemannian manifold with metric
hij . The initial data must satisfy the initial value constraints determined by Einstein’s
contraint equations (See e.g. chapter 10 of [5])



i
l

D Kij − K l hij = −8πJj ,
(2.1a)

R(h) + (K ii )2 − Kij K ijj = 16πρ,
(2.1b)
where D is the covariant derivative operator in Σ, R(h) is the scalar curvature of Σ defined
by hij , Kij is the extrinsic curvature of Σ, ρ is the value of the energy density of the matter
fields on Σ as measured by observers whose worldlines are perpendicular to Σ, and finally
J j is the projection onto Σ the four-dimensional energy-momentum flux vector seen by
the observers. By “Σ0 is at a moment of time symmetry” one means that the extrinsic
curvature, Kij , of the hypersurface representing that instant of time vanishes. By eq. (2.1a),
this implies that J j must be zero, and thus the four-dimensional energy-momentum flux
vector must be orthogonal to the initial hypersurface Σ0 , hence “symmetric” with respect
to Σ0 .
The spherical symmetric configuration has spatial metric
ds2

Σ0

= grr dr2 + r2 dΩ2 ,

(2.2)

where dΩ2 is the standard metric on a 2-sphere. Since the configuration is not yet a black
hole, the full spacetime metric takes the form
ds2 = −gtt dt2 + grr dr2 + r2 dΩ2 ,
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no finite operations can evolve said configurations to new ones with non-negative brane
action, then this can be interpreted as the full theory not admitting such pathological
configurations. Using such argument, we are able to slay some, but not all, monsters. This
nevertheless means that in all cases in which our method is applicable, monsters, even if
they exist, cannot have arbitrarily large entropy, i.e. Seiberg-Witten instability naturally
allows us to bound the size of monsters. Unfortunately, with Seiberg-Witten instability as
the only tool to investigate the existence of monsters, one finds that not all monsters and
their various kin can be addressed in this approach. In particular, our argument works well
only for the cases in which the region that holds large entropy is not behind a black hole
horizon — a den for monsters to hide and avoid being slain. This means that it leaves open
the interesting issue of whether the “bag-of-gold” spacetime, where the FRW universe is
interior to the Schwarzschild event horizon, is consistent with the full quantum theory of
gravity.

where gtt and grr are not necessarily static, that is they can be functions of t in addition
to r. Typically, one considers a “star” of certain fluid with some kind of density profile ρ
such that gtt and grr take the same form as black hole metric exterior to the star, however
it is important to note that unlike black holes, gtt grr 6= −1 in the case of fluid [6]. For
asymptotically flat case, it is well known that Einstein’s field equations determine
grr−1 = 1 −
where

Z

(2.4)

r′2 ρ(r′ )dr′

(2.5)

r
0

is the “energy within radius r”. Note that ρ(r) = ρ(r, t0 ) is the proper energy density as
seen by a stationary observer at r on the initial time slice t = t0 .
Note that the “mass” M (r) is defined via integrating over the flat space volume element
2
r sin θdr ∧ dθ ∧ dφ, so it is not the proper mass. The latter is defined by
Z r
√
(2.6)
r′2 grr ρ(r′ )dr′ .
Mp (r) = 4π
0

From the Schwarzschild solution (valid as exterior solution), we know that M = limr→∞
M (r) is the ADM mass, which can be interpreted as the total energy of the spacetime,
including gravitational energy. However ρ(r) is the density profile of the star and this
does not include gravitational energy. The difference between M and Mp is precisely the
negative gravitational binding energy. Monsters can thus be viewed as configurations whose
otherwise huge mass is canceled by the negative gravitational binding energy.
The same story holds in asymptotically anti-de Sitter spacetimes, but now
grr−1 = 1 −

2M (r)
r2
+ 2,
r
L

(2.7)

where L is the length scale associated with the cosmological constant by Λ = −3/L2 [7].
It is convenient to denote
ǫ(r) = grr−1 .
(2.8)
Hsu and Reeb [1] gave two examples of monster configurations in asymptotically flat
spacetime: the blob and the shell. The blob refers to an object with core radius r0 and
mass M0 and density profile
ρ(r) = ρ0
In the unit 8πρ0 r02 = 1, we have

 r 2
0

r

ǫ(r) = ǫ0

, r0 < r < R.

(2.9)

r 
0

,
(2.10)
r
where ǫ0 = 1 − 2M0 /r0 . Hsu and Reeb showed that the entropy of the blob monster is
3

ρ 4 r0
S ∼ √ R2 .
ǫ0
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M (r) = 4π

2M (r)
,
r

The entropy can thus be arbitrarily large by taking ǫ0 arbitrarily small. Furthermore, we
can obtain faster than area scaling by taking ǫ(r) to approach zero faster than 1/r. More
generally [2], one can consider profile of the power-law type:
ǫ(r) = ǫ0

 r γ
0

r

, γ > 0.

(2.12)

Here the function ǫ(r) decreases rapidly to some ǫ0 betwee R0 < r < R1 , and is constant
ǫ(r) = ǫ0 for R1 < r < R. Again, by choosing arbitrarily small ǫ0 , the entropy in the region
R1 < r < R can be made arbitrarily large.
The major problem posed by monsters and their kin is the following: monsters are
believed to inevitably evolve into black holes [1, 2] (although we will later argue against
this, at least in the case of some monsters in anti-de Sitter spacetime); however by construction, the entropy on the initial Cauchy slice can be arbitrarily larger than the entropy
of the eventual black hole, where the latter is determined by the area of the event horizon
according to Bekenstein-Hawking formula S = A/4. As the black hole evaporates, the
entropy released is only at the order of M 2 . Assuming the usual scenario in which the
black hole completely evaporates, in order to preserve unitarity one would need to remove
monsters with S & A from the associated Hilbert space. In the case where one considers
black hole remnant instead of complete evaporation, as long as the end state is not a remnant that locks up enormous amount of entropy (see, e.g. [8] in which the entropy of black
hole remnant remains small), the same puzzle remains (this of course depends on how one
interprets the Bekenstein-Hawking entropy. We leave this issue to the discussion section).
Likewise, in the contexts of AdS/CFT correspondence, monsters are problematic because
on the gravity side we have enormous amount of entropy but there is far from enough degrees of freedom on the field theory side to describe such a configuration. Thus, as pointed
out already in [1], monsters with sufficiently high entropy are semiclassical configurations
with no corresponding microstates in a quantum theory of gravity. In view of increased
evidence in support for AdS/CFT correspondence, it is desirable to understand the nature
of monster spacetime in this context. We thus focus our attention to the fate of monsters
in AdS, since gravity in the bulk may be considerably modified at semi-classical level by
the existence of extended objects such as D-branes.
We remark that it has been argued that the current known laws of physics prevent
creation of monster configurations even by arbitrarily advanced civilization [1, 4]. Likewise,
at the classical level no mechanism is known to create bag-of-gold spacetime from empty
AdS space by acting with boundary observables [9]. However, there seems to be no obvious
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The shell monster, on the other hand, is constructed from a thin shell of material with
R < r < R + d such that the mass function is

R1 (r − R0 )(1 − ǫ(r))


, if R0 < r < R1 ,


2(R1 − R0 )

M (r) =
(2.13)




 r(1 − ǫ0 ) , if R1 < r < R1 + d = R.
2

reasons monsters and its kin cannot be created via some quantum tunneling processes [1,
2, 9].
There are at least two ways out of this puzzle:

(2) A full theory of quantum gravity might not permit monsters and its kin to exist. For
example, Hsu and Reeb [10] showed that, assuming unitarity and no remnant and
no topology change, there must exist a one-to-one correspondence between states on
future null and timelike infinity and on any earlier spacelike Cauchy surface. Consequently a large set of semiclassical spacetime configurations including the monsters
and bag-of-gold spacetime are excluded from the Hilbert space of quantum gravity.
Presumably if the end state of black hole evaporation is a remnant, but one which
does not lock up very high entropy, it is conceivable that pathological configurations
with sufficiently high entropy would still be excluded from the Hilbert space.
In support of the claim that monsters simply do not exist in quantum gravity, we
will argue via Seiberg-Witten instability that configurations with finite area bounding
sufficiently large volume is not acceptable in string theory. This idea has been previously
pointed out by McInnes [11] in the context of “Bubble de Sitter with Casimir effect”
spacetime, which has precisely the aforementioned property that finite area bounds large
volume at sufficiently large value of proper time. In this work we will emphasize this idea
again, and explicitly show that in particular the shell monster are completely unstable
in string theory (the case for blob monster is similar). Furthermore, as pointed out also
in [11], many concrete examples of Seiberg-Witten instabilities are induced by violation of
the Null Energy Condition (NEC). See also [12] for general discussion about how violation
of NEC implies instability in a broad class of physical models. We will prove that the shell
monsters indeed also violate the NEC. Nevertheless, we will point out how this does not
rule out all monsters.

3

Seiberg-Witten instability

We shall now review the notion of Seiberg-Witten instability. For any locally asymptotically
AdS spacetime in Type IIB string theory defined on AdSn+1 × S 9−n , n ≥ 3, the SeibergWitten brane action can be defined on the Euclidean signature spacetime obtained after
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(1) There might exist superselection rule that prevents the formation of monsters and its
kin from quantum tunneling processes. However there is no obvious reason why this
should be the case. Marolf suggested in the context of bag-of-gold spacetime in AdS
that since such spacetime inevitably contains a past singularity, there is no obvious
way to construct a bag-of-gold spacetime by simply manipulating perturbative excitations near the AdS boundary, and this could be a hint that bag-of-gold spacetime
lies in different superselection sector of the theory [9] . This is also true for monsters:
they evolve into black holes, but their time reversed evolution also leads to black hole
formation, that is, in the time-forward sense, monsters emerge out of a white hole
singularity in the past [1, 2]. This is due to the fact that by construction the initial
data set is time symmetric.

performing Wick rotation by
S = Θ(Brane Area) − µ(Volume Enclosed by Brane).

(3.1)

where gτ τ = −gtt .
This action describes a probe brane that we introduce to investigate the background
fields and geometry of the bulk. Seiberg and Witten showed that non-perturbative instability occurs when the action becomes negative due to uncontrolled brane productions [14, 15].
Brane-anti-brane pairs are always spontaneously created from the AdS vacuum, a phenomenon analogous to the well-known Schwinger effect in quantum electrodynamics [16],
with the rate of brane-anti-brane pair production being proportional to exp(−S) where
S is the Seiberg-Witten brane action. If the action becomes negative, the AdS vacuum
will nucleate brane-anti-brane pairs at exponentially large rate instead of exponentially
suppressed. This disrupts the background geometry so much so that the spacetime is no
longer described by the metric that we started with. That is to say, the original spacetime is not stable if such brane-anti-brane production is exponentially enhanced due to the
“reservoir of negative action”. Seiberg-Witten instability can occur, e.g. if the SeibergWitten brane action is negative at large r limit, which can happen when the boundary has
negative scalar curvature [14]. To understand Seiberg-Witten instability in terms of brane
and anti-brane dynamics in Lorentzian picture, see e.g. [17].
Seiberg-Witten instability applies to any spacetime of dimension d = n + 1 ≥ 4 with an
asymptotically hyperbolic Euclidean version (loosely speaking, we say that a Riemannian
manifold is asymptotically hyperbolic if it has a well-defined conformal boundary; this
can of course be made precise), even for string theory on X n+1 × Y 9−n , where X n+1 is an
(n+1)-dimensional non-compact asymptotically hyperbolic manifold (generalizing AdSn+1 )
and Y 9−n is a compact manifold (generalizing S n+1 )1 [18]. Furthermore, since the idea of
holography and AdS/CFT correspondence is expected to arise in any consistent theory of
1

Again, we remind the readers that such product manifold is supported by Freund-Rubin type of background antisymmetric tensor field. The requirement that X n+1 has well-defined conformal boundary
guarantees its volume form ω is exact: ω = dH for an n-form H, and dH is precisely the background
antisymmetric tensor field of the appropriate supergravity theory on X n+1 .
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Here Θ is related to the tension of the brane and µ relates to the charge enclosed by
the brane due to the background antisymmetric tensor field. We remark that the type
IIB backgrounds assumed here are of Freund-Rubin type [13], i.e. the AdSn+1 × S 9−n
spacetime metric is supported by the background antisymmetric field strength. In string
theory, the existence of such flux field naturally induces compactification so that the full
10-dimensional spacetime reduces to a product manifold AdSn+1 × S 9−n where the factor
S 9−n is compactified.
We see that the action will become negative if the term proportional to volume is
large. The most dangerous situation occurs when the charge µ attains its maximal value:
the BPS case with µ = nΘ. Explicitly, the Seiberg-Witten brane action is given by
Z
Z
Z r
Z
Z
√ √
√
′
n−1
dr
dΩ r′n−1 gτ τ gr′ r′ ,
(3.2)
S[r] = Θ r
dτ gτ τ dΩ − nΘ dτ
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quantum gravity, we should expect that extended objects like branes to be generic in any
consistent theory of quantum gravity, and also that phenomenon qualitatively similar to
Seiberg-Witten instability to continue to be present (See also footnote (1) in [19]).
Our plan is to show that monsters are unstable objects in the Seiberg-Witten sense.
However, it is crucial to note that merely being unstable is not good enough to rule out
monsters. After all, physical states which are unstable usually do not exhibit truly runaway
behavior. As argued, the brane-anti-brane pairs will soon occupy the surrounding black
hole environment due to the exponential rate of pair-production. This will likely alter the
boundary conditions of the original action. As a result, the exponential pair-production will
stop. We can compare this with the more familiar physical system of neutral hydrogen gas
ionizing into plasma (which we can think of as “pair-production” of electrons and protons)
under external E-field between parallel plates. As the E-field reaches the atom’s ionization
energy within one Å, there will be an exponential avalanche. This will nevertheless be
quickly suppressed since the surrounding plasma would induce negative E-field that will
counter the original E-field. In other words, physical instability is often self-limiting due
to backreaction. We might therefore object that even if monsters are unstable objects
in string theory, they can still exist for at least short amount of time before evolving
into other stable configurations (perhaps a black hole). This clearly does not solve the
problem since monster states are expected to evolve into black holes in the first place, i.e.
the problem persists since however brief the life span of a monster is due to instability, we
cannot account for that existence on the field theory side of the AdS/CFT correspondence.
Therefore, it is important to argue that not only monsters are unstable, but also that they
are completely unstable in the sense that no backreaction can bring the configuration to
any stable configuration, and therefore monsters probably do not exist in the full theory
of quantum gravity.
For example, if the geometry of (Euclidean) locally hyperbolic spacetime is such that its
scalar curvature at the boundary is negative, and it is of certain class of topology, then using
results from differential geometry, one can prove that no matter how the branes deform
the spacetime, the scalar curvature at infinity can never become everywhere positive or
zero [18]. At this stage, this suggests that we can already eliminate an entire zoo of locally
AdS monsters spacetime with negative curvature at infinity. We nevertheless need to be
careful since we need to take into account the time scale for the instability to set in. We
will come back to this point shortly. One might also argue that infinite reservoir of negative
action means that the action cannot be made everywhere positive by pair-production of
finitely many brane-anti-brane pairs. This innocent-sounding reasoning, however, is a nontrivial statement since as we shall explain, it is not true in general. Despite that, as we
will subsequently argue, such reasoning is still applicable for these monsters.
What if the brane action is only negative for some finite range of r, and so the reservoir
of negative action is finite? For such action, the emitted branes and antibranes can minimize
the action by moving to this region (Note that most of the brane-anti-brane pairs are
actually created in such region in the first place due to the exponential enhancement in
pair-production rate, and by causality if nothing else) instead of collapsing to zero size
under their own tension. Nevertheless the action can only be reduced by a finite amount

4

Monsters in string theory

It was commented in [9] that “AdS/CFT appears to predict that such tunneling (to create
bag-of-gold spacetime) is not possible and that understanding this prediction from the AdS
gravity point of view remains an important open problem”. We argue that the solution
to the analogous problem regarding (at least some) monsters lies in Seiberg-Witten instability. The reason we specifically emphasize monsters separately from the bag-of-gold
spacetime will become clear later. Specifically, we consider any spherically symmetric monster configurations with metric given by eq. (2.2), with gtt and grr attaining the functional
form of their vacuum black hole counterpart in the exterior spacetime. This is a “star”
with unusual density profile. Since monsters are very close to being a black hole (ǫ ≈ 0)
but still not a black hole, r = reh does not represent a horizon but a surface inside the
star. For convenience, we denote f ≡ gtt and ǫ ≡ grr−1 . Despite the fact that monsters
are unstable and therefore dynamical objects, we will take the metric to be static just to
study the qualitative behavior of monsters spacetime (Essentially we are treating the case
in which the dynamical spacetime can be approximated by a sequence of static spacetimes,
i.e. quasi-static approximation).
We can then compute the Seiberg-Witten brane action:
Z
1
1
3 r ′2
r f ǫ−1 2 dr′ ,
S ∝ r2 f 2 −
(4.1)
L reh

where we have omitted an overall positive multiplicative factor. It is already suggestive
at this point that the second term is going to dominate if ǫ is sufficiently small, which
then leads to negative brane action. We must however be more careful and explicit about
the details. First of all, we remark that eq. (4.1) is not exactly correct. In the case of
black holes, when we do a Wick-rotation to Euclidean field theory, the black hole interior
is removed, and thus it makes sense that the radial integral in eq. (4.1) starts from the
horizon r = reh . For a spacetime without horizon, like our fluid star, strictly speaking
the integral should start from r = 0. But in writing eq. (4.1), all we want is to do a fair
comparison, since the only thing we can compare between a star and a black hole of the
same mass is their exterior geometries. Here by “exterior” we mean outside of the event
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in this case. This leads Maldacena and Maoz [20] to suspect that there should be “nearby”
solutions that are stable. In a more dynamical picture, the branes are produced in such
a way that some of the metric parameters of the black hole spacetime will eventually
be brought down below the threshold value that triggered the instability. However, when
everything has settled down to a stable configuration, it is no longer the original spacetime.
It has become a “nearby” solution in the sense of Maldacena and Maoz. Qualitatively we
will expect that the more “negative reservoir” the action has, the more unstable it is, in
the sense that “nearby” solutions may not even exist and so the spacetime is completely
unstable (and consequently is likely to not be a solution of the full theory), although we do
not yet have a quantitative treatment of this claim. We will see that there exist, in fact,
monsters of this class.

the second term becomes unbounded below if ǫ0 is arbitrarily small. The case for the blob
monster is similar. We should of course be more careful about the first term and the last
term, since the asymptotic values of their sum could very well be infinite. We will discuss
this in more details below.
Let us first remark on the energy condition, since pathological constructions like the
monsters immediately raise the concern about violation of energy condition. This is indeed
true, at least for some monsters. To see this, as noted in [21], we can take the radial null
vectors to be of the form
 1
T
1
nµ = ǫ− 2 , ±f 2 , 0, 0 ,
(4.3)
so that consequently the Ricci tensor satisfies [6]
Rµν nµ nν =

(f ǫ−1 )′ ǫ
,
r

(4.4)

where prime denotes derivative with respect to r, and superscript T denote vector transposition.
Typically in classical general relativity, various energy conditions are imposed on the
matter field. The weakest of these energy conditions is the Null Energy Condition (NEC),
which requires that the energy-momentum tensor Tµν satisfies Tµν nµ nν ≥ 0 for all null
vectors nµ . By the Einstein’s Field Equations, the NEC is equivalent to the Null Ricci
Condition Rµν nµ nν ≥ 0. Consequently, if the NEC holds, we will have, by eq. (4.4),
(f ǫ−1 )′ ≥ 0.

(4.5)

By virtue of AdS version of Birkhoff’s theorem, in the exterior of our fluid star the metric
coincides with that of a black hole, of which f ǫ−1 is precisely unity. Since f ǫ−1 is an
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horizon, which for the star lies in its interior (in the formal sense, since it is not a “real”
horizon). Regardless, the geometries outside the event horizon for both a star and a black
hole is not too different and thus can be compared. More crucially in our work below, the
objective is to show that the brane action can become negative, and since the inclusion of
the range [0, reh ] only makes the action more negative, for simplicity we need not consider
said range in our radial integral. Similarly, we can assume that the horizon reh lies within
the “problematic region” R1 ≤ r ≤ R (i.e. region in which, by construction, arbitrarily high
entropy can be contained). However this is due to the fact that, in the construction of the
shell monster, our problematic region shares boundary with the exterior vacuum geometry,
and so we at least know that its horizon lies inside the boundary surface r = R. In general,
one can imagine constructing a monster configuration such that the problematic region lies
strictly within a fluid, and it is then possible that the horizon is exterior to the the region,
i.e. reh > R. In such case of “concentric monster” consists of problematic region bounded
between relatively normal fluid, our calculation below needs to be modified accordingly,
and then it is crucial that our range of integration be taken from origin instead of the
horizon. For the shell monster with mass profile given by eq. (2.13), the brane action is
Z R
Z
1
3 r ′2
− 21 3
′2 12
2 12
′
(4.2)
r f ǫ−1 2 dr′ ,
r f dr −
S[shell] ∝ r f − ǫ0
L reh
L R

Now we return to the brane action for shell monster in eq. (4.2). Imagine a “toral
star” that collapses to form a black hole (for a careful treatment of such scenario, see [22])
with flat horizon equipped with metric
ds2 = −f (r)dt2 + f (r)

−1

dt2 + r2 dΩ2k=0 ,

(4.6)

where
f (r) =



r2
2M̄
−
2
L
r

−1

, M̄ =

M
,
πK

(4.7)

and dΩ2k=0 is the metric on compact flat submanifold, while M̄ is the ADM mass M
divided by πK, where the parameter K is related to the size of the flat compact manifold.
Specifically, think of a flat square torus as parametrized by two circles of circumference
2πK, and its area is Γ0 (T 2 ) = 4π 2 K 2 . This equation then defines K, so that for any
compact flat 2-manifold, K becomes a measure of the overall relative size of the space
compared to the square torus. This follows the convention in [21].
The brane action for such flat (uncharged) black hole asymptotes to a finite positive
constant [21]
πLΘA
,
2

(4.8)

where Θ is the brane tension and A is the horizon area. For an “ordinary” toral star, i.e.
when NEC is satisfied by the fluid, we observe that
1

S[ordinary star] ∝ r2 f 2 −

3
L

Z

r

r′2 f ǫ−1
reh

1
2

dr′ .

(4.9)

By Birkhoff’s theorem, the exterior metric should match that of the black hole (i.e., f ǫ−1 =
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increasing function of r, its value for NEC-nonviolating fluid is always less than unity. For
stable black holes (of vacuum Einstein solution, i.e. k = 0, 1 topological black holes, but
not k = −1 case, which is unstable in the Seiberg-Witten sense [21]), the Seiberg-Witten
brane action in eq. (4.1) is always positive, so for stable fluid, the action is also positive
(since the second term, with the same domain of integration, is smaller than the black hole
case). Consequently, if the NEC holds, then the brane action of the (exterior geometry of
the) “star” is always positive. The contrapositive statement is then: if the star has negative
brane action, then the constituent fluid violates NEC. In other words, monsters, at least
the blob and the shell species, violate NEC. The argument here may not work for concentric
monster since the exterior geometry does not contain any problematic region, and so as we
discussed above, in considering Seiberg-Witten instability we should take the domain of
integration to start from the interior of the horizon. Since the domain of integration is no
longer the same as that of the black hole case, we cannot establish the argument above that
leads to the conclusion of NEC violation. This is of course not saying that such monsters
are free of energy condition violation.

1 for r > R), and so the brane action for monster S[Monster(k = 0)](r), should satisfy
Z
Z
1
 1 ′ 3 r ′2
3 R ′2
2 21
−1 2
dr −
(4.10)
r f ǫ−1 2 dr′
S[Monster(k = 0)](r) ∝ r f −
r fǫ
L reh
L R
Z
Z
 1 ′ 3 r ′2 ′
3 R ′2
2 21
−1 2
=r f −
dr −
r dr
(4.11)
r fǫ
L reh
L R
Z
1 i i
3 R h ′2 h
= S[Black Hole(k = 0)](r) +
r 1 − f ǫ−1 2 dr′ . (4.12)
L reh

We note that even for k = ±1, the same argument in eq. (4.12) also yields
Z
1 i i
3 R h ′2 h
r 1 − f ǫ−1 2 dr′ ,
S[Monster](r) = S[Black Hole](r) +
L reh

(4.13)

(4.14)

so that the brane action in the monster case only differs from that of black hole by a term
independent of r. This means that in particular, the turning points, if any, of the actions
are the same.
For ordinary star, the term 1 − (f ǫ−1 )1/2 is positive as we explained above, and so the
brane action is in fact positive at the boundary. However, for the shell monster of which
ǫ = ǫ0 = const., we now see that even though the brane action is exactly the same as
eq. (4.13), the action can become negative and stays negative if
!
Z R
−1 √

√
1
3
≡ ǫ∞ .
ǫ< 6
(4.15)
r′2 f 2 dr′ πL2 ΘA + 2 R3 − reh
reh

If infinite reservoir of negative action does imply no stable solutions exist regardless of
backreaction, then this allows us to slay all shell monsters spacetime whose Euclidean
metric induces flat curvature on the conformal boundary, provided that eq. (4.15) holds.
Mutatis mutandis, the argument should work for all monsters and their kin whose metric
asymptotes to that of flat black hole, as long as their “problematic region” does not lie
behind the true event horizon, since otherwise as we have already mentioned, the region
will be excised upon Wick-rotating to Euclidean signature.
The question that we have to settle at this point is whether infinite supply of negative
action does imply non-existence of stable solutions. The answer is probably no in general.
Consider for example the remarkable black hole solution found by D. Klemm, V. Moretti,
and L. Vanzo [23]. The KMV black holes can have spatially flat spatial sections, dubbed
the KMV0 solution [23] and is in fact a kind of rotating (more appropriately, shearing)
planar black hole. It is shown in [24] that no matter how small the angular momentum is,
the brane action will eventually become negative and stay negative. It is thus tempting to
conclude that such solutions are not physical, since emission of finitely many brane-antibrane pairs does not seem capable of getting rid of the infinite negative action. However,
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Taking limit r → ∞ on both sides of the equation yields
Z
1 i i
πLΘA
3 R h ′2 h
lim S[Monster(k = 0)](r) ∝
r 1 − f ǫ−1 2 dr′ .
+
r→∞
2
L reh

r02



2M̄
r2
−
+ 02
r0
L

 12

3
−
L

Z

R

3
−
L

Z

r0

(4.16)

#
 12
Z R
1
2M̄ L2
− 1 + R3 = 3
r′2 f ǫ−1 2 dr′ > 0.
− 3 +1
r0
reh

(4.17)

fǫ

reh

−1

1

r′2 dr′ = 0.

r

′2

2

R

This leads to
r03

"

Interestingly, we observe that since the right hand side is positive, with ǫ = ǫ0 assumed
independent of r, it cannot be arbitrary small since the left hand side is bounded away
from upper bound R3 . However we have previously shown that for ǫ < ǫ∞ , the action is
2

Note that KMV0 black hole is not spatially flat at the boundary of AdS, but only conformally flat [25],
i.e., it does not have quite the same geometry as the monster under consideration. However all we want
to stress here is that, in principle infinite amount of negative action of a given geometry could go away by
tuning certain parameter by finite amount; this is regardless of the curvature at the boundary.
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surprisingly, it is possible to do so. One only needs to recall that angular momentum of
black hole, like its mass, can be changed by physical processes. When calculating the brane
action for the KMV0 black hole, one uses the original stationary black hole metric, but once
brane emission is triggered, one has to eventually take into account the backreaction to the
black hole spacetime. Specifically, we can imagine that branes are nucleated in pairs with
a nonzero total angular momentum, and they carry it away and thus reduce the angular
momentum of the black hole. Since the latter is only finite, and in fact could be very
small, it is easy to imagine that such process could reduce it completely to zero. Thus, by
emitting only finitely many brane-anti-brane pairs, the infinite supply of negative action
can in principle, be removed. Therefore, we should ask: is there any finite parameter in
the monster case which, when changed by a finite amount, removes the infinite negative
action?2
Since the monster considered here is characterized by its mass, as well as the equation
of states of the fluid, one obvious way out is to collapse into a black hole fast enough, and
in the process, pushes the problematic region pass the (true) horizon. Once the entire
problematic region is behind the horizon, its Wick-rotated Euclidean metric will remove
all problems. To recap, in order for us to claim that the monster has infinite supply of
negative action and hence does not represent a physical solution, we need to establish
that the infinite negative action cannot be removed by changing finite parameter. The
corresponding parameter is the size of the problematic region, which is finite, and hence
by collapsing pass the horizon, can remove the entire infinite supply of negative action in
finite proper time. For our plan to work then, we must establish that the monsters do not
in fact have enough time to collapse into black hole before Seiberg-Witten instability kicks
in, thereby modifying the spacetime considerably to the effect that we can no longer trust
that the negative action can be removed via gravitational collapse. We will come back to
this important issue later on.
For now, let us consider the brane action and consider the point at which the action
vanishes. This value of r = r0 must satisfy the equation

Therefore, we can consider several cases. The first possibility is if the brane tension satisfies
the inequality Θ > M/(2π 3 K 3 ). This corresponds to ǫ∞ < ǫmin . We then have three
subcases:
(1.) If ǫ ≤ ǫ∞ < ǫmin , then the brane action S never crosses the r-axis, and remains
negative at infinity, with the marginal case occurs when equality is attained.
(2.) If ǫ∞ < ǫ < ǫmin , then S never crosses the r-axis, and is positive at infinity. This is
the case for ordinary star (NEC preserving fluid) provided 0 < (f ǫ−1 ) < 1.
(3.) If ǫ∞ < ǫmin < ǫ, then S crosses zero, and remains positive at infinity.
Likewise, for brane action satisfying Θ < M/(2π 3 K 3 ). we have ǫ∞ > ǫmin . We then
also have three subcases:
(I.) If ǫmin < ǫ < ǫ∞ , then S becomes zero at some finite value of r but negative at
infinity. This case cannot happen since the brane action S, like the brane action
of the black hole counterpart, is monotonically increasing (and tends to a constant
asymptotically) and thus has no turning point.
(II.) If ǫ < ǫmin < ǫ∞ , then S never becomes zero and remains negative at infinity.
(III.) If ǫmin < ǫ∞ < ǫ, then S is positive at infinity but crosses the r-axis at some finite
value.
Going back to eq. (4.14), we see that since the brane action for monsters only differs
to that of black hole by a shift that only depends on ǫ, which we sketched in figure 1.
It is thus possible for the action to have only finite amount of negative reservoir, namely
case (3) and case (III). We shall refer to such cases as “small monsters”, while those with
infinite supply of negative action, “large monsters”. The instability of such monsters is
thus of the Maldacena-Maoz type [20].
Let us move on to investigate the k = ±1 cases. We note that for k = 1 case, the
instability is always of Maldacena-Maoz type, with only finite supply of negative action.
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negative at infinity. We thus have to consider two quantities: ǫ∞ and ǫmin , the latter refers
to the lower bound of ǫ that allows the action to vanish. Explicitly,
Z R
Z R
Z R
1
1
1
r′2 f 2 dr′
3
r′2 f 2 dr′
6
r′2 f 2 dr′
3
√
reh
reh
reh
=
ǫmin =
,
=
" "
##
 21
3 − r3
2 + R3
2R
−
M̄
L
2
eh
2
M̄
L
1−
max r3
− 1 + R3
r3
(4.18)
where we have used the fact that the event horizon is reh = (2M̄ L2 )1/3 .
On the other hand, we have from eq. (4.15),
Z R
1
r′2 f 2 dr′
6
√
reh
(4.19)
ǫ∞ =
3 + (πL2 ΘA − r 3 ) .
2R3 − reh
eh

Nevertheless as we send ǫ towards zero, the action becomes very negative, indicating the
solution becoming more unstable. To see the behavior of the brane action more explicitly,
we note that for k = 1 topological black hole, the brane action is

1
Z r
3
2M
r2 2 r3 − reh
′2 ′
2
2 12
−
r dr = r 1 −
S[Black Hole(k = 1)](r) = r f −
+ 2
(4.20)
r
L
L
reh

r3
Lr
− M L + eh + O r−1 ,
(4.21)
=
2
L
so that the brane action at infinity behaves linearly in r. This is clearly divergent, and so
we cannot conclude as in k = 0 case that the action will become negative at the boundary
even if ǫ0 is taken to be arbitrarily small. Indeed, at any fixed finite value of r = r∗ , the
action S[Monster(k = 1)](r∗ ) will be negative if
!
!−1
Z R
Z R
√
1
3
3
S[Black Hole](r∗ ) +
ǫ<
r′2 f 2 dr′
r′2 dr′
.
(4.22)
L reh
L reh

In particular, if we do take limit r → ∞, the action will only be negative at the boundary if
ǫ = ǫ0 < 0. However by definition, ǫ > 0. In other words for the shell monster with k = 1,
the action at the boundary is actually positive. It is however clear that for finite values
of r = r∗ , ǫ can be chosen small enough so that the action becomes negative at points
reh ≤ r ≤ r∗ . In other words, the instability of such monsters are of the Maldacena-Maoz
type [20].
Finally, for k = −1 case, every brane action will be unbounded below as shown in
figure 2. We are now ready to interpret the results of our calculations.

5

Collapsing vs. destabilizing a monster

As already pointed out in [24], what is relevant about instability is the time scale it takes
for the instability to manifest itself. If the instability time scale is very long, the physical
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Figure 1. The schematic graphs of brane actions for various geometries with flat spatial sections:
star (NEC preserving fluid), black hole, small monster (finite supply of negative action) and large
monster (infinite supply of negative action). Note that the various actions only differ by constant
shift. The range r < reh is removed upon Wick-rotation and hence the graphs only start at reh .

system in question may change its properties due to other effects long before the instability
can develope. In the case studied in [24], the planar KMV black hole is used to study quark
gluon plasma formed in heavy ion collision. Since the latter quickly expands and cools
after collision, any effect which takes longer than the hadronization time will simply not be
observed. As a consequence, one does not expect to observe Seiberg-Witten instability at
low angular momenta since the point rneg , at which the brane action of planar KMV black
holes becoming zero (and negative beyond the point), is further away from the horizon the
slower the rotation is.
The main idea for causality is this: if the brane nucleation happens far away from
the black hole, the black hole cannot know about the branes moving around in the bulk
until enough time has passed that the brane reaches the vicinity of the hole to significantly
perturb and change its geometry, which consequently changes also the original action. To
estimate this time scale, one can calculate the amount of time for the brane to free fall
inwards to the horizon [24]. This will be related to the distance the brane has to travel,
and thus involves an integral I over r from the horizon reh to the point at which the brane
action vanishes rneg .
In our case, if a monster has collapsed into black hole before it knows about the brane
nucleation, then Seiberg-Witten instability will simply not be observed. What is the time
scale for gravitational collapse to remove the problematic region beyond the horizon? This
will involve free fall of particle from the edge of the fluid configuration at r = R. That is,
the process involves the same integral I over r, but now from the horizon reh to R. For usual
black hole cases in which the brane action only becomes negative at relatively large r = rneg ,
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Figure 2. The schematic graphs of brane actions for various geometries for positively curved
spatial section and negatively curved spatial section. Note that for positively curved geometries, all
monsters have only finite supply of negative action; while monsters in negatively curved background
have infinite reservoir of negative action. The range r < reh is removed upon Wick-rotation and
hence the graphs only start at reh .

6

Discussion

We thus conclude that k = −1 monster configurations are completely unstable and k = 0
ones are also completely unstable if ǫ0 violates the bound
!
Z R
−1
 2
√
′
3
′2 21
ǫ≥ 6
,
(6.1)
πL ΘA + 2 R3 − reh
r f dr
reh

in the sense that there is an infinite supply of negative action. Furthermore this instability
is at work at the same time scale, if not earlier than gravitational collapse time scale, and
thus the brane action cannot be trusted to be made positive by emission of finite number
of brane-anti-brane pairs. This signals that such configurations are very likely not valid
solutions of the full theory of quantum gravity. The competition between gravitational
collapse and Seiberg-Witten instability will require further careful analysis to determine
whether gravitational collapse can be the winner. In this work we only pointed out that it
is not clear that monsters in anti-de Sitter spacetime will always evolve to become black
holes. The case k = 1 is somewhat different: the action is always positive at infinity.
The finite reservoir of negative action can be reasonably removed via brane-anti-brane
pair productions. We thus expect a new stable non-monster configuration at the end of
the backreaction. In all cases, the final state of monsters, perhaps worthy of the name
monsters, remains elusive, much like their mythological counterparts.
We now comment on the kin of monsters. We note that in our analysis via SeibergWitten instability, it is crucial that we perform Wick-rotation, a process that eliminates the
interior of black hole event horizon. For monsters, which do not have true event horizon,
their interior is not removed under Wick-rotation, and this is crucial in the analysis of
some types of monsters, e.g. the concentric monsters that may have their problematic
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we will then proceed by comparing whether rneg < R or the other way round to determine
which effect is at work earlier, here for the monster case the situation is completely different:
all monsters have negative action starting right at the horizon! In other words the monster
configurations are almost immediately aware of the brane nucleations in the close vicinity
of the fluid surface (if not the horizon itself; since the horizon is still within the fluid when
it is first formed) and backreaction is swift to begin changing the monster to some other
stable configurations. Therefore the backreaction should take place at the same order of
time scale, if not faster, than the time it takes for gravitational collapse. As a consequence
we cannot be confident that monsters will always collapse into black hole (at least in AdS
spacetime). If the instability is of Maldacena-Maoz type (all k = 1 monsters and k = 0
little monsters), we have hope to obtain a new (albeit unknown) final configuration after
the brane emission removes all the supply of negative action. If there is an infinite reservoir
of negative action (k = 0 large monsters and k = −1 monsters), since we can no longer
trust that gravitational collapse can remove the problematic region and there is no other
parameters that can be changed by finite amount yet removing infinite supply of negative
action, it seems plausible that these configurations are unphysical, i.e. not a solution to
full theory of quantum gravity.
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region positioned behind the horizon (the formal horizon identified by the exterior vacuum
spacetime, hence not real horizon). This also implies that while our work may slay some
classes of monsters and some of their kin, any kin of monster with problematic regions
hiding behind a true event horizon cannot be ruled out by the this kind of analysis. This
includes, but not limited to, bag-of-gold spacetime with closed FRW universe hiding behind
Einstein-Rosen bridge of a Schwarzschild black hole (more precisely, its AdS version), and
maximally extended (AdS-)Schwarzschild black hole. Curiously it is not entirely clear
whether these types of configurations with large volumes bounded by true event horizon
is problematic in AdS/CFT correspondence. In [9], it is raised that AdS/CFT seems to
predict that quantum tunneling to create bag-of-gold spacetime is not possible, however it
is also pointed out in the same work that there are theories in which bag-of-gold spacetime
is allowed in AdS, and in fact various works have suggested that such theories are dual
to a product theory [26, 27], with one factor being the usual CFT and the other being
some new set of degrees of freedom. Here, we do not claim to have shed any light on
this interesting issue; we only argue that at least some types of monsters seem not to be
plausible in quantum gravity. If this suggests that indeed there is difficulty to admit all
monsters solutions in the final theory, then even if a bag-of-gold spacetime exists, the bag
probably develops either together with, or after the black hole horizon formation, instead
of passing through an intermediate monster stage.
Finally we make some comments on the puzzles of black hole entropy for the sake of
completeness. No less puzzling than information loss paradox is the problem of the origin
of black hole entropy. Consider a star, its entropy content scales like S ∼ A3/4 [1], which
is minuscule compared to entropy of a black hole S = A/4. This is consistent with the
Second Law of Thermodynamics, i.e. entropy should be expected to increase. However,
the entropy gap between A3/4 and A leaves one wondering: where did the huge amount of
entropy increase come from when a star collapses into a black hole? Perhaps a bag-of-gold
does develop to conceal large amount of information behind the horizon. Before proceeding,
we should stress that it is still an unsettled issue [28] whether Bekenstein-Hawking entropy
measures only the degrees of freedom on the horizon of the black hole, i.e. the surface area,
or indeed measures all the degrees of freedom of a black hole, including its interior volume.
These two interpretations are so-called “weak form” and “strong form” of BekensteinHawking entropy interpretations, respectively [29–33]. If the weak form interpretation is
correct, then there is no direct relation between the entropy of the black hole interior
(i.e. the information it can store), and the mass of the black hole (which is related to its
area). Thus, as with the case of bag-of-gold spacetime, a black hole of any fixed finite
mass can contain in its interior, arbitrary high amount of information. See [9] for the same
puzzle regarding whether the weak form or strong form is correct, albeit in the context of
AdS/CFT correspondence.
Note that if one believes in the weak form interpretation, then there is no information
loss paradox to solve, since all the information can be safely stored in the black hole even
if Hawking radiation is completely thermal and carries away no information, until finally
the information comes out during the Planck scale, at which point effective field theory
is expected to fail anyway, and so all bets are off. Furthermore, black holes evaporation
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