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Abstract We argue that, in the same way that in a black
hole space-time VECROs will form in order to cancel the
gravitational effects of a collapsing mass shell and prevent the
formation of a singularity, in a contracting universe a gas of
VECROs will form to hold up the contraction, prevent a Big
Crunch singularity, and lead to a nonsingular cosmological
bounce.

1 Introduction

The fuzzball program (see [1,2] for reviews) is an approach
to understand the microscopic origin of the entropy of black
holes, and also to provide a solution of the Black Hole Infor-
mation Loss problem. Fuzzballs are the microstates inside
of the black hole, and the number of possible microstates
is argued to lead to the famous Beckenstein formula for the
entropy of a black hole [3,4]. The fuzzball states have support
everywhere inside the black hole horizon. In this approach,
the individual black hole microstates do not have a hori-
zon. The horizon arises at the level of the effective theory
after coarse graining. Hence, information can escape from
the black hole, and there is no black hole information loss
problem. Note that fuzzballs carry positive energy.

More recently, the concept of VECROs (Virtual Extended
Compression-Resistant Objects) has been introduced [2] to
understand what happens when a shell of matter collapses
to form a black hole. The idea is that when a shell of regu-
lar matter collapses and falls into its Schwarzschild radius,
the vacuum responds by generating a set of virtual extended
objects stretching out beyond the location of the mass shell.
VECRO formation is closely related to fuzzball formation,
in a way which we will come back to later on. VECROs are
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also argued to cap off the geometry at the center of the mass
concentration, thus eliminating the singularity of the metric.

In this short note we speculate that VECROs will also
form in a contracting cosmology and will resist the contrac-
tion to a singularity. Rather, they will mediate a nonsingular
cosmological bounce.1

Key to reaching our conclusion is the realization that, in
order for VECROs to eliminate the black hole singularity, the
effective energy density with which they couple to gravity
needs to be negative. We then argue that a gas of VECROs
in a contracting cosmology will have the equation of state
p = ρ of a stiff fluid.2 Combining these two arguments, the
Friedmann equations then immediately yield a nonsingular
bounce.

Our work is motivated in part by proposals [11–15] that
the early universe could be described by a gas of black holes
[11–13] or “string holes” [14,15] which has a stiff equation
of state.

2 Key arguments

We will make use of two key arguments. The first is that,
in order to resolve the black hole singularity in the context
of the effective field theory of Einstein gravity, the VECRO
energy density must be negative. To show this, we start with
the metric of a vacuum black hole without charge and without
rotation

ds2 = −
(

1 − 2GM

r

)
dt2 +

(
1 − 2GM

r

)−1

dr2 (1)

(we drop the angular variables), where t is the time of an
observer far from the center of the black hole, and r is the

1 See e.g. [5–7] for reviews of bouncing cosmologies, and [8–10] for
some new realizations.
2 ρ and p denote energy density and pressure, respectively.
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radial distance from the hole, chosen such that the area of the
sphere surrounding the hole at radius r is 4πr2. In the pres-
ence of matter, the metric of a static, spherically symmetric
space-time can be written in the form

ds2 = −A(r)dt2 + B(r)dr2 , (2)

with coefficient functions A(r) and B(r) which are deter-
mined by the distribution of matter. If we use the parametriza-
tion

A(r) ≡ e2h(r) f (r) (3)

and

B(r) ≡ f (r)−1 , (4)

then the Einstein equations lead to the following equations
(see e.g. [16]) which determine the coefficient functions in
terms of the components of the energy-momentum tensor
Tμν :

h′(r) = 4πGr f (r)−1(T r
r − T t

t
)

(5)

and[
r( f (r) − 1)

]′ = 8πGr2(−T t
t ) , (6)

where a prime denotes a derivative with respect to r . Redefin-
ing

r( f (r) − 1) ≡ −2m(r) (7)

such that

f (r) = 1 − 2m(r)

r
, (8)

Equation (6) becomes

m(r)′ = 4πGr2(−T t
t ) = 4πGr2ρ(r) (9)

and hence

m(r) = 4πG
∫ r

0
dr ′r ′2ρ(r ′) . (10)

Let us now consider a shell of mass m0 collapsing to form
a black hole, and assume that the mass shell is not held up
by some pressure. Then in order to avoid the singularity at
r = 0, it is necessary that a compensating energy component
with negative energy density ρv(r) < 0 builds up just outside
of the collapsing shell. This is the “VECRO” component.

m(r) = m0 + 4πG
∫ r

0
dr ′(r ′)2ρv(r

′) . (11)

If rm is the radius of the collapsing shell, then the VECRO
component has to be localized just outside of rm , and its
contribution to the mass must cancel m0 at the radius rm .
This implies that, as rm tends to zero, the VECRO energy
density diverges. For r > rs (where rs is the Schwarzschild
radius associated with the mass m0) we require m(r) = m0.

This implies that there is a positive energy density component
ρ f (r) which at values r → rs cancels the negative energy
contribution of the VECROs. This component is the fuzzball
component [1,2]. Note that ρ f (r) has support between rm
and rs , and does not diverge as rm tends to zero.3

The second key argument in our analysis is the claim that
the equation of state of a gas of VECROs in a contracting
universe is w = 1, i.e.

pv = ρv . (12)

This is the same equation of state as that of the black hole
gas discussed in [11–13] and the gas of string holes analyzed
in [14]. To demonstrate this,we can follow the discussion
in [15]. The crucial input in the analysis of [15] is that the
entropy S of a gas of VECROs is given in terms of the mass of
a single VECRO in the same way as for a black hole, namely
holographically

S = NM2
vG , (13)

where Mv is the mass of a single VECRO and N is the num-
ber of these objects in some fixed comoving volume V . The
energy E of a gas of VECROs is

E = NMv . (14)

Using the thermodynamic identities

P = T
(
∂S/∂V

)
E (15)

(where P is the total pressure and T is the temperature) and

T−1 = (
∂S/∂E

)
V (16)

we then immediately obtain (12).

3 Vecros and a nonsingular bounce

In analogy to how we have argued in the previous section
that the negativity of the VECRO energy density can cap
off the singularity at the center of a collapsing mass shell,
we now argue that the negative energy density of VECROs,
combined with their stiff equation of state, will naturally lead
to a nonsingular cosmology.

We consider a homogeneous and isotropic contracting uni-
verse filled with cold matter (equation of state p = 0), radi-
ation (equation of state p = 1/3ρ) and vecros (equation of
state p = ρ). To be specific, we will consider a spatially flat
universe. From the respective continuity equations, it imme-
diately follows that the energy density in cold matter scales
as ρm(t) ∼ a(t)−3, where a(t) is the cosmological scale fac-
tor, that in radiation as ρr (t) ∼ a−4, and that in VECROs as

3 This discussion illustrates the relationship between VECRO and
fuzzball formation.
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ρv ∼ a−6. As we approach a(t) = 0, radiation will dominate
over cold matter, and thus in the following we will neglect
the cold matter component.

The Friedmann equation reads

H2 = 8πG

3
ρ , (17)

where H ≡ ȧ/a is the Hubble expansion rate, and G is
Newton’s gravitational constant, and

ä

a
= −4πG

3

(
ρ + 3p

)
. (18)

We assume that early in the contracting phase the energy
density in VECROs

ρv(t) = −Av

(
a(t)

a(ti )

)−6

, (19)

where ti can be taken to be some initial time, and Av is
a positive amplitude, is smaller than the energy density in
radiation

ρr (t) = Ar

(
a(t)

a(ti )

)−4

, (20)

where Ar is the initial radiation density amplitude. As the
Universe contracts and a(t) decreases, the absolute value of
the energy density in VECROs will catch up to the energy
density in radiation, and they will become equal at some time
tb and we will have (from (17))

H(tb) = 0 . (21)

Since the equation of state p/ρ for VECROs is larger than for
radiation, then at the time tb the abolute value of the VECRO
pressure will be larger than the radiation pressure, and by
(18) it then follows that

Ḣ(tb) > 0 . (22)

Thus, we see that the addition of the VECRO component will
lead to a smooth cosmological bounce.

4 Discussion

In this note we have argued that a gas of VECROs in a
contracting univere can yield a nonsingular cosmological
bounce. VECROs can be viewed as a quantum response of
the vacuum which works to counteract a developing singu-
larity, in the same way that VECROs form in the case of
spherical infall to prevent the formation of a Schwarzschild
singularity.

One key ingredient in our argument is the assumption that
the energy density of VECROs is negative when consider-
ing its coupling to classical gravity. We have argued for this

based on the role which VECROs play in removing the sin-
gularity at the center of a black hole. We also propose an
analogy with the back-reaction of infrared modes of cos-
mological perturbations.4 A matter fluctuation will create a
gravitational potential well, and on super-Hubble scales the
negativity of the gravitational energy overwhelms the positiv-
ity of the matter energy, thus leading to a net negative energy
density which leads to a reduction of the locally observable
expansion rate. In analogy, space inside a contracting mat-
ter shell will respond gravitationally to produce a negative
effective energy density which tends to reduce the locally
measured curvature inside the black hole.

A uniform contracting cosmology will create a packed gas
of VECROS. The holographic entropy scaling of VECROs
then leads to the conclusion that the equation of state is that
of a stiff fluid p = ρ. This is the second key ingredient of
our argument.

These two arguments then immediately imply that a homo-
geneous collapsing cosmology with undergo a nonsingular
bounce because of the formation of a gas of VECROs which
resist the contraction.

Bouncing cosmologies form a class of interesting reso-
lutions of the Big Bang singularity. Bouncing cosmologies
(see e.g. [24,25] for a review) can also provide an alterna-
tive to cosmological inflation as a solution to the horizon
problem of Standard Big Bang Cosmology.5 In the same
way that in certain accelerating expanding cosmologies quan-
tum vacuum perturbations can develop into an approximately
scale-invariant spectrum of curvature fluctuations [32] and
gravitational waves [33], in certain classes of decelerating
contracting cosmologies quantum vacuum perturbations can
also develop into approximately scale-invariant perturbations
after the bounce. One example is the matter bounce scenario
[34] (defined as a model in which the equation of state is
that of cold matter during contraction when scales which
are currently observed exit the Hubble horizon). This model,
however, is unstable towards the development of anisotropies
[35]. Another possibility is to have a phase of Ekpyrotic con-
traction (given by an equation of state w � 1) [36,37] in
which case initial vacuum perturbations evolve into a scale-
invariant spectrum of metric fluctuations which can also lead
to scale-invariant curvature perturbations after the bounce
[38] (see e.g. [39,40] for a concrete realization). A key chal-
lenge for bouncing cosmologies is how to obtain the cosmo-

4 See [17,18] for original work, [19] for a review, and [20–23] for
studies demonstrating the need for the presence of entropy fluctuations
in order to obtain a nonvanishing effect.
5 The emergent scenario is another alternative to cosmological inflation
which may naturally arise in string theory, as discussed in the context
of String Gas Cosmology [26] or, more recently, matrix model cosmol-
ogy [27,28] (see also [29]). In this case, it is thermal fluctuations in the
emergent phase which lead to the curvature fluctuations and gravita-
tional waves which are observed today [30,31].
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logical bounce. Here, we are proposing a mechanism which
yields such a bounce. In the way we have presented the argu-
ment, it works as long as there is no other component of
matter with an equation of state w > 1. Thus, the VECRO
mechanism will automatically resolve the singularity in the
matter bounce scenario. In the case of the Ekpyrotic scenario,
we need to require that the phase of Ekpyrotic contraction
ends at sufficiently high energy densitites. This appears to
be a rather mild requirement since before the string energy
density is reached, the negative exponential potential of the
scalar field which yields Ekpyrotic contraction is expected
to flatten out and hence the equation of state of the the scalar
field will revert to w < 1.

Note that if the energy scale at the bounce point is lower
than the Planck scale, then the amplitude of the cosmological
fluctuations will remain in the linear regime (if, as is com-
monly assumed in bouncing cosmoloiges, the fluctuations
originate as quantum vacuum perturbations on sub-Hubble
scales in the far past).

The VECRO mechanism which we are proposing in this
note addresses a key challenge for bouncing cosmologies.
This is all the more important since recent arguments indi-
cate that cosmologies with a phase of sufficient length of
accelerated expansion to realize the inflationary scenario are
hard to realize in string theory (they are in tension with the
“swampland” criteria [41,42]) and also face conceptual prob-
lems from unitarity considerations [the “Trans-Planckian
Censorship Conjecture” (TCC) [43,44] (see also [45–47] for
reviews)], while bouncing and emergent scenarios are con-
sistent with the TCC as long as the energy density at the
bounce or in the emergent phase is smaller than the Planck
scale.

A key open issue is a clear derivation of VECROs in cos-
mology from superstring theory. At a superficial level, our
proposed gas of VECROs is in tension with energy conditions
for an effective four space-time dimensional theory derived
from string theory [48,49], where it is shown that the Null
Energy Condition (NEC) must be obeyed. While our total
energy density obeys the NEC, the gas of VECROs does not
since it has negative energy density. The assumptions made
in [48,49] on the continuity properties of the scale factor
are obeyed in our model, our VECROs are quantum objects,
and hence the analysis of [48,49] does not directly apply.
Nevertheless, this issue requires further study.

The reader may worry about a possible unboundedness of
the Hamiltonian due to the negativity of the contribution of
VECROs which might grow without bounds. (we thank an
anonymous referee for bringing up this issue) An analogous
worry could be raised about Hawking pair production near the
horizon of a black hole. In this case there is a flow of negative
energy into the black hole. Without taking back-reaction of
this flow on the black hole into account, the negative energy
flow into a black hole would continue without limit. But the

back-reaction will lead to the decay of the black hole, after
which there is no more negative energy infall. In the same
way, the back-reaction of VECROs in cosmology will stop
the contraction, and after contraction stops, the (negative)
VECRO energy density will stop to increase (in magnitude).
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