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We study dynamical gravitational collapse in a theory with an infinite tower of higher-derivative
corrections to the Einstein-Hilbert action and we show that, under very general conditions, it leads to the
formation of regular black holes. Our results are facilitated by the use of a class of theories that possess
second-order equations on spherically symmetric metrics, but which are general enough to provide a basis
for the gravitational effective action in any D > 5. We analytically solve the collapse of a thin shell of dust
and show that it inevitably experiences a bounce at small radius and that its motion can be extended to
arbitrary proper time. The collapse of the shell always gives rise to a singularity-free, geodesically complete
spacetime that contains horizons if the total mass is above a critical value. In that case, the shell bounces
into a new universe through a white hole explosion. Our construction provides, to the best of our
knowledge, the first fully dynamical description of formation of regular black holes, and it suggests that
higher-derivative corrections may be the most natural way to resolve the singularities of Einstein’s theory.

DOI: 10.1103/PhysRevLett.134.181401

Introduction—According to general relativity (GR), the
gravitational collapse of ordinary matter leads to the
formation of black holes which hide spacetime singularities
in their interiors [1,2]. Finding a mechanism for the
resolution of such singularities is one of the most prominent
open problems in fundamental physics.

One approach entails considering ad hoc modifications
of known black hole solutions whose singular interiors are
thereby replaced by regular cores [3—18]. While modifying
by hand a singular metric in order to make it regular is
usually a straightforward exercise, finding regular black
holes as solutions to actual gravitational theories is a
significantly greater challenge. For instance, there has been
progress in embedding regular black holes as solutions of
GR minimally coupled to exotic matter [19-36], but this
approach is not satisfying as these theories also contain
singular solutions—in fact, these theories contain all the
vacuum solutions of GR [37].
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A proper resolution of singularities must therefore involve
a modification of gravitational dynamics. This aligns with
the idea that GR is not a complete theory and that it must be
modified in large curvature regimes. In particular, it is
expected that these modifications take the form of higher-
curvature corrections to the Einstein-Hilbert action—
see, e.g., [55-58]. In this context, it was first shown
that the singularities of charged black holes can be resolved
by higher-derivative terms with nonminimal couplings
[59-61], but this requires having a nonzero charge. The
existence of regular black holes from pure gravity remained
elusive until recently, when some of us [62] showed that the
Schwarzschild singularity in D > 5 spacetime dimensions
gets fully resolved by supplementing the Einstein-Hilbert
action by infinite towers of higher-curvature corrections.
[63] This is achieved generically, without any fine-tuning
among the gravitational couplings, provided they satisfy
certain mild constraints. The models involve densities of
arbitrarily high curvature order that belong to the class of
“Quasitopological gravities” [70-78], and are broad enough
to provide a basis for the gravitational effective action
[62,79]. Hence, even though the singularity resolution
requires going beyond the perturbative regime of the
gravitational couplings, the hope is that the result captures
some features of a full quantum theory of gravity.

Some of the most important open questions of regular
black holes concern their dynamical aspects, such as their
formation and stability [11,80-83]. So far, these questions
have not been studied with enough rigor due to the lack of a
dynamical theory that predicts regular black holes. The goal
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of this letter is to show that the theories of [62] not only
predict regular black holes, but that they provide a full
dynamical description of gravitational collapse leading to
the formation of such black holes. To this end, we show that
these theories give rise to stable time evolution within
spherical symmetry, and we solve explicitly the problem of
thin-shell collapse. In a companion paper [84] we provide
additional details and further extend the results reported
here.

Quasitopological gravities—From a bottom-up pers-
pective, a gravitational effective action can be built by
including all possible diffeomorphism-invariant terms in a
perturbative expansion controlled by (a priori) uncon-
strained couplings. Such terms can be modified by pertur-
bative field redefinitions of the metric and hence different
bases of invariants may be chosen. In this Letter we
consider a particular basis of densities [85] which exists
in D > 5 and whose action can be written as

S —/de R+nsz z (1)
Qr— 1677,'GN On&n >

where Gy is the Newton constant and «, are arbitrary
coupling constants with dimensions of length?("~!). The
densities Z,, are selected by the condition that they possess
second-order equations on general spherically symmetric
(SS) ansditze. In particular, they belong to a broader family of
theories known as quasitopological (QT) gravities [70-79].
The densities Z, for n =2, 3, 4, 5 can be found in the
Appendix, and it is convenient to define Z; = R. Arbitrarily
higher-order densities can be obtained from the following
recursive formula [75]:

3(” + 3)len+4 3(” + 4)ZZZn+3
D(D-1)(n+1)  D[D-1)n
(n+3)(n+4)2:2,.,

D(D - 1)n(n+1)

Zn+5 =+

(2)

When the seed densities possess second-order equations on
general SS metrics, the recursive formula preserves this
property; see the Appendix and [84].

Effective two-dimensional action—To study the spheri-
cally symmetric equations of motion of (1), it is useful to
dimensionally reduce it on a (D — 2)-sphere. Thus, we
evaluate the QT action on a metric of the form

ds? =y, dx*dx” 4 (x)2dQj,_,, (3)

where dQZD_2 is the sphere metric. After a long calculation,
we obtain a reduced action for the two-dimensional metric
¥ and for the radial scalar ¢,

(D 2)9 5
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where Qpp_») = 22(P~V/2/T[(D — 1)/2] is the sphere vol-
ume. The key observation is that, since by construction (1)
yields second-order SS equations, then this action must be a
Horndeski theory [86]. This expectation is borne out; we
find that the Lagrangian takes the Horndeski form,

Lrg = Gy(9. X)
— 2G4 x (9. X)[(Op)?

where X = V,pVFp, G4 x = 0xGy, and

— OpGs(9. X) + G4(9. X)R
-V, V,pViVig], (5)

G, X) = @"2[(D = Dh(y) =29l (w)],  (6)
Gs(. X) = 29" (w), (7)
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Gy, X) = —Tllf(D 2)/2/(1‘// lIIE)/z ’ (8)
and where we defined
<8 (D -2n) 1-X
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The characteristic polynomial h(y) is a useful object which
encapsulates many features of QT gravity solutions—
see, e.g., [76,87,88].

Birkhoff theorem—The variation of (4) with respect to
Yw and @ yields the spherically symmetric equations of
motion of the higher-dimensional theory (1), £,, = 0. If we
consider the Ansatz

dr?
f(e.r)
for y,,, and set ¢ = r (which implies X = f(z,r)), the
vacuum equations read

ds? = =N(1,r)?f (1, r)de* +

(10)

D —2)N*f 0
£, =PI S o =0, ()
 D-2af,, .
& = _Th () =0, (12)
(D-2)0,N 1oL
grr*Th(W)_Nz—fzgtt*O' (13)

These come from the variation of (4) with respect to y,,.
The variation with respect to ¢ yields the angular compo-
nents of the higher-dimensional equations of motion, which
are related to the (¢, r) ones via Bianchi identities.

Observe that Egs. (11)—(13) are of first order and only
differ from those of GR via the function i(y). Now, it is
straightforward to verify that imposing £,;, = 0 leads to the
conditions
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2 DUy = 0. (14)

or

o0.f =0,

Hence, f = f(r) and N = N(t), which can be reabsorbed
in a redefinition of the time coordinate N(¢)?d#> — dr?. We
thus conclude that the most general spherically symmetric
solution of (1) is in fact static and fully determined by a
single function

dr?

f(r)

The metric function f(r) is uniquely determined by the
algebraic equation

ds? = —f(r)de* + + r2dQ3,_,. (15)

2M L= f(r)

h =—— = , 16
W)= =3 (16)

where M is an integration constant related to the ADM mass
[89-92] of the solution, M, through

8rGM
M=—"— | 17
(D- 220 (17)

This proves that a Birkhoff theorem is satisfied for QT
theories of arbitrarily high curvature orders and in general
dimensions D > 5, extending previous partial results pre-
sented in [70,74,93].

Regular black holes—As [62] realized, when we con-
sider an infinite tower of corrections, n,, — oo, the
solutions of (16) are singularity-free under very general
conditions. For instance, the conditions a,(D —2n) >
0V n, lim,_q|a,|"/" = C > 0 are sufficient to ensure
regularity.

The explicit form of these regular black holes can be
obtained for specific choices of a,, [62,64,65]. To illustrate
our results, we will consider the example a,(D —2n) =
(D—2)a"! [94]. In this case the series (9) yields
h(y) =w/(1 —ay), and the metric function f(r) takes
the form

2Mr?2

e l e
fir) P~ + 2Ma’

(18)
which is the D-dimensional Hayward black hole. Define
the critical mass M, = 2a. When M > M_,, this spacetime
has an outer and an inner horizon. In D =5 these are
located at

re = /M= /WM = 2. (19)

For M = M, the regular black hole is extremal and
below the critical mass, the solution is a gravitating
soliton. Naturally, this solution reduces to the usual
Schwarzschild-Tangherlini solution,

=1~ (20)

for « =0 as well as for large radius. For small r we
have f(r) ~ 1 — r?/a and the singularity is replaced by a
regular core.

Thin-shell collapse—ILet us now consider the collapse of
a thin spherical shell of pressureless matter (“dust”). The
surface stress-energy tensor takes the form S,z = ouyup,
where o is the surface energy density of the matter and u, is
its D velocity. In a proper time (denoted by 7) para-
mtrization of the shell, the components of the surface
stress-energy tensor are simply

Sﬂ-:O-, SU :O, (21)

where i, j are the angular components. At a given moment
of proper time, we set the radius of the shell to r = R(z).
Inside the shell, r < R(r), we take the metric to be
Minkowski space. By Birkhoff’s theorem, the exterior of
the shell, r > R(z), is necessarily the unique solution of
(16). Therefore, the spacetime metric consists of two charts
that are joined at the location of the shell,

dr?

f(r)

where f_(r) =1 corresponds to the inner Minkowski
region and f,(r) is the solution of (16).

The spacetime trajectory of the shell, (¢i,7r) =
(T+(z),R(7)), is determined by the junction conditions
appropriate to the theory. The first junction condition, as in
GR, requires that the metric be continuous across the shell.
The induced metric on the shell is

ds? = —f.(r)df2 + +r7 Q3 ,. (22

D2
a5t = — < FL(R)TS - %) 4+ R, (23)

and demanding continuity (taking into account that 7 is the
proper time), we find that

feR)TL = \/f+(R) +R* = p. (24)

The second junction condition is more subtle. It is most
simply obtained from the action principle as the boundary
equations of motion [95,96],

162Gy 58t

AB = /—|h| 5hAB )

where 1,5 is the boundary metric and §°© = § 4 SP jg
the total gravitational action including boundary terms that
make the variational principle well-posed. As we explain in
[84], in spherical symmetry the computation of I,z can be

I — T3y = 87GNSyp. 11

(25)
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FIG. 1. Left: effective potential V(R) of the thin-shell equation (31) in the case of D = 5 Einstein gravity (red) and a QT gravity theory
of the form (1) with @, = [3/(5 — 2n)]a""! (blue). We have set M = 1, m = 1.05, and a@ = 1/10. The dashed pink line shows the
analytical approximation (34) for the effective potential near the origin and the orange points are the turning points of the second
potential. Right: shell radius as a function of the proper time z. For Einstein gravity, the shell collapses reaching R = 0 after a finite
proper time (red star), forming a Schwarzschild black hole. For the QT theory, the shell collapses forming a Hayward black hole, it
reaches some finite minimum radius R ,;, and bounces back, emerging in a new universe, where the process is repeated once it reaches

Ry again.

rigorously performed with the aid of the two-dimensional
action (4), whose boundary terms are known [97]. The final
result reads

II;, — [I, = 82Gyo, (26)

3 o1z - 1)) =0, 27)

where

D-2) [+ 1+ R =22
R 0 R

The second of the two equations above implies that the

shell’s proper mass is conserved,

m = 6Qp_,RP~2 = constant. (29)

On the other hand, the first equation can be reduced to a
master equation that determines the motion of the shell,

drM(D - 1)

iy 1+ R B f(n)]

where we defined m = 8zGym/[(D — 2)Qp_,] in analogy
with (17) to ease notation. This is one of the main results of
our study. It is valid for any QT theory of the class
considered in (1). Plugging the black hole metric function
f(r) for the chosen model yields an integro-differential
equation for R(7), the solution of which determines the fate
of the collapsing shells.

(30)

It is helpful to recast (30) in the form

M2
R>+ V(R) = mz_l’ (31)
where V(R) is an effective potential. In the case of Einstein
gravity, for which f(r) is given by (20), the potential can be

easily found to be

M m?

V(R) = T RD3) T 4R20-3)

(32)

This is a monotonously decreasing function of R, and
starting at any finite radius R(0) = Ry, the shell collapses
leaving behind a Schwarzschild black hole and reaching
R = 0 after a finite proper time; see Fig. 1.

For any QT theory admitting regular black hole solutions
and a Birkhoff theorem, since the metric function is
asymptotically given by the Schwarzschild metric to
leading order, the large R behavior of the potential is the
same as in Einstein gravity (32). On the other hand, the
small R behavior of the metric is completely altered. Using
the fact that the metric function of a regular black hole
behaves near r = 0 as

7‘2

fr)=1="t (33)

for some constant C, we obtain for the effective potential

2

R
V(R) = el for R — 0. (34)

Rather than diverge, the potential limits to zero as R — 0
and is smooth. Constructing the potential at intermediate
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FIG. 2. Penrose diagram associated with the dynamical col-
lapse of a spherical thin shell in D =5 in the theory (1) with
(5—-2n)a, = 3a"'. It is assumed that matter existed from
ancient times and was assembled into a spherical thin shell at
some point by a future civilization.

values of R generally requires numerical methods. We
show this result for the D = 5 Hayward black hole; see (18)
in Fig. 1. While this plot is for a particular solution, we
observe that the qualitative features are gemeric, i.e., it
vanishes at the origin and at infinity and it contains a
minimum at some intermediate R.

If the total mass is above the critical threshold M > M,
a shell that starts collapsing at some finite radius Ry > r
keeps on decreasing its size, eventually giving rise to a
regular black hole. As the shell continues to collapse, it will
cross r = r_ and the inner horizon will form. By the use of
Kruskal-Szekeres-like coordinates, the original coordinate
patch may be extended into two causally disconnected
regions r_ > r > 0 (regions III in Fig. 2). One of these
contains the shell, inside of which the spacetime is flat,
while the other region corresponds to a “de Sitter core” in
which the line » = 0 is fully regular [98]. Ultimately, the
shell starts climbing the potential and reaches a turning
point at which R = 0 and R = R,y;,; this always happens in
region III. At that point, a bounce occurs. The shell begins
increasing its size, crossing the inner and outer horizons
and emerging in a new universe from a white hole. The
shell will grow up to r = R, at which point the process of
collapse restarts. If the total mass is below the critical
threshold, the shell experiences a bounce as well, but
horizons never form.

Discussion—We have shown that regular black holes are
the endpoint of gravitational collapse in a purely gravita-
tional theory. This is a generic consequence of a theory

containing an infinite tower of higher-curvature corrections
with only very mild and qualitative conditions on the
couplings. This provides a mechanism for the resolution of
singularities and the formation of regular black holes in any
dimension D > 5. We believe this is the first time results of
such generality have been achieved.

Although the D = 4 case is more challenging because
we lack the simplification provided by QT gravities, we
expect that our conclusions apply as well. As a hint of this,
we note that cosmological singularities in D = 4 can be
resolved by an infinite tower of higher-derivative correc-
tions [100], and this signals a potential resolution of
singularities in Oppenheimer-Snyder collapse [101].

Our model affords considerable opportunity to address
important problems in the theory of regular black holes and
singularity resolution. Among these, for example, is the
possibility to consider more complicated shell configura-
tions [102], other forms of matter collapse, or to consider
the problem of critical scaling [103]. The stability problem
of the inner horizon can also be studied in the spherically
symmetric sector. While it is not possible to avoid an inner
horizon, in our setup the inner horizons can be extremal for
certain parameter ranges [64], which can avoid mass
inflation instabilities [83]. Moreover, the two-dimensional
Horndeski theory we have identified can be utilized to
understand the effects of strong quantum gravitational
fluctuations in the vicinity of near extremal regular black
holes [104]. These effects will likely play an important role
in the final stages of regular black hole evaporation.

Whether or not the mechanism we have identified is the
one responsible for singularity resolution in nature remains
to be seen. What is clear is that it provides a robust
mechanism where many long-thought impossible questions
can be finally addressed.
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End Matter

Appendix: Quasitopological gravities satisfying a Birkhoff
theorem—Let L(g* .Rcqer) be any D-dimensional (with
D > 5) higher-curvature theory of gravity constructed
from arbitrary contractions of the Riemann curvature
tensor with the metric. In particular, no covariant
derivatives of the curvature are assumed to appear. The
gravitational equations of motion of L£(¢g*?,R.ss) take
the following form [105]:

1
PacdeRdee - E‘Cgab + 2vCvdPacbd = 0’ (Al)

where we defined P“*“? = (0L/dR;.4). Take a general
D-dimensional spherically symmetric ansatz for the
metric (the arguments also work for planar or hyperbolic
symmetry):

dsjz\,’f ==N(t,r)?f(t,r)de> + dr?+r2dQ3 ,, (A2)

1
f(t.r)

where dQ7,_, stands for the metric of the round (D — 2)-
dimensional sphere. In this Letter we have considered
those higher-curvature theories of gravity £(g*’,R.4.r)
for which the equations of motion on top of (A2) are
strictly of second order in derivatives and, furthermore,
satisfy naturally a Birkhoff theorem. Specifically, we
require that

vCVdPacbd'N,f =0, (A3)

where |y , denotes evaluation on (A2), and that spherical
symmetry at the level of the equations of motion further
implies the staticity of the solution. Concretely, this will
happen if the equations of motion demand that

O,N = 9,f = 0. (A4)

Therefore, one can always set N =1 after a time
reparametrization, if needed. As it turns out, higher-
curvature theories fulfilling this condition may be found
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at all curvature orders. They correspond to a special
subclass of the set of quasitopological gravities,
characterized by admitting nonhairy generalizations of
the static Schwarzschild-Tangherlini solution with N = 1
(see [70,71] and further bibliography cited in the
main text).

Zm =R,

2
=0

Z = ,
@ D—Z] D(D-1)

1 Wabchade 4Zabzab
D-2)| D=3

2(D —3)z¢zb7¢

Let Z(,) denote a D-dimensional (with D > 5) theory of
gravity constructed from n th order curvature invariants
fulfilling conditions (A3) and (A4). If W,,., denotes the
Weyl curvature tensor and Z,, the traceless part of the Ricci
curvature tensor, instances of such theories up to n = 5 read
as follows:

(ASa)

(A5b)

(2D - 3)WabchCdefWefab
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For higher orders of n, one may use the recursive formula presented in the main text:

3(n+3)Z1)Z (44

3(n+4)Z0)Zne3)

(n+3)(n+4)Z3) 212 .

zZ
ST DD =1)(n+1)

D(D—1)n

DD - Dn(n+1)
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The proof that this formula is guaranteed to produce
theories satisfying (A3) and (A4) for arbitrary n goes as
follows. First, we note that the first five densities (A5) on
top of (A2) may be equivalently written as a Horndeski
theory for two-dimensional gravity with a scalar, as
explained in the main text [cf. (5)] and proved in the
companion paper [84]. Then, by direct substitution in (A6),

one checks that the equivalent Horndeski theories (5) fulfill
the recursive relation (A6) for any n. Since such Horndeski
theories have second order equations and satisfy a Birkhoff
theorem [see (14)], the D-dimensional theories of gravity
Z(y45) will also comply to conditions (A3) and (A4) for
arbitrary n and we conclude.
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