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The existence of black holes is a central prediction of general relativity and thus serves as a basic
consistency test for modified theories of gravity. In spherical symmetry, only two classes of dynamic
solutions are compatible with the formation of an apparent horizon in finite time of a distant observer.
Moreover, the formation of black holes follows a unique scenario involving both types of solutions. To be
compatible with their existence, any self-consistent theory of modified gravity must satisfy several
constraints. We derive properties of the modified gravity terms of f(R) and generic fourth-order gravity
theories and find that they naturally accommodate both classes of solutions. Consequently, the observation
of an apparent horizon by itself may not suffice to distinguish between general relativity and modifications
including up to fourth-order derivatives in the metric.
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I. INTRODUCTION

Black holes are arguably the most celebrated prediction
of general relativity (GR). Due to spectacular advances in
observational astronomy, strong evidence for the existence
of dark massive compact objects (so-called astrophysical
black holes) has accumulated over the last few decades,
thus gradually shifting our perception of black holes from
purely mathematical curiosities to real physical entities.

GR has so far managed to withstand all experimental
tests. Nevertheless, its perceived shortcomings (e.g., the
presence of singularities) have motivated the development
and study of various modified theories of gravity (MTG),
i.e., extensions and/or generalizations of GR involving
additional gravitational degrees of freedom, typically
through the inclusion of higher-order curvature corrections
l.[1,2] In addition, theoretical considerations indicate that
GR represents the low-energy limit of some effective field
theory of quantum gravity [8—10].

To be considered a viable candidate theory, any proposed
modification of GR must be compatible with current
astrophysical and cosmological data. In particular, it must
provide a model to describe the observed astrophysical
black hole candidates, which are described as ultracompact
objects with or without a horizon in popular contemporary
models [11]. While there is no unanimously agreed upon
definition of a black hole, its most commonly accepted
feature is the presence of a trapped region [12], i.e., a
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'In the interest of brevity, many other appealing applications of
MTG have been omitted from the discussion here. For a
comprehensive overview, the interested reader may wish to
consult Refs. [3-7].
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spacetime domain where both ingoing and outgoing future-
directed null geodesics originating from a two-dimensional
spacelike surface with spherical topology have negative
expansion. Its evolving outer boundary is the apparent
horizon. Following the nomenclature of Frolov [13], we
refer to a trapped region bounded by an apparent horizon as
a physical black hole (PBH). A PBH may include char-
acteristic features of classical black hole solutions, such as
an event horizon or singularity, or it may be a singularity-
free regular black hole. Unlike the global notion of an event
horizon, the apparent horizon is a well-defined quasilocal
observable; i.e., its presence or absence is (at least in
principle) detectable through quasilocal measurements
[14]. This makes it a suitable tool for practical purposes.
In particular, it brings about the question of whether the
apparent horizon can be used as a means to observationally
distinguish between GR and various alternative theories of
gravity [15]. To be of physical relevance, the apparent
horizon must form in finite time according to a distant
observer (Bob) [16,17].

It is natural to ask whether the existence of PBHs as
defined above, i.e., formation of an apparent horizon in
finite time of Bob, imposes constraints on the mathematical
structure of the modified Einstein equations in various
MTG. A recent analysis [18] has identified several such
constraints for arbitrary metric MTG. Our goal is to
determine whether families of higher-order gravity theories
with up to fourth-order derivatives in the metric are
compatible with the PBHs of semiclassical gravity, or if
PBH solutions in these theories—if they exist at all—must
have a fundamentally different mathematical structure. The
fourth-order gravity theories we consider are particularly
interesting in the context of quantum gravity since they are
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renormalizable [6,19]. Their field equations contain various
additional degrees of freedom, including a massive scalar
mode as well as massless and massive spin-2 vector modes.

We find that fourth-order MTG naturally include the PBH
solutions of semiclassical gravity; i.e., no additional con-
straints are required to be compatible with the formation of
an apparent horizon in finite time of Bob. This implies that
the semiclassical solutions correspond to zeroth-order terms
in perturbative solutions of these models, and the observa-
tion of an apparent horizon by itself is not a distinguishing
feature between GR and various higher-order MTG models.

The remainder of this article is organized as follows. In
Sec. II, we discuss mathematical prerequisites and intro-
duce key concepts of our analysis. In Sec. III, we briefly
summarize the properties of PBH solutions in semiclassical
gravity. In Sec. IV, we describe the methodology of our
effective field theory approach and review the constraints
MTG must satisfy to be compatible with semiclassical
PBHs. We then investigate the constraints in the context of
f(R) gravity (Sec. V) and generic fourth-order gravity
theories (Sec. VI) and derive properties of their respective
modified gravity terms. Lastly, we discuss the implications
of our findings and motivate avenues for further research
(Sec. VII).

II. PREREQUISITES AND GENERAL
CONSIDERATIONS

Throughout this article, we use the (—+++) signature of
the metric g,, and work in units where z=c =G = 1.
Working in the framework of semiclassical gravity,
we use classical notions (e.g., metric, horizons, etc.) and
describe dynamics via the semiclassical Einstein equations
G,, = 8=T,, or modifications thereof, where 7, = (TW)w
denotes the expectation value of the renormalized energy-
momentum tensor (EMT) that describes the entire matter
content, i.e., both the collapsing matter and the produced
excitations of the quantum fields. We do not make any
assumptions about the matter content of any given theory,
the quantum state @, or the underlying reason(s) for
modifications of the gravitational Lagrangian density L,,
which we organize according to powers of derivatives in the
metric, 1.€.,

Mp? ”

‘Cg :E<R+ﬂf(g” ’R;wpa))
:Mpl2
167

R+a1R2+a2R,,,,R"”+a3R RHPo 4 ... (1)

UVpo
where the cosmological constant term was omitted; Mp is
the Planck mass that we set to 1 in what follows; and the
coefficients a;, a,, and a3 are dimensionless. The dimen-
sionless parameter A sets the scale of our perturbative
analysis (see Sec. IV) and is set to 1 at the end of our
calculations.

In (3 + 1) dimensions, the Einstein-Hilbert action

1 4
Sgn = 1671/ V—9gRd"x (2)

of classical GR is the most general gravitational action
that can be constructed from symmetric rank 2 tensors
involving at most second-order derivatives in the metric
while maintaining diffeomorphism invariance (which
implies, inter alia, that the EMT is divergence free, i.e.,
V,T" = 0). Here, g = det(g,,) denotes the determinant of
the metric tensor, and the gravitational Lagrangian density
L, is strictly linear in the Ricci scalar R, but this is no
longer true for the higher-derivative MTG we consider in
Secs. Vand VI

We restrict our considerations to spherical symmetry.
In Schwarzschild coordinates, a general spherically sym-
metric metric is given by

ds? = =" (1, r)d? + f(t,r)~'dr* + r2dQ, (3)

where r denotes the areal radius, the Misner-Sharp mass
[20] C(t,r)/2 is invariantly defined via

f(t,r)=0,rofr=1-C(t,r)/r, (4)

and the function A(f,r) plays the role of an integrating
factor in coordinate transformations, e.g.,

dt = e (" dv — f~'dr) (5)

between Schwarzschild (z,r) and advanced null (v,r)
coordinates. The definition of Eq. (4) is particularly
convenient as it allows for a consistent description of
solutions in four- and higher-dimensional models of both
GR and MTG. The apparent horizon is located at the
Schwarzschild radius r,(), which corresponds to the
largest root of f(z,r) =0 [21]. Its definition implies

C(t.r) = ry(t) + W(t, x), (6)

where x := r — r, denotes the coordinate distance from the
apparent horizon, and

W(t,0) =0, W(t,x)<x Vx>0. (7)
In general, this definition is an observer-dependent notion.
However, in spherical symmetry, the apparent horizon is
unambiguously defined in all foliations that respect this
symmetry [21].

Apart from spherical symmetry, our only assumption is
that a regular apparent horizon forms in finite time of a
distant observer (Bob). Regularity is a necessary require-
ment to maintain predictability of the theory [10,22], and
finite-time formation according to Bob is needed to ensure
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that the PBH solutions we consider are observationally
relevant physical objects (as opposed to mere mathematical
idealizations) [16,17]. Mathematically, regularity of the
horizon is expressed through the finiteness of the curvature
scalars

T:=T¢, = —R/87 + O(2), (8)
X :=TWT,, = R*R,, /647> + O(2?), 9)

i.e., the trace and square of the EMT, at the horizon. Our
self-consistent approach is based on the assumption of at
least continuity of the curvature invariants but uses
Schwarzschild coordinates where the metric is discontinu-
ous. Imposing the requirement of regularity then allows us
to identify the valid PBH solutions [23,24].

It is convenient to work with the effective EMT
components
7, =e"T,,

7, = e 2T, :=T". (10)

The regularity requirement can then be expressed as
T=(—7)/f = a()f", (11)
T =[(r)*=2(«/) + (@2 f? > p()f%. (12)

for some functions g ,(¢) and k;, > 0. A priori, there are
infinitely many solutions that satisfy these constraints.
However, it has been demonstrated that only two distinct
classes of solutions with k; = k, =2k, k€ {0, 1}, are
admissible [24,25]. We briefly summarize their properties
in Sec. III.

III. PHYSICAL BLACK HOLES IN
SEMICLASSICAL GRAVITY

In spherical symmetry, the semiclassical Einstein equa-
tions for the components G,,, G,”, and G"" are given by

0,C = 8xnr’z,/f, (13)
0,C = 8xrlelz,, (14)
0,h = 4xr(z, + 1)/ 2. (15)

Only two distinct classes of dynamic (r(t) =
dr,/dt # 0) solutions are compatible with the formation
of an apparent horizon in finite time of a distant observer
(Bob). With respect to the regularity conditions of Egs. (11)
and (12), they correspond to the values k=0 (.e.,
ki =k, =0) and k=1 (i.e.,, k; = k, = 1). Their main
properties are summarized in Table I. For a detailed
derivation, the reader is referred to Refs. [24,25]. For the
class of k = 0 solutions, a static solution is impossible, as
in this case ¥ would diverge at the apparent horizon. For

k =1 on the other hand, a static solution is possible, but
there is only one self-consistent dynamic solution
[described by Eqgs. (k1.1)—(k1.8)] for which the energy
density E := —T", and pressure P := T", at the horizon take
on their extreme values E = —P = 1/(8zr7). For this
extreme-valued k =1 solution, the identity ¢, = ¢k,
between the coefficients of its metric functions (k1.1)—
(k1.2) holds (a derivation is provided in Sec. IV.B. of
Ref. [18]) and leads to many simplifying cancellations, e.g.,
the vanishing of the /x term in the Ricci scalar expansion
[see Eq. (k1.8)] due to the fact that Ry, « ¢354, — 5.

When the matter content of a theory is not specified
explicitly, the permissible states of matter are usually
constrained by means of energy conditions [26-28]. The
weakest of all energy conditions is the null energy con-
dition (NEC), which postulates that 7,,£#¢ > 0, i.e., the
contraction of the EMT with any null vector £# is non-
negative. In contrast to classical spherically symmetric
solutions, the NEC is violated in the vicinity of the outer
apparent horizon for both classes (i.e., k = 0 and k = 1) of
semiclassical solutions [17,23,25,29]. For expanding white
hole solutions (r;,(¢) > 0), the energy density, pressure, and
flux perceived by an infalling observer diverge fast enough
to violate quantum energy inequalities that bound viola-
tions of the NEC [30-32], indicating either the breakdown
of semiclassical physics or confirming the instability
of white hole horizons [33]. As our interest lies in
describing scenarios resulting from gravitational collapse,
we restrict our considerations to evaporating PBH solutions
(ry(t) < 0) in what follows.

At the instant of its formation, a PBH is described by the
extreme-valued k& =1 solution [24]. Its behavior then
immediately switches to that of a k = 0 solution. Since
the energy density and pressure are negative in the vicinity
of the outer apparent horizon and positive in the vicinity of
the inner horizon [13,34], these two quantities jump at the
intersection of the two horizons. However, the abrupt
transition from f! to f° behavior is only of conceptual
importance as this aspect of the evolution is continuous in
(v, r) coordinates, and there is no discontinuity according
to observers crossing the respective horizon surfaces.

IV. MODIFIED GRAVITY: EINSTEIN
EQUATIONS AND CONSTRAINTS

Variation of the gravitational action results in
G, + &, =8xT,, (16)

where G, denotes the Einstein tensor and the terms &,
result from the variation of F(¢",R,,,,;) [cf. Eq. (1)].
In spherical symmetry, the modified Einstein equations
take the form

fr2e?0,C + A€, = 8T, (17)
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TABLEI. Comparison of the two classes of dynamic solutions in spherical symmetry. The metric functions C and & [cf. Egs. (3) and
(4)] are obtained as the solutions of Egs. (13) and (15) and are written together with the effective EMT components and Ricci scalar as
series expansions in terms of the coordinate distance x := r — r, from the apparent horizon r,. The function Y(f) > 0 parametrizes the
leading contributions to the effective EMT components for k = 0 solutions, and &(¢) is determined by the choice of time variable. In
spherical symmetry, the geometry near the apparent horizon [23-25] is constrained sufficiently enough to identify Y(#) and &(¢) and
match them with the semiclassical results [35]. The letter j € Z% labels half-integer and integer coefficients and powers of x. Since only
the leading terms in each series are relevant, we simplify the notation by writing ¢, instead of ¢, /,, and similarly for higher orders and
coefficients of the EMT expansion and Ricci scalar. To remind us of their connection to physical quantities, the coefficients of the
effective EMT components are denoted e; (energy density), ¢; (flux), and p; (pressure). Consistency of Egs. (14) and (15) implies
E=-P= l/(87zr§) and @ = 0. The lower (upper) signature in Egs. (k0.4), (k0.6), and (k1.4) describes an evaporating PBH (an
expanding white hole). The dynamic behavior of the horizon ry, := dr,/dt is determined by Eq. (14), and also implicitly through the
requirement that the Ricci scalar R be finite at the horizon, that is Eqs. (k0.4) and (k1.4) must hold for the k = 0 and k = 1 solutions,
respectively, in order for the divergent terms in the series expansion of R to vanish. The Einstein equations Eqgs. (13)—(15) hold order by
order in terms of x. Accordingly, explicit expressions for higher-order terms in the metric functions are obtained by matching those of the
same order in the EMT expansion [18,36].

k = 0 solutions k =1 solution
Metric functions - o
C:rg—clzﬁ+chxf (k0.1) C:rg+x—c3zx3/2+ZCjXJ (k1.1)
Jjz1 Jjz2
hz—lln{—i-ih-xj (k0.2) h:—éln{Jrihjxj (k1.2)
2 = 2 ¢ 4
Jj25 JZ3
Leadi fficient
cading coeticren i = 4Var)? Y (k0.3) e = 4r*\/~ner/3 (k1.3)
Hori d i
orizon dynamics ry = tepVE/r, (k0.4) ry = £cnd?/r, (k1.4)
Effective EMT o o
7, ==-_"2+ Z ejx! (k0.5) 7, = Ef + Z ejx' (k0.5)
= j2
AT CE Y (k0.6) T =Of + Y (k0.6)
jZ% j=2
ot j=2
Ricci scalar o o
R=Ry+RpVx+Rix+> R/ (k0.8) R=2/r2+Rix+» Ry (k1.8)
= =
20,C + JE," = 8T, (18) and Q denote the perturbative corrections. To avoid

artifactual divergences, we use the physical value of
- 5 . . ry(t) that corresponds to the perturbed metric
20770, h = fr20,C 28" =8l (19) g =g 4G, ie., Cy(t.r,) =r, Similarly, the EMT
depends on A through the metric g;, and potentially also
through effective corrections resulting from perturbative
corrections to the modified field equations (17)—(19). It is
decomposed as

We assume that there is a solution of Eq. (16) with the
metric functions
C,=C(t,r) +2Z(t,r), (20)
) T,=T,+iT,, (22)
hy=:h(t,r) + AQ(t, r), (21) .
where T, = TW[C‘, h] corresponds to the semiclassical
where the bar labels func_:tions of §emiclassical gravity  term. The perturbative corrections must satisfy the boun-
described in Sec. III, e.g., C == r, + W [cf. Eq. (6)], and ¥ dary conditions
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%(1,0) =0, (23)

limQ(t, r)/h(t,r) = O(1), (24)

r—=ry

where the first condition follows from the definition of the
horizon radius r,, and the second condition ensures that
perturbations can be treated as small; i.e., the divergence of
€2 on approach to the horizon (i.e., as r — r,) must not be
stronger than that of /. Substituting Eqs. (20) and (21) into

Eq. (16) and keeping only first-order terms in A results in
G, +1G,, + &, =8x(T,, +1T,). (25)

where G,, = G,,[C. ], G, corresponds to the first-order
term of the Taylor expansion in 4 where each monomial
involves either Zor Q, and £ w=Ey [C, h];i.e., the modified
gravity terms are functions of the unperturbed solutions.

If we adopt the schematic separation of the EMT
according to Eq. (22) for the effective EMT components
defined in Eq. (10), i.e., 7 =7 + A%, then the modified
gravity field equations Eqgs. (17)—(19) can be written
explicitly as [18]

-29,C + (r = C)9,Z + r*e &, = 8ar’z,, (26)

0.X + P& = 8arteh(Qz,” +7,7), (27)

29,C — (r— C)(4%0,h + 0,%)
+2(r=C)?0,Q + P& = 8ar’t’. (28)

To be compatible with the dynamic PBH solutions of
semiclassical gravity (summarized in Sec. III, Table I), any
arbitrary MTG must satisfy several constraints. They are
summarized in Table II and derived explicitly in Ref. [18].
First, the series expansions of the MTG terms £ L 0 terms
of x := r — r, must conform to the structures prescribed by
Egs. (k0.D—(k0.IIT) and Egs. (k1.I)~(k1.IIT) for the k =0
and k = 1 solutions, respectively. Second, the coefficients
of the MTG terms must satisfy three additional identities
[Egs. (k0.IV)—(k0.V)] in the k = O case and two additional
relations [Egs. (k1.IV)-(k1.V)] for the unique k=1
solution.

There is a priori no reason to believe that the constraints
imposed by Egs. (k0.I)-(k0.V) and (k1.1)-(k1.V) should or
should not be satisfied in any particular MTG. If they are
not satisfied, the MTG in question may still possess
solutions corresponding to PBHs, albeit their mathematical
structure must then be fundamentally different from those
of semiclassical gravity (which may or may not give rise to
observationally distinguishable features). On the other
hand, if the constraints are satisfied identically in a
particular MTG, then the semiclassical PBH solutions
can be regarded as zeroth-order terms in perturbative

solutions of this model. It is also possible that the con-
straints are satisfied only if additional conditions are
fulfilled. In this case, compatibility with semiclassical
PBHs would impose further constraints on the MTG in
question, i.e., beyond those listed in Table II. It is worth
noting that, since semiclassical PBHs are described by the
extreme-valued k = 1 solution at their formation [24], the
failure of a particular MTG to satisfy any one of the k = 1
constraints Eqgs. (k1.I)-(k1.V) suffices to necessitate that
the PBH formation scenario in that theory differs from that
of semiclassical gravity.

In Secs. V and VI, we examine the constraints in the
context of f(R) and generic fourth-order theories of
gravity to determine which of the outcomes described
above is realized and derive properties of their respective
MTG terms.

V. PHYSICAL BLACK HOLES IN j(R) GRAVITY

As mentioned in Sec. II, the gravitational Lagrangian
density of GR is strictly linear in the Ricci scalar R, i.e.,
L, =R [cf. Eq. (2)]. One of the simplest conceivable
modifications of GR is f(R) gravity [6,7]: a class of theories
in which the linearity requirement is relaxed and £, is taken
to be an arbitrary function of R, i.e., £, = f(R). Despite
this seemingly simple modification, the relevant field
equations in f(R) theories already involve up to fourth-
order derivatives in the metric. We consider generic f(R)
theories, i.e., f(R) =: R + AF(R), where F(R) = fR? and
p,q € R. For the action

1
Sitr) = 1= [ (F(R) + L) y/=gd*x + S, (29)

where the matter Lagrangian is represented by £, and Sy
denotes the boundary term, the field equations are given by

1
f/R;u/ - Efg;u/ + (g;wD - vﬂvl/)f/ = 87ZT”,/, (30)

where { := 0f(R)/OR and [:=¢*V,V,  denotes the
d’Alembertian. In spherical symmetry [i.e., for the metric
of Eq. (3)], it is given by

OF =[0,0"+ 0,0" + (0,h)0" + (0,h +2/r)0"|F'. (31)

Second-order covariant derivatives of a scalar function can
be expressed in terms of partial derivatives, i.e.,

V.V,F =(9,0,-T%,0,)F. (32)

The modified FEinstein equations are then given by
[cf. Eq. (16)]
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TABLE II. Necessary conditions for the existence of semiclassical PBHs in arbitrary metric MTG. To be compatible with
semiclassical PBHs of the k = 0 (k = 1) type, the MTG terms of arbitrary metric MTG must conform to the structures prescribed by
Egs. (k0.D—(k0.IIT) [Egs. (k1.I)~(k1.III)] when expanded in terms of x := r — r,. Additionally, their lowest-order coefficients must
satisfy the three (two) identities given by Egs. (k0.IV)—(k0.V) [Egs. (k1.IV)-(k1.V)].

k = 0 solutions

k =1 solution

Decomposition of MTG terms

N

=

cr 15 > i
g[ = W‘F@O + Zl(ﬁj_xf
J23
Er=00+) o
j=3
Relations between MTG - ~
coefficients & = \/EoeE = &gy

&; = 2\/3?060 - o1y

z _® ®p - p &y ® & S
Ett—7+7+&0+2$jxj (kOI) 5,[———1—7—0—74—?30—&-22%)6/ (klI)

adV)
3/2
! V¥ =
(kOH) (E/'tr =)+ Z (ijj (kl H)
=3
(kom)  ET=3 g (k1.1II)
Jj=3
korvy  &m =28 —Eon (KLIV)
(kOV) 27 :253/2(h12@0+(ﬁ12)—53(2]’[12;&32—}—;&2) (le)

1
G, +4 ]—"Rﬂ,, - Efgﬂy + (g”DD - V”Vy)j’-"’] =8xT,,.
(33)
We obtain expressions for the modified gravity terms E';w

by performing the expansion in A and keeping terms only
up to the first order, i.e.,

_ _ 1 - o
Ew=FR, - Efgﬂy +(9.,80-V,V,)F, (34)
where all objects labeled by the bar are evaluated with
respect to the unperturbed metric g,,, and F = F(R).
Using Egs. (31) and (32) to evaluate Eq. (34) with the

metric of Eq. (3), we obtain the explicit form of the MTG
terms £, as a function of unperturbed quantities, i.e.,

£ _1 - = 2

ﬂ—i{ = F'Ry =5 Fgu + [g,, <ataf + 0,0 + (9,h)0" + (a,h + ;) 8’) = 0,0, + "0, + 17,0, | F' (35)
‘E:tr 1D r r r ot r ONF!

/}_/1 - .7:R, - (8,8 + F tta + r tra )-7: ) (36)
E‘rr I prr 1 =rr o AT t A r 1 ;2 r r g

To determine whether the constraints of Table II are satisfied in f(R) theories, we substitute F(R) = R, F' = fqR4~" into

Egs. (35)—(37) to obtain

E P _ _ 2 _

% = qRI'R, — zngn +4q |:gtt (ara[ +0,0" + (0,h)0" + <6,h + ;) 8’) -90,0,+1",0,+1",0,|RI, (38)
gtr RI-Ipr r r t r r\ pg—1

E = qR R[ - q(a[a + F na + F tra )Rq B (39)
g1 = ARTIRT - %Rq?rr +ag” {@3’ +(0h=T7,)0" + (8,13 - % - F) a’} Re. (40)
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Direct evaluation of Egs. (38)—(40) using the metric func-
tions Egs. (kO0.1)-(k0.2) and (k1.1)—(k1.2) of the k=0
and k = 1 solutions, respectively, shows that the MTG terms
£ . Of any arbitrary f(R) theory conform to the series
expansion structures prescribed by Egs. (k0.I)—(k0.IIT) and
(k1.I)—(k1.IIT) listed in Table II, respectively. In addition, the
identities Eqgs. (k0.IV)—(k0.V) and (k1.IV)—(k1.V) are sat-
isfied identically; i.e., no additional conditions are required to
be compatible with the semiclassical PBH solutions.

For k = 0 PBH solutions, the lowest-order MTG coef-

ficients are given explicitly by

1 _—qclzR \/7C]2\/72R%+( 1)rg(2R0Rl

+R12((¢ = 2)R12 — Rohyy))| + (g — 1)riRoRy)/ (4r7)
— \fEeer; = Eou, (41)

where R; denote coefficients of the Ricci scalar expansion
(k0.8). Explicit expressions for the MTG coefficients
at the next-highest order [i.e., those needed to evaluate
the third constraint (k0.V)] are considerably more
convoluted and can be accessed via the linked Github
repository [37].

For the extreme-valued k = 1 solution, the relevant
MTG coefficients of the lowest orders in x are given
explicitly by

&35 = 2q_lC32rg_l_2q53, (42)

1-2
@y =213 cpr, 18

X [4h1y = 3qen(2q + (g — 1)ryRy)].  (43)

ey =0, (44)
@y = -3 x2973gc3, r_l 2983/

X [2q + (g = 1)ryR], (45)
P32 = =297 egory T, (46)

_ n~q-3 —1-2q
@, = 29 cxpry

X [4hyy —3qcn(2g + (g —1)rpRy)].  (47)

where R denotes the coefficient of the O(x) term in the
Ricci scalar expansion (k1.8). To reduce clutter, we omit
the bar label for purely semiclassical functions in what
follows.

VI. PHYSICAL BLACK HOLES IN
FOURTH-ORDER GRAVITY

A. Field equations and their constituents

While f(R) gravity theories offer considerably more
freedom than GR, they are not the most general MTG
with up to fourth-order derivatives in the metric. If one
considers up to fourth-order derivatives in the metric, the
only possible curvature scalars (in addition to the Ricci
scalar R) in the gravitational action are the Kretschmann
scalar KC:=R,,,,R*"°, the square R, R*" of the Ricci
tensor, and the square R = R,#R,” of the Ricci scalar.®
However, it has been demonstrated by virtue of the
generalized Chern-Gauss-Bonnet theorem in four dimen-
sions that only two of these scalars are independent
[19,38,39], resulting in a two-parameter family of field
equations. In other words, the quantity

V9L = V4R

is a topological invariant and thus vanishes when integrated
over spacetimes topologically equivalent to flat space,
where

— 4R, R" + R,,,,R'"P?) (48)

[" 15141 ﬂszvlw A

j = 9 Vv N ppy T R;Zilljlzzj, (49)
labels the dimensionally extended Euler densities [40].

Since constant terms in the Lagrangian density do not
contribute to the equations of motion, this allows us to
eliminate one of the higher-derivative curvature scalars,
e.g., the Kretschmann scalar XC. The gravitational action is
then given by

S= / V=9(—aR, R*" + pR* + yk?R)d*x,  (50)

where x? = 32z. It is worth pointing out that theories of the
form (R, R,,R*",R,,,,R"?°) are typically plagued by so-
called ghosts massive states of negative norm that result in
an apparent lack of unitarity [6,39]. However, models with
only f(R,R* —4R,,R* + R,,,,R*"°) terms in the action
are ghost free [41,42].

The equations of motion can be derived using the
procedure outlined in Ref. [43] and are given by’

Hvpo

As pointed out in Ref. [38], it is technically possible to
construct two additional invariants that arise from contractions of
the Riemann tensor with the completely antisymmetric determi-
nant tensor &7 := ehvr?/ \/9, where ¢7? denotes the Levi-
Civita symbol in four dimensions. They shall not concern us here
as they ultimately do not contribute to the field equations.

They are also provided in Ref. [39] and derived explicitly in
Ref. [44], although some care and diligence is required when
comparing expressions from Refs. [39,44] with Ref. [43] and
those derived here as the former use a different sign convention in
the definition of the action and EMT.
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1 1
a <—§RPGR’”’gW -V,V,R-2R,,,,R?” +§g/wDR + DRW>
1
+p <2RR,4» —ERZg,w -2V,V,R+ ZQWDR>

1
+yk2 <RW —zRgW> =0. (51)

GRterm

These field equations encode eight dynamical degrees of
freedom [19,39]: two of them correspond to the familiar
massless spin-2 graviton, five others correspond to a
massive spin-2 particle, and the remaining one corresponds
to a massive scalar (i.e., spin-0) particle. Note that  labels
contributions of f(R) gravity [cf. Sec. V, Eq. (34)] for the
parameter choice ¢ =2, ie., F(R) = pR?, F' =2pR,
which corresponds to the Starobinsky model [45,46]. We
make no assumptions about the parameters a, 3, and y. In
practice, their values must be tuned to satisfy various
experimental constraints. The equations of motion can be
conveniently recast in the form

1
Ey+yc? <R,w - 2Rg,w> =0, (52)

with the MTG terms S,w (i.e., the deviations from the
semiclassical Einstein equations) given by

a
gﬂlf = —(a + 2/)7)VDVﬂR + (5 + 2ﬁ> gﬂl/DR
1
+ a<_§RP0RP G — 2R, R + DR,w)

1
+p <2RRW - 5Rzgﬂy> . (53)

All terms in Eq. (53) contain fourth-order derivatives. In
spherical symmetry, the relevant MTG terms are

a
Ey=—(a+ 2ﬁ)vtvtR + (5 + 2ﬁ> 9:UIR
1 (o} (o3
+al - ERF,,,R” 9 — 2Rptt6Rp + R,

1
+p <2Rth - §R29n> ) (54)

£ = —(a+2B)V,V'R + a(=2R,,” R + OOR,")
+2BRR,, (55)

£ = —(a+28)V'V'R + <g n 2ﬂ> ¢"OR
1
+(x<_§R/]D_R[)(7grr_2Rprr6R/)(7_'_DRrr>
1 2
+p(2RR" =SR2 ). (56)

Note that here, unlike # in Sec. V [cf. Eqgs. (35)-(40)], the
coefficients a and f are not absorbed into the lhs of the
equations for the MTG terms £,,,, which allows us to easily
distinguish their respective contributions. The Ricci and
Riemann tensor contractions that appear in Egs. (54) and

(56) decompose into

R/”)_R/”’ = RttR” + 2RtrRtr + RrrRrr
+ RgpR™ + RyyR??, (57)

RpttaR/m =R, R + RanaR% + qumpR(M)’ (58)
RprraRpa — Rtrrtht + Rgrré)RHB + R¢rr¢R¢¢. (59)

The second-order covariant derivatives of the Ricci scalar
and its d’Alembertian can be computed straightforwardly
using Eqgs. (32) and (31), respectively. To evaluate
d’Alembertians of the Ricci tensor, we first note that the
covariant derivatives of a (0,2), (1,1), and (2,0) tensor field
R,,, R,Y, and R" with respect to a are given by

vaR;w = aaRyu - Fgangv - FC(zyRuC’ (60)

VoR}Y = 04R," —T¢ 0 R” + TV eR,C. (61)

au
VR = O R™ + T¥ R + T R, (62)

where Fg}w denotes Christoffel symbols of the second kind.
Thus, the relevant second-order covariant derivatives of the
Ricci tensor take the form

vavﬁR;w = V(l(aﬂRuy - FCyﬂRgv - FCﬁuRﬂ{)
= aa(a/}R;w - Fé‘u/}RCD - FCﬂDRﬂC)
- 17/;,,(8 R, — Fgu}(RCv - ngvRﬂC )

v
~T%,a(0pRy, = TR, — T pR )

- F)(ya(a/}Rﬂ)( - F(ﬂ/}R{Z - Fg/f’;(RﬂC)’ (63)

and analogously for the mixed (1,1) and contravariant (2,0)
Ricci tensor components. In spherical symmetry, ¢** = 0
for y # v due to the diagonal form of the metric tensor
[cf. Eq. (3)], and thus the d’Alembertian [1:= g*V,V,
simplifies to [0 = ¢*V,V,. In addition, the Ricci tensor
and Christoffel symbols of the second kind are symmetric
in their covariant indices. Therefore, all covariant
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derivatives with respect to the angular variables {0, ¢}
vanish:

OpRyy = 04R,; = 0, R,=0 forye{0 ¢}
and TI'; =T",=0 for{e {6 ¢}
= VBRZ‘T - V¢Rn = 0, (64)

OgR," = 04R,"=0, R, =RZ =0 forye{0,¢}
and I, =17, =1",, =0 for{e{0,¢}
= V4R, =V R, =0, (65)
OpR™ = O,R™ =0,  R'=0 for y € {0, ¢}
and I, =T",, =0 for{e {0, ¢}
= V,R" = V,R" = 0. (66)

The d’Alembertians of the relevant Ricci tensor compo-
nents are therefore given by

OR, = ¢"'"V,ViR, +g"V,V.R,,, (67)
OR” =g¢"V,V,.R" +¢"V,V,R/, (68)
OR™ = ¢'V,V,R" + ¢/"V,V R, (69)

To determine whether the generic fourth-order gravity
theory specified by the field equations (51) is compatible
with the PBHs of semiclassical gravity, we compute its
MTG terms Egs. (54)—(56) and check if the constraints
summarized in Table II are satisfied.

B. k=0 PBH solutions

First, we evaluate Egs. (54)—(56) using the k = 0 metric
functions Eqgs. (k0.1) and (k0.2). The resulting lowest-order
coefficients are given in Eq. (Al). Again, the explicit
expressions for coefficients at the next-highest order are
considerably more convoluted and are therefore provided in
the linked Github repository [37]. All three MTG terms
conform to the series expansion structures prescribed by
Egs. (kO.I)—(kO.III), and the identities Eqs. (k0.IV) and
(k0.V) between their coefficients are satisfied identically,
i.e., without any additional constraints. Consequently,
generic fourth-order gravity theories are compatible with
the k = 0 PBH solutions of semiclassical gravity, which
can be regarded as zeroth-order terms in pertubative
solutions of such theories.

It is worth noting that the constraints are satisfied
individually by the @ and S terms; i.e., they are satisfied
in both limits @ — 0 and # — 0. This behavior is expected
since the f terms describe a specific type of f(R) theory, and
we have demonstrated in Sec. V that all f(R) theories
generically satisfy all constraints. Consequently, if the
constraints are satisfied individually by the f terms (i.e.,

in the limit @ — 0), they must also be satisfied individually
by the a terms (i.e., in the limit # — 0) in order for the
entire fourth-order theory to satisfy all constraints.

C. k=1 PBH solution

Evaluation of Egs. (54)—(56) with the metric functions
Egs. (k1.1) and (k1.2) of the extreme-valued k = 1 solution
yields the following coefficients at the two lowest orders:

®3 = (a+2p)cné/r), (70)

®j = (a+2p)c38 (2h;y —3cn(4+rRy))/(2r;),  (71)

€y = 0, (72)
@y = —(a+28)chE (4 + riRy)/(2r;) (73)
03 = —(a+2f)c /1y, (74)

6y = (a4 2f)c3(2h1, = 3c3 (4 + ”2&))/(2’2)- (75)

Once again, the MTG terms match the required expansion
structures of Eqgs. (k1.I)—(kI1.IIT), and the two relations
Egs. (k1.IV) and (k1.V) between their coefficients are
satisfied identically. We note that, even in the more general
fourth-order theory, the coefficient c¢y =0 as in f(R)
gravity [cf. Eq. (44) in Sec. V], even though a term
of order O(x%) in &,” would not tarnish the compatibility
with the semiclassical k =1 PBH solution according to
Eq. (k1.1D).

From Egs. (70)—(75), we see that the k = 1 constraints
are not only satisfied individually (as in the kX = 0 case) by
the a and f terms that label modifications of the semi-
classical equations of motion, but in fact their contributions
to the MTG coefficients are exactly the same. This is not
true for MTG terms arising from the k£ = 0 metric, where
the @ and f# terms of Eq. (51) lead to distinct contributions
[see, for instance, Eq. (A1), which includes pure a and pure
S contributions in addition to mixed (« + 2/) terms], but it
is true generically for the k = 1 metric, i.e., for all MTG
terms £ 4w and all of their coefficients, even those at higher
orders. This implies that the extreme-valued k = 1 solution
that describes the formation of PBHs gives rise to the same
MTG terms in both theories and should be interpreted as an
indication that the process of PBH formation in fourth-
order MTG may not differ from that of semiclassical
gravity, despite the availability of additional gravitational
degrees of freedom. Contributions of the modifications
labeled by « and f to the energy density E and pressure P
are also the same. Close to the horizon, their leading
contributions scale as ~1/r% whereas the leading GR

contribution scales as ~1/r§.
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VII. DISCUSSION

MTG must satisfy several constraints (summarized in
Table II) to be compatible with the two classes of PBHs in
semiclassical gravity (whose properties are summarized in
Table I). In f(R) and generic fourth-order gravity theories,
all of the constraints are satisfied identically, and the
semiclassical PBH solutions can be regarded as zeroth-
order terms in perturbative solutions of these models.
Consequently, the formation of an apparent horizon on
its own is not sufficient to distinguish between semi-
classical gravity and families of fourth-order MTG. Only
a detailed analysis of the response of the near-horizon
geometry to perturbations may allow us to identify poten-
tial observationally distinguishable features.

In addition to the fact that their MTG terms follow
the expansion structures of Egs. (k0.D)—-(kO.III) and
Egs. (k1.)—(k1.IIl) and satisfy the coefficient relations
Egs. (k0.IV) and (k0.V) and Egs. (k1.IV) and (k1.V) for
k=0 and k=1 PBH solutions, respectively, a generic
feature of fourth-order gravity theories is that ceg = 0 for
the extreme-valued k = 1 solution; i.e., there is no O(x°)
term in the MTG term &,” of the ¢r equation [cf. Eq. (k1.1I)
in Table II]. Moreover, the MTG terms arising from the
k = 1 metric that describes PBH formation in semiclassical
gravity appear to be independent of the additional degrees
of freedom provided by the « terms in the equations of
motion (51) of generic fourth-order gravity theories.

1

In future works, we plan to extend the analysis of
Ref. [24] by systematically investigating PBH formation
scenarios in more general settings, e.g., by considering
nonspherically symmetric spacetimes and including angu-
lar momentum, as well as to extend the analysis presented
here by investigating the constraints in additional modified
gravity theories, such as the recent reformulation of Gauss-
Bonnet gravity in four dimensions with nontrivial gravi-
tational dynamics [47,48].
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APPENDIX: MTG TERM COEFFICIENTS
OF k=0 PBH SOLUTIONS IN FOURTH-ORDER
GRAVITY THEORIES

Evaluation of Eqgs. (54)—(56) with the & =0 metric
functions Eqgs. (kO.1) and (k0.2) yields the following
explicit expressions for the lowest-order MTG coefficients
of Egs. (kO.I)~(k0.IIT) in fourth-order gravity theories:

®] == [-6a(c; — 1)3rg§ + 2ac§2§(—12h12 + (15h 1,k + h?z —21h3,)r,)

24rg
+ 6¢},E(5a + acy (2r,(hy — hiy)

- 9) + rg(a(4cz - 2h1 - C32h12 + 2]’1%2) - 4ﬂrgR0

—2(a+2B)riR, + (a +2P)h1ariR1y)) + 12a(c; — 1)riy/éc), — 12ac%2r§\/gh’l2
+3cpprgVEav/E(er = D) (hia(e) = 1) = desy) — dahyyr i, — 2(a+ 2B)riRy))]

= /e = &0,

(A1)

Explicit expressions for the next-highest order coefficients &5, ey, and ¢,, of Eqs. (k0.I)—(k0.III) are provided in the linked

Github repository [37].

[1] S. Capozziello, M. De Laurentis, S. Nojiri, and S.D.
QOdintsov, Phys. Rev. D 79, 124007 (2009).

[2] A. Belenchia, M. Letizia, S. Liberati, and E. Di Casola, Rep.
Prog. Phys. 81, 036001 (2018).

[3] S. Capozziello and M. De Laurentis, Phys. Rep. 509, 167
(2011).

[4] S. Nojiri and S. D. Odintsov, Int. J. Geom. Methods Mod.
Phys. 04, 115 (2007).

[5] S. Nojiri, S. D. Odintsov, and V. K. Oikonomou, Phys. Rep.
692, 1 (2017).

[6] T.P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82,451 (2010).

[7]1 A. De Felice and S. Tsujikawa, Living Rev. Relativity 13, 3
(2010).

[8] J. F. Donoghue and B. R. Holstein, J. Phys. G 42, 103102
(2015).

[9] C.P. Burgess, Living Rev. Relativity 7, 5 (2004).

044051-10


https://doi.org/10.1103/PhysRevD.79.124007
https://doi.org/10.1088/1361-6633/aaa4ab
https://doi.org/10.1088/1361-6633/aaa4ab
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1142/S0219887807001928
https://doi.org/10.1142/S0219887807001928
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.1088/0954-3899/42/10/103102
https://doi.org/10.1088/0954-3899/42/10/103102
https://doi.org/10.12942/lrr-2004-5

PHYSICAL BLACK HOLES IN FOURTH-ORDER GRAVITY

PHYS. REV. D 105, 044051 (2022)

[10] B.-L. B. Hu and E. Verdaguer, Semiclassical and Stochastic
Gravity: Quantum Field Effects on Curved Spacetime
(Cambridge University Press, Cambridge, England, 2020).

[11] L. Barack, V. Cardoso, S. Nissanke, and T.P. Sotiriou,
Classical Quantum Gravity 36, 143001 (2019).

[12] E. Curiel, Nat. Astron. 3, 27 (2019).

[13] V.P. Frolov, J. High Energy Phys. 05 (2014) 049.

[14] M. Visser, Phys. Rev. D 90, 127502 (2014).

[15] V. Cardoso and P. Pani, Living Rev. Relativity 22, 4 (2019).

[16] S. Murk and D.R. Terno, arXiv:2110.12761.

[17] P. K. Dahal, S. Murk, and D. R. Terno, arXiv:2110.00722.

[18] S. Murk and D. R. Terno, Phys. Rev. D 104, 064048 (2021).

[19] K.S. Stelle, Phys. Rev. D 16, 953 (1977).

[20] C. W. Misner and D.H. Sharp, Phys. Rev. 136, B571
(1964).

[21] V. Faraoni, G. F.R. Ellis, J. T. Firouzjaee, A. Helou, and I.
Musco, Phys. Rev. D 95, 024008 (2017).

[22] L. Parker and D. Toms, Quantum Field Theory in Curved
Spacetime (Cambridge University Press, Cambridge,
England, 2009).

[23] V. Baccetti, R. B. Mann, S. Murk, and D.R. Terno, Phys.
Rev. D 99, 124014 (2019).

[24] S. Murk and D. R. Terno, Phys. Rev. D 103, 064082 (2021).

[25] D.R. Terno, Phys. Rev. D 101, 124053 (2020).

[26] S. W. Hawking and G. F. R. Ellis, The Large Scale Structure
of Space-Time (Cambridge University Press, Cambridge,
England, 1973).

[27] P. Martin-Moruno and M. Visser, Classical and semi-
classical energy conditions, in Wormholes, Warp Drives
and Energy Conditions, edited by F.N. S. Lobo (Springer,
New York, 2017), p. 193.

[28] E.-A. Kontou and K. Sanders, Classical Quantum Gravity
37, 193001 (2020).

[29] P. Binétruy, A. Helou, and F. Lamy, Phys. Rev. D 98,
064058 (2018).

[30] C.J. Fewster and M. J. Pfenning, J. Math. Phys. (N.Y.) 47,
082303 (20006).

[31] E.-A. Kontou and K. D. Olum, Phys. Rev. D 91, 104005
(2015).

[32] C.J. Fewster, Quantum energy conditions, in Wormholes,
Warp Drives and Energy Conditions, edited by F.N.S.
Lobo (Springer, New York, 2017), p. 215.

[33] R.B. Mann, S. Murk, and D. R. Terno, arXiv:2112.06515.

[34] D.R. Terno, Phys. Rev. D 100, 124025 (2019).

[35] R.B. Mann, S. Murk, and D. R. Terno, arXiv:2109.13939.

[36] V. Baccetti, S. Murk, and D.R. Terno, Phys. Rev. D 100,
064054 (2019).

[37] https://github.com/s-murk/MTGcoefficients.

[38] C. Lanczos, Ann. Math. 39, 842 (1938).

[39] K. S. Stelle, Gen. Relativ. Gravit. 9, 353 (1978).

[40] P. Bueno, P. A. Cano, O. Lasso A., and P.F. Ramirez,
J. High Energy Phys. 04 (2016) 028.

[41] D. Comelli, Phys. Rev. D 72, 064018 (2005).

[42] 1. Navarro and K. Van Acoleyen, J. Cosmol. Astropart.
Phys. 03 (2006) 008.

[43] T. Padmanabhan, Phys. Rev. D 84, 124041 (2011).

[44] S. A. Woolliams, Higher derivative theories of gravity,
M.Sc. Thesis, Imperial College London, 2013.

[45] A.A. Starobinsky, Pis’ma Zh. Eksp. Teor. Fiz. 30, 719
(1979) [JETP Lett. 30, 682 (1979)], http://jetpletters.ru/ps/
1370/article_20738.shtml.

[46] A.A. Starobinsky, Phys. Lett. 91B, 99 (1980).

[47] D. Glavan and C. Lin, Phys. Rev. Lett. 124, 081301
(2020).

[48] R. A. Hennigar, D. Kubiziidk, R. B. Mann, and C. Pollack,
J. High Energy Phys. 07 (2020) 027.

044051-11


https://doi.org/10.1088/1361-6382/ab0587
https://doi.org/10.1038/s41550-018-0602-1
https://doi.org/10.1007/JHEP05(2014)049
https://doi.org/10.1103/PhysRevD.90.127502
https://doi.org/10.1007/s41114-019-0020-4
https://arXiv.org/abs/2110.12761
https://arXiv.org/abs/2110.00722
https://doi.org/10.1103/PhysRevD.104.064048
https://doi.org/10.1103/PhysRevD.16.953
https://doi.org/10.1103/PhysRev.136.B571
https://doi.org/10.1103/PhysRev.136.B571
https://doi.org/10.1103/PhysRevD.95.024008
https://doi.org/10.1103/PhysRevD.99.124014
https://doi.org/10.1103/PhysRevD.99.124014
https://doi.org/10.1103/PhysRevD.103.064082
https://doi.org/10.1103/PhysRevD.101.124053
https://doi.org/10.1088/1361-6382/ab8fcf
https://doi.org/10.1088/1361-6382/ab8fcf
https://doi.org/10.1103/PhysRevD.98.064058
https://doi.org/10.1103/PhysRevD.98.064058
https://doi.org/10.1063/1.2212669
https://doi.org/10.1063/1.2212669
https://doi.org/10.1103/PhysRevD.91.104005
https://doi.org/10.1103/PhysRevD.91.104005
https://arXiv.org/abs/2112.06515
https://doi.org/10.1103/PhysRevD.100.124025
https://arXiv.org/abs/2109.13939
https://doi.org/10.1103/PhysRevD.100.064054
https://doi.org/10.1103/PhysRevD.100.064054
https://github.com/s-murk/MTGcoefficients
https://github.com/s-murk/MTGcoefficients
https://doi.org/10.2307/1968467
https://doi.org/10.1007/BF00760427
https://doi.org/10.1007/JHEP04(2016)028
https://doi.org/10.1103/PhysRevD.72.064018
https://doi.org/10.1088/1475-7516/2006/03/008
https://doi.org/10.1088/1475-7516/2006/03/008
https://doi.org/10.1103/PhysRevD.84.124041
http://jetpletters.ru/ps/1370/article_20738.shtml
http://jetpletters.ru/ps/1370/article_20738.shtml
http://jetpletters.ru/ps/1370/article_20738.shtml
http://jetpletters.ru/ps/1370/article_20738.shtml
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1103/PhysRevLett.124.081301
https://doi.org/10.1103/PhysRevLett.124.081301
https://doi.org/10.1007/JHEP07(2020)027

