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Abstract: We discuss the “quantum deformed Schwarzschild spacetime”, as originally introduced
by Kazakov and Solodukhin in 1993, and investigate the precise sense in which it does and does not
satisfy the desiderata for being a “regular black hole”. We shall carefully distinguish (i) regularity
of the metric components, (ii) regularity of the Christoffel components, and (iii) regularity of the
curvature. We shall then embed the Kazakov-Solodukhin spacetime in a more general framework
where these notions are clearly and cleanly separated. Finally, we analyze aspects of the classical
physics of these “quantum deformed Schwarzschild spacetimes”. We shall discuss the surface
gravity, the classical energy conditions, null and timelike geodesics, and the appropriate variant of
the Regge-Wheeler equation.

Keywords: quantum deformed spacetime; regular black hole

1. Introduction

The unification of general relativity and quantum mechanics is of the utmost impor-
tance in reconciling many open problems in theoretical physics today. One avenue of
exploration towards a fully quantized theory of gravity is to, on a case-by-case basis, apply
various quantum corrections to existing black hole solutions to the Einstein equations
and thoroughly analyze the resulting geometries through the lens of standard general
relativity. As with the majority of theoretical analysis, to make progress, one begins by
applying quantum-corrections to the simplest case: the Schwarzschild solution [1].

Historically, various treatments of a quantum-corrected Schwarzschild metric have
been performed in multiple different settings [2-16]. A specific example of such a metric is
the “quantum deformed Schwarzschild metric” derived by Kazakov and Solodukhin in Ref-
erence [1]. Much of the literature sees the original metric exported from the context of static,
spherical symmetry into something dynamical, or else it invokes a different treatment of
the quantum-correcting process to that performed in Reference [1] (see, e.g., Reference [17]).

The metric derived in Reference [1] invokes the following change to the line element
for Schwarzschild spacetime in standard curvature coordinates:

2m a2 2m
N 1-2 =2 1
r 2 @
Thence,
2 2 d2
4?2 = —[{1-Z - ar+ 4 +r2d02. 2)
T r 1_%_27m
12 r
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To keep the metric components real, the 7 coordinate must be restricted to the range
r € [a,00). So, the “center” of the spacetime at ¥ — a is now a 2-sphere of finite area
A = 47ta®. The fact that the “center” has now been “smeared out” to finite r was originally
hoped to be a step towards rendering the spacetime regular.

This metric was originally derived via an action principle which has its roots in the
2-D, more precisely the (1+1)-D, dilaton theory of gravity [1,18]:

S = —% /dzz\/?g[ﬂzz@) —2(Vr)2+ % U(r)} @)

Here, R?) is the two-dimensional Ricci scalar, x is a constant with dimensions of
length, and U(r) is the “dilaton potential”. The action (3) yields two equations of motion,
one of which is then used to derive the general form of the metric:

2 r
ds? = —f(r) dt* + dar +7r2d03, f(r) = _am + ! U(p) dp. (4)
f(r) roor
The dilaton potential U(r) is quantized within the context of the D = 2 o-model [1,18],
resulting in the specific metric (2). Specifically, Kazakov and Solodukhin choose

ur) = ———. ®)

Note that generic metrics of the form

a?

f(r)

where one does not necessarily make further assumptions about the function f(r), have a
long and complex history [19-22].

In Kazakov and Solodukhin’s original work [1], it is asserted that the metric (2) is
“regular at r = a”. However, by this they just mean “regular” in the sense of the metric
components (in this specific coordinate chart) being finite for all » € [a, 00). This is not
the meaning of the word “regular” that is usually adopted in the GR community. We find
it useful to carefully distinguish (i) regularity of the metric components, (ii) regularity
of the Christoffel components, and (iii) regularity of the curvature. Indeed, within the
GR community, the term “regular” means that the spacetime is entirely free of curvature
singularities [23-52], with infinities in the polynomial curvature invariants of the Riemann
tensor being used as the typical diagnostic. (That is, one typically considers the polynomial
scalar curvature invariants, which are constructed purely from contractions on products of
the Riemann curvature tensor. More complicated definitions of regularity using derivatives
of the Riemann tensor could also be envisaged but will not be explored in the current
article.) While the metric (2) is regular in terms of the metric components, it fails to be
regular in terms of the Christoffel components and has a Ricci scalar which is manifestly
singular at r = a:

ds? = —f(r) d* + + 12 d0O3, (6)

2 a2
Rzgi 2r 3a _ a B 23 +(’)(1). %

 r(2—a?)?  (22)% (r—a)? 4(2a)%(r—a)%

The specific metric (2) derived by Kazakov and Solodukhin falls in to a more general
class of metrics given by

dr?

fu(r)

ds2 = —fu(r)AF + o+ 7(d6 +sin” 0 dg?), ®)
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where now we take

falr) = (1—2) _am ©)

Here, n € {0} U{1,3,5,...},7 € [a,00),and a € (0, c0). (Note that we include n = 0
as a special case since this reduces the metric to the Schwarzschild metric in standard
curvature coordinates, which is useful for consistency checks.) We only consider odd
values for n (except for the n = 0 Schwarzschild solution) as any even value of n will allow
for the r-coordinate to continue down to r = 0, and so produce a black-hole spacetime
which is not regular at its core, and hence not of interest in this work.

The class of metrics described by Equations (8) and (9) has the following regularity
structure:

e 1 =0 (Schwarzschild): Not regular;
* 1 > 1: Metric-regular;

¢ n > 3: Christoffel-symbol-regular;
e n > 5: Curvature-regular.

We wish to stress that, unlike Reference [1], we make no attempt to derive the class of
metrics described by Equations (8) and (9) from a modified action principle in this current
work. We feel that there are a number of technical issues requiring clarification in the
derivation presented in Reference [1], so instead, we shall simply use the results of Kazakov
and Solodukhin’s work as inspiration and motivation for the analysis of our general class
of metrics. As such, our extended class of Kazakov-Solodukhin models can be viewed as
another set of “black hole mimickers” [53—64], arbitrarily closely approximating standard
Schwarzschild black holes, and so potentially of interest to observational astronomers [65].

2. Geometric Analysis

In this section, we shall analyze the metric (8), its associated Christoffel symbols,
and the various curvature tensor quantities derived therefrom.

2.1. Metric Components

We immediately enforce a # 0 since a = 0 is trivially Schwarzschild, and, in fact, we
shall specify a > 0 since a is typically to be identified with the Planck scale. At large r
and/or small a4, we have:

az’% 2m 2m  na? at

So, the spacetime is asymptotically flat with mass m for any fixed finite value of n. As
r — a, we note that, for n > 1, we have the finite limit

2m

lim f,(r) = ——. (11)

r—a a

This is enough to imply metric-regularity. Note, however, that, for the radial derivative,
we have

2 21
/N ha a 2m
n(r) = r3<1—r2> + (12)

lim £ (r) = =5 (13)



Universe 2021, 7, 165 4 0f 19

Similarly, for the second radial derivative,

20502 1 2 2 2\ 2
" na*(na* + a* — 3r°) a 4m
n (T) - 76 1- 1,7 1’73/ (14)
and only for n > 5 do we have a finite limit
lim £}/ (r) = —4—1;1. (15)

r—a a

This ultimately is why we need n > 3 to make the Christoffel symbols regular,
and n > 5 to make the curvature tensors regular.

2.2. Event Horizons
Event horizons (Killing horizons) may be located by solving g4 (r) = f,(r) = 0, and so
are implicitly characterized by
a? K
ry = 2m (1 — 2) . (16)

"y

This is not algebraically solvable for general 1, though we do have the obvious bounds
that ry > 2m and v > a. Furthermore, for small a, we can use (16) to find an approximate
horizon location by iterating the lowest-order approximation rg = 2m + O(a?/m) to yield

na’ at
Iterating a second time
na®>  n(3n—2)a* a®
=2mil4 -y — — I — ] 1
H m{ t e 128mt © <m6> } (18)

We shall soon find that taking this second iteration is useful when estimating the
surface gravity. As usual, while event horizons are mathematically easy to work with,
one should bear in mind that they are impractical for observational astronomers to deal
with—any physical observer limited to working in a finite region of space-+time can at best
detect apparent horizons or trapping horizons [66]; also see Reference [67]. In view of this
intrinsic limitation, approximately locating the position of the horizon is good enough for
all practical purposes.

2.3. Christoffel Symbols of the Second Kind

Up to the usual symmetries, the non-trivial non-zero coordinate components of the
Christoffel connection in this coordinate system are:

It _ I, — 2m/r+n(a®/r?)(1—a?/r?)2 "
tr = - = 7
2r{(1—a2/r2)2 —2m/r}
rr, = w0/ (a2 E o/ (19)
o 2r 7
[Mgg = Srin"z"”e =2m—r(1—a%/r?)3.

The trivial non-zero components are:

rerG = F¢r¢ = %}
1"94,4, = —sinf cos0; (20)
[Y9y = cotf.
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Inspection of the numerators of Iy, I, and TI7pg shows that (in this coordinate
system) the Christoffel symbols are finite at » = a so long as n > 3. Indeed, as r — g4,
we see

Fttr = I, — _2171} Iy — _%; (21)
I 6 1
rrgg = smi(ggbG — 2m; I%¢ = F"’nP -

2.4. Orthonormal Components

When a metric g, is diagonal, then the quickest way of calculating the orthonormal
components of the Riemann and Weyl tensors is to simply set

Rabcd ; Cﬁl}é.f _ Cubcd ) (22)
|acl |gpal |Sacl 1gpal

Riped

When a metric g, is diagonal and a tensor X,; is diagonal, then the quickest way of
calculating the orthonormal components is to simply set

Xub

X = .
ab |San

(23)

In both situations, some delicacy is called for when crossing any horizon that might
be present. Let us (using — + ++ signature and assuming a diagonal metric) define
S = sign(—gu) = sign(gn)- (24)

Then, S = 41 in the domain of outer communication (above the horizon) and S = —1
below the horizon.

2.5. Riemann Tensor

We shall now analyze what values of 7 result in non-singular components of various
curvature tensors in an orthonormal basis (f, 7, 9,(,13). First, the non-zero orthonormal
components of the Riemann tensor are:

na? [3—(n+1)a2/r2] (1—a2/72)%72

Ry = —2?73'1 - 54 ’
na®(1—a?/r? 51
Rigrg = Rigog = —Rgzar = —Rjige = —S{I’é + (M)} (25)
2 lf(lfaz/rz)%
Regp = w+—=

Analysis of the numerator of R;; shows that all of the orthonormal components
of the Riemann tensor remain finite at * = a if and only if n > 5. This is sufficient to
conclude that all associated polynomial Riemann curvature invariants, constructed purely
from contractions on products of the Riemann tensor, shall also be finite at * = a (and, in
fact, globally) for n > 5. The n > 5 case, therefore, satisfies our desiderata for curvature
regularity, as defined in Section 1. Indeed, as ¥ — a (where S — —1), we see

2 1,2
Ript = =235 Ropog = 2+ 75 26)
Rigrg = Repgrg = —Ropor = —Rgigr = + 35
Conversely, at large r (wWhere S — +1), we see
R?frf = —2%1 +O(ﬂ2/7’4), .
Rygro = Rigap = ~Ryigy = ~Ropgi = =5 + O™/ 1), (27)
Rspsp w + 0@ /r)

So, as it should, the spacetime curvature asymptotically approaches that of Schwarzschild.
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2.6. Ricci Tensor

The non-zero orthonormal components of the Ricci tensor are:

- — — Rpp = %72
Ry : Ryp=-57% [1 ( 1)a*/r? ]1(1 2/1,%) (28)

24
Rag op = — @1+ (n—1)a?/r?](1—a?/r)i" L.

!

Analysis of the Ry component shows that all of the components of the Ricci tensor
remain finite at = a so long as n > 5. Indeed, as r — a, we see

1
Rff = —RW — 0, Réé = R‘i"f) — - (29)
Conversely, at large r, we have
2
R;f = —Ry = Réé = Rtﬁ@ = —% + O(IZ4/7‘6). (30)

2.7. Ricci Scalar

As stated in Section 1, our class of metrics is only curvature regular for n > 5, where n
is an odd integer. Indeed, in general, we have

R=2-(1- az/rz)“{z =t/ + (n=2)(n - et/ } (31)

2 2

and so the spacetime is non-singular at r = a if and only if n > 5. Furthermore, any n > 5
spacetime has positive scalar curvature at r = 2, where R — H% As an explicit example,

2 24 2.2 124
Rye5 = — — r2—a2{ r+a:7—|— a}, (32)

which is indeed singularity—free in the region r € [a, ) and positive at r = a.

2.8. Einstein Tensor

The non-zero components of the Einstein tensor are:

Gy = _G??:I:Sz{l—|:1+(1’l—]_)“2:|<1_1;§)(n_2)/2}/

> ) (n74)/2.

(33)
2 2
Géé = G‘f)‘i’: *%{17(1’171)%}(17%

Analysis of the G435 component reveals that the Einstein tensor remains finite in all of
its orthonormal Components if and only if n > 5. Indeed, as ¥ — a (where S — —1), we see

fo = —GW — _a%’ Gé@ = G‘IA’G‘A’ — 0. (34)

At large r (where S — +1), we have
= f7+(’)(a4/r6). (35)

2.9. Weyl Tensor

The non-zero components of the Weyl tensor are

7070

wprgp = —25 Corgr = —25 Cpigr = —Cagop
1-a2/2)2 21
% (36)

— _2m +
= 5
(1 . az/r ) { (5n-+4)—(n42) (n+1)a/1? }

6rt
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Thus, the components of the Weyl tensor remain finite at ¥ = a so long as n > 5.
Indeed, as r — a (where S — —1), we see

12
Citpp = —2Ci50 = _ch‘f’?‘/} = +2Csa; = +2C43;43; = _Cé‘f’é‘f’ — =37 LTT (37)
At large r (where S — +1), we find
2
Crirt = 2Cipg = 2Csj05 = —2Cq10 = —2C;ig0 = —Cppop = — 5 — " + O(a*/1°).(38)

2.10. Weyl Scalar

The Weyl scalar is defined by C,p.q C*P°Y. In view of all the symmetries of the spacetime
one can show that Cypey C = 12(C;34)?, so one gains no additional behavior beyond
looking at the Weyl tensor itself. Thus, for purposes of tractability, we will only display
the result for n = 5 at ¥ = a in order to show that the n = 5 spacetime is indeed regular at

r=a
4(6m + a)?
(Capea C™*) s = %‘ (39)
2.11. Kretschmann Scalar
The Kretschmann scalar is given by
1
K = RypeaR™ = CopegC"" + 2R pR™ — 2R, (40)

The general result is rather messy and does not provide much additional insight into
the spacetime. Thus, for purposes of tractability we will only display the result for n = 5 at
r = a in order to show that the n = 5 spacetime is indeed regular at r = a:

4
Ky—s|,_, = = (a® + dam + 12m?). (41)

The fact that the Kretschmann scalar is positive definite, and can be written as a sum
of squares, is ultimately a due to spherical symmetry and the existence of a hypersurface
orthogonal Killing vector [68].

3. Surface Gravity and Hawking Temperature

Let us calculate the surface gravity at the event horizon for the generalized QMS
spacetime. Because we are working in curvature coordinates, we always have [69]

1 0rgu

Ky = rlg{\H 5 M (42)
Thence,
1 3 _m na? a? L
K=o v fu(T) rH_T’%L[+2”§’{<1_T%> . (43)

Using Equation (16), we can also rewrite this as

2
m na
VH TH—EI
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This result is, so far, exact. Given that the horizon location is not analytically known

4
for general 1, we shall use the asymptotic result ry = Zm{l + % - % + 0(%) }

Thence,

_ 4

Note the potential O(a?/m?) term vanishes (which is why we estimated ry up to
O(a*)). As usual, the Hawking temperature is simply kp Ty = % hxy.

4. Stress-Energy Tensor

Let us examine the Einstein field equations for this spacetime. Above the horizon,
for r > ry, we have

87Tp = fo; 81 pr = GW. (46)
Below the horizon, for » < ry, we have
87 p = Gp; 87 pr = Gy. 47)

But then, regardless of whether one is above or below the horizon, one has

o = _p’_&rlrz{l_ [1+(n_1)%} (1_[;;)(712)/2}’ "
p. = —1g;;j4[1—(n—1)gé} (1_%>(n74)/2.

By inspection, for n > 1, we see that p | (r) = 0atr = /n — 1 a. Indeed, we see that
pi(r) >0forr <vn—1laand p,(r) <0forr > +/n—1a. The analogous result for p(r)
is not analytically tractable (though it presents no numerical difficulty) as by inspection it
amounts to finding the roots of

(P —a®)r" — (PP —a®) 2 (2 + (n —1)a?) = 0. (49)

We note that asymptotically

na? 4,6
P= 1A + O(a*/r°), (50)
and
T’lﬂz 4,6
PL="1mh +O(a*/r°). (51)

An initially surprising result is that the stress-energy tensor has no dependence on the
total mass m of the spacetime. To see what is going on here, consider the Misner—Sharp
quasi-local mass

Then, noting that m = m(r) + 47 [ p(7)7*d7 above the horizon, we see

47T/roop(f)f2d?:—£{1—(1—;12)3}. (53)
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Here, the RHS is manifestly independent of m. Consequently, without need of any
detailed calculation, p(r) is manifestly independent of m. As an aside note that m(ry) = 4,
so we could also write m(r) = "§ + 47 [ p(7)7>dr.

5. Energy Conditions

The classical energy conditions are constraints on the stress-energy tensor that attempt
to keep various aspects of “unusual physics” under control [70-90]. While it can be
argued that the classical energy conditions are not truly fundamental [77,80,86], often
being violated by semi-classical quantum effects, they are nevertheless extremely useful
indicative probes, well worth the effort required to analyze them.

5.1. Null Energy Condition

A necessary and sufficient condition for the null energy condition (NEC) to hold is
thatboth p+ p, > 0and p + p, > Oforallr, a, m. Since p = —p;, the former inequality is
trivially satisfied, and, for all r > 4, we may simply consider

_2/72\8-2
P"_PJ-ZS;,Q{l_W 2+(3n—4)a2/r2—(n+2)(n—1)a4/r4} } (54)

Whether or not this satisfies the NEC depends on the value for n. Furthermore, for no
value of 1 is the NEC globally satisfied.
Provided n > 5, so that the limits exist, we have

. 1
lim(o+p,) = T2 (55)

So, the NEC is definitely satisfied deep in the core of the system. Note that, at
asymptotically large distances,

na’ 4,6
p+pt:_78m’4+0(a /1°). (56)

So, the NEC (and consequently all the other classical point-wise energy conditions)
are always violated at asymptotically large distances. However, for some values of n, there
are bounded regions of the spacetime in which the NEC is satisfied. See Figure 1.

5.2. Weak Energy Condition

In order to satisfy the weak energy condition (WEC), we require the NEC be satisfied,
and in addition p > 0. But, in view of the asymptotic estimate (50) for p, we see that the
WEC is always violated at large distances. Furthermore, it can be seen from Table 1 that the
region in which the NEC is satisfied is always larger than that in which p is positive (this
would be as good as impossible to prove analytically for general 7). Thus, we can conclude
(see Table 2) that the WEC is satisfied for smaller regions than the NEC for all values of #.



Universe 2021, 7, 165

10 of 19

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

rla rla ria

Figure 1. Plots of the NEC for several values of n. Here, the y-axis depicts 87tr%(o + p, ), plotting
against 7/a on the x-axis. Of particular interest are the qualitative differences in behavior asr/a — 1;
we see divergent behavior for the n = 1 and n = 3 cases, whilst, for n > 5, we see 87tr2(p + p ) — 1
as r — a. This is ultimately due to the fact that the n > 5 cases are curvature regular, with globally
finite stress-energy components.

5.3. Strong Energy Condition

In order to satisfy the strong energy condition (SEC), we require the NEC to be satisfied,
and in addition p + p, +2p, = 2p,; > 0. But regardless of whether one is above or below
the horizon, the second of these conditions p; > 0 amounts to

O<a<r<avn—1. (57)

However, it can be seen from Table 1 that the region in which the NEC is satisfied
is always smaller than that in which p is positive (this would be as good as impossible
to prove analytically for general n). Thus, we can conclude (see Table 2) that the SEC is
satisfied in the same region as the NEC for all values of n.

5.4. Dominant Energy Condition

The dominant energy condition is the strongest of the standard classical energy
conditions. Perhaps the best physical interpretation of the DEC is that, for any observer
with timelike 4-velocity V¥, the flux vector F* = T% V, is non-spacelike (timelike or null). It
is a standard result that, in spherical symmetry (in fact, for any type I stress-energy tensor),
this reduces to positivity of the energy density p > 0 combined with the condition |p;| < p.
Since, in the current framework, for the radial pressure, we always have p, = —p, the only
real constraint comes from demanding |p, | < p. But this means we want both p+p, >0
and p — p, > 0. The first of these conditions is just the NEC, so the only new constraint
comes from the second condition. By inspection, it can be seen from Table 1 that the region
in which the NEC is satisfied is always larger than that in which p — p is positive (this
would be as good as impossible to prove analytically for general 7). Thus, we can conclude
(see Table 2) that the DEC is satisfied for smaller regions than the NEC for all values of n.
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Table 1. Regions of the spacetime where the orthonormal components of the stress-energy tensor

satisfy certain inequalities.

n p+pL =20 p=0 pL >0 p—pL =0
0 a<r<oo a<r<oo a<r<oo a<r<oo

1 globally violated = globally violated  globally violated  globally violated
3 a<rz12659a a<r1.07457a a<r$141421a  globally violated
5 a<rzg170468a a <r  1.37005a a<r<2a a <r 3 1.00961a
7 a<rz?20556la  a<r162933a  a<rI244949a a4 <r 111129
9 a<rzg235559a a<r1.85537a a<r 282843  a<rz1.23076a
11 a<rg262173a  a<r 2057570 a<r$3.16228z a <r 1.34552a

Table 2. Regions of the spacetime where the energy conditions are satisfied.

n NEC WEC SEC DEC

0 a<r<oo a<r<oo a<r<o a<r<oo

1 globally violated  globally violated  globally violated  globally violated
3 a<rg126595a a<rZ1.07457a same as NEC globally violated
5 a<rgl70468a a <r g 1.37005a same as NEC a <rZ1.00961a
7  a<rgzg?20556la  a<rZ1.62933a same as NEC a<rz 111129
9 a<rg235559a a<rZ1.85537a same as NEC a <r 3 1.23076a
11 a<rz262173a  a <r $2.05757a same as NEC a <r 3 1.34552a

6. ISCO and Photon Sphere Analysis

It should be noted that particle orbits around quantum-corrected Schwarzschild black
holes have previously been explored in Reference [91], for the case of timelike test particles,
and in Reference [92], for a treatment of the photon ring. For ease of exposition, we feel it
is worthwhile presenting a unified pedagogical derivation of the locations of the orbits of
interest via the following discussion.

We have the generalized quantum modified Schwarzschild metric

2\ 2 2
a? = (1= 2lge, A eyl (58)
2 ¥ (1_ﬁ7 2m

Let us now find the location of both the photon sphere for massless particles, and the
ISCO for massive particles, as functions of the parameters m, 1, and a. Consider the tangent
vector to the worldline of a massive or massless particle, parameterized by some arbitrary
affine parameter, A:

dx? dx? de\? dr\? L[ /deN* ., /d¢\?
8abdAd/\——gtt<dA> +grr(M) +r (d/\) + sin 9<d)\) . (59)
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We may, without loss of generality, separate the two physically interesting cases
(timelike and null) by defining:

c— { -1 massive particle, i.e., timelike worldline

0 massless particle, i.e., null worldline. (60)

That is, ds?/dA? = e. Due to the metric being spherically symmetric, we may fix
6 = 7 arbitrarily and view the reduced equatorial problem:

dx? dx? dt\? dr\? ,/d¢\?
8ab dr dr —gtt(m> +&rr (d/\) +r (d)&) =€ (61)
The Killing symmetries yield the following expressions for the conserved energy E
and angular momentum L per unit mass:

(-2 2@ @ e
R N N ®
R e (I

This gives “effective potentials” for geodesic orbits as follows:
2\ om L?
Ve(r)_{<1_,,2> - {—e+r2}. (65)
6.1. Photon Orbits

For a photon orbit, we have the massless particle case € = 0. Since we are in a
spherically symmetric environment, solving for the locations of such orbits amounts to
finding the coordinate location of the “photon sphere”. These circular orbits occur at

V,(r) = 0. That is:
vo<r>={(1—f§)g—2;”}{f§}, (66)

1

v5<r>—ff{6m+r(1—j’§)z [<n+z>‘j§—z]}. )

Solving V(;(r) = 0 analytically is intractable, but we may perform a Taylor series
expansion of the above function about a = 0 for a valid approximation (recall a is associated
with the Planck length).

To fifth-order, this yields:

Hence,

implying

leading to:

' 212 202na?2  3na*l%(n—2
Vo(r) = 77(3111 —r)+ 5 47(7 ) + O(Lzaé/r9> . (68)
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Equating this to zero and solving for r yields:

2 Ay
r :3m{1—|— a=n n(1ln —6)a

(Bm)2  8(3m)* +O(a6/m6)}' ©)

Thea = 0, (or n = 0), Schwarzschild sanity check reproduces r, = 3m, the expected result.
To verify stability, we check the sign of V, ():

B 2 2\ 272 2 4
Vo(r):—;{mrm—(l—iz> {6—(7n+1z)f2+(n+2)(n+3)‘j4”. (70)

We now substitute the approximate expression for r,, into Equation (70) to determine
the sign of V(7). We find:

2L2{ _ 3na> | n(67n—6)a*

(ry) =  81mA (3m)2 * 8(3m)* - (’)(aé/mé)}. 7y

Given that all bracketed terms to the right of the 1 are strictly subdominant in view of
a < m, we may conclude that V(;/ (1’7) < 0, and, hence, the null orbits at 7 = r,, are unstable.
Let us now recall the generalized form of Equation (66), and specialize to n = 5 (the
lowest value for n for which our quantum deformed Schwarzschild spacetime is regular).

We have:
12 a2 2 2m
Vo(r,n=5) = — <1—r2> - (72)

L? > 942 7a*
V(;(T’,TIZE)) = 74{67’7’1— 72—02(2—;,2+r4>}. (73)

Once again, setting this to zero and attempting to solve analytically is an intractable
line of inquiry, and we instead inflict Taylor series expansions about a = 0.
To fifth-order, we have the following:

2 2 2.4
Vilrn=5) = —%{1-3m_ 58 80 L 0@s/r5))
(74)
2 4
= 1y = Sm{l—i— (??:1)2 — 82(311)4 +O(a6/m6)} ,
which is consistent with the result for general n displayed in Equation (69).
6.2. ISCOs
For massive particles, the geodesic orbit corresponds to a timelike worldline, and we
have the case that e = —1. Therefore:

van={(1-5) -2 1+ 5}, 79

and it is easily verified that this leads to:

/ 2.2 _2.2y81 2
V,l(r):zm(3l;4+r)+(1 arér)z {na2+L2<(n+2)222)]. 76)

For small a, we have

vl(r)={1+i22}{12’””“2+w+0<32>}, 77)

r 272 8r4
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V4 (1’) - o + -

) 202 2 2 2V 502 2 2 )4 6
2(L*(8m —r) +mrs)  (2L=+r*)na=  (3L=+2r*)n(n —2)a Lol%). 78)
2 4r7 r’

Equating this to zero and rearranging for r presents an intractable line of inquiry.
Instead, it is preferable to assume a fixed circular orbit at some r = r,, and rearrange the
required angular momentum L, to be a function of r, m, and a. It then follows that the
innermost circular orbit shall be the value of 7. for which L. is minimized. It is of course
completely equivalent to perform this procedure for the mathematical object L2, and we do
so for tractability.

Hence, if Vll (rc) = 0, we have:

) na2<l—‘;—§)7+2mr(1—‘;—§
L; = 7 . (79)

(-8 F- w22 - 5)

For small a4, we have

2 mr? nr(r —m)a*  n{(2n+4)r* + (5n — 18)mr —9(n — 2)m*}a* Lo

¢ r—3m  2(r—3m)? 8r(r —3m)3 (a°). (80)

As a consistency check, for large r. (i.e., . > a,m), we observe from the dominant
term of Equation (80) that L, ~ ,/mr,, which is consistent with the expected value when
considering circular orbits in weak-field GR. Indeed, it is easy to check that, for large r, we
have L? = mr; + O(1). Note that, in classical physics, the angular momentum per unit
mass for a particle with angular velocity w is Lc ~ wr?. Kepler’s third law of planetary
motion implies that r2w? ~ Gym/r.. (Here, m is the mass of the central object, as above.)
It, therefore, follows that L. ~ /Gym/7. rc. Thatis L. ~ \/mr., as above.

Differentiating Equation (79) and finding the resulting roots is not analytically feasible.

We instead differentiate Equation (80), obtaining a Taylor series for aa—f for small a:

L2 mre(re—6m)  mn(5rc—3m)a’
are (re—3m)2 2(rc.—3m)3 (81)
_ n{16r34+(n—2) (4r2+21mr2—36m>r.+27m>) }a* + O(ﬂé) )

872 (r.—3m)*

Solving for the stationary points yields:
na®>  n(49n —22)a* a®
Fisco = 6’”{“ e R VL +O(m6> } ' ®2)
and the a = 0 Schwarzschild sanity check reproduces r. = 6m as required.

6.3. Summary

Denoting ry as the location of the horizon, r,, as the location of the photon sphere,
and r1sco as the location of the ISCO, we have the following summary:

2 _ 4
o ru=2mx {1+ gt - MBI 4 O(5));

n n— ﬂ4
o ry=3mo {14 gy - MR O }

2 49n—22)a* 6
+ oo = 6mx {1+ 3 - 2GR - O .

7. Regge-Wheeler Analysis

Now, considering the Regge—Wheeler equation, in view of the unified formalism
developed in Reference [93] (also see References [64,94,95]), we may explicitly evaluate the
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Regge-Wheeler potentials for particles of spin S € {0, 1} in our spacetime. Firstly, define a
tortoise coordinate as follows:

dro— — 9 (83)

o8
r2 r
This tortoise coordinate is, for general 1, not analytically defined. However, let us

make the coordinate transformation regardless; this yields the following expression for
the metric:

ds? = { (1 - ;‘2)2 - 2:”} { —dp +dr§} +r2(d92 1 sin?9 d¢2). (84)
It is convenient to write this as:
ds? = A(r*)z{ —df? + drﬁ} + B(r*)2<d92 +5sin20 d4>2). (85)
The Regge-Wheeler equation is [93-95]:
o.¢+{w” - Vs}p =0, (86)
where ¢ is the scalar or vector field, V is the spin-dependent Regge-Wheeler potential for

our particle, and w is some temporal frequency component in the Fourier domain. For a
scalar field (S = 0), examination of the d’Alembertian equation quickly yields:

A? 0% B
Vs_o = {Bz}£(€+1)+ B (87)

For a massless vector field, (S = 1, e.g., photon), explicit conformal invariance in
3+1 dimensions guarantees that the Regge—Wheeler potential can depend only on the ratio
A/ B, whence normalizing to known results implies:

2
Vso1 = {;‘z}e(ul). (88)

Collecting results, for S € {0,1}, we have:

A? 9;.B
The spin 2 axial mode is somewhat messier and (for current purposes) not of immedi-
ate interest. Note that, for our metric,

2\ 2m
3, — {(1—r2> —r}a,, (90)
and B(r) = r. We have:

S (s

I£3

B = r (91)
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For small a:
2B  2m(1—2m/r)  n(r—3m) , n{5(n—2)m—4(n—1)r} 4 ma®
B = 7’3 + T’5 a” + 4}’7 a +O<T9> . (92)
Therefore:

1 2\ 2m 2\ 12 o

This has the correct behavior as @ — 0, reducing to the Regge—Wheeler potential for
Schwarzschild:

. 1 2m 2m

In the small a approximation, we have the asymptotic result
128 )
Vsefor = %V(H 1)+ (1-8)2) — 2o {00 +1) +2(1—8) [ —1]}

7

(95)

w L0 e+ 1)) - (1-8) 201 - 1) +5(1- ) 2] } +0(%).

The Regge-Wheeler equation is fundamental to exploring the quasi-normal modes of
the candidate spacetimes, an integral part of the “ringdown” phase of the LIGO calculation
to detect astrophysical phenomena via gravitational waves. Explorations of the quasi-
normal modes of various quantum-corrected black hole spacetimes have been performed
in References [96-100].

8. Discussion and Conclusions

The original Kazakov-Solodukhin “quantum deformed Schwarzschild spacetime” [1]
is certainly more “regular” than Schwarzschild spacetime, but it is not “regular” in the
sense normally intended in the general relativity community. While the metric components
are regular, both Christoffel symbols and curvature invariants diverge at the “center” of
the spacetime, a 2-sphere where r — a with finite area A = 47ta®. The “smearing out” of
the “center” to ¥ — a is not sufficient to guarantee curvature regularity.

We have generalized the original Kazakov-Solodukhin spacetime to a two-parameter
class compatible with the ideas mooted in Reference [1]. Our generalized two-parameter
class of “quantum corrected” Schwarzschild spacetimes contains exemplars which have
much better regularity properties, and we can distinguish three levels of regularity: metric
regularity, Christoffel regularity, and regularity of the curvature invariants.

Furthermore, our generalized two-parameter class of models distorts Schwarzschild
spacetime in a clear and controlled way—so providing yet more examples of black-hole
“mimickers” potentially of interest for observational purposes. In this regard, we have
analyzed the geometry, surface gravity, stress-energy, and classical energy conditions. We
have also perturbatively analyzed the locations of ISCOs and photon spheres, and set up
the appropriate Regge-Wheeler formalism for spin-1 and spin-0 excitations.

Overall, the general topic of “quantum corrected” Schwarzschild spacetimes is cer-
tainly of significant interest, and we hope that these specific examples may serve to encour-
age further investigation in this field.
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