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Recently, it has been shown that the radial stability of a light ring (LR) in a spacetime generated by a
stationary, axisymmetric, asymptotically flat object with a Z, symmetry determines the possibility and
radial stability of timelike circular orbits (TCOs) around the LR. In this paper, we generalize this result by
also considering the vertical (angular) stability of the orbits through the study of the radial and vertical
epicyclic frequencies. We show that the vertical stability of the LR only determines the vertical stability of
the TCOs around it. A relation between the sum of the squared epicyclic frequencies and the Ricci tensor is
also provided. With such relation, we show that objects with radially and vertically unstable LRs (TCOs)

violate the null (strong) energy condition.
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I. INTRODUCTION

The study of the structure of null and timelike circular
orbits around a given generic ultracompact object is
important to access several of its phenomenology proper-
ties. These properties can, in principal, be very different
from the ones found for the paradigmatic General
Relativity black hole (BH)—the Kerr BH [1]. Such dif-
ferences are opportune to know given the recent measure-
ments of gravitational waves (GWs) by the LIGO/Virgo/
KAGRA Collaboration [2-5] and the shadow and lensing
of light around the M87* and Sgr A* supermassive BHs
provided by the EHT Collaboration [6,7]. Furthermore,
with the advances towards the construction and implemen-
tation of the future Laser Interferometer Space Antenna
(LISA), designed to be able to detect GW signals with
much lower frequencies than the LIGO/Virgo/KAGRA
Collaborations, such as the ones produced by extreme
mass-ratio inspirals (EMRIs) [8], it will be possible to
probe the structure of timelike circular orbits around these
ultracompact objects, that can be BHs or other ultra-
compact objects that could mimic a BH—e.g., scalar
and vector boson stars [9-16].

To get a sense of what structures of circular orbits one
can find, we start by recalling three remarkable works
developed recently in [17-19]. In the first work [17], the
authors showed, using a topological argument, that a
generic stationary, axisymmetric, and asymptotically-flat
ultracompact horizonless object must have at least two null
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circular orbits—otherwise known as light rings (LRs)—
where one of them is stable. In the second work [18], the
authors used a similar topological argument as in the
previous one to prove that a stationary, axisymmetric,
asymptotically-flat, and nonextremal BH must have at least
one unstable LR outside of its event horizon. In [19] it was
shown that by using the previous two results together with a
careful analysis of the boundary behavior of some key
quantities, it is possible to further conclude that, for both
types of ultracompact objects mentioned (with or without
an horizon), if the object possesses an ergoregion then at
least one LR must exist outside its ergoregion. All these
results define precisely the structure of null circular orbits
for generic (within the assumptions mentioned) ultracom-
pact objects, with or without a horizon.

A natural question to ask now is the following: does the
existence of a LR establish any structure for timelike circular
orbits (TCOs) around it? An answer to this question was
given in [20], where it was shown that, for a generic
ultracompact object with the same assumptions as mentioned
previously, together with a Z, symmetry fixing an equatorial
plane, the radial stability of the existing LRs determines the
localization and radial stability of TCOs in their vicinity.
However, this work only mentions and studies the radial
stability of the circular orbits, and it leaves open an
opportunity to perform a more complete study where the
vertical stability of the circular orbits is also included.

In this paper, we shall take the aforementioned oppor-
tunity. For that, we will study the radial and vertical
epicyclic frequencies of null and timelike particles follow-
ing circular orbits on a spacetime generated by a generic
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ultracompact object with the same assumptions mentioned
in the previous paragraph. These epicyclic frequencies are
computed by perturbing the circular orbits in the radial and
vertical directions, and are tightly connected with the
stability of the orbits. With them, we shall arrive at the
same result present in [20], together with its generalization,
where we also look at the vertical stability of the orbits.

Throughout the first part of this paper, we do not impose
any further assumption upon the ultracompact object in
question. The generic ultracompact object may or may not
be a BH, and it is a solution of an undefined set of equations
of motion obtained from an undefined theory of gravity.
However, it is expected that the matter which composes the
object obeys the energy conditions. Therefore, in the
second part of this paper, we establish connections between
the epicyclic frequencies, and consequently the structure of
circular orbits, with the energy conditions.

The first study of its kind was done in [21], where the
authors found that the sum of the squared epicyclic
frequencies of TCOs around a Maclaurin spheroid
[22,23] in the Newtonian regime, could be written only
in terms of the angular velocity of the timelike particles, €2,
and the density of the spheroid, p, as [21],

w? + wj =2Q% + 4zGp, (1)

where w, and w, are the radial and vertical epicyclic
frequencies, respectively, and G is Newton’s constant. In
the same work, the authors also found that, for the case of a
Kerr BH, the sum vanishes when computed at the LR.

A proof was developed in [24] showing that, for a
very generic static, axisymmetric, and asymptotically-flat
object, the sum of the squared epicyclic frequencies of
TCOs could be written at the expense of a linear combi-
nation of the components of the Ricci tensor [24],

Q2 dg,, 1 di?

?+wp =R, +Q°R —.
Or + @5 = [Ru + {’"”]—’_Zgrr dr #dr*

(2)

where, ¥ = ~3p¢/ 9u- They also found, through the above
equation, that if the object obeys the strong energy
condition (SEC) then @? + @} > 0.

In the second part of this paper, we shall generalize the
work done in [24] by considering a more generic stationary
ultracompact object. We shall obtain a similar result to the
one presented in Eq. (2) and we shall consider the SEC as
well as the null energy condition (NEC). If the matter
which compose the object in question obeys the SEC and
NEC, then the sum of the epicyclic frequencies of LRs and
TCOs will always be non-negative.

This work is organized as follows. In Sec. II we start by
introducing and defining all quantities of interest for the
null and timelike circular orbits; namely, their radial and
vertical epicyclic frequencies. Then, in Sec. III we show,
together with the work done in [20], that the epicyclic

frequencies of the timelike particle coincide with the
epicyclic frequencies of the null particles when both of
them are computed at the LRs. The four possible structure
of TCOs surrounding a LR are presented. Section IV
provides the relation between the sum of the squared
epicyclic frequencies and the Ricci tensor. Connections
with the null and strong energy condition are also provided
and analyzed. Finally, in Sec. V we close the present paper
with conclusions and final remarks.

II. EPICYCLIC FREQUENCIES OF
EQUATORIAL CIRCULAR ORBITS

To study the epicyclic frequencies, we shall follow a
similar setup as the one described in [20]. Let us consider
a stationary, axisymmetric, asymptotically-flat, (1 + 3)-
dimensional spacetime, (M, g), that describes a generic
ultracompact object with a Z, symmetry that may or may
not have an event horizon. No assumption is made on the
field equations (M, g) solves.

Stationarity and axial symmetry imply the existence
of two Killing vectors field, {#,7,}, that commune,
[71,1m,] =0, thanks to a theorem develop by Carter
(together with asymptotic flatness) [25]. Such result open
the possibility to choose a coordinate system, (z,r, 0, @),
that can be adapted to the Killing vector fields such
that n; = 9, and 1, = d,,. We also assume that the metric

associated to the spacetime is, at least, C*>-smooth on and
outside the possible horizon, and circular. This implies,
for asymptotically-flat spacetimes, that the geometry pos-
sesses a 2-space orthogonal to the Killing vector fields
(c.f. Theorem 7.11 in [26]). Therefore, the discrete sym-
metry (¢, ¢) — (—t,—¢) is present on the spacetime.

By a gauge choice, we can defined spherical-like
coordinates (r,0) in the orthogonal 2-space that are
orthogonal to each other. An extra gauge choice can be
used to fix the localization of the horizon at a constant
positive radial coordinate, r = ry, for the case of ultra-
compact objects with a horizon. With these choices,
g0 =0, g, >0, and gy > O (outside the possible hori-
zon). One can also impose that (r,d) must reduce to the
standard spherical coordinates as one approaches spatial
infinity, r — co. The range of the coordinates are ¢ €
(—o0,+00); r € (ry,+o0), if a horizon exists, or r €
[0, +00), if no horizon exists; 6 € [0, z]; and ¢ € [0, 2x).
The rotating axis is located at @ = {0, 7}, and the equatorial
plane can be found at € = z/2. Outside of a possible
horizon, causality implies that g,,, > 0.

In the end, due to all the assumptions, gauge choices, and
using a Lorentzian signature (—, 4, +, +), we can write the
following line element,

ds® = g, (r.0)dt* + 2g,,(r. 0)dtdep + g,,,(r.0)de*
+ Gy (1. 0)dr* + goo(r,0)d6”. (3)
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Note that we shall consider that the radial coordinate is a
faithful measurement of the distance to the ultracompact
object.

The motion of test particles in the above geometry can be
described through the following effective Lagrangian,

2L = g, Xy = e, (4)

where the dot denotes the derivation with respect to an affine
parameter, and ¢ = {—1,0} for timelike and null particles,
respectively. The effective Lagrangian will depend on the
spherical-like coordinate, and can be written as follows:

2L = gy (r.0)1* + 2g,,(r. 0) @ +3,, (1. 0) ¢
+ G0r(r,0)i + goo(r, 0)6” = €. (5)
The existence of Killing vector fields give rise to
constants of motion that we can introduce into the

Lagrangian. Those are the energy, E, and angular momen-
tum, L, of the test particle,

-E= glujcﬂ = gtti + gt(p(.p’ L= g(/,”jC” = g(pti + g(pq)()b'

(6)
The effective Lagrangian reads now,
A(r,0,E, L . .
20 = - A0P T L g 0P w0 = ()
where

A(r.0,E.L) = g,,(r.0)E* +2g,,(r,0)EL + g,,(r.0) L2,

and B(r,0) = g,,(r, 0)* = g, (r. 0)Gyy(1.0).
(8)

Equation (7) suggests the introduction of an effective
potential, V.(r, ), defined in the following way,

A(r,0,E,L)

Ve(rye) Egrr(r,a)i2+990(r’9)éz =€+ B(V,G)

©)

In this work, we are interested in objects with a Z,
symmetry and in circular orbits in the equatorial plane,
60 = n/2, meaning that 6 =0. With these additional
assumptions, the effective potential will only have a radial
dependency, and can be written as

A(r,z/2,E,L)

Vi(r) = g, (r.n/2)i* = e + B(r,x/2)

(10)

An equatorial circular orbit can be easily computed
through this new effective potential, by imposing that the
following two equations must be true simultaneously,

Vi(rg) =0 A(rep, 7/2,E, L) = —eB(rg, 7/2), (11)
and

arvz(rcir) =0s arA(rcirv 7[/2’ E’ L) = _earB(rcirv 77:/2)
(12)

Note that we have used Eq. (11), to obtain Eq. (12).

Besides knowing where and how to find circular orbits,
it is equally important to know their stability. This can be
analyzed by computing both their radial and vertical
epicyclic frequencies.

A. Radial and vertical epicyclic frequencies

The epicyclic frequencies can be computed by per-
turbing a circular orbit in either the radial or vertical
direction. Through the former, we compute the radial
epicyclic frequency, whereas through the latter, we obtain
the vertical epicyclic frequency.

Let us start by consider that x is one of the spheroidal
coordinates, x = {r, 8}, and y is the remaining spheroidal
coordinate. Moreover, let us also consider that we are on a
circular orbit, such that x = x, and y = y.. We shall fix y
and introduce a perturbation in x around x., such that
y=y. < y=0 and x:xc+6x©)'c:5x. Under these
assumptions, the perturbed effective potential reads,

Vi(xe + 0%, Ye) = gre(Xe + 0%,y )0x%.  (13)

The left-hand side of the above equation can be
expanded to

VE(xe +6x, ) = VE(xe, ye) + 0, VE(xe, ye)dx

1
+ Ea,%vg(xc,yc)aﬁ + O(8x3). (14)

The first two terms will always vanish because we are
both on a circular orbit [if x = r: V.(ry.) = 9,Vi(ry,) = 0]
and on the equatorial plane of a Z, symmetric object [if
x=0:V?(x/2)=0,V?(x/2)=0]. Thus, Eq. (13) becomes,’'

1 .
SRV, ¥ = gaa((e + 0.y ). (15)

Expanding the right-hand size of the above equation,

and considering only terms up to second order in Jx,
we arrive at

1 .
S BV (e, ye)ox® = Grx (Xes Yo )OX°. (16)

'Note that, for simplicity and notation ease, we dropped the
error term, O(8x3).
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By performing a dot derivative of both sides, we can write a
more instructive result,

3 102V (xe,yc)
Sx+ ()26x =0, where (@) = —~ el gy
(@¢) (7) 2 gty (17)

This is an harmonic oscillator, which means that if the
frequency w? is negative (positive), the perturbation grows
exponentially (remains a small perturbation) leading to
unstable (stable) circular orbits. This frequency is known
as the epicyclic frequency. Going back to the spheroidal
coordinates, we have the radial and vertical epicyclic
frequencies, respectively,

( F)Z la%Vg(rCir’ﬂ/z)
) ==,
2 grr(rcinﬂ/z)

(a)g)z = _lag‘/g)(rcir?”/Z)

(18)

These epicyclic frequencies are measured with respect to
the proper time of a comoving observer. However, in the
following computations, it proved useful to use the epicy-
clic frequencies measured by an observer at spatial infinity,
rather than by a comoving observer. To obtain the frequen-
cies measured by such observer, one only has to divide the
frequencies in Eq. (18) by the squared redshift factor, #2,

(1/)2 — (we)z _ _la%Vg(rcira 77"/2)
B }2 2 grr(rcir’”/z)
[ B(rep, 7/2)
X
Eg(p(p(rciw ”/2) + Lgtqo(rciw n/2

@ _ 18V rar/2)
i 2 goo(reirs 7/2)
B(r. 2 2
X[ (reir7/2) } 0)
Eg(p(p(rciw 7[/2) + Lgtqo(rciw ”/2>

)0

Henceforth, we shall drop the explicit dependency of the
several functions, and it shall be understood that all
quantities are computed at r = r, and € = x/2, unless
stated otherwise.

We shall now compute the epicyclic frequencies for null
and timelike circular orbits.

B. Null particles

For null particles, € = 0, circular orbits are known as LRs.
In order to obtain them, we will use Egs. (11) and (12). Both
equations can be rewritten in terms of the inverse impact
parameter, 6, = E. /L., where + represents the two
possible solutions due to the rotation of the ultracompact
object and they are associated with prograde (+) and
retrograde (—) orbits,

A=0e [g(/,(ﬂai + Q’gt(/)G:t + gtt]LR =0, (21)

2 gGG(rcirv”/Z) .

,A=0s [argt/)(po-zi +20,9,,0+ + argtt]LR =0. (22)

The first equation gives an algebraical equation for the
inverse impact parameter,

— B
oy = [g“” - f] , (23)
oo LR

whereas the second equation gives the radial coordinate of
the LR, r = ryR.

The epicyclic frequencies of the LRs, can be easily
computed through Egs. (19) and (20),

2 2 2
"2 _ _l a%g(pq)ai + Zargt(pai + argtt 24
() = ) (24)

Grr LR
2 2 2
PO 039000% + 2059150+ + 0391 25
) =3 (25)
Yoo LR

Since g,, and gy, are always positive outside of a possible
horizon, the epicyclic frequencies are real (complex) if their
numerator are negative (positive).

C. Timelike particles

For timelike particles, ¢ = —1, the same analysis can be
done. In order to simplify the following computations, it is
convenient to introduce the angular velocity of timelike
particles along circular orbits (measured with respect to an
observer at infinity),

_ d_(ﬂ _ Egt(p + Lg, _ (26)
dt Eg,y + L1,

With this result and Eq. (11), one can obtain an analytical

expression for the energy and angular momentum of the

timelike particle written in terms of the metric functions and

the angular velocity,

I + gt(/)Qi:| I = |:gt(/7 + g(p(/)Qi

E*:‘[ VBs P- } @7

where B, =-g,; —2g,,2; — gWQZi. An expression for
the angular velocity can be obtained by solving Eq. (12),

Q. - [—‘a’g"” - ﬁ] - (28)

99y
where C = (argttp)z - argtt()rg(p(p'

With Egs. (27) and (28), we have defined all possible
timelike circular orbits (TCOs) in a given spacetime (with
the assumptions presented in the beginning of this section).
Their stability can be analyzed through their epicyclic
frequencies,
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(I/r )2 _ _l (a%g(p(/zgzi + za%gt(pgi + aggtt)B - zcﬂi
-1 2 Bgrr rCira
(29)
(De )2 _ _1 |:a§gtp(pgi + 2059&/;91 + aégtt] (30)
- 2 Yoo Teir

Similar as to the case of LRs, the epicyclic frequencies of
TCOs are real (complex) is the numerator of the above
expressions are negative (positive), since B, g,, and gy are
always positive outside a possible horizon.

III. CONNECTION BETWEEN NULL
AND TIMELIKE PARTICLES

We shall show now that the epicyclic frequencies of
TCOs coincide with the epicyclic frequencies of LRs when
we compute the former on a LR.

We start by recalling the results derived in [20]. Firstly,
the authors showed that the function 3, always vanishes on
a LR, by proving that Egs. (21) and (22) identically vanish
when f, = 0. A consequence of this result is that the
angular velocity of a timelike particle on such a TCO is
the same as the inverse impact parameter of a null particle
on the LR, [Q. =o.]; . Secondly, they showed that
the localization and radial stability of the regions that
can harbor TCOs around the LR, depend exclusively on the
radial stability of said LR. Such a statement is verified by
looking at the sign of f.. to find the regions where TCOs
are allowed, and by studying the stability of those allowed
regions. In short, a radially stable (unstable) LR accom-
modates radially stable (unstable) TCOs in the regions
radially below (above) the LR. A schematic representation
of these results is presented in Fig. 1.

These results can now pave the way for us to generalize
them, by also including the vertical stability of the allowed
TCOs. For that, let us consider a spacetime with a LR. If
we compute the epicyclic frequencies of a TCO infinitely
close to the LR, such that we can use .|, =0 and
[Q. = 0.] g, We obtain,

Radially
Unstable LR

TCOs forbidden

1
7,I;:R r

L 4

Radially
Stable LR

Radially

Stable TCOs TCOs forbidden

LR T
Tt

R 2

FIG. 1. Structure of the equatorial TCOs in the immediate
vicinity of an unstable (top panel) and stable (bottom panel) LR.
Adapted from [20].

N2 1 —aggquﬁi + 2a%gt(p6i + aggtt_ _ \2
() =-3 = ()"
L Grr JLR
(31)
0 \2 1 -agg(/"ﬂgzi + Zaggﬂﬂai + azg”- _ (,0\2
(7)) = ~3 = (1p)”-
L Yoo JLR
(32)

Here we see that the epicyclic frequencies, and hence the
stability of a TCO infinitely close to a LR are precisely
the same as the ones for the same LR. Therefore, the full
stability (both radial and vertical) of a LR determines the
full stability of a TCO infinitely close to that LR.

This result, however, it is only true infinitely close to
the LR, where f.| g =0 and [Q. = o]y are valid. To
analyze the stability of the allowed TCOs in the vicinity of
the LR, where f_| g = 0 and [Q. = o],y are no longer
valid, we need to investigate what happens to the epicyclic
frequencies on those regions. Fortunately, this analysis is
rather simple to do. One only has to use the continuity
properties of the epicyclic frequencies.

Imagine a spacetime with a radial unstable LR. By
Eq. (31) we know that a timelike particle on a TCO
infinitely close to the LR is radially unstable, hence,
V" (rir)? < 0. If we analyze the epicyclic frequency of
an allowed TCO adjacent to the LR, one can argue that the
epicyclic frequency squared will continue to be negative
(however one does not know if it increases or decreases).
Such argument can be done by assuming that the epicyclic
frequencies are continuous on the allowed regions for
TCOs, which is a fair assumption to make since we
assumed that all metric functions are, at least, C2-smooth
and all remaining quantities are well behaved. Hence, the
allowed region of TCOs adjacent to the radially unstable
LR will harbor radially unstable TCOs. Such result is
consistent with the results provided in [20].

The same argument can be done regarding a radially
stable LR, recovering the same results found in [20], or
regarding a vertically stable and unstable LR. In the last
two cases, the allowed region of TCOs continues to be
determined by the radial stability of the LR, but their
vertical stability is entirely determined by the vertical
stability of the LR. We can summarize all the main results
in the following list:

(1) Spacetime with a radially unstable LR.

For such spacetime, the region immediately in-
wards of the LR can not accommodate TCOs,
whereas the outward region can. To know the full
stability of the allowed TCOs we need to know the
full stability of the LR. Therefore, let us assume that
the LR is
(a) Vertically unstable.

In this case, the allowed TCOs will be both
radially and vertically unstable, cf. Fig. 2.

064054-5



JORGE F.M. DELGADO

PHYS. REV. D 106, 064054 (2022)

TCOs forbidden

L 2

R T

o fe=====

r

FIG. 2. Structure of the equatorial TCOs in the immediate
vicinity of a radially and vertically unstable LR.

Radially Unstable and

TCOs forbidden Vertically Stable TCOs

] e

T

FIG. 3. Structure of the equatorial TCOs in the immediate
vicinity of a radially unstable and vertically stable LR.

Radially Stable and

Vertically Unstable TCOs TCOs forbidden

P
-

LR r
L

FIG. 4. Structure of the equatorial TCOs in the immediate
vicinity of a radially stable and vertically unstable LR.

Radzially and Vertically

Stable TCOs TCOs forbidden

7.iR r

FIG. 5. Structure of the equatorial TCOs in the immediate
vicinity of a radially and vertically stable LR.

(b) Vertically stable.
Here, the allowed TCOs will be radially
unstable but vertically stable, cf. Fig. 3.
(i) Spacetime with a radially stable LR.

For such spacetime, the region immediately out-
wards of the LR can not accommodate TCOs,
whereas the inward region can. Similar as the
previous case, the full stability of the allowed region
is determined by the full stability of the LR. Let us
assume that the LR is,

(a) Vertically unstable.
For this case, the allowed TCOs with be
radially stable but vertically unstable, cf. Fig. 4.
(b) Vertically stable.
In this particular case, the allowed TCOs will
be both radially and vertically stable, cf. Fig. 5.

IV. EPICYCLIC FREQUENCIES
AND ENERGY CONDITIONS

We have shown, so far, that the structures of TCOs
around a LR for a generic stationary, axisymmetric, and
asymptotically-flat objects with a Z, symmetry can be
characterized in four different ways. This, however, does
not assume any type of constraint regarding the matter

composing the object. If one wants to consider an object
that is compose of real physical matter, then one assumes
that the matter obeys the energy conditions.

The energy conditions that we will take special attention
to are the NEC and SEC. Regarding the former, a proof
given in [17] showed that an ultracompact horizonless
object, that obeys the NEC, can never have a fully unstable
LR. Likewise, following [18], a BH can not have fully
unstable LRs if its matter obeys the NEC. Here, we shall
arrive to the same result using a different approach than the
one used in [17,18]. Regarding the latter, we shall show a
similar conclusion as the one stated previously but related
with TCOs. In particular, we shall present a proof that the
existence of a region with fully unstable TCOs implies the
violation of the SEC. We will also look into the more
simple case of a Ricci-flat object, where we will show
that such object can never have neither fully unstable nor
stable LRs and, consequently, can never have neither fully
stable or unstable TCOs close to the LRs. However,
fully stable TCOs can still exist in regions far away from
the LRs, such as, e.g., in the asymptotically-flat region.

All previous statements can be demonstrated by relating
the sum of the squared epicyclic frequencies and the
Ricci tensor.

Following a similar work developed in [24], where
the authors constructed a relation between the epicyclic
frequencies and the Ricci tensor, for a generic static, axisym-
metric, and asymptotically-flat spacetime, we need to find a
linear combination of the Ricci tensor components such that
we can write it in terms of the epicyclic frequencies. From the
connection with the Newtonian limit [27,28], we expect that
R,, must be connected to the epicyclic frequencies, since, in
this limit [24,27,28], (v",)?+(%,)*=2Q.+R,;, where
R,,=4nGp [cf. Eq. (1). Furthermore, since the epicyclic
frequencies do not depend on the derivatives of g,, and gy,
the linear combination must account that fact.

The linear combination of Ricci tensor components that
satisfy the requirements presented above must be of the
form of R, + 2fR,, + f*R,,,, where f is either the inverse
impact parameter of null particles, o, or the angular
velocity of timelike particles, Q.. This way, the correct
terms to write the epicyclic frequencies appear, and all the
terms with derivatives of g, and ggy disappear.

Let us focus in the particular case of TCOs. In this case,
f = Q. and we start by expanding the linear combination,

R, +2Q.R,, + QiR,,
= (0,1 +2Q.0,I, + Q11%,)
+ T (T + 2Q.T%, + Q3T
— (s, +2Q. I 1Y, + QA I,),  (33)

where I'%, =1¢%(9,9,,+9,9,,— 9,9,,) are the Christoffel
symbols. Since we are computing these quantities in a
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circular orbit at the equatorial plane, we can use the
relations discussed in previous sections. This way, the first
term (first line) in Eq. (33) reduces to

e
0, +2Q.0,I%, + QilG, = (V) + (2 - g_?i
rr
(34)

Likewise, the second term (second line) vanishes, whereas
the third and final term (third line) reduces to

1 Cp,
29, B~

oIy, +2Q. 41y, + Qir,r, = (35)
Therefore, we can write the sum of the squared epicyclic
frequencies through the linear combination of Ricci tensor
components in the following way,

1 Cp.
29, B~
(36)

W)+ () =R, +2Q.R,, + Q1R,, +

We have successfully generalized the result presented
in [24] for the more general case of a stationary spacetime.
In the limit of static spacetimes our result converges to the
one obtained in [24].

The same procedure can be done for the case of LRs. In
this case, f = o4 and, after expanding and simplifying the
linear combination, one can obtain a similar expression as
seen in Eq. (36),

(vg)* + (§)* = R, +20.R,, + 7R, (37)

Thus, for null particles, the sum of the squared epicyclic
frequencies can be entirely written in terms of the Ricci
tensor components and the inverse impact parameter.
Note that the same result can be obtained by simply using
some results from the previous section, in particular,
i =0,0.=Q., 1 =vjand?| = 1§, and using them
in Eq. (36).

We can now investigate what happen to Egs. (36) and
(37) when we impose some conditions to the Ricci tensor.

A. Ricci-flat object

For a Ricci-flat object, all components of the Ricci tensor
vanish, R, = 0. For such objects, the sum of the squared
epicyclic frequencies of null and timelike particles sim-
plifies to,

LR: (v5)? + (1§)> =0, (38)

1 Cp.
TCOs: (1 ))% + (1)) = — |
st (V)" + (%) 2. B

(39)

From the first equation, one can conclude that a LR can
never be neither fully stable, (¢)> >0 A (14)? >0, or

unstable, (14)? < 0 A (14)? < 0, since its sum must vanish.
This implies that the LR must have opposite radial and
vertical stabilities. This is consistent with what is already
known for Ricci-flat solutions that are stationary, axisym-
metric, asymptotically flat and in (1 + 3) dimensions, such
as the Kerr solution [29-31]. Both the prograde and
retrograde LRs present in the Kerr spacetime are always
radially unstable and vertically stable.

For the case of TCOs, one can prove that the right-hand
side of Eq. (39) is always positive. The proof rely on the fact
that each individual quantity is positive. The g,, component
of the metric and the B function are always positive when we
are outside of a possible horizon [cf. Sec. II]. The function C
is always positive on the regions where TCOs are allowed,
otherwise the angular velocity of the timelike particle is
complex, and we no longer have TCOs—see [20] for a more
detailed analysis. The £, function is also always positive on
the regions where TCOs are allowed, as we discussed in the
previous section. Therefore, we have proved that the right-
hand size of Eq. (39) is always positive on the regions where
we can find TCOs.

A direct consequence of this proof is that TCOs around a
Ricci-flat solution can never be fully unstable. However,
their stability can be any of the three remaining possibilities
combinations. For the well-known case of Kerr BHs, it is
known that sufficiently far away from the BH, TCOs are
fully stable, whereas, if we approach the BH, we start to
find radially unstable but vertically stable TCOs [29-31].
Thus, our result is consistent with the well-known results
from the Kerr case.

B. NEC and SEC obeying object

If an object possesses matter such that its energy-
momentum tensor (and, by Einstein’s equations, the Ricci
tensor) is nonvanishing, a way to inform ourselves about its
exotic properties is by evaluating possible violation of the
energy conditions. One of them is the SEC. In short, this
condition is defined as R, #1* > 0, for any timelike vector
field, #, and encapsulated the condition that matter must
gravitate towards matter. To study this energy condition, let
us consider a timelike vector tangent to a TCO,

# = a(n + Qum), (40)

where a = a(r;, 7/2) > 0 is a constant. By computing the
SEC, we arrive at,
R, 1 >0 a*(R, +2Q.R

+Q2R,,) >0. (41)

to [ ) =

Therefore, we can written the sum of the squared epicyclic
frequencies of a TCO as

1 G

42
29, B 42)

1
(’/r_1)2 + (V(i1)2 = ZR/U./[M[D +
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Thus, for a object whose matter obeys the SEC, the first
term of the right-hand size of Eq. (42) is always positive.
Furthermore, using the same argument used in the previous
subsection where we prove that the right-hand size of
Eq. (39) is always positive, we can conclude that the sum
of the squared epicyclic frequencies of TCOs around an
object obeying the SEC is always positive. This implies that
no fully unstable TCOs exist on the spacetime generated by
such object. Or, in different words, if a generic stationary,
axisymmetric, asymptotically-flat spacetime has a region
with fully unstable TCOs, then we can guarantee that the
SEC is violated.

A second energy condition that we can also study is the
NEC. This condition is defined as 7, k*k” > 0, for any null
vector field k#, and it is intertwined with the SEC, in the
sense that one can imply the other. In particular, if the SEC
is obeyed then the NEC is also obeyed, or if the NEC is
violated, the SEC is also violated. We will now show that
the interlacement between both energy conditions is con-
sistent with all results discussed so far.

Let us consider the following null vector field,

K= b + o), (43)

where b = b(rg;, 7/2) > 0. With this null vector, the NEC
can be written as

Tk k> 0 & b2(R, +204R,, + 62R,,) > 0. (44)

Therefore, the sum of the squared epicyclic frequencies of
the LRs take a very simple form,

1
= FT/“/

() + (1) kK- (45)
From this result we can conclude that fully unstable LRs
never exist for objects whose matter obeys the NEC. Or,
in different words, if a generic stationary, axisymmetric,
asymptotically-flat spacetime has fully unstable LRs, then
we can guarantee that the NEC is violated. This is precisely
the same result that was first obtained in [17] for an
ultracompact horizonless object and [18] for a BH.
Finally, let us comment on the interlacement of the
energy conditions and all results discussed so far. Consider
now that we have a hypothetical spacetime such that it
possesses a fully unstable LR, hence it violated the NEC.
From the result obtained in the previous section, we know
that in the immediate vicinity of the LR we have a region
which harbors fully unstable TCOs [cf. Fig. 2]. Thus, by
Eq. (42) and the following argument, the SEC is also
violated. This is consistent with the implication tree of the

*We are assuming that, within a given theory of gravity, we can
defined an effective energy-momentum tensor such that we can
use the Einstein’s equations, R,, — %gﬂ,,R = Tf,it

NEC and SEC. Namely, that the violation of the NEC also
implies the violation of the SEC.

V. CONCLUSIONS AND FINAL REMARKS

In this work, we have analyzed the radial and vertical
epicyclic frequencies of null and timelike particles follow-
ing circular orbits in a spacetime generated by a generic
stationary, axisymmetric, asymptotically-flat ultracompact
object with a Z, symmetry. We have shown that the
epicyclic frequencies of LRs coincide with the epicyclic
frequencies of TCOs when the latter approach the former.
This implies, by continuity, that the full stability of a LR
determines the full stability of TCOs in the immediate
vicinity of the LR. The results present in the first part of this
paper generalize the ones obtain in [20], where the authors
only analyzed the radial stability of the LRs and TCOs.
Together with the results of [20], we determined the four
possible structures that one can find for a generic spacetime
with a LR—cf. Figs. 2-5.

The results of the first part of this paper can be
summarized as follows: the radial stability of a LR
determines the localization and radial stability of TCOs
in its vicinity, whereas, the vertical stability of a LR only
determines the vertical stability of TCOs in its vicinity.

In the second part of this work, we established relations
between the sum of the squared epicyclic frequencies with
linear combinations of the Ricci tensor components, that
generalize the results obtained in [24]. Such relations opened
the possibility of introduce some energy conditions regarding
the matter that the generic ultracompact object may be
composed of. In particular, we showed that if the object
obeys the SEC, which implies that the NEC is also obeyed,
LRs and TCOs can never be fully unstable. Reciprocally,
if a generic ultracompact object possesses fully unstable LRs,
it violated the NEC, and consequently the SEC. This is
consistent with the works presented in [17,18]. Furthermore,
if the same object only possesses a region with fully unstable
TCOs, then the object only violates the SEC.

We also study the more simpler case of a Ricci-flat
ultracompact object. In this case, we showed that the LRs
can never be neither fully stable or fully unstable, since the
sum of the squared epicyclic frequencies of each LR always
vanishes—cf. Eq. (38). Regarding the TCOs, the sum of its
epicyclic frequencies is always positive, hence, a Ricci-flat
object never has regions of fully unstable TCOs.

As future work, it would be interesting to generalize
further the results presented here to more generic ultra-
compact objects that do not have a Z, symmetry. For such
objects, circular orbits will not always be found at the
equatorial plane, but will be found at an angular coordinate
0., that will be a function of the radial coordinate,
O.ir = f (7). Due to the missing Z, symmetry, the relation
between the full stability of a LR and the full stability of
TCOs in its vicinity will, most likely, be more convoluted
and less obvious. Nevertheless, one could obtain all the
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possible structures of TCOs around LRs and also study
which are connected to violations of the energy conditions.

ACKNOWLEDGMENTS

We would like to thank C. Herdeiro and E. Radu for
comments on a draft of this paper. This work is sup-
ported by the Center for Research and Development in
Mathematics and Applications (CIDMA) and Center for
Astrophysics and Gravitation (CENTRA) through the

Portuguese Foundation for Science and Technology
(FCT—Fundacdo para a Ciéncia e a Tecnologia),
References No. UIDB/04106/2020, No. UIDP/04106/
2020, and No. UIDB/00099/2020. We acknowledge sup-
port from the Projects No. CERN/FISPAR /0027/2019, and
No. PTDC/FIS-AST/3041/2020. This work has further
been supported by the European Union’s Horizon 2020
research and innovation (RISE) programme H2020-
MSCA-RISE-2017 Grant No. FunFiCO-777740.

[1] R. P. Kerr, Gravitational Field of a Spinning Mass as an
Example of Algebraically Special Metrics, Phys. Rev. Lett.
11, 237 (1963).

[2] B. P. Abbott et al., Observation of Gravitational Waves from
a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102
(2016).

[3] B.P. Abbott et al., GWTC-1: A Gravitational-Wave Tran-
sient Catalog of Compact Binary Mergers Observed by
LIGO and Virgo during the First and Second Observing
Runs, Phys. Rev. X 9, 031040 (2019).

[4] R. Abbott et al., GWTC-2: Compact Binary Coalescences
Observed by LIGO and Virgo During the First Half of the
Third Observing Run, Phys. Rev. X 11, 021053 (2021).

[5] R. Abbott et al., GWTC-3: Compact Binary Coalescences
Observed by LIGO and Virgo During the Second Part of the
Third Observing Run, arXiv:2111.03606.

[6] K. Akiyama et al., First M87 event horizon telescope
results. I. The shadow of the supermassive black hole,
Astrophys. J. Lett. 875, L1 (2019).

[7]1 K. Akiyama et al., First sagittarius A* event horizon
telescope results. I. The shadow of the supermassive black
hole in the center of the Milky Way, Astrophys. J. Lett. 930,
L12 (2022).

[8] E. Barausse et al., Prospects for fundamental physics with
LISA, Gen. Relativ. Gravit. 52, 81 (2020).

[9] D.J. Kaup, Klein-Gordon geon, Phys. Rev. 172, 1331
(1968).

[10] R. Ruffini and S. Bonazzola, Systems of self-gravitating
particles in general relativity and the concept of an equation
of state, Phys. Rev. 187, 1767 (1969).

[11] E E. Schunck and E. W. Mielke, General relativistic boson
stars, Classical Quantum Gravity 20, R301 (2003).

[12] C. A.R. Herdeiro, A.M. Pombo, and E. Radu, Asymp-
totically flat scalar, Dirac and Proca stars: Discrete vs
continuous families of solutions, Phys. Lett. B 773, 654
(2017).

[13] R. Brito, V. Cardoso, C. A. R. Herdeiro, and E. Radu, Proca
stars: Gravitating Bose—FEinstein condensates of massive
spin 1 particles, Phys. Lett. B 752, 291 (2016).

[14] C. Herdeiro, I. Perapechka, E. Radu, and Y. Shnir, Asymp-
totically flat spinning scalar, Dirac and Proca stars, Phys.
Lett. B 797, 134845 (2019).

[15] J.C. Bustillo, N. Sanchis-Gual, A. Torres-Forné, J. A.
Font, A. Vajpeyi, R. Smith, C. Herdeiro, E. Radu, and
S.H. W. Leong, GW190521 as a Merger of Proca Stars: A
Potential New Vector Boson of 8.7 x 10713 eV, Phys. Rev.
Lett. 126, 081101 (2021).

[16] C. A.R. Herdeiro, A. M. Pombo, E. Radu, P. V. P. Cunha,
and N. Sanchis-Gual, The imitation game: Proca stars that
can mimic the Schwarzschild shadow, J. Cosmol. Astropart.
Phys. 04 (2021) 051.

[17] P. V.P. Cunha, E. Berti, and C. A. R. Herdeiro, Light-Ring
Stability for Ultracompact Objects, Phys. Rev. Lett. 119,
251102 (2017).

[18] P. V.P. Cunha and C.A.R. Herdeiro, Stationary Black
Holes and Light Rings, Phys. Rev. Lett. 124, 181101
(2020).

[19] R. Ghosh and S. Sarkar, Light rings of stationary space-
times, Phys. Rev. D 104, 044019 (2021).

[20] J. F. M. Delgado, C. A. R. Herdeiro, and E. Radu, Equatorial
timelike circular orbits around generic ultracompact objects,
Phys. Rev. D 105, 064026 (2022).

[21] W. KluZniak and D. Rosifiska, Orbital and epicyclic
frequencies of Maclaurin spheroids, Mon. Not. R. Astron.
Soc. 434, 2825 08 (2013).

[22] C. Maclaurin, A Treatise of Fluxions, Vol. 1 (Ruddimans,
1742), ISBN 9780598423467, https://books.google.pt/
books?id=dCAOAAAAQAALI.

[23] S. Chandrasekhar, Ellipsoidal Figures of Equilibrium (Yale
University Press, New Haven, 1969).

[24] R.S.S. Vieira, W. Kluzniak, and M. Abramowicz, Curva-
ture dependence of relativistic epicyclic frequencies in
static, axially symmetric spacetimes, Phys. Rev. D 95,
044008 (2017).

[25] B. Carter, The commutation property of a stationary, ax-
isymmetric system, Commun. Math. Phys. 17, 233 (1970).

[26] R. M. Wald, General Relativity (Chicago University Press,
Chicago, USA, 1984).

[27] M. A. Abramowicz and W. Kluzniak, Epicyclic fre-
quencies derived from the effective potential: Simple
and practical formulae, Astrophys. Space Sci. 300, 127
(2005).

[28] J. Binney and S. Tremaine, Galactic Dynamics, Vol. 13
(Princeton University Press, Princeton, NJ, 2011).

064054-9


https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1103/PhysRevX.11.021053
https://arXiv.org/abs/2111.03606
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ac6674
https://doi.org/10.3847/2041-8213/ac6674
https://doi.org/10.1007/s10714-020-02691-1
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1088/0264-9381/20/20/201
https://doi.org/10.1016/j.physletb.2017.09.036
https://doi.org/10.1016/j.physletb.2017.09.036
https://doi.org/10.1016/j.physletb.2015.11.051
https://doi.org/10.1016/j.physletb.2019.134845
https://doi.org/10.1016/j.physletb.2019.134845
https://doi.org/10.1103/PhysRevLett.126.081101
https://doi.org/10.1103/PhysRevLett.126.081101
https://doi.org/10.1088/1475-7516/2021/04/051
https://doi.org/10.1088/1475-7516/2021/04/051
https://doi.org/10.1103/PhysRevLett.119.251102
https://doi.org/10.1103/PhysRevLett.119.251102
https://doi.org/10.1103/PhysRevLett.124.181101
https://doi.org/10.1103/PhysRevLett.124.181101
https://doi.org/10.1103/PhysRevD.104.044019
https://doi.org/10.1103/PhysRevD.105.064026
https://doi.org/10.1093/mnras/stt1185
https://doi.org/10.1093/mnras/stt1185
https://books.google.pt/books?id=dCAOAAAAQAAJ
https://books.google.pt/books?id=dCAOAAAAQAAJ
https://books.google.pt/books?id=dCAOAAAAQAAJ
https://books.google.pt/books?id=dCAOAAAAQAAJ
https://doi.org/10.1103/PhysRevD.95.044008
https://doi.org/10.1103/PhysRevD.95.044008
https://doi.org/10.1007/BF01647092
https://doi.org/10.1007/s10509-005-1173-z
https://doi.org/10.1007/s10509-005-1173-z

JORGE F.M. DELGADO PHYS. REV. D 106, 064054 (2022)

[29] M. A. Abramowicz, G. Bjornsson, and J. E. Pringle, Theory [31] G. Torok and Z. Stuchlik, Radial and vertical epicyclic

of Black Hole Accretion Discs (Cambridge University Press, frequencies of Keplerian motion in the field of Kerr naked
Cambridge, England, 1998). singularities—Comparison with the black hole case and

[30] M. A. Abramowicz and P.C. Fragile, Foundations of black possible instability of naked singularity accretion discs,
hole accretion disk theory, Living Rev. Relativity 16, 1 (2013). Astron. Astrophys. 437, 775 (2005).

064054-10


https://doi.org/10.12942/lrr-2013-1
https://doi.org/10.1051/0004-6361:20052825

