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According to general relativity, an isolated black hole in vacuum shall be described by the Kerr metric,
whose geodesic equations are integrable. The violation of integrability leads to chaos for particles moving
around the black hole. This chaotic dynamics could leave imprints on the associated gravitational
waveform and could be tested with upcoming observations. In this paper, we investigate the chaotic orbital
dynamics induced by the violation of a certain spacetime symmetry, the circularity. Specifically, we focus
on the resonant orbits of a particular noncircular spacetime as an example and find that they form chains of
Birkhoff islands on Poincaré surfaces of section. We compare the island structures with those generated in
typical nonintegrable but circular spacetimes. The islands of stability induced by noncircularity appear
asymmetric on the most common Poincaré surface of section at the equatorial plane. The asymmetric
patterns of islands vary discontinuously when the spacetime parameters transit through integrable regions.
The origin of such features is explained in the context of perturbation analysis by considering the orbits
associated with stable fixed points on the section. Possible observational implications about testing

circularity through gravitational wave detection are discussed.
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I. INTRODUCTION

The direct detection of gravitational waves emitted by
binary merger events [1] and the images of supermassive
black holes released by the Event Horizon Telescope [2,3]
are of epoch-making significance in the field of black hole
physics. With future advancements in detectors, it becomes
possible to probe what is happening in the vicinity of black
holes. In particular, these observations may help to reveal
whether the black holes follow general relativity (GR) in
our Universe. More explicitly, we can directly test the Kerr
hypothesis, i.e., to what extent may the Kerr geometry
describes these extremely compact astrophysical objects.

According to GR, the exterior spacetime of an isolated
and spinning black hole should be the Kerr geometry. On
top of the apparent symmetries of stationarity and axisym-
metry, the Kerr geometry possesses additional symmetry
properties. First, the Kerr spacetime has a well-defined
equatorial plane with respect to which the spacetime is
symmetric. Second, the Kerr spacetime has a hidden
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symmetry that allows for the separability of geodesic
equations. The separability of geodesic equations indicates
the existence of an additional constant of motion other than
the ones that correspond to stationarity and axisymmetry,
called the Carter constant [4]. For orbital dynamics on
pseudo-Riemannian manifolds, the separability of geodesic
equations implies the integrability in the Liouville sense.'
Therefore, the orbital dynamics has no chaos. The violation
of the Kerr hypothesis, which could be due to, for example,
the astrophysical environments, the existence of compan-
ions, physics beyond GR, or putative quantum gravitational
corrections, may break the aforementioned symmetry
properties. Therefore, the Kerr hypothesis could be tackled
by directly attacking the individual symmetry of the Kerr
spacetime, i.e., equatorial reflection symmetry, Liouville
integrability, etc. The violation of any of these symmetries
directly implies the violation of the Kerr hypothesis.

'"The separability here means that the radial and latitudinal
components of the geodesic equation can be separated. For the
Kerr metric, the wave equations also turn out to be separable.
When considering metrics beyond Kerr, the separability of
geodesic equations does not imply the separability of wave
equations [5,6].

© 2023 American Physical Society


https://orcid.org/0000-0001-8312-759X
https://orcid.org/0000-0002-5450-9297
https://orcid.org/0000-0001-6872-9197
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.064016&domain=pdf&date_stamp=2023-09-11
https://doi.org/10.1103/PhysRevD.108.064016
https://doi.org/10.1103/PhysRevD.108.064016
https://doi.org/10.1103/PhysRevD.108.064016
https://doi.org/10.1103/PhysRevD.108.064016

CHE-YU CHEN, HSU-WEN CHIANG, and AVANI PATEL

PHYS. REV. D 108, 064016 (2023)

One specific possibility in this direction is to test the
Liouville integrability via gravitational waves. Specifically,
the nonintegrability of spacetimes may induce chaos in
orbital dynamics. The existence of chaos in the dynamics of
a spinning test particle in Schwarzschild background and
its imprints on gravitational waveforms were primarily
studied in [7,8], while the possibility of chaotic geodesics
in a non-Kerr spacetime was studied in [9]. Recently, in
Refs. [10-13], it has been shown that chaotic orbital
dynamics may leave a particular imprint on the gravita-
tional waves emitted by the extreme-mass-ratio inspirals
(EMRIs), which consist of a stellar size object gradually
spiraling toward a supermassive black hole. The extreme
mass ratio of EMRI systems implies that, at the leading
order of the mass ratio, the trajectory of the stellar object
can be approximated by the geodesic equations defined in
the spacetime of the supermassive black hole. If the
supermassive black hole violates the Kerr hypothesis by
breaking the Liouville integrability, the chaotic features
would directly appear in the geodesic dynamics and could
be identified through gravitational waves. In fact, the
gravitational waves emitted by EMRIs are one of the main
targets of future space-based gravitational wave detectors
[14], such as LISA [15-18]. Therefore, it has become
timely and crucial to investigate the possibility of testing
the Liouville integrability through gravitational waves.

Having mentioned the possibility of probing Liouville
integrability through gravitational waves, one naturally
asks if we may extract more information about the
geometry through the manifested chaos. Along this line of
thought, a geometrical property called circularity stands out.
Suppose we have a stationary and axisymmetric spacetime
with two Killing vectors. Their associated 1-forms are
denoted by k and . The spacetime metric is circular if there
exist two-surfaces that are everywhere orthogonal to the
surfaces of transitivity, i.e., the surfaces spanned by the
Killing vectors. In GR, this geometric property induces some
constraints that the energy-momentum tensor must satisfy. In
the case of fluid, these constraints imply that there is no
convective motion, and only the circular motion around the
axis of symmetry is allowed [19-23]. According to
Frobenius’s theorem, the circularity condition is identical
to the following integrability conditions [24]:

Ci=kAnAdk=0,

Cr=kAnndnp=0. (1.1)
Violating any of these two criteria would imply that the
spacetime is noncircular.

The motivation for noncircularity was originally to
incorporate the convective flow of matters, such as the
meridional circulation on neutron stars with toroidal
magnetic fields, into GR [19]. However, if any signatures
of noncircularity appear in an isolated black hole system,
which is supposed to be vacuum, they likely originate from

non-GR effects [25,26]. In Refs. [27-29], a class of non-
circular black hole spacetimes was constructed by disformal
transformations in the context of scalar-tensor theories of
gravity. In fact, noncircularity seems generic among metrics
generated by such a solution-generating method [30]. On the
other hand, it was proved in Ref. [31] that, under some
assumptions, the black hole solutions obtained in generic
effective theories of gravity have to satisfy circularity
conditions if they can be attained perturbatively from a
given circular solution in the GR limit. This is consistent with
Ref. [32], in which explicit examples were provided. The
result of Ref. [31] places a strict theoretical constraint on how
noncircularity may occur in theories beyond GR. However, it
does not exclude the possibility that noncircular spacetimes
may arise in scenarios where the assumptions made in
Ref. [31] are not satisfied. Also, noncircular spacetimes
may appear in the branches of solutions that cannot pertur-
batively reduce to the GR limit.

In addition to considering noncircular solutions obtained
in individual theories of gravity, one can adopt a more
phenomenological perspective and construct models of
noncircular spacetimes in a theory-agnostic manner. In
Refs. [33,34], a class of phenomenological metrics for
regular black hole spacetimes was constructed. The model
is characterized by an additional non-GR parameter that not
only regularizes the spacetime but also makes the spacetime
noncircular. Rotating black hole spacetimes in the framework
of asymg)totically safe gravity may have similar properties
[35,36].” Recently, a general parametrized metric for non-
circular spacetimes has been proposed [38]. These para-
metrized and phenomenological frameworks allow for the
direct explorations of special observational features gener-
ated by noncircularity. It has been recently demonstrated that
the images cast by a noncircular black hole may have some
novel features, such as fractal structures [39], tiny cusplike
structures on the shadow boundary, and reflection asymme-
try of shadow boundaries on images that are not face-on
[35,36,38,40]. The possibility of testing the noncircularity of
the black hole spacetime of Refs. [27,28] using orbiting
pulsars was proposed in Ref. [41].

In this work, as what has been done for testing Liouville
integrability through gravitational waves, we will focus on
the orbital dynamics of a massive particle around non-
circular black holes. In general, noncircularity would break
the Liouville integrability, and hence, chaos would appear.
It has been shown in Ref. [42] to be so in the particular
noncircular spacetime of Refs. [27,28]. In this paper, by
examining the structures of Birkhoff islands on Poincaré
surfaces of section of orbital dynamics, we will show that
the chaotic features generated by noncircularity differ
substantially from those of circular spacetimes, especially
for resonant orbits. We will show that the region in phase

*For detailed review on the black holes in asymptotically safe
gravity please cf. [37].
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space where chaos emerges, e.g., the location of islands,
depends sensitively on whether the spacetime is circular
rather than the strength of noncircularity. As a result, even if
the amount of noncircularity is tiny, it would already
generate considerable effects on the resonant orbits. This
would open a new window for testing circularity through
the gravitational waves emitted by EMRISs.

The rest of this paper is organized as follows. In Sec. II, we
will first introduce a phenomenological model of noncircular
black hole spacetimes that serves as the basis of our analysis.
Then, we will briefly review the Poincaré surface of section
and Birkhoft islands, which will be widely used in this paper
to investigate chaotic orbital dynamics. A quick comment on
the relation between (non)circularity and (non)integrability
will be made at the end of this section. In Sec. III, we will
demonstrate our main numerical results. We will show how
noncircularity induces novel chaotic features on Poincaré
surfaces of section, which do not appear in nonintegrable but
circular cases. Then, in Sec. IV, we will adopt a perturbation
analysis to provide a quantitative description of these novel
features. The overall interpretations of our numerical results
and potential implications of gravitational wave observations
will be discussed in Sec. V. Finally, we will conclude in
Sec. VL.

II. ORBITAL DYNAMICS IN NONCIRCULAR
SPACETIMES

In this section, we will review the ingredients needed to
investigate orbital dynamics in noncircular spacetimes. We
will first briefly introduce a class of non-Kerr spacetimes
that will be the main focus of this work. This class of
spacetimes contains new physics beyond GR that breaks
circularity manifested by the Kerr spacetime. Then, we will
focus on the geodesic dynamics of a massive particle
moving in the non-Kerr spacetime and introduce the
technical tools for identifying the chaotic features of the
orbits. The relation between noncircularity and chaotic
orbital dynamics will be elucidated as well.

A. Noncircular metric beyond Kerr

In Refs. [33,34,38], a class of phenomenological models
of noncircular black hole spacetimes has been constructed.
The procedure starts with the Kerr metric written
in the Boyer-Lindquist (BL) coordinates (¢, r, y, ¢g; ) with
y = coso:

2Mr AMar
dsy = —|1- }dlz - (1 = y*)dtdg
K p(r.x)? p(r.x)? ot
plrx)?  ,  plry)?
d d
A TS,
A2 2 22 a1 - Pl
p(r.x)?

where p(r,x)? = r? + a*y? and Ag(r) =r*> = 2Mr + a,
with black hole mass M and spin a. The above Kerr line
element can be rewritten in ingoing Kerr coordinates
(u, r, x, @) through the following coordinate transformations
on (t,¢g.) that leave (r,y) coordinates and (d;,d,) basis
intact:

2+ a? a
A (r) Ak (r)

In this coordinate system, one then promotes the constant
mass M to amass function M (r, y) that depends both on r and
 [33,34,38]. The new spacetime metric so obtained can be
expressed as

dt = du —

dr, dogr, = dp — dr. (2.1)

2M(r, 2)?
ds? = — [1 - 70 ){2)’1 du* + 2dudr +p_(r )()2 dy?
p(r.x) 1-
AM(r,y)ar
— 22 (1 = y*)dudep — 2a(1 — y*)drdg
ot L TH) =x)
1= 2 M2 2 2 2
+ 5[(r° +a®)” —a*A(r, x)(1 = x*)ldg?,
p(r.x)

(2.2)

where A(r,y) =r> —2M(r,y)r + a* is promoted as well.
The new metric still respects stationarity and axisymmetry as
for Kerr one because Eq. (2.2) does not have explicit « and ¢
dependence. However, it describes a class of non-Kerr
spacetimes [33,34,38] that is not circular anymore. In
particular, such a metric differs fundamentally from the class
of non-Kerr spacetimes obtained by promoting M to M(r, y)
directly in the Boyer-Lindquist coordinates because the latter
is always circular.

Extending from the metric of Refs. [33,34,38], in this
work we consider the following mass function:

M ry)= )
1+ 48M214NP/(r2 + La*y?)?

(2.3)

which reduces to the one of Refs. [33,34,38] when the
dimensionless parameter { goes to unity. The parameter /yp
represents the length scale under which the spacetime gets
modified by some new physics (NP) beyond GR [34]. In
this work, we allow { to vary within [—1, 1]. As will be
shown later, both Iyp and ¢ directly control the onset of
noncircularity. The addition of the parameter £ allows us to
investigate the chaotic behavior of geodesics when the
metric transits between circularity and noncircularity.
The non-Kerr spacetime of Eq. (2.2) has some important
features. First, the singularity that would appear at
r=yx =0 in the Kerr spacetime is resolved.’ Second,

*There could be a singular surface 4814, 4 (12 4+ a*¢y*)* =0
when { < 0. But it does not affect the validity of our analysis and
results.
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the geodesics of massive objects are Liouville integrable in
the following three scenarios:
(1) When a =0, i.e., when the spacetime becomes
spherically symmetric.
(2) When Iyp =0, i.e., when the spacetime reduces
back to Kerr one.
(3) When ¢ = 0, i.e., when the mass function depends
only on r.*
Third, because in general, the mass function depends on
both r and y, the spacetime is no longer circular. With
k= g,dx* and n=g,,dx", the quantities inside the
circularity criteria of Eq. (1.1) are evaluated explicitly as

a?EBpry(rr 4+ a?5p?)* (1 — %)
(48M2 L3 + (2 + a®Lx?)?)?

)
3CZNP’”)((”2 + a2§)(2)2(1 _)(2)
(48MPIp + (r* + a*(%)°)?

CIOC

C2 X s (24)

and are nonvanishing unless certain conditions are satisfied.
In particular, the spacetime meets the circularity criteria in
those scenarios where geodesics are integrable.

As will be mentioned later in Sec. II C, noncircular
spacetimes do not have any hidden nontrivial Killing
tensor,” and chaos may appear in the orbital dynamics.
In the corollary, the Liouville integrability implies circu-
larity, as demonstrated in the above analysis. In fact, the
violation of circularity not only leads to chaotic orbital
dynamics but also to novel orbital characteristics unheard
of before in circular spacetimes. Later, we will explicitly
show this both numerically and analytically.

B. Orbital dynamics: Poincaré surface
of section and Birkhoff islands

Before we move further to a detailed analysis of (chaotic)
orbital dynamics, let us briefly review the relevant theo-
retical basis for such systems.

Let us consider the orbital dynamics of a massive test
particle of mass x moving in a stationary and axisymmetric
spacetime described by a metric 9/41/ For simplicity, we will
set 4 = 1 in the rest of the paper.® The orbital Lagrangian of
the test particle is

1
L =g, 7%, (2.5)

2

where the overhead dot denotes the derivative with respect
to the proper time 7. Through the Lagrangian, one can
construct the conjugate momenta p,,. The stationarity and

4According to Ref. [34], in this scenario the spacetime still
receives corrections that do not satisfy locality. The correction
can be interpreted as an isotropic screening to the bare mass.

The trivial one is the metric tensor g, itself.

®The conjugate momenta shall be scaled accordingly for
observational purposes.

axisymmetry of the spacetime manifest themselves through
the metric being independent of time and azimuthal angle
[u and ¢ in the case of Eq. (2.2)], hence implying the
existence of two Killing vectors. These Killing vectors
correspond to two constants of motion: the energy E and
the azimuthal angular momentum L, of the particle
measured at spatial infinity. With these two constants of
motion, the equations of motion that govern the orbital
dynamics are in general two coupled second-order differ-
ential equations involving two remaining coordinates [r, y
in the case of Eq. (2.2)] and their derivatives, subject to a
Hamiltonian constraint. This Hamiltonian constraint is
associated with the conservation of the rest mass of the
test particle. Here, we mainly focus on the evolution of
bound orbits around the black hole, which can be obtained
by solving the equations of motion with appropriate
choices of E, L_, and initial conditions.

One of our central goals is to demonstrate the chaotic
nature of the orbital dynamics of a noncircular spacetime. It
turns out that this can be more easily achieved by
constructing the Poincaré surface of section. Essentially,
with the Hamiltonian constraint, the trajectory of a bound
orbit around black holes lies in a three-dimensional phase
space. A Poincaré surface of section is essentially a two-
dimensional surface embedded in this three-dimensional
phase space. In the literature regarding the demonstration of
chaotic orbital dynamics, the Poincaré surface of section is
usually chosen as the (r,7) or (r,p,) surfaces on the
equatorial plane y = 0 [12,13,43-57].

Suppose we choose the (r, i) surface on the equatorial
plane as the Poincaré surface of section. With the time
evolution of a bound trajectory, the orbit would keep
intersecting the equatorial plane. We then record the points
when the orbit pierces the plane from the south, i.e., y > 0.
For a spacetime that possesses a hidden symmetry corre-
sponding to a nontrivial rank-2 Killing tensor, the orbital
dynamics is Liouville integrable. The hidden symmetry
leads to one additional constant of motion, the Carter
constant, that further confines the orbital trajectory in the
phase space. For an integrable orbital system, if the orbit
oscillates along both the radial and latitudinal directions,
with a rational oscillation frequency ratio between the two,
the orbit would intersect the equatorial plane at finite
locations, registered as some points on the Poincaré surface
of section. The number of points is determined by the
frequency ratio. These orbits are called resonant orbits. On
the other hand, if the frequency ratio is irrational, the orbits
are called quasiperiodic and they form invariant tori in the
phase space. Each of such orbits leaves a closed curve,
called invariant curves, on the Poincaré surface of section.
Typical invariant curves in an integrable system, e.g., the
orbital dynamics of the Kerr spacetimes, can be labeled by
the Carter constant, with other parameters and constants of
motion fixed. Different invariant curves with different
Carter constants are nested within each other on the

064016-4
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FIG. 1. The phase space trajectories of the 1/2-resonant orbits
with E = 0.942 and L, = 2.76M for the integrable subset of the
metric of Eq. (2.2). We choose specifically Iyp = 0.4M, { =0,
and a = 0.66M. The black curve is the closed curve formed by all
1/2-resonant orbits on the Poincaré section at the equatorial plane
(pink). The colored curves are some samples of orbits with
different initial conditions. The green points represent the
registered points of these orbits on the Poincaré surface of
section.

Poincaré surface of section. The complete collection of
resonant orbits with the same rational frequency ratio and
the same Carter constant also forms a closed curve on the
Poincaré surface of section. This is shown in Fig. 1 in
which we exhibit some phase space trajectories of the 1/2-
resonant orbits for the integrable subset of the metric of
Eq. (2.2) (see the caption for more detailed setting). The
black closed curve consists of the complete collection of
resonant orbits with different initial conditions but the same
rational frequency ratio and Carter constant. This closed
curve is sandwiched by invariant curves with an irrational
frequency ratio infinitesimally close to the rational one.

Chaos may appear when an integrable system receives
nonintegrable deformations, as in some cases of non-Kerr
spacetimes, including the one described by Eq. (2.2).
Depending on the strength and features of the deforma-
tions, the chaos may leave nontrivial imprints on the
Poincaré surface of section. In fact, according to the
Kolmogorov-Arnold-Moser (KAM) theorem [58,59], if
the deformations are small, the original invariant curves
would be slightly deformed but remain continuous and
nested. In this case, they are called KAM curves (black
curves in Fig. 2).

On the other hand, even if the strength of chaos is small,
according to the Poincaré-Birkhoff theorem [58,60,61], the
resonant points on the Poincaré surface of section may be
split into a series of periodic points. Half of the points are
stable while the other half are not, and they distribute
alternately on the Poincaré surface of section. The stable
points attract and lock neighboring orbits whose frequency
ratio is originally very close to the rational frequency ratio
of the stable point. These orbits appear as a series of small
islands surrounding the stable point called the Birkhoff

0.15

0.10

0.05

F 0.00

-0.05

-0.10

-0.15

FIG. 2. Poincaré surface of section at the equatorial plane
(y = 0) of geodesics around the symmetric 1/2-resonant Birkhoff
island in the DSK spacetime [43] with @y = —0.01, E = 0.942,
L,=276M, and a = 0.66M. The yellow curves show the
resonant orbits inside the Birkhoff island. The black curves that
nearly sandwich the islands are the deformed KAM orbits.

chain of islands. Within each island, the orbits form a
nested structure of closed curves. Because the island
structure looms out of the resonant points, each chain of
islands can be labeled by the order of resonance, which is
precisely the frequency ratio of the radial and latitudinal
oscillations of the resonant orbits, i.e., @’ /@’. For example,
we call the chain of islands in which the orbits have
" /o’ = 1/2 the 1/2-resonant islands. Practically speak-
ing, the existence of islands on the Poincaré surface of
section is a clear signature of chaos. As an illustrative
example, we show in Fig. 2 the Poincaré surface of section
and the structure of the 1/2-resonant islands (yellow) in the
case of a particular non-Kerr spacetime [43] (from now on
referred to as the DSK spacetime) different from the one in
Eq. (2.2). This non-Kerr spacetime has nonintegrable
deformations controlled by a dimensionless parameter
aQ.7 We shall emphasize that although the DSK spacetime
has chaotic orbital dynamics, it remains circular.

C. Noncircularity, chaos, and the breakdown
of the phase space discrete symmetry

The circularity condition and chaos are deeply inter-
twined. In Ref. [62], the author proved the circularity as the
necessary and sufficient condition for the existence of
the codimension-2 foliation by conserved quantities of the
Killing vectors. Here we utilize the corollary of the proof
and show that the nonexistence of the foliation not only
gives rise to chaos but also leads to a particular kind of
chaos different from those manifested in systems satisfying
the circularity condition.

"The non-Kerr metric proposed in Ref. [43] has the other
deviation parameter a,,. But this parameter does not break
integrability. Therefore, we simply set ay, = 0 in this work.

064016-5
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For the sake of completeness, let us briefly review the
integrability in Frobenius’ sense. When solving a geodesic
system, the geodesic is integrable in the Liouville sense if
enough conserved quantities exist. These conserved quan-
tities become unique labeling for each geodesic, forming a
foliation for the geodesic. The differences in these quan-
tities between a pair of geodesics must remain the same
under the geodesic evolution. As first investigated in
Ref. [63], we may identify these quantities through the
geodesic deviation equation

st

da

. dx°dx’

)
o dr dr

(2.6)

that relates the evolution of the displacement between two
geodesics x*(z) and x*(7) + s#(7) to the curvature tensor
wa. For “integrable” orbits that are closed on the phase
space, we should be able to express the geodesic deviation
s# as a function of the position x* and the velocity i*
without explicit 7 dependence. The inner product between
the vector field s and the velocity & would be a conserved
quantity, as shown in Ref. [63].

Let us reorganize the equation using the Cartan con-
nection as

2 A o 2
0= d_s — RA didi/ n
dr? P dr dr
= 0V, V, 54 — RE, 305 s"
- QX.S, (2.7)

where €; is the curvature form of the connection
w; =[x, e], |-, ] is the graded Lie bracket, e is the vierbein,
and “” denotes the inner product. This is precisely the
Frobenius theorem that a set of commutative Lie vector
fields along the geodesics implies the existence of con-
served quantities foliating the phase space. The converse is
trivial.

In a d-dimensional system with d —2 known commu-
tative vector fields V;---V,_,, we may test if the last
conserved quantity could exist by checking the commuta-
tivity of these d — 2 vectors with the orthogonal directions.
This leads to the circularity condition

de/\Vl/\.../\Vd_ZZO, ]:]d—2 (28)

Apparently, the circularity condition is a unique reali-
zation of the Frobenius integrability in a system with d — 2
conserved quantities. This setup is much broader than
expected, as the most typical d =4 axisymmetric and
stationary spacetime falls into this category. The corre-
sponding conserved quantity is the Carter constant. Notice
that while violating the circularity condition deprives us of
the Liouville integrability, the reverse does not always hold.
The last commutative vector field must be proportional to

the orthogonal vector *(p A V| A ... A V,_,) where p is
the conjugate momentum, and * is the Hodge dual. If X
explicitly depends on 7, e.g., when considering a chaotic
orbit, the circularity condition may be satisfied despite
missing the final conserved quantity.

According to the Frobenius theorem, if the circularity
condition is violated, the d —2 vector fields would no
longer commute with their orthogonal vector field in the
Lie derivative sense. In this case, the quantities associated
with d — 2 vector fields are still conserved, but any trans-
formation along these vectors modifies the observable on
the orthogonal subspace.® To wit, the system becomes non-
Abelian. It, therefore, bears both theoretical and practical
interests to analyze what happens if we apply some trans-
formations along those d — 2 directions in a noncircular
spacetime with additional discrete symmetries on the
orthogonal subspace that shall not manifest themselves.

Let us first focus on the circular spacetimes, e.g., the
DSK spacetime with a nonzero a, in the Boyer-Lindquist
coordinates. Consider the discrete symmetries of the
orthogonal subspace. In this system, there exists the
equatorial-plane reflection symmetry (y — —y, ¥ — —)'().9
In addition, we also have (¢, @g;) simultaneous reversal
symmetry [69]. By the Frobenius theorem, two symmetry
transformations disentangle from each other. Therefore if
we consider a simultaneous reversal of (z,t,y, @g; ), we
have (y - —y, i — —i), and the resulting changes in the
conserved quantities £ and L, vanish identically. The
Poincaré section of (r, i) at the equatorial plane, once
including both directions of piercings, must be i reflection
symmetric unless the geodesic of interest is unbounded (see
Fig. 2 and more in Ref. [43] for the symmetric islands in the
case of the DSK spacetimes). Similarly, the Poincaré
sections of (y, i) would be (y, i) simultaneous reflection
symmetric.

On the other hand, in a system that breaks the circularity
condition, the conserved quantities associated with the
Killing vectors do not properly foliate the phase space. In
the case of the noncircular spacetime of Eq. (2.2), the y
reflection symmetry does not commute with (i, ¢) simul-
taneous reflection symmetry. Therefore, the Poincaré sec-
tion of (r, i) at the equatorial plane would be asymmetric if
the geodesic of interest does not explicitly possess y
reflection symmetry, i.e., when the geodesic is inside
resonant islands. This observation suggests that the location
of resonant islands is a probe of the circularity condition.

¥The observable on the orthogonal subspace, e.g., 1, y, i, and j
in the systems we are considering, must be generated by the
reduced Hamiltonian on the orthogonal subspace and the
orthogonal vector field.

It is possible to construct a stationary and axisymmetric
metric that deviates from Kerr one in a way that breaks the
equatorial-plane reflection symmetry. See Refs. [64—66] in which
the orbital dynamics have no chaos and Refs. [67,68] in which
chaos may be present.

064016-6
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The Poincaré sections of (y, ) would be (y,7) simulta-
neous reflection asymmetric as well.

With the breakdown of the symmetry, one may wonder
why should the equatorial plane remain the natural choice
for the Poincaré surface of section. We emphasize that the y
reflection symmetry still remains intact in the spacetime
structure. Thus, if we focus on the latitudinal motion, the
orbit must be symmetric to, and thus likely passing
through, the equatorial plane, making it the optimal
Poincaré surface of section.

The subtle and partial breakdown of the symmetry is the
salient feature of the noncircularity. In the next section, we
will demonstrate explicitly through numerical treatments
how the location of islands is sensitive to noncircular
deformations, regardless of the strength of the deformations.

III. ASYMMETRIC BIRKHOFF ISLANDS

In the previous section, we have laid down our argu-
ments regarding possible chaotic signatures of orbital
dynamics in noncircular spacetimes. In particular, some
novel features may appear, such as asymmetric locations
and structures of resonant islands. Here, we will demon-
strate these features by directly showing the resonant orbits
on the Poincaré surface of section. Considering the non-
Kerr metric of Eq. (2.2), we numerically solve the equa-
tions of motion of the bound orbital system by fixing some
parameters while varying the rest to identify features
emerging from a family of geodesics. We fix £ = 0.942,
L, =276M, and a = 0.66M for the rest of our paper.
While solving the trajectories, we keep the accuracy of the
Hamiltonian constraint down to 1073 during the integration
time. This is achieved by adopting the standard eighth-
order implicit Runge-Kutta method. In the calculation of
each trajectory, we terminate the calculation only after we
can distinguish KAM curves from the closed curves inside
islands.

In Fig. 3, we choose { = 1 and Iyp = 0.4M, then focus
on the left branch of the 1/2-resonant islands. The
existence of Birkhoff islands on the Poincaré surface of
section is confirmed, indicating that the orbital dynamics of
the non-Kerr spacetime of Eq. (2.2) is chaotic. In particular,
the distribution of Birkhoff islands on the Poincaré surface
of section is not symmetric with respect to the horizontal
axis (i = 0). For circular spacetimes with nonintegrable
orbital dynamics, the resonant islands can only either be
symmetric (see Fig. 2) or mirror images of down-piercing
islands through y — i inversion symmetry, as will be shown
later in Sec. IV. In the latter case, no island in the chain ever
crosses the i =0 axis. On the contrary, in noncircular
spacetimes, as depicted in Fig. 3, the major portion of the
chain of islands has i > 0 while a smaller but finite portion
has # < 0. Such vertically asymmetric distribution of
islands that also cross the 7 =0 axis is a feature of
noncircularity.

0.04

0.03
002 ==l |V ]
' = ‘
=7

000§ == e
relM
~0.01 reIM
' 3.35 3.36 3.37 338 3.39 3.40 3.41 3.42
r/'M
FIG. 3. Some orbits nested within the left branch of the 1/2-

resonant islands are shown. The islands are asymmetric with
respect to the i = 0 axis. The critical velocity v,. is defined on the
orbit (red) that only touches the i = 0 axis at a single piercing
(r¢,0). The inset zooms in on the region near that piercing. In this
figure, we choose { = 1 and Iyp = 0.4M.

A. Quantify the asymmetry: Critical velocity

To quantify how much asymmetrically the islands
distribute on the Poincaré surface of section, we define
the critical velocity v, as follows. We first consider the left
branch of the 1/2-resonant islands. Among the nested
orbits within the islands, we look for the one that only
touches the horizontal axis once, say, at (7., 0) (see the red
contour in Fig. 3). Among the piercings recorded on the
contour, we identify the one that has the maximum |7|.
Then we define the critical velocity v. as the i of that
piercing (see Fig. 3 for graphical illustrations). If the
islands are symmetric with respect to the horizontal axis,
the critical velocity vanishes, and the associated orbit is
precisely the central point within the islands. In Fig. 4, we
consider two values of Iyp =0.1M (blue) and 0.4M
(magenta), with other parameters (a,E,L.) fixed, and
show how the critical velocity v, and a shifted version of
Fesie., Fo = r. 4 18(5lyp — 2M)/625,"° vary with respect
to . Interestingly, even though 7. changes smoothly, the
critical velocity has a discontinuous jump at { = O where
the orbital dynamics is integrable. Furthermore, when
approaching the Kerr limit (blue), the critical velocity and
7. become less sensitive to ¢, but v, remains sizable, and
its discontinuity at { = 0 remains.

B. Quantify the asymmetry: Latitude of symmetry

Though the standard Poincaré surface of section is
usually chosen as the surface that intersects orbits at
x = 0 for the reason mentioned in the last section, one
can in principle consider the Poincaré surface at any y =
constant as long as every single orbit inside the island on
the equatorial plane still intersects the new Poincaré surface

IOFE is constructed such that the shift vanishes when

Inp = 0.4M, relieving us from this artificial shift for the rest
of the paper.
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FIG.4. The values of 7. and critical velocity v, with respect to
are shown. The blue circles and the magenta points correspond to
Inp = 0.1M and 0.4M, respectively. The discontinuous jump of
v. at { = 0 is clearly visible, although 7. varies smoothly there.

for every single revolution. In Fig. 3, we see that, inside the
Birkhoff islands, the piercings on the y =0 plane are
asymmetric with respect to the horizontal axis (i = 0). This
indicates that for a resonant orbit on the noncircular
spacetime of Eq. (2.2), the maximum radial velocity at
x = 0 cannot be simply expressed as || during its
whole evolution. This asymmetry varies as we shift the
section along the latitudinal direction. In particular, it can
be completely removed at a particular value of y, given a set
of metric parameters. We dub it the latitude of symmetry,
denoted as y,. In Fig. 5, the island appears symmetric on
the Poincaré surface of section that intersects the phase
space at y = y,. For simplicity of the presentation, we show
only one orbit in the 1/2-resonant islands in Fig. 5, but
every orbit with the same set of (a,{, Iyp) is symmetric
with respect to the i = 0 axis. In this figure, the parameters
(E,L.,,a,cC, Iyp) are fixed as those in Fig. 3, and the latitude
of symmetry y, is y, = —0.15064.

0.10 -
0.05 | MM/
7 0.00 &
~0.05} “*w-\
-0.10
3.35 3.40 3.45 3.50 3.55 3.60
r/M
FIG. 5. We show the Poincaré surface sectioned at

x =xs =—0.15064. In this figure, the values of (E,L_,
a,l, Iyp) are the same as those in Fig. 3. The blue contour is
the outermost orbit among those nested ones inside the 1/2-
resonant island [the initial condition for this orbit is r(0) =
3.3514586M, x(0) = y, and #(0) = 0]. The inset zooms in on the
island around i = 0. The line segment in red represents the
horizontal width R of the island.

At this point, we have shown that, if the spacetime is
circular, the Birkhoff islands and the stable points, around
which the resonant orbits are nesting, could appear sym-
metric with respect to the 7 =0 axis on the Poincaré
surface sectioned at y = 0, as one can see from Fig. 2. In
this case, the piercings of orbits would have i ranging from
+|Fmax| 10 —|7max| 0N that surface of section.'' On the other
hand, if the spacetime is noncircular, like the one consid-
ered in this section, the Birkhoff islands and stable points
on the Poincaré surfaces of section at y = 0 and y = 0 are
generically not symmetric with respect to the i~ = 0 axis.
The resonant orbits inside the islands and KAM curves can
appear symmetric with respect to the i = 0 axis only when
the surface of y = y, is chosen. It implies that the radial
turning points (i = 0) of the orbit corresponding to stable
fixed points, i.e., the center of nested curves inside islands,
move away from the equatorial plane and instead reside on
the y = y, plane.

In fact, the introduction of the latitude of symmetry y,
has its own unique merit. As we have mentioned, given a
set of (a,(,Iyp), each orbit on the Poincaré surface of
section at y = y, is symmetric with respect to the i =0
axis. Because y, is uniquely determined in this sense, it can
serve as a measure of the asymmetry of islands that could
be induced by noncircularity, just as the critical velocity v,.
For example, for the DSK spacetime with a negative ay,
these two measures, v, and y,, always vanish. In Fig. 6, we
fix Iyp = 0.4M as in Fig. 3 and show how y, varies with (.
Similar to what we have observed in v, a discontinuous
jump at { = 0 is clearly visible.

The symmetric pattern on the Poincaré surface of section
at y = y, also allows us to define the width of the islands.
As one can see in Fig. 5, we first consider the outermost
orbit within the left branch of the 1/2-resonant islands.
Since the pattern appears symmetric with respect to the
7 = 0 axis, one can unambiguously define the width of the
island as the line segment connecting the two piercings of
the orbit on the # = 0 axis (see the red line segment in
Fig. 5). Essentially, the width of island, R, quantifies the
strength of chaos when varying the nonintegrable defor-
mation parameters of the system. In the bottom panel of
Fig. 6, we show how the width R varies with respect to (.
One can see that it approaches zero from both sides of the
¢ = 0 axis. This is expected because the orbital dynamics is
integrable at ¢ = 0. Furthermore, the non-KAM-curve
region on the frequency ratio map, which can be estimated
by the width of islands, scales at the rate of the square root

""Later, we will show that the Birkhoff islands in some cases of
circular spacetimes, e.g. the DSK metric with ay > 0, could not
even appear symmetric on (r, 7) surface sectioned at any value of
- There does not exist any y, at which the islands appear
symmetric. Rather they would be symmetric on the section of
% = 0, or on the latitude where y vanishes for the central periodic
orbit of the island if we include both up and down piercing of the
Poincaré surfaces of section.
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FIG. 6. The latitude of symmetry y, and the width of island R
are shown with respect to {, with other parameters fixed as those
in Fig. 3. A discontinuous jump of y, across { =0 is clearly
visible, as that of v, in Fig. 4. On the other hand, the width of
islands as defined by the red line in Fig. 5 decreases with || and
approaches zero as |{| — 0. The width scales almost perfectly as
R o [¢]'/?, as predicted (cf. Sec. 2.6.4 of Ref. [58], Sec. 6.2.2 of
Ref. [61] and Ref. [51]).

of the nonintegrable deformation parameter [58]. The width
R follows closely with this rule all the way up to { = %1.
This suggests the possibility of using perturbation analysis
in the parameter space to understand the origin of the
asymmetric features.

At this stage, we can draw the following conclusions
according to our analysis. Although the strength of chaos
smoothly reduces to zero at the integrable limit, i.e.,
|| = 0, the asymmetry in the distribution of Birkhoff
islands on the Poincaré surfaces of section does not. Also,
the central 1/2-resonant orbit tends to move away from
the equatorial plane such that the whole family of 1/2-
resonant islands emerges asymmetrically on the Poincaré
section. We will see in the next section that this can be
interpreted as the existence of an off-equatorial net force
on the orbit. The asymmetric distribution of islands is an
important feature of the orbital dynamics in noncircular
spacetimes.

In Sec. I C, we have briefly mentioned that because the
conserved quantities associated with the Killing vectors do
not properly foliate the phase space, the Birkhoff islands
could have asymmetric distribution on the Poincaré surfa-
ces of section for noncircular spacetimes. This is then
supported by the numerical analysis in Sec. III. In the next
section, by using perturbation analysis, we will dig slightly
deeper to understand, from an analytic point of view, why
the islands acquire such patterns and why the asymmetry
appears to be changing discontinuously with respect to
parameter shifts at the integrable limit.

IV. PERTURBATION ANALYSIS
OF THE ISLAND HAMILTONIAN

As we have seen in the previous section, the resonant
islands are no longer i~ symmetric on the equatorial plane

for the noncircular spacetime of Eq. (2.2). Furthermore,
such asymmetry appears to depend strongly on the form of
noncircularity rather than on its strength. The location of
islands thus becomes a highly sensitive probe for non-
circularity. To better characterize the relation between the
two, we utilize the perturbation analysis to extract the
quantitative description of the orbits.

Let us expand the chaotic geodesic system on a sta-
tionary, axisymmetric manifold g around an integrable
system on another stationary, axisymmetric manifold
g(o)- Since the orbits on g are integrable, there is a
hidden conserved quantity, say, C. We will denote the
background objects by subscript (0) and the perturbative
parts by subscript (1). The Hamiltonian and the equations
for the conserved quantities of the background system

1 1

—5= H) = EP(O),,;Q%P(O),W (4.1)
—E = po)u = 9(0).u*g)- (4.2)
L. = p0)p = 90).9:%(0) (4.3)
Coy = {H (). Clpp =0. (4.4)

determine exactly the geodesics on the background mani-
fold xj(z) as functions of the proper time 7. {}p in
Eq. (4.4) is the Poisson bracket. The equations of the
perturbed system can be expressed as

v 1 v
0~ H) % P(1)udo)P0)w + 51’(0),,49'{1)17(0),”7 (4.5)
0= Pyu?™ g(l),uyxl(l()) + g(O),Ouxl(/l)’ (46)
0= Py g(l),(puxlgo) + g(O),OujCI(Jl)’ (47)

where only 7y and y(;) remain to be solved. Notice that the
perturbation to the constants of motion u, E, and L, vanishes.
In other words, as we introduce the perturbation, the initial
condition x* has to vary consistently to ensure that the
constants of motion remain unperturbed. This is natural for
our methodology in Sec. III as we fix the constants of motion
. . 12
regardless of the metric deformations.

2One may take different approaches to the issue of the initial
condition. For instance, if the orbit is fitted against observational
data, the observed orbital frequency and the impact parameter
may be a better pair to be fixed than E and L..
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In general, such a system is chaotic, as we have seen in
previous sections. However, at the center of the Birkhoff
island lies a stable fixed point, that corresponds to a
recurring geodesic with a short period. Let us attempt to
locate that geodesic perturbatively.

Since the orbit is closed, the first-order perturbation to
the hidden conserved quantity C must be periodic. We may
evaluate its change rate along the perturbed orbit by
plugging it into the first-order Hamilton-Jacobi equation.
The change rate C (1) = {H1), C}; . contains only explicit
first-order terms as C is conserved at the zeroth order. We
may therefore subject it to the background geodesic with
the Hamiltonian constraint Eq. (4.1).

Let us be more specific about the quantity C. Here we are
considering a particular form of the Carter constant

C = a2/}’,2 + Kﬂl’p”py’ (48)
K — a2(1 _)(2), K" = 2a, Kvv — (1 —){2)—',
K7 = (1- %), KM = K% = K2 = (), (4.9)

where K* is related to the Killing tensor of the background
spacetime " via K* = K* — a’y*¢". The Carter con-
stant C foliates the phase space of a large class of space-
times, including the spacetime described by Eq. (2.2) with
vanishing identically and, of course, the Kerr spacetime.

We may now write down the first-order change rate of the Carter “constant” in terms of r, y, and C as

C(1y = 576La> MM _ [Rpr=ysign(y) \/(1 —)(C—a?y* —a*(1 — y*)E* +2aEL,) — L?

x (7 + @)E = aL) + sign() /(P +@)E = aL.)? = (r(r = 2M;_g) + @)(C + 7))’

X (r(r—=2Mg_) + a*)2(r* + %),

(4.10)

for the metric of Eq. (2.2), with M,_,, denoting the mass function in Eq. (2.3) at { — 0 limit. Similarly, we can also obtain

the change rate for the DSK metric:

Cy = 2MPaga®ysign(y) \/(1 —)(C—=a*y* —a*(1 — y*)E* + 2aEL,) — L?

x ((((r(r —2M) + a*)(r* + a*p?) + 4Mr(r? + a*(1 = y*)))E — 4Mral.)* — 4AM?r*((r* + a®)E — aL,)?

=2(r(r=2M) + a®)(r* + a**)(((r* + a®*)E — aL_)* — (r(r = 2M) + a*)(C + rz))>

X r  (r(r =2M) + a®)72(r? + a*y*) 7.

(4.11)

To “separate” the geodesic equations, we have utilized the background constraints

P = (7 4+ %) (P + @)E — aL,)? = (r(r ~ 2M_g) + a?)(C + 12)).

=P +ad?) (1= ) (C—a*y? — a*(1 — y*)E* + 2aEL,) — L?),

for the metric described by Eq. (2.2) with { = 0. For the
DSK metric, the mass function M_,, in the equations is
replaced by the bare mass M. One may explicitly separate
the radial and latitudinal motions by casting the radial
equation of Eq. (4.12) into dr/dc = ++/V .(r), where V,
is the radial potential and ¢ is the Mino time. It is
straightforward to identify the radial turning points
(i =0) as solutions of vanishing V,. One can apply the
same procedure to the latitudinal equation and locate the
latitudinal turning points (y = 0). Furthermore, without
specifying the initial condition, the conserved quantities
(E,L,, C) alone can determine the period ratio between the
radial and the latitudinal motion in Mino time, which must

(4.12)

(4.13)

be the inverse of the frequency ratio in proper time.
Therefore, we can identify the conserved quantities corre-
sponding to a specific frequency ratio. For the 1/2-resonant
fixed point of the non-Kerr metric described by Eq. (2.2)
with { = 0 and Iyp = 0.4M, the latitudinal turning points
are at y = 40.3555..., and the radial turning points are at
r/M =3.348... and r/M = 11.933..., respectively.
Notice that Eqs. (4.12) and (4.13) determine the back-
ground geodesic up to initial conditions r(0), y(0), and
signs of 7 and y. We can and will fix the orbit to start at the
periapsis (minima of r) by shifting the proper time. For
quasiperiodic orbits of the background system, given
enough time, a single orbit would densely cover the
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(b) DSK metric with ag = —0.01

FIG. 7. The heat map (orange: positive, blue: negative, white:
peak) of the change rate of the Carter “constant” C given by
Egs. (4.10) and (4.11), with constant-spacing contours on (7, })
plane. The results are evaluated using the orbit parameters of the
geodesic at the center of the 1/2-resonant islands considered in
previous sections. The absolute value of C is irrelevant. The map
is overlaid by the projection of the geodesic (green: y <0,
magenta: y > 0) at the center of the island with the metric
parameters given in the subcaption. C and the geodesic outside
r = 6 are cut as C is suppressed polynomially in terms of 7. It is
important to note that the sign of C flips as the geodesic reaches
the equatorial plane (transition between green/magenta), and we
only show the positive y branch (magenta) of C.

(r, ) torus. For resonant orbits, however, the latitude at the
periapsis remains constant throughout the evolution, sug-
gesting that each y(0) leads to a different, nonoverlapping
orbit that appears as a different set of fixed points on the
section. What we strive to investigate later is that, in the
integrable limit of a perturbed system, which resonant orbit
would correspond to the center of the 1/2-resonant islands.

Let us turn our attention back to the evolution of the
Carter “constant.” At first glimpse, there are terms con-
taining sign(#) in Eq. (4.10). Because of the presence of
such terms, the evolution of C is i inversion asymmetric in
the noncircular spacetime of Eq. (2.2). This is the direct
manifestation of the (y,7) asymmetry discussed in
Sec. II C. To better illustrate the asymmetry, we utilize
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0.3557 N |o3ss7
\7 \/
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i
(a) Metric of Eq. (2.2) with ixp =0.4M and ( =1
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0.36460 0.36460
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-0.36460 -0.36460
X X
-0.36465 -0.36465
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i

(b) DSK metric with ag = —0.01

FIG. 8. The section of y = 0, i.e., the latitudinal turning points,
projected onto the (7, y) plane. Gray: The KAM curves with the
radial frequency to latitudinal frequency ratio "/’ slightly
smaller than 1/2. Magenta: The KAM curves with " /o? slightly
larger than 1/2. Cross: The center of the island, i.e., the stable
fixed point. Other circles: Geodesics from the edge of the island
to the center of the island.

Egs. (4.12) and (4.13) to plot the change rate of the Carter
“constant” against i and y in Fig. 7, alongside the numeri-
cally identified geodesic at the center of the resonant island.
If we take the Poincaré section of y = 0, the asymmetry of
the Carter constant evolution deforms the radial evolution
of Eq. (4.12) unevenly between i > 0 and 7 < 0 branches,
breaking the (7, y) symmetry of the orbits, including KAM
curves. The asymmetric patterns are visible in the top panel
of Fig. 8. For the DSK metric, on the other hand, the (7, y)
symmetry is preserved, as can be seen from the bottom
panel.
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(c) DSK metric with ag = 0.01

(d) DSK metric with ag = —0.01

FIG. 9. Phase space trajectory of geodesics around the island, with each subfigure corresponding to different spacetimes detailed in the
subcaption. The geodesics are chosen to be just inside the island (blue, with black dots equally spaced along geodesics) and at the center
of the island (yellow). The colored points are the Poincaré sections of the geodesics with section of i = 0 (red), section of y = 0 (green),

and section of y = 0 (orange), respectively.

In order to identify the orbit that corresponds to the
center of islands in a perturbed system, we utilize the fact
that the total change to the Carter constant must vanish after
one period if the orbit is closed in phase space, i.e.,
resonating. Such an orbit can be identified by varying
7(0). In the case of the DSK metric, the orbit can be
identified straightforwardly by its symmetry. Since the
(x,7) inversion leaves the change rate of the Carter
“constant” intact, the contribution from the i > 0 branch
and the 7 < 0 branch must cancel each other. Therefore,
either 7(0) =0 or x(0)=0 has to be satisfied.
Furthermore, since the larger the Carter constant gets,
the quicker r revolves relative to ;(,]3 the fixed point is
stable if C grows when r lags behind y cycle and vice versa.
This only happens when agyy transits from positive to
negative around the periapsis. Therefore, the stable fixed
point at i~ = 0 must reach the latitudinal turning points if

BIf we treat the right-hand side of Egs. (4.12) and (4.13) as an
effective kinetic energy, C contributes positively to the total
energy in Eq. (4.13), increasing y period, and negatively in
Eq. (4.12).

ag > 0 and the equatorial plane if ¢y < 0. We demonstrate
the branch-selecting rule by showing the phase space
trajectories of geodesics inside the 1/2-resonant islands
of various metric setups in Fig. 9, including the DSK metric
with opposite signs of ay.

In the case of non-Kerr spacetimes of Eq. (2.2), however,
the situation is far more complicated. As demonstrated in
the top panel of Fig. 7, the asymmetry shifts the peak of C
horizontally by 7 ~ 0.01. One may be tempted to alter y(0)
equivalently as a shift in the radial cycle that matches the
said amount to balance C, and it would be done so if all four
branches of the geodesic labeled by the sign of y and y are
shifted with equal contribution. Unfortunately, due to the
symmetry presented at the Hamiltonian level, the edge of
the invariant tori, even without circularity, shown as the
allowed region of the geodesic by varying the initial
condition, is still symmetric with respect to i inversion.
The branch crossings thus shift unevenly, leading to uneven
contributions to the variation of the Carter constant among
the four branches of y, y signatures. Due to the radial
dependence of M;_,, the two secondary branches contrib-
ute about 1/2 of the main branches. Therefore to cancel out
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the asymmetry, one has to double the shift to i~ 0.02 at
% = 0 or y = 0, which is half of the critical velocity of the
{ >0 case, as shown in Fig. 4. We may derive the
corresponding location of periapsis, which turns out to
be at y = 0.322... for the case of y = 0, extremely close to
xs of £ <0, as shown in Fig. 6.

Notice that the relation between the stable fixed point and
the choice of the branch is opposite of what we identified in
the DSK case. We cannot explain why this is happening,
except that numerical integration does suggest so.

V. IMPLICATIONS

Let us briefly discuss the possible implications of what
we have found. For noncircular spacetimes, as shown in
Figs. 4 and 6, across { =0 where the spacetime has
integrable orbital dynamics, expectedly, the width of
islands R shrinks to zero and the value of r. varies
smoothly. However, the amount of the asymmetry of
islands changes abruptly. This means that when an inte-
grable Hamiltonian receives nonintegrable perturbations,
resonant points split and form resonant islands in a way
sensitive to the type of perturbations. Specifically, unlike
nonintegrable but circular spacetimes in which islands
respect the discrete symmetries of the system, noncircular
ones break the symmetries, manifesting as abrupt
deformations of islands. As is well known, the whole
bunch of islands for a particular resonance encases a stable
periodic orbit which appears as the central point of islands,
i.e., the stable fixed point, on the surface of section.
This stable periodic orbit always appears at the center
of the nested curves inside islands, irrespective of the
choice of y for a Poincaré section. For example, the
centers of the islands in both Figs. 3 and 5 correspond
to the orbit defined by the same initial condition
(r(0) = 3.34888, y(0) = —0.15064, i-(0) = 0). The cen-
tral periodic orbit is a stable fixed point on the Poincaré
section, and, therefore, the abrupt shift of the islands may
originate from the shift of the central periodic orbit.

Given the symmetry of resonant orbits inside the islands
on the section at the latitude of symmetry y,, the radial
turning points of the central periodic orbit have to reside on
x = x, as well. The main distinction between circular and
noncircular spacetimes is that symmetric islands appear
either at y, = O or at the latitudinal turning points for the
circular case, but y, can be anything for the noncircular case.
Thus, in the case of noncircular spacetimes, the radial
turning points of the central periodic orbit seem to acquire
an off-equatorial shift, and the amount depends on the
parameters of the metric. For a particular parameter choice
of the metric, i.e.,a = 0.66M,{ = 1,and Iyp = 0.4M, these
radial turning points of the central periodic orbit shift toward
the negative y. As a consequence, the central periodic orbits
in noncircular spacetimes would acquire asymmetric tem-
poral expanse with respect to the equatorial plane.

The asymmetric islands, or explicitly, the off-equatorial
shift to the central periodic orbits, could be interpreted
as due to an off-equatorial net force acting on the orbits. This
net force is a feature of noncircularity. Consider an EMRI
system with a small spinning compact object gradually
spiraling into a massive black hole with noncircular space-
time, and suppose that the spin of the smaller object is
initially (anti-)aligned to the orbital angular momentum. The
off-equatorial net force would cause the parallel spin
component to partially get converted into a perpendicular
component so that a nonzero spin component orthogonal to
orbital angular momentum emerges [70,71]. Therefore, the
evolution of the parallel component of the secondary’s spin
in the noncircular background should deviate from that in
the Kerr background, though the detectability of such
deviation through LISA is still not clear [72,73]. In any
case, if the off-equatorial net force can be quantified
independently through feasible observable, one may further
infer the position of the 1/2-resonant islands and even that of
the stable fixed points. This could be achieved through the
measurements of the time the small object of EMRISs spends
inside resonances, with sufficient events and statistics.

The way EMRI systems may help to investigate resonant
orbits is the following. Typical EMRI models utilize the
adiabatic approximation in which the constants of motion
are assumed to evolve very slowly along the orbital motion
[74,75]. In this approximation, the trajectory of the small
object follows the geodesic for several periodic cycles up to
a timescale at which the radiation reaction starts picking up.
After one such time, the constants of motion should be
updated by self-force effects averaged over (r, 0) torus. The
self-force term has a phase like k,q" + kyq® + k,q”, where
g"’s are angle variables conjugate to the conserved quan-
tities (E,L,, C,p) in the action-angle formalism. In non-
resonant regimes, the phase oscillates rapidly and vanishes
after taking averages over a radiation reaction time. On the
contrary, during the resonance, since k,®” + koo’ can be
zero for some combinations of k, and k,, the phase could
evolve slowly and be non-vanishing after averaging, caus-
ing cumulative dephasing effects (around the order of

\/M /u) in the gravitational waveforms [76]. If these values
can be extracted from multievent analysis that calibrates
and aggregates different phases inside short resonance
windows of each event, one may understand how ¢" and
q° are spread over the (r,0) torus and further distinguish
noncircular resonances from circular ones.

In addition to the asymmetric islands and the existence of
off-equatorial net forces, we would like to emphasize that,
for noncircular spacetimes, the amount of asymmetry of
islands, i.e., v, and y,, appears discontinuous at the
integrable limit. The discontinuous jump of v, and y, at
the integrable limit could have a crucial observational
implication. Suppose a Kerr black hole receives minuscule
noncircular deformations. Although the Birkhoff islands
shall be narrow, v. and y, may acquire sizable values
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abruptly. If such a sizable value is directly associated with
some observables and can be measured, perhaps through
the methods mentioned above, it could be a powerful tool to
test the circularity of the black hole spacetime.

Presently, it is still not clear what the associated
observables would be. Naively, such observables should,
at least statistically, be able to infer the location of resonant
islands. Suppose the observables can be parametrized as

O =0,V x5 X), (5.1)
where X represents other dependencies unrelated to the
supermassive black hole spacetime geometry. Note that O
has an implicit dependence on M, a, Iyp, and ¢ through R,
v., and y,. If an observable depends on the island width R
in a way that it smoothly approaches zero toward the
integrable limit, then it becomes challenging to test
circularity through the measurement of said observable,
even when v, and y, have sizable values. On the other
hand, if an observable acquires sizable nonzero values
directly determined by v. and y, near the integrable limit,
it can be a perfect tool to test the circularity of black hole
spacetimes. It requires further exploration to understand
whether the observable O belongs to the former case,
which could lead to a no-go for testing circularity through
the asymmetry of islands, or it belongs to the latter case. It
has been shown in Refs. [10,11,55] that the existence of
chaotic orbital dynamics may leave imprints such as
glitches on the spectrogram of the gravitational
waves emitted by EMRIs. Variations of such imprints
may serve as the observable to capture the asymmetry of
the islands.

VI. CONCLUSIONS

The future space-based gravitational wave detectors,
such as LISA, are going to create a new arena as precision
tests of the Kerr hypothesis become possible. In particular,
by examining the gravitational waves associated with the
orbital dynamics of EMRI systems, one could possibly
tell whether the orbital dynamics around the super-
massive black hole is chaotic [10-13,55,56]. If any
signs of chaos are detected, they would strongly hint
toward physics beyond GR, as the orbital dynamics is
integrable and nonchaotic in the Kerr spacetime preferred
by GR.

In this paper, we investigate the chaotic features of
orbital dynamics induced by black hole spacetimes that
break circularity. From the analytic point of view, non-
circularity prohibits any proper definition of two-surfaces
that are everywhere orthogonal to the surfaces of transi-
tivity, i.e., the surfaces spanned by the Killing vectors. Two
surfaces entangle in a nontrivial way and destroy the
Liouville integrability of geodesics. Numerically, upon
choosing a specific noncircular spacetime of Eq. (2.2),
we exhibit the existence of chaos by identifying the

resonant islands in the Poincaré surfaces of section. A
similar analysis has been done in Ref. [42] in which the
authors considered a different noncircular spacetime and
confirmed the existence of chaos in orbital dynamics.

In addition to confirming the existence of chaos, in this
paper, we find that noncircularity not only gives rise to
chaos but also induces chaotic features unheard of in
typical nonintegrable but circular spacetimes. More
explicitly, the resonant islands appear asymmetric with
respect to the i = 0 axis on the (r, ) Poincaré surface of
section at the equatorial plane. The perturbation analysis
conducted in Sec. IV shows that such asymmetric patterns
also happen to non-resonant orbits. The orbits in the phase
space lose the (7, y) symmetry precisely due to the surface
of transitivity not properly foliating the noncircular
spacetime.

To quantify the asymmetry of resonant islands, we define
two measures in Sec. III, the critical velocity v, and the
latitude of symmetry y,. These two measures are uniquely
defined for a given set of E, L, and the metric parameters.
As opposed to circular but nonintegrable spacetimes, these
two measures are in general not zero for noncircular
spacetimes. Interestingly, we find that v. and y, acquire
discontinuous jump at the parameter space where the
geodesics are integrable (see Figs. 4 and 6). It implies
that the asymmetry of islands, or more explicitly, the way
that central periodic orbits develop islands, is sensitive to
the form of noncircularity rather than to its strength. This is
in contrast to the size of islands that depends heavily on
the strength of chaos because the islands shrink toward the
integrable limit following the KAM theorem (see the
behavior of the island width R in Fig. 6).

We would like to emphasize that although we choose
the metric in Eq. (2.2) as an example to demonstrate our
results, we expect our conclusions to be genuine in the
presence of noncircularity. One timely extension of this
work is to identify physical observables that link to the
asymmetric patterns of islands. In Sec. V, we lay down
some preliminary statements regarding possible observa-
tional implications of noncircularity. It becomes timely to
investigate the possibility of inferring the asymmetric
distribution of islands from gravitational wave data or
from possible but yet-to-know features of noncircularity
in the gravitational wave glitches [10,11,55,56]. Due to
the discontinuous jump at the integrable limit, an
extremely tiny amount of noncircularity would already
give rise to sizable effects of this kind. Therefore, if we
may infer the position of islands inside the phase space
from gravitational wave data, it would be a perfect tool to
test the circularity of black hole spacetimes. In addition,
the resonant orbits can be investigated perturbatively
using the effective resonant Hamiltonian approach [77].
It could be possible to apply the approach, perhaps with
some generalizations, to noncircular spacetimes. We leave
these topics to future work.

064016-14



RESONANT ORBITS OF ROTATING BLACK HOLES BEYOND ...

PHYS. REV. D 108, 064016 (2023)

ACKNOWLEDGMENTS

C.Y.C. is supported by the Institute of Physics of
Academia Sinica and the Special Postdoctoral
Researcher (SPDR) Program at RIKEN. H. W.C. is sup-
ported by Ministry of Science and Technology (MoST) of
Taiwan Grant No. 110-2811-M-002-686 through

department of physics and the Leung Center for
Cosmology and Particle Astrophysics (LeCosPA) of
National Taiwan University. A.P. is supported by MoST
Grant No. 110-2811-M-003-507-MY?2 through department
of physics and the Center of Astronomy and Gravitation
(CAG) of National Taiwan Normal University.

[1] B.P. Abbott ef al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 061102 (2016).

[2] K. Akiyama et al. (Event Horizon Telescope Collaboration),
Astrophys. J. Lett. 875, L1 (2019).

[3] K. Akiyama et al. (Event Horizon Telescope Collaboration),
Astrophys. J. Lett. 930, L12 (2022).

[4] B. Carter, Phys. Rev. 174, 1559 (1968).

[5] C.Y. Chen and P. Chen, Phys. Rev. D 100, 104054 (2019).

[6] G.O. Papadopoulos and K.D. Kokkotas, Gen. Relativ.
Gravit. 53, 21 (2021).

[71 S. Suzuki and K.i. Maeda, Phys. Rev. D 55, 4848 (1997).

[8] S. Suzuki and K. i. Maeda, Phys. Rev. D 61, 024005 (2000).

[9] J.R. Gair, C. Li, and I. Mandel, Phys. Rev. D 77, 024035
(2008).

[10] K. Destounis, A.G. Suvorov, and K.D. Kokkotas, Phys.
Rev. Lett. 126, 141102 (2021).

[11] K. Destounis and K.D. Kokkotas, Phys. Rev. D 104,
064023 (2021).

[12] T.A. Apostolatos, G. Lukes-Gerakopoulos, and G.
Contopoulos, Phys. Rev. Lett. 103, 111101 (2009).

[13] G. Lukes-Gerakopoulos, T.A. Apostolatos, and G.
Contopoulos, Phys. Rev. D 81, 124005 (2010).

[14] J.R. Gair, S. Babak, A. Sesana, P. Amaro-Seoane, E.
Barausse, C. P. L. Berry, E. Berti, and C. Sopuerta, J. Phys.
Conf. Ser. 840, 012021 (2017).

[15] K. Glampedakis, Classical Quantum Gravity 22, S605
(2005).

[16] P. Amaro-Seoane et al. (LISA Collaboration), arXiv:
1702.00786.

[17] P.A. Seoane et al. (LISA Collaboration), Living Rev.
Relativity 26, 2 (2023).

[18] K.G. Arun et al. (LISA Collaboration), Living Rev.
Relativity 25, 4 (2022).

[19] E. Gourgoulhon and S. Bonazzola, Phys. Rev. D 48, 2635
(1993).

[20] K. Ioka and M. Sasaki, Phys. Rev. D 67, 124026 (2003).

[21] K. Ioka and M. Sasaki, Astrophys. J. 600, 296 (2004).

[22] E. Gourgoulhon, arXiv:1003.5015.

[23] R. Birkl, N. Stergioulas, and E. Muller, Phys. Rev. D 84,
023003 (2011).

[24] E. Ayon-Beato, C. Campuzano, and A. Garcia, Phys. Rev. D
74, 024014 (2006).

[25] K. Van Aelst, E. Gourgoulhon, P. Grandclément, and C.
Charmousis, Classical Quantum Gravity 37, 035007 (2020).

[26] P.G. S. Fernandes, arXiv:2305.10382.

[27] J. Ben Achour, H. Liu, H. Motohashi, S. Mukohyama, and
K. Noui, J. Cosmol. Astropart. Phys. 11 (2020) 001.

[28] T. Anson, E. Babichev, C. Charmousis, and M. Hassaine, J.
High Energy Phys. 01 (2021) 018.

[29] T. Anson, E. Babichev, and C. Charmousis, Phys. Rev. D
103, 124035 (2021).

[30] M. Minamitsuji, Phys. Rev. D 102, 124017 (2020).

[31] Y. Xie, J. Zhang, H. O. Silva, C. de Rham, H. Witek, and N.
Yunes, Phys. Rev. Lett. 126, 241104 (2021).

[32] K. Nakashi and M. Kimura, Phys. Rev. D 102, 084021
(2020).

[33] A. Eichhorn and A. Held, Eur. Phys. J. C 81, 933 (2021).

[34] A. Eichhorn and A. Held, J. Cosmol. Astropart. Phys. 05
(2021) 073.

[35] A. Held, R. Gold, and A. Eichhorn, J. Cosmol. Astropart.
Phys. 06 (2019) 029.

[36] A. Eichhorn and A. Held, arXiv:2212.09495.

[37] A. Platania, arXiv:2302.04272.

[38] H. Delaporte, A. Eichhorn, and A. Held, Classical Quantum
Gravity 39, 134002 (2022).

[39] F. Long, S. Chen, M. Wang, and J. Jing, Eur. Phys. J. C 80,
1180 (2020).

[40] Z.Zhang, Y. Hou, M. Guo, and B. Chen, arXiv:2305.14924.

[41] Y. Takamori, A. Naruko, Y. Sakurai, K. Takahashi, D.
Yamauchi, and C. M. Yoo, arXiv:2108.13026.

[42] X. Zhou, S. Chen, and J. Jing, Sci. China Phys. Mech.
Astron. 65, 250411 (2022).

[43] K. Destounis, A.G. Suvorov, and K.D. Kokkotas, Phys.
Rev. D 102, 064041 (2020).

[44] M. Takahashi and H. Koyama, Astrophys. J. 693, 472
(2009).

[45] G. Contopoulos, G. Lukes-Gerakopoulos, and T.A.
Apostolatos, Int. J. Bifurcation Chaos Appl. Sci. Eng. 21,
2261 (2011).

[46] G. Lukes-Gerakopoulos, Phys. Rev. D 86, 044013 (2012).

[47] J. Brink, M. Geyer, and T. Hinderer, Phys. Rev. D 91,
083001 (2015).

[48] O.Zelenka and G. Lukes-Gerakopoulos, arXiv:1711.02442.

[49] G. Lukes-Gerakopoulos and O. Kopacek, Int. J. Mod. Phys.
D 27, 1850010 (2017).

[50] A. Cardenas-Avendaiio, A. F. Gutierrez, L. A. Pachon, and
N. Yunes, Classical Quantum Gravity 35, 165010 (2018).

[51] G. Lukes-Gerakopoulos and V. Witzany, arXiv:2103.06724.

[52] A. Deich, A. Cardenas-Avendafio, and N. Yunes, Phys. Rev.
D 106, 024040 (2022).

[53] C.Y. Chen, E. L. Lin, and A. Patel, Phys. Rev. D 106,
084064 (2022).

[54] S. Mukherjee, O. Kopacek, and G. Lukes-Gerakopoulos,
Phys. Rev. D 107, 064005 (2023).

064016-15


https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ac6674
https://doi.org/10.1103/PhysRev.174.1559
https://doi.org/10.1103/PhysRevD.100.104054
https://doi.org/10.1007/s10714-021-02795-2
https://doi.org/10.1007/s10714-021-02795-2
https://doi.org/10.1103/PhysRevD.55.4848
https://doi.org/10.1103/PhysRevD.61.024005
https://doi.org/10.1103/PhysRevD.77.024035
https://doi.org/10.1103/PhysRevD.77.024035
https://doi.org/10.1103/PhysRevLett.126.141102
https://doi.org/10.1103/PhysRevLett.126.141102
https://doi.org/10.1103/PhysRevD.104.064023
https://doi.org/10.1103/PhysRevD.104.064023
https://doi.org/10.1103/PhysRevLett.103.111101
https://doi.org/10.1103/PhysRevD.81.124005
https://doi.org/10.1088/1742-6596/840/1/012021
https://doi.org/10.1088/1742-6596/840/1/012021
https://doi.org/10.1088/0264-9381/22/15/004
https://doi.org/10.1088/0264-9381/22/15/004
https://arXiv.org/abs/1702.00786
https://arXiv.org/abs/1702.00786
https://doi.org/10.1007/s41114-022-00041-y
https://doi.org/10.1007/s41114-022-00041-y
https://doi.org/10.1007/s41114-022-00036-9
https://doi.org/10.1007/s41114-022-00036-9
https://doi.org/10.1103/PhysRevD.48.2635
https://doi.org/10.1103/PhysRevD.48.2635
https://doi.org/10.1103/PhysRevD.67.124026
https://doi.org/10.1086/379650
https://arXiv.org/abs/1003.5015
https://doi.org/10.1103/PhysRevD.84.023003
https://doi.org/10.1103/PhysRevD.84.023003
https://doi.org/10.1103/PhysRevD.74.024014
https://doi.org/10.1103/PhysRevD.74.024014
https://doi.org/10.1088/1361-6382/ab6391
https://arXiv.org/abs/2305.10382
https://doi.org/10.1088/1475-7516/2020/11/001
https://doi.org/10.1007/JHEP01(2021)018
https://doi.org/10.1007/JHEP01(2021)018
https://doi.org/10.1103/PhysRevD.103.124035
https://doi.org/10.1103/PhysRevD.103.124035
https://doi.org/10.1103/PhysRevD.102.124017
https://doi.org/10.1103/PhysRevLett.126.241104
https://doi.org/10.1103/PhysRevD.102.084021
https://doi.org/10.1103/PhysRevD.102.084021
https://doi.org/10.1140/epjc/s10052-021-09716-2
https://doi.org/10.1088/1475-7516/2021/05/073
https://doi.org/10.1088/1475-7516/2021/05/073
https://doi.org/10.1088/1475-7516/2019/06/029
https://doi.org/10.1088/1475-7516/2019/06/029
https://arXiv.org/abs/2212.09495
https://arXiv.org/abs/2302.04272
https://doi.org/10.1088/1361-6382/ac7027
https://doi.org/10.1088/1361-6382/ac7027
https://doi.org/10.1140/epjc/s10052-020-08744-8
https://doi.org/10.1140/epjc/s10052-020-08744-8
https://arXiv.org/abs/2305.14924
https://arXiv.org/abs/2108.13026
https://doi.org/10.1007/s11433-021-1865-3
https://doi.org/10.1007/s11433-021-1865-3
https://doi.org/10.1103/PhysRevD.102.064041
https://doi.org/10.1103/PhysRevD.102.064041
https://doi.org/10.1088/0004-637X/693/1/472
https://doi.org/10.1088/0004-637X/693/1/472
https://doi.org/10.1142/S0218127411029768
https://doi.org/10.1142/S0218127411029768
https://doi.org/10.1103/PhysRevD.86.044013
https://doi.org/10.1103/PhysRevD.91.083001
https://doi.org/10.1103/PhysRevD.91.083001
https://arXiv.org/abs/1711.02442
https://doi.org/10.1142/S0218271818500104
https://doi.org/10.1142/S0218271818500104
https://doi.org/10.1088/1361-6382/aad06f
https://arXiv.org/abs/2103.06724
https://doi.org/10.1103/PhysRevD.106.024040
https://doi.org/10.1103/PhysRevD.106.024040
https://doi.org/10.1103/PhysRevD.106.084064
https://doi.org/10.1103/PhysRevD.106.084064
https://doi.org/10.1103/PhysRevD.107.064005

CHE-YU CHEN, HSU-WEN CHIANG, and AVANI PATEL

PHYS. REV. D 108, 064016 (2023)

[55] K. Destounis, G. Huez, and K. D. Kokkotas, Gen. Relativ.
Gravit. 55, 71 (2023).

[56] K. Destounis, F. Angeloni, M. Vaglio, and P. Pani, arXiv:
2305.05691.

[57] K. Destounis and K. D. Kokkotas, arXiv:2305.18522.

[58] G. Contopoulos, Order and Chaos in Dynamical Astronomy
(Springer, 2002), 10.1007/978-3-662-04917-4.

[59] H.G. Schuster and W. Just, Deterministic Chaos an
Introduction (Wiley-VCH, New York, 2005).

[60] A.J. Lichtenberg and M. A. Lieberman, Regular and
Chaotic Dynamics (Springer, New York, 1992).

[61] V.1I. Arnold, V. V. Kozlov, and A.I. Neishtadt, Mathemati-
cal Aspects of Classical and Celestial Mechanics (Springer,
New York, 1997).

[62] R. M. Wald, General Relativity (Chicago University Press,
Chicago, 2010).

[63] G. Caviglia, C. Zordan, and F. Salmistraro, Int. J. Theor.
Phys. 21, 391396 (1982).

[64] P. V.P. Cunha, C. A. R. Herdeiro, and E. Radu, Phys. Rev. D
98, 104060 (2018).

[65] C.Y. Chen, J. Cosmol. Astropart. Phys. 05 (2020) 040.

[66] H.C.D. Lima, Junior., L. C. B. Crispino, P. V. P. Cunha, and
C. A.R. Herdeiro, Phys. Rev. D 103, 084040 (2021).

[67] V. Cardoso, M. Kimura, A. Maselli, and L. Senatore, Phys.
Rev. Lett. 121, 251105 (2018).

[68] P. A. Cano and A. Ruipérez, J. High Energy Phys. 05 (2019)
189; 03 (2020) 187(E).

[69] B. Carter, J. Math. Phys. (N.Y.) 10, 70 (1969).

[70] S. Datta and S. Mukherjee, Phys. Rev. D 103, 104032
(2021).

[71] P. Schmidt, F. Ohme, and M. Hannam, Phys. Rev. D 91,
024043 (2015).

[72] G. A. Piovano, R. Brito, A. Maselli, and P. Pani, Phys. Rev.
D 104, 124019 (2021).

[73] V. Skoupy, G. Lukes-Gerakopoulos, L. V. Drummond, and
S. A. Hughes, arXiv:2303.16798.

[74] L.Barack and A. Pound, Rep. Prog. Phys. 82,016904 (2019).

[75] T. Hinderer and E. E. Flanagan, Phys. Rev. D 78, 064028
(2008).

[76] L. Speri and J. R. Gair, Phys. Rev. D 103, 124032 (2021).

[77] Z. Pan, H. Yang, L. Bernard, and B. Bonga, arXiv:
2306.06576.

064016-16


https://doi.org/10.1007/s10714-023-03119-2
https://doi.org/10.1007/s10714-023-03119-2
https://arXiv.org/abs/2305.05691
https://arXiv.org/abs/2305.05691
https://arXiv.org/abs/2305.18522
https://doi.org/10.1007/978-3-662-04917-4
https://doi.org/10.1007/BF02650240
https://doi.org/10.1007/BF02650240
https://doi.org/10.1103/PhysRevD.98.104060
https://doi.org/10.1103/PhysRevD.98.104060
https://doi.org/10.1088/1475-7516/2020/05/040
https://doi.org/10.1103/PhysRevD.103.084040
https://doi.org/10.1103/PhysRevLett.121.251105
https://doi.org/10.1103/PhysRevLett.121.251105
https://doi.org/10.1007/JHEP05(2019)189
https://doi.org/10.1007/JHEP05(2019)189
https://doi.org/10.1007/JHEP03(2020)187
https://doi.org/10.1063/1.1664763
https://doi.org/10.1103/PhysRevD.103.104032
https://doi.org/10.1103/PhysRevD.103.104032
https://doi.org/10.1103/PhysRevD.91.024043
https://doi.org/10.1103/PhysRevD.91.024043
https://doi.org/10.1103/PhysRevD.104.124019
https://doi.org/10.1103/PhysRevD.104.124019
https://arXiv.org/abs/2303.16798
https://doi.org/10.1088/1361-6633/aae552
https://doi.org/10.1103/PhysRevD.78.064028
https://doi.org/10.1103/PhysRevD.78.064028
https://doi.org/10.1103/PhysRevD.103.124032
https://arXiv.org/abs/2306.06576
https://arXiv.org/abs/2306.06576

