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Recent advancements in observational techniques have led to new tests of the general relativistic predictions
for black-hole spacetimes in the strong-field regime. One of the key ingredients for several tests is a metric that
allows for deviations from the Kerr solution but remains free of pathologies outside its event horizon. Existing
metrics that have been used in the literature often do not satisfy the null convergence condition that is necessary
to apply the strong rigidity theorem and would have allowed us to calculate the location of the event horizon by
identifying it with an appropriate Killing horizon. This has led earlier calculations of event horizons of
parametrically deformed metrics to either follow numerical techniques or simply search heuristically for
coordinate singularities. We show that several of these metrics, almost by construction, are circular. We can,
therefore, use the weak rigidity and Carter’s rotosurface theorem and calculate algebraically the locations of
their event horizons, without relying on expansions or numerical techniques. We apply this approach to a
number of parametrically deformed metrics, calculate the locations of their event horizons, and place
constraints on the deviation parameters such that the metrics remain regular outside their horizons. We find that
introducing very general parametrizations of potential deviations is typically accompanied by pathological
behavior that extends outside the horizons of the black holes. We also show that calculating the angular
velocity of the horizon and the effective gravity there offers new insights into the observational signatures of

deformed metrics, such as the sizes and shapes of the predicted black-hole shadows.

DOI: 10.1103/PhysRevD.107.044015

I. INTRODUCTION

General relativistic predictions for the spacetimes of
black holes are now being tested against observations of
gravitational waves during the coalescence of stellar-mass
black holes [1], the detection of post-Newtonian effects
in the orbits of stars around Sgr A* in the center of the
Milky Way [2], as well as imaging observations of super-
massive black holes with horizon-scale resolution [3,4].
Performing these tests requires a framework that allows for
deviations from these general relativistic predictions. One
of the ingredients of such a framework is a model for the
equilibrium spacetime of the compact object that is allowed
to be parametrically different from the Kerr spacetime.

The no hair theorem in general relativity ensures that
the only black-hole spacetime that is stationary, axisym-
metric, asymptotically flat, free of pathologies, and a
solution to the Einstein field equations is the one described
by the Kerr metric [5]. (For astrophysical black holes,
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we do not consider the additional degrees of freedom
introduced by an electric charge.) Introducing any devia-
tions from the Kerr metric, therefore, requires that one of
these basic assumptions for the spacetime is allowed to be
violated. Early attempts considered metrics that are Ricci
flat, i.e., metrics that are solutions to the Einstein field
equations but describe either naked singularities [6] or have
other pathologies such as closed timelike curves [7,8].
Because the presence of pathologies outside the horizons
often precludes the calculation of observable predictions,
most recent attempts have instead abandoned the
assumption of Ricci flatness and either introduce para-
metric deviations in a manner that is agnostic to the
underlying theory [9—14] or that are specific solutions to
modified field equations [15]. Invariably, all these vacuum
spacetimes contain pathologies but, as long as they reside
inside event horizons, they do not hamper the calculation of
observables. Identifying the presence of event horizons and
calculating their locations is, therefore, critical for assessing
whether a parametric non-Kerr spacetime is suitable for
tests of gravity with black-hole observations.
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The event horizon of an asymptotically flat spacetime
is a continuous null surface that separates spacetime
locations from which a future null geodesic can reach
future null infinity from those that cannot. A variety of
techniques have been developed for event-horizon finding,
primarily to address the needs of the numerical relativity
community [16]. Albeit not complicated, especially in the
case of the stationary and axisymmetric spacetimes usually
considered, these techniques involve the solution of differ-
ential equations, which often can be achieved only numeri-
cally. Such techniques have been employed in Ref. [8] to
find the horizons of several non-Kerr spacetimes.

In general relativity, one can use Hawking’s strong rigidity
theorem to connect the global concept of an event horizon
to the local concept of a Killing horizon, which is easier to
calculate [S]. The strong rigidity theorem requires that the
Ricci tensor of the spacetime satisfies the null convergence
condition R, #1* > 0, for all null vectors /# [17]. In general
relativity, this condition is closely connected to the weak
energy condition [18] since

1
R,V = 8z <TW - 5Tg,w> Pl = 8T, 'l 20, (1)

which is expected to be satistied. For spacetimes that do not
obey the Einstein field equations, however, the null con-
vergence condition is not necessarily satisfied and, therefore,
one cannot apply the strong rigidity theorem to calculate the
event horizon.

The more powerful, albeit less general, weak rigidity
theorem [5], which shows that the rotosurface is a Killing
horizon, and Carter’s rotosurface theorem [19], which
says that the rotosurface is the event horizon, connect
the event horizon of a spacetime with a Killing horizon
without making any assumptions regarding the underlying
field equations, if the spacetime is stationary, axisymmetric,
and circular (see Ref. [20] for an introduction to rigidity
theorems). A spacetime is circular if it has two Killing
vectors k and m and

Krm*NAmel = 0, (2)

ml VAP = 0. (3)

We use here the term “circular” for any gravity theory
and for vacuum spacetimes that satisfy these conditions,
even though the term was originally introduced for general
relativistic spacetimes in the presence of matter, which
obey the circularity condition only if the matter field is in
circular orbits, i.e., with no meridian motions [21].
When expressed in adapted coordinates (z,r,0,¢), a
circular spacetime can be separated into two submanifolds:
the M ,4) one spanned by the orbits of the two Killing

vectors and the orthogonal manifold M ,4), whose tangent
vectors are orthogonal to the tangent vectors of the orbital
submanifold M. The orthogonality of the tangent
vectors of Mg and M, allows for the covariant metric
(defined on the tangent space) to be decomposed into a
metric on the tangent vectors of M,y and a metric on the
tangent vectors of M .4, with no cross terms. Furthermore,
the metric components in a separable structure only depend
on the non-ignorable coordinates r, 6.

Almost by construction, the vast majority of parametri-
cally deformed Kerr metrics obey the circularity condition,
as do many of the black-hole metrics that are solutions to
modified field equations. This property allows us to find
their event horizons, without resorting to complex integra-
tions of differential equations. In Sec. II, we demonstrate
this approach on two widely used parametric metrics,
which we show are indeed circular and use this property
to calculate the locations of their event horizons. In Sec. III,
we evaluate the circularity condition for two spacetimes
that are solutions to modified field equations, show that
one satisfies it and the other does not, and discuss the
applicability of the above theorem. We offer our brief
conclusions in Sec. IV.

II. PARAMETRICALLY DEFORMED
BLACK-HOLE METRICS

In this section, we evaluate the validity of the circularity
condition for two metrics that are parametrically different
from Kerr and use Carter’s rotosurface theorem and the
weak rigidity theorem to calculate the locations of their
event horizons.

A. The Johannsen-Psaltis metric

The first metric we will explore is the one introduced
by Johannsen and Psaltis [10,11] (hereafter the JP metric)
and further developed in, e.g., Ref. [13]. This was devel-
oped to be free of pathologies, while allowing for para-
metric deviations from the Kerr metric and for the existence
of three integrals of motion for the trajectories of particles
and photons. The original version of this metric was
generated from the static Schwarzschild metric by adding
higher order terms in 1/r, which maintains staticity, and
then performing a Newman-Janis transformation, which
loses staticity, when real r-dependent terms are replaced
by suitable combinations of complex r and 7 terms.
This procedure, however, does maintain circularity, as only
radial and not azimuthal terms are modified by the
replacement prescription of r. The separable version of
the metric was obtained by modifying directly the contra-
variant components of the Kerr metric via the addition of
higher-order terms in 1/r, as well, but in a manner such that
the corresponding Hamilton-Jacobi equations remain sepa-
rable. This approach also preserves circularity.

044015-2



IDENTIFYING THE EVENT HORIZONS OF PARAMETRICALLY ...

PHYS. REV. D 107, 044015 (2023)

The general form of the JP metric in Boyer-Lindquist-like coordinates is

(A — a?A3sin? 0)

» 2a[(r? + a*)AjA; — A]Esin 0

ds* = — dtd
S (7 1 d)A, — A, sin? ]2 (P T A, — Ay st o 47
1= Tsin 9[(r? + a?)?A? — a*Assin® )
——dr? ; dg? + £d6”, 4
LW R [Py ey LR @
|
with and ¢, i.e., 0,9, = 9y9,, = 0. To assess the circularity of
" the JP metric, we write
Al =14+-—2+00™),
ar Kem* N m?) = k'm?(V'm® — Vom”)
_ 22 -3
A2 =1 + 7 + O(r ), = grrvrmﬂ - gﬂHVer

a
As =1+ % + 0073,

S=r+atcos?+ 2+ O(r?) (5)
r

and the usual Kerr definitions for A = r?> — 2Mr + a® and
¥ = r? + a? cos? 0. The JP metric reduces to the standard
Kerr metric for @;; =0 and €3 = 0. Unless otherwise
specified, we set G = ¢ = M = 1, where G is the gravi-
tational constant, c is the speed of light, and M is the mass
of the compact object, as measured with Keplerian orbits
at large distances.

The JP metric, in general, does not obey the null
convergence condition. To verify this, we take the limit
M <1 and set the spin and all deviation coefficients a;;
of the JP metric to zero. The metric becomes diagonal
with g,, = —g, = 1 +%3. This means that the 4-vector
[ = 0, 4 0, is null. We obtain

R,IFIY =R, +R,,
B 3¢5 1077 + 5
TP ) { G +e3>}

12¢5

5 - (6)

— [ Jes]!) - =
This last expression can be positive or negative at large
distances from the horizon, depending on the sign of the
parameter €3. As a result, the null convergence condition is
not satisfied and Hawking’s strong-rigidity theorem cannot
be applied to identify the event horizon of the JP metric
with a Killing horizon.

We can demonstrate explicitly, however, that the JP
metric is circular and, therefore, can apply the weak rigidity
theorem and the rotosurface theorem. In adapted Boyer-
Lindquist coordinates, as written above, the JP metric has
two Killing vectors given by k = 0, and m = 9, because
the metric coefficients are independent of the coordinates ¢

= grrpzqS _ gﬂé’r‘;(p =0, (7)

where we used the fact that the only nonzero components
of the two Killing vectors are X' =1 and m? =1 and
that Ff¢ =I%;,=0. A similar argument holds for

mi Vil = 0. The JP metric is, therefore, circular.
Note that, even though we have shown explicitly the
circularity property of the JP metric, the same conclusion
can be reached for any spacetime that follows the general
form of the Lewis-Papapetrou metric.

According to the weak rigidity and the rotosurface
theorems, the event horizon of the JP metric is also a
Killing horizon. To calculate the location of the latter, we
first evaluate the quantity

N = —(k A mlk A m), (8)

which in adapted coordinates is the negative determinant of
the ¢, ¢p-part of the metric, i.e.,

N =—(k A mlk A m)
— —[(k|) (m]m) — (k[m)?]

*

=~ (9u9gp — Gip)
= —det 9(1¢)- (9)

Here, the expression (a|b) denotes the inner product of the

4-vectors a and b and the symbol = denotes the values of
the scalar quantities (k|k),(k|m), and (m|m) in Boyer-
Lindquist coordinates. On the Killing horizon, ' = 0 [20].
Therefore, the roots of A trace the Killing horizon of
this circular spacetime, which is identical to its event
horizon [22].

To calculate the location of the horizon in the JP metric,
it is easier first to express the latter in terms of rational
polynomial coordinates, i.e.,
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S[A - a?AY(1 - 2))

_2a[(P + a®)AA, - AJE(1 - 22)

T N () Ry T N () s
1 X 21 = 2)[(? + a®)?A? = a®A(1 - 22)] z
+A—5Kdr2—|— [(,,2_,_0,2)141 _a2A2(] _22)]2 d¢2—|—(1 _zz) dZZ’ (10)

with the various coefficients expressed as before. The
determinant A in the JP metric is

A1 =22) (P + a®r? + e3)?
a2+ ap( @) - andr(1 - T
rOAZ? (1 - 2%)

[PE 4+ ai3(r? + a®) — appa®r(1 = 22)]

N =

5 = Ah(r, z)
(11)

and is zero for r = 0, A = 0, and ¥ = 0. The outer event
horizon is located at A =0, ie., r=r, =14+ V1 - a2,
just as in the case of the Kerr metric. The location of
the event horizon does not depend on the choice of the
deviation parameters.

A second condition for the applicability of Carter’s
rotosurface theorem is that the metric remains regular outside
the event horizon, i.e., that det g, < 0 and never blows up.
This condition was explored in detail in Ref. [11], where it
was used to place bounds on the possible values of the
deviation parameters.

The weak rigidity theorem allows us to calculate a few
additional properties of the JP metric (see Ref. [20] for details).
The angular velocity of the outer event horizon is equal to

o | 60| . s _ o
(m|m) | gy (k[m) |gy 9y, 9o lr.,
a A2 a [2%%) a3 -1
= (=) =——(1+—= )1 +— .
ri+f(m> ri+f<'*&><'*ﬁ

(12)

This is constant along the horizon, as expected from
the theorem, which states that the horizon rotates rigidly for
circular metrics. We note that Qi does not depend on the other
two parameters €3 and as,. The first of these parameters enters
the term X, which is a common factor for g,,, Gig» and gy, and,
therefore, drops out of the calculation of det g4 = 0. The
second of these parameters enters only the g,.,. component and,
therefore, does not impact the calculation of det g,

The Killing vector /¥ of the JP metric that corresponds to
the Killing horizon is equal to

P o=k 4 Qum®

a a apz) !
:k”+72<1+%>(1+#> m*.  (13)
ri+a ry i

Finally, the surface gravity on the outer event horizon for
the JP metric is

- 27-1/2
el [1 + (a—f> } " (14)
ri+a ry
which is also clearly constant along the horizon and
vanishes for an extremal black hole (r, = 1). The surface
gravity depends only on the deviation parameter a3 and
not on ay,. It defaults to the value (r, —1)/(r2 + a?)
for the Kerr metric (a;3 = 0) and the value 1/4 for the
Schwarzschild metric (@ = 0, a3 = 0).
It is interesting to note that, for the Kerr metric, the sum

Q2 + «? evaluated on the event horizon is a function only
of the horizon radius r, i.e.,

2 r.—1\2 A+1 1
Q2= (L + o
K (2”+ + 2r, 4ri 4}’?F

This is not true any longer for the JP metric, for which the
Q2 + «? evaluated on the event horizon depends on both
r, and the parameter a,,.

(15)

B. The Rezzolla-Zhidenko metric

The Rezzolla-Zhidenko (RZ) metric approach introduces
the functions N, W, K, £, and B such that the resulting
metric takes the form

(N? — W?sin? 0)

2 _
ds® = — 2

dr> — 2Wrsin? dtde

. [ B?
+ K?r%sin? Odg?® + = <W dr* + r2d€2) (16)

with suitable restrictions on the a priori arbitrary functions
to make the metric asymptotically flat and to identify the
mass parameter and angular momentum of a rotating black
hole. The functions N, W, K, B, S are specified to depend
only on the coordinates r and 6. This ensures that k = 9,
and m = d;, remain Killing vectors.
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To lowest order in the deviation parameters, the
various parametric functions become (see Appendix A
of Ref. [14])

ro 2—}"0 a2~|—r2—2r0 61017'3
N*(r.0) = <1—7> {1— —+ r02 + r30
3 k 3
4|00y Difo 2 | cos?0,
r g k(D)
L+kos (1-2)
(17)
b by 13
B(F,9)21+ 012}"0 21;0 0529, (18)
r r
a2
3(r,0) = 1 4+ — cos?6),
r
1 2a wmrg wzlr?)
W(r,0) =500 |2t P +Tc0329 . (19)
W(r,0
K2(r,0) = 1 + W0
-
1 612 k21 ro 2
+Z(F,9) ﬁ+1+ koo (1-2) F—3COS o1
ka3 (1—2)
(20)

where we have set some coefficients to the values
dictated by various requirements regarding the asymptotic
behavior of the metric and regularity conditions near the
horizon. Note that the continued fraction in N> and K? with
ky, = —a?/r} and ky; = a®/r3 is necessary to reproduce
the Kerr metric.

The determinant of the ¢,¢p-part of the metric is

N = N*r*sin? 0, (21)

and, therefore, the locations of the Killing and event
horizons can be found by the requirement N> = 0. We
will first explore the location of the horizon in spherical
symmetry, i.e., by setting a = 0 and choosing appropriate
values for the other parameters such that there is no
dependence of N? on the polar angle 6. This is the metric
originally introduced in Ref. [14], with a; = ay,.

By solving the algebraic equation N' = 0 and exploring
the relative ordering of the solutions, we find, contrary
to the result reported in Ref. [14] that the outer horizon
occurs either at

i =To (22)

or at

W | =

2 _ 2
rh,2 — (2 — 1y + Zw + Y1/3> , (23)

Y1’ :

where

1
Y, = E{Yl + [32(rg = 2)3(rg + 1)* + Y3J2},

Y, = 16+ 12rg — 2473 + 7r3 = 2Tag r3, (24)

depending on the magnitudes of the parameters r, and ag .
In particular, when ry, > 1, the horizon is at ry, | for

ag > acy = (4—=3rg)/r9 (25)

and connects continuously to ry,, for ay < a.;. On the
other hand, when ry < 1, the horizon remains at r;,; for
large values of ay; but jumps discontinuously to r, , when

(2—”0) o
ag L daep = [8+4\/4+2r0—2r
2713 0

+ rO(IO —Tro+44/4 +2ry — zrg)}. (26)

(Note that the expression for ry,, is real when this last
condition is satisfied but needs to be evaluated with care, as
it involves the cancellation of two imaginary terms of equal
magnitude but opposite sign.) Of course, these conditions
will be modified if terms of higher order, i.e., ap and
higher, are included. Figure 1 shows the distinct regions of
the (ry,aq;) parameter space for the calculation of the
horizon radius, as well as two examples of the dependence
of the horizon radius on the parameter a,.

The second condition for the applicability of Carter’s
rotosurface theorem is that the determinant of the metric is
negative everywhere, i.e.,

det g,, = —B*£?r*sin? 0 < 0. (27)

This condition ensures that the metric is everywhere
Lorentzian. The determinant of the metric is manifestly
negative unless the coefficients of the B function are such
that B = 0 somewhere outside the outer event horizon.
For a spherically symmetric spacetime and keeping only
the lowest-order deviation parameters, this implies that,
in order for B to not be zero when r > r;, (see Eq. (17)),
the by, parameter needs to satisfy

boy > — (;—2)2 (28)

Because, as we have seen above, the horizon radius
depends both on the parameters r, and ag;, this last
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(Left) Distinct regions in a cross section of the parameter space of the spherically symmetric RZ metric for the calculation of

the radius of the event horizon. The two expressions for the critical curve to the left and to the right of the solid circle are defined in
the main text. The dashed segment of the curve signifies the fact that the horizon radius changes discontinuously there. (Right) The
dependence of the horizon radius on the deviation parameter a(; of the spherically symmetric RZ metric, for different values of the
parameter . The change in the slope occurs on the critical curve shown on the left panel. When r, < 1, the change is discontinuous.

condition also implicitly depends on both the r; and ag,
parameters.

Finally, to ensure that there exist no closed timelike curves
outside the horizon requires that g, > 0 [8]. This is always
true for a spherically symmetric RZ spacetime but translates
to the requirement K> > 0 in the presence of spin. Note that,
although two of the deformation functions (N> and K?) are
written as perfect squares, their actual functional forms allow
them to become negative, depending on the values and signs
of the various deviation parameters.

Exploring the details of the event horizon for the general
form of the RZ metric without spherical symmetry is
beyond the scope of this paper. We note, however, that
the shape of the horizon and its size will depend also on the
spin a as well as on the values of additional parameters such
as ky1, arg, and a,;. In fact, the shape of the horizon may be
oblate or prolate in Boyer-Lindquist-like coordinates,
depending on the signs of these parameters. Furthermore,
because the radius of the horizon is not necessarily equal
to r¢, the condition for a spherically symmetric horizon is not
kyy + arg + a3 = 0 as suggested in Ref. [14]. Requiring
that the horizon completely surrounds the central singular-
ities and that the metric remains Lorentzian outside the
horizon will introduce a number of additional bounds on
the deviation parameters, which can be found following the
procedures we outlined above. Such bounds on the deviation
|

Pt = ((r? + a®)A| — a*A,sin0)? + a®(r* + a®)(Ag — A1A2)sin26<

parameters have been explored in Ref. [23], albeit without
using the correct location of the event horizon.

C. The Carson-Yago metric

Carson and Yagi [24] introduced a separable metric,
based on the separable version of the JP metric, by
expanding the Carter tetrad terms and assigning arbitrary
functions to each of the terms in the expansion. They then
imposed constraints on the arbitrary functions by requiring
that the spacetime is asymptotically flat and complies
with the observational constraints on the coefficients of
the parametrized post-Newtonian metric.

The resulting metric is

(A — a?A3sin” 9)

ds®> = — — dr’
PE
_ aXsin® 9((r2~:r a*)Ay - A) drdo
p
Tsin? 0((r? + a?)?A} — a*>Asin® 0)
+ ! d¢p?
P
+ = dr? + £d6? (29)
AsA ’
with
r? + a?
Motk =), (0)

044015-6



IDENTIFYING THE EVENT HORIZONS OF PARAMETRICALLY ...

PHYS. REV. D 107, 044015 (2023)

S=3+f(r)+g), ZT=r"+d’>cos’d, and A=
r> —2Mr + a*. The functions A,(r), f(r), g(6) are given
by expansions of the form

A =1+ a, (%) (31)

§(0) = M2 S 1P, c0s0), (33)

with P,(cos0) the Legendre polynominals. The separable
JP metric is recovered for A, = A A,. Carson and Yagi also
show that this metric can be mapped to several well-known
black-hole solutions such as the Einstein-dilaton-Gauss-
Bonnet, the dynamical Chern-Simons, and the Kerr-Sen
solution. It also contains the RZ metric, as a subset.

The Carson-Yagi metric is axisymmetric, stationary, and
circular, since it has the required form in adapted coor-
dinates and the coefficients only depend on r and 6.
However, this is an example, where the second condition
for the applicability of Carter’s rotosurface theorem,
namely that the metric remains regular outside the event
horizon, is not met for the general form of the metric. For
example, this is the case when A, is arbitrary; A, A,, A5 are
all set to 1, and f, g are set to 0. This means that Carter’s
rotosurface theorem that implies N =0 at the event
horizon (and would lead to A = 0) cannot be used in
general for the Carson-Yagi metric. This is caused mainly
by the additional (second) term in j*, which is proportional
to Ay — A A, and allows det g, to change sign outside the
Killing horizon. It is also easy to see that g, g,4, and g,
are zero at A =0 and do not allow a unique evaluation
of the angular velocity at A = 0. The same goes for the
Killing vector / = k+ Qum and the surface gravity at
A = 0. In the case of the separable version of the JP metric,
the term proportional to Ay — A;A, drops out, since
Ay = A1A,, and Carter’s theorem can be applied.

Requiring regularity outside the event horizon requires
certain correlations between the various parameters to be
satisfied. Exploring such correlations is beyond the scope
of this work. However, the example of the Carson-Yagi
metric, together with the case of the RZ metric, suggests
that the most general parametrizations of deviations from
the Kerr metric are often accompanied by pathologies that
are not enshrouded by horizons.

III. BLACK-HOLE METRICS FROM MODIFIED
GRAVITY THEORIES

In this section, we evaluate the circularity condition for
two metrics that are solutions to modified field equations.

A. Black-hole metrics in
Einstein-Maxwell-dilaton-axion theories

The first metric we investigate in this category is
the Einstein-Maxwell-dilaton-axion (EMDA) metric. This
describes a gravitional/electromagnetic system with the
two additional fields, the scalar dilaton, which couples to
the electromagnetic field via the scalar F,, F**, and the
pseudoscalar axion, which couples to the electromagnetic
field via the pseudoscalar F,, * F**.

We follow the notation of Ref. [25], but in order to be
consistent with Ref. [26], we rename X to A, A to 3,
interchange b and f and finally replace m by m = M + b.
We then go to rational polynomial coordinates and set
G =c¢ =M =1 such that

~

A—a?(1-22 2a(6 — AW)(1 — 22
dst = A7) o 200 AW =2 g
p) by

)y by A(l =22
+ = dr? + dz> + ———>d¢? 34
AT T a " s (34)
with

£ =12 4 a2 = (B +2br) + By(By — 2az), (35)
A=r—2rta®=(f+20r) = fi(1+20).  (36)

ﬁab(zz - ﬁab) + /7%

W=1 , 37
+ 1 -2 (37)
6=1r2—2br+a, (38)

A =8 —a*AW?(1 - 22). (39)

Here, b is the coupling parameter of the dilaton and S
the coupling parameter of the axion. The constants are
defined as

o k=t

B
ba=14 b’

_ b
ﬁab _E (40)

The metric has a clear coordinate singularity at A = 0,
which has been tentatively identified with the event horizon
in earlier studies. We will show here that this condition
indeed specifies the location of the event horizon, albeit
for a different physical reason. In the following, we show
explicitly the dependence of the various results on the mass
M, for reasons that will become readily apparent.

The metric is clearly circular, as it is in the canonical
form and the metric coefficients depend only on the
coordinates r and z. Moreover, the determinant of the
EMDA metric in rational polynomial coordinates is

detg,, = —(r? + a*z* — > = 2br — 2azp,, + p3)* = —32.
(41)
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This shows that the EMDA metric is Lorentzian outside the
singularity at £=0. Expanding g,, and g,, in Boyer-
Lindquist coordinates shows that the metric in the dilaton-
only case, with the axion coupling constant f set to zero, is
asymptotically flat. The metric with # # 0 is not asymp-
totically flat, as the series expansion of g, in the radial
coordinate contains a constant term proportional to f,
which is not admissible for asymptotically flat spacetime
[20]. This is not surprising, as the axion parameter f is
related to the Newman-Unti-Tamburino (NUT) parameter
of the asymptotically non-flat Taub-NUT spacetime [25].

This allows us to apply Carter’s theorem (albeit with
constraints on the various coupling parameters to ensure
that £ # 0) only in the case with b #0 and S =0.
Nonetheless, we perform the following calculations for
the general case b, # # 0. We write the determinant of the ¢,
¢ part of the metric as

N==(a®=2r+r+p =2br+2bp7 - ) (1-22) =—A
(42)
and conclude (at least in the case of f = 0) that, indeed,

the event horizon in the EMDA metric is located at A = 0,
1.e., at

= (140 + /(b2 4~ (43)

It is through the application of the weak rigidity and
rotosurface theorems that we can identify this location
with the event horizon of the spacetime, even though it
coincides with the location of the coordinate singularity. It
is also interesting that both the dilaton and the axion modify

|

the mass-dependent term of the horizon (when compared to
the Kerr value) but not the spin-dependent term.

As implied by the rigidity theorem, the angular velocity
is constant on the outer event horizon, i.e.,

a a

Q=9 _
B85 R +a®—2br. 200+ b)r,’

(44)

The surface gravity on the horizon with no axions

(B = 0) is

re=(1+b)

= 45
2r, (45)
whereas with no dilaton (b = 0) it is
-1
s (46)
2ry +p

Note that in this metric, the sum Q2 + «? depends not only
on r, but also on the spin a and the dilaton parameter b.

B. Black-hole metrics in degenerate higher order
scalar tensor theories

As a final example, we contrast the results presented
earlier with those of a class of black-hole metrics in
degenerate higher order scalar tensor (DHOST) theories
[27,28]. These are stationary axisymmetric metrics that are
not Ricci flat. However, because the underlying scalar field
that sources them is time evolving, the resulting metric
contains off-diagonal terms and cannot be put in the Lewis-
Papapetrou form.

An example DHOST black-hole metric is

2M 4Marsin® Asin?
ds2——<1— r)dt2—\/1+0ﬂdzd¢+ S0 g2

z

z 2Mr(r? + a?)

AZ

+ [A—D(1+D)

with A(r) = r? = 2Mr + a?, 2(r,6) = r* + a* cos® 6, and
A(r,0) = (r? + a*)? — a*Asin’> 0. The disformal param-
eter D, which is associated with the linear rate of change of
the scalar field, sets the mass and spin of the black hole, as
measured by an observer at infinity, to M = M /(1 + D)
and a = av/1 + D, respectively. The limit D = 0 repro-
duces the standard Kerr solution.

The DHOST metric is asymptotically flat and admits
an asymptotically timelike Killing vector k (= 9,) and a
second Killing vector m (= d,) for axisymmetry. However,
as discussed extensively in Ref. [27], the presence of these
two symmetries does not guarantee that the circularity

dr* = 2D

>
2Mr(r? + a?)

A drdt + Sd6> (47)

|
condition is satisfied. Indeed, the metric contains a g,,-term,
which arises from the time evolution of the scalar field.
As a result, the 1-form associated with the timelike
Killing vector is given by k= g,dt+ g,yd¢ + g,.dr,
whereas the 1-form associated with the spatial Killing
vector remains m = gy, dt + gs4dg. This leads to the
following equalities:

mA kA dk

= Gir[~(0091)9pp + (0091p) Gig) dt N dr A dO N dep,
(48)
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kAmAdm

= 9ir[=(099pp) 919 + (009:19)9pg) dt A dr A dO A dep.
(49)

Because g,, is nonzero and the t1—, ¢¢-, and t¢p compo-
nents of the metric are O-dependent, the above two
expressions are nonzero and, therefore, the metric is not
circular. The only situation in which the metric is circular is
when 0dpg,, = dggyy = 9p9:p = 0. However, this is equiv-
alent, with an appropriate redefinition of parameters, to the
Schwarzschild metric and, hence, does not represent a new
black-hole solution.

Reference [27] explores in detail the properties of this
metric and offers a possible calculation of its event horizon.
For the purposes of our paper, we present it only as a
counterexample of a black-hole spacetime that is stationary
and axisymmetric but, because it is not circular, does not
allow us to use the weak rigidity theorem and Carter’s
rotosurface theorem to identify its event horizon.

IV. CONCLUSIONS

We have shown that the application of Carter’s rotosur-
face theorem for circular metrics allows us to analytically
calculate the event horizon for several of the most com-
monly used non-GR metrics, as they tend to be circular. We
pointed out instances where the application of the theorem
is not possible, since some of its assumptions, such as
asymptotic flatness, are not satisfied. We also discussed
noncircular non-GR metrics, for which other methods to
determine the event horizon have to be devised.

Our approach allowed us to revisit the investigation of
the event horizon location in the commonly used RZ metric
and also to find a discontinuous jump in the dependence of
this location on particular deviation parameters. Identifying
the correct location of the event horizon is important in
setting bounds on the deviation parameters such that the
parametric metric is free of pathologies.

The application of the weak rigidity and rotosurface
theorems allowed us also to calculate the surface gravity
of the horizon and its angular velocity. Perhaps not
surprisingly, these two properties appear to be directly
related to the predicted shape and size of the predicted
black-hole shadows for these metrics. For the JP metric,
we found that the surface gravity of the horizon depends
on the same deviation parameters that affect the size of
the black-hole shadow (e.g., a;3), whereas the angular
velocity of the horizon depends on the same deviation
parameters that affect the shadows’ shape and, in par-
ticular, any deviation from circular symmetry (e.g., @y,)
[4,29,30]. This is easy to understand since the effective
gravity near the horizon affects the radius of the photon
orbit and, hence, the size of the black-hole shadow. On
the other hand, the angular momentum of the horizon is a
measure of frame dragging, which is responsible for any
deviations of the shadow shape from circular. In a future
publication, we will explore this potential connection to a
greater extent.
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Note added.—During the final stages of our work,
we became aware of Ref. [31], which proposes a
new class of parametric metrics that deviate from
Kerr that allow for violation of the circularity condition.
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prompted by an earlier private communication of our
work, the constraints on the parameters of the RZ
metric imposed by regularity considerations have been
explored.
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