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Abstract: We investigate the polarized images of an equatorial emitting ring around a rotating Konoplya-Zhidenko

non-Kerr black hole, which incorporates an additional deformation parameter. This deformation parameter, 7, per-

mits the spin parameter to exceed the upper bound imposed by the standard Kerr black hole. Our results indicate that

the polarized images depend not only on the magnetic field configuration, fluid velocity, and observer inclination

angle, but also on the spin and deformation parameters. As the deformation parameter increases, the polarization in-

tensity decreases monotonically. Conversely, the magnitude of the Electric Vector Position Angle (EVPA) increases

with 7. Furthermore, we observe that # may induce subtle yet discernible azimuthal separation features, potentially

distinguishing its effects from those of the spin parameter and the magnetic field orientation angle. Nevertheless,

these features remain difficult to resolve under current observational conditions and will require verification by fu-

ture high-resolution facilities such as the next-generation Event Horizon Telescope (ngEHT).
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I. INTRODUCTION

The Event Horizon Telescope (EHT) Collaboration
has released images of the supermassive black holes at
the centers of M87 and Sgr A* [1-7], ushering in a new
erain black hole astrophysics. Recently, polarized im-
ages of these black holes have also been published
[8—10], providing the first measurements of polarization
information reflecting magnetic field properties in such
close proximity to their event horizons. These images ex-
hibit strong, highly ordered spiral polarization patterns,
suggesting that analogous magnetic field configurations
may exist in the vicinity of these supermassive black
holes.

Studies indicate that the formation of polarization pat-
terns depends not only on the physical properties of the
accretion disk but also on the curved spacetime structure

CSTR: 32044.14.ChinesePhysicsC.50095101

near the black hole. Consequently, investigations of black
hole polarization images provide new insights into both
the mechanisms underlying powerful jet formation and
the physical properties of black holes. Furthermore, they
serve as a means to test alternative theories of gravity.
Numerical simulations are typically employed to ac-
curately model polarized images of black holes.
However, such simulations entail substantial computa-
tional costs, primarily due to the need for extensive para-
meter surveys and the complex coupling between astro-
physical and relativistic effects. To mitigate these costs,
Narayan et al. recently proposed a simplified radiative
fluid ring model on the equatorial plane of a black hole to
study the polarized images of Schwarzschild black holes
[11]. This model can reproduce the polarization features
observed in the M87* images released by the Event Hori-
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zon Telescope. A notable feature of this model is its abil-
ity to decouple and analyze the individual effects of vari-
ous physical factors on polarized images, such as the
magnetic field configuration around the black hole, the
velocity profile of the accretion flow, and the observa-
tion inclination angle. The model was subsequently ex-
tended to more realistic scenarios involving rotating Kerr
black holes [12], demonstrating that the differences in
simulated images of the M&87* black hole under low-spin
and high-spin conditions primarily stem from differences
in accretion dynamics. More recently, polarized images
of black holes have been further investigated [13—23].

Although Einstein's general relativity has passed nu-
merous observational and experimental tests, current res-
ults are still insufficient to definitively rule out alternat-
ive theoretical models. Among these alternatives, Jo-
hannsen and Psaltis proposed a rotating non-Kerr space-
time metric that deviates from the Kerr metric [24] with
the aim of testing the black hole no-hair theorem. Their
spacetime incorporates an additional deformation para-
meter, alongside the mass and spin parameters, to quanti-
fy deviations from the standard Kerr black hole space-
time. Recently, Konoplya and Zhidenko proposed anoth-
er rotating non-Kerr black hole metric with static deform-
ation [25], which can be regarded as an axisymmetric va-
cuum solution of a yet-unknown alternative theory of
gravity. Because the event horizon radius does not de-
pend on the polar angle, the horizon surface in this space-
time remains spherical, similar to the Kerr case. It has
been shown that for certain values of the deformation
parameter, the quasinormal modes of the Konoplya-
Zhidenko rotating non-Kerr black hole are identical to
those of the Kerr black hole. This result provides strong
support for the validity of such deformed black hole mod-
els. Furthermore, observational constraints from quasi-
periodic oscillations [26] and the iron line [27] provide
additional support for the hypothesis that this class of
black holes can describe real astrophysical black holes.
The physical properties and observational signatures of
these rotating non-Kerr black holes have been extens-
ively explored [28—32]. This paper aims to investigate the
polarized images in the spacetime of the Konoplya-
Zhidenko rotating non-Kerr black hole, analyzing the in-
fluence of the deformation parameter on the polarization
intensity and the electric vector position angle (EVPA).

This paper is organized as follows: Section II intro-
duces the Konoplya-Zhidenko rotating non-Kerr black
hole spacetime and presents the formula for the observed
polarization vector. Section III presents the polarized im-
ages of the equatorial emitting ring and analyzes the ef-
fects of the deformation parameter on the polarization in-
tensity and the EVPA.

II. OBSERVED POLARIZATION FIELD IN A
KONOPLYA-ZHIDENKO ROTATING NON-
KERR BLACK HOLE

The Konoplya-Zhidenko rotating non-Kerr black hole
solution, introduced in [25], describes a rotating black
hole geometry that deviates from the Kerr solution
through an additional deformation parameter. In Boyer-
Lindquist coordinates, the metric takes the form

Ap? Esin’6 2
ds? = - Far+ =2 (d¢—wdt)2+%dr2+p2d02, (1)
) p
with
A:r2—2Mr+a2—g, 2)
p
o> =1r*+d’cos’ 6, 3)

a(@*>+r*—A)
w=7

= ; 4)

—
—

E= (P +a)’ - Ad’sin’6, (5)

where M, a, and # denote the mass, spin, and deforma-
tion parameter, respectively. Compared to the Kerr black
hole, the inclusion of the deformation parameter not only
extends the permissible range of the spin parameter a but
also modifies the spacetime structure within the strong-
field regime. When n =0, the metric (1) reduces to the
Kerr metric. In accordance with the weak cosmic censor-
ship conjecture, we restrict our analysis to spacetimes in
which an event horizon exists, thereby ensuring that
Equation (1) describes a black hole geometry. The condi-
tion for the existence of an event horizon is given by:

n>0, (a>M),

0> —% (V& =3 +2M) (VAME =34 - M),
(a< M).
(6)

If the parameters # and a fall within alternative ranges,
the spacetime corresponds to a naked singularity.

To investigate the polarized images of the equatorial
emitting ring in the Konoplya-Zhidenko rotating non-
Kerr black hole spacetime, we first present the photon
geodesic equation:
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%p’:r a (P +d*-ad) +a(A-asin’ ),

2

P s _ a2 o

—p’=—(r+a —-ad)+ -a,

Ep A( ) sin’6

o

Epr =%, V R(V),

2

%p‘):i{, 000), %)

where R(r) and O(6) represent the radial and angular po-
tentials, respectively, which take the form

R(r) = (P +d®—ad)’ —A[@+(a- 7],

0(0) = Q+a*cos* 6 — > cot? 6. (8)
The radial integral I, and the angular integral G, for a
photon propagating along a null geodesic from an initial

point (7,0, =n/2) to a final point (r, - ,0,) are ex-
pressed as [33—35]:

o 0,
I =_/ dr =_/ dé -G
T )L aNRD) ) 5 NOO)

©

where the slash through the integral sign denotes that the
sign of £, or x4 reverses whenever the photon encoun-
ters a radial or angular turning point. For a photon traject-
ory with m turning points, the radial integral is expressed
as:

G = ﬁ (me (Zi) - sign(y)F,,) . (10)

Moreover, the relationship between (1,Q) and (x,y) is ex-
pressed as follows:

x:—i y==,/0(). (11)

siné,’

Based on Egs. (9), (10), and (11), the celestial coordin-
ates (x,y) at the observer's position can be computed nu-
merically.

Consider a point source located on a radiation ring in
the equatorial plane of the black hole. In the local or-
thonormal frame of a zero-angular-momentum observer
(ZAMO) co-located with the source, the emitter's velo-
city vector lies entirely within the 7#—¢ plane and takes
the form:

B =B, [cosx (P) +sinx(d)] . (12)

The four-momentum of the photon in the boosted or-
thonormal frame can be obtained

P = A(a()b) e eﬂ(c)l’u' (13)

where ¢, and 1\(“();,) are the zero-angular-momentum ob-
server tetrad and the Lorentz transformation [12], respect-
ively. Thus, in the boosted orthonormal frame, the polar-
ization vector is given by the cross product of the mo-
mentum 7 and the magnetic field B, and is expressed as:

(#) (6)
=0 f(r):p¢ X B
1]
(r) ($) (©6) (r)
p'xXB pY%XB
M= T (9

In the fluid frame, the magnetic field can be expressed as:

=3 A~ A~ ~
B= B,e, + B[be(/, + Bgé‘()
= B, (coseé, +sineey) + Byey

= B,, + Bye,. (15)

Thus, by applying the inverse transformation, the polariz-
ation four-vector f* can be expressed as

= A1, (16)

The polarization vector satisfies the normalization condi-
tion,

ffu=sing’lB, (17
where ( is the angle between the momentum j and the

magnetic field B. As photons propagate along the geodes-
ic, the polarization vector f* obeys

fpu=0, pV.f=0. (18)

Since the rotating Konoplya-Zhidenko non-Kerr black

hole ((1)) describes a type D spacetime, the conserved
Penrose-Walker constant x can be expressed as [36]

k= p'fi(limj—Lin; — mm; + ﬁiim_,-)‘I‘gf%). (19)
with
K=k +iks = (A— B,
A= (p'f =p'f) +asin®0 (p'f* = p°f"),

B=[(r+a) (p’f'-p'f")-a(p'f’-p'r")]. (20)
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where WV, is the Weyl scalar, given explicitly by:

_acosf (5mr—61Mr® +ancos6) —2r* (5 +3Mr?)

613 (r—1acos’ )’ (r + 1acos 6)

2 .
21)

The Walker-Penrose conserved quantity relates the polar-
ization states at the emission source to those measured by
the observer. By combining the celestial coordinates (x,y)
with this conserved quantity at the source, the observed
polarization vector can be expressed as

. VK2~ K VK1 + Hks
=21 =

) R u=—(x+asinb,).
ﬂz +y2 MZ +y2

(22)

The observed intensity of linearly polarized synchrotron
emission produced by hot gas near a black hole is de-
noted by

|1| — g3+m,lp|§|l+av(siné’)l+a,,’ (23)

E, . .
where 8= T s the photon redshift between the source
: (1)

and the observer, and [, = —5H is the geodesic path

length through the emitting medium. The spectral index
a, =1 is determined by the properties of the accretion
disk. Therefore, the observed polarization vector com-
ponents are given by

fs = /1,&"IBlsin f*,
P = V1, |Blsing f. (24)

The total polarized intensity and EVPA on the observer's
screen are given by

I=(f3)"+ (fa)”s

1 U
EVPA = 3 arctan a (25)

Here, O and U denote the Stokes parameters.

0=(fi) = ()" U=-2f5fan 0
Within the Konoplya-Zhidenko rotating non-Kerr black
hole spacetime, the polarization intensity and the electric
vector position angle of a point source can be computed
using the celestial coordinates (x,y) and Egs. (19),
(23)—(26). Repeating this procedure along the emitting
ring reveals the influence of the deformation parameter
on the overall polarization pattern.

III. EFFECTS OF THE DEFORMATION PARA-
METER ON THE POLARIZED IMAGE IN

THE KONOPLYA-ZHIDENKO ROTATING
NON-KERR BLACK HOLE SPACETIME

In this section, we present the polarized image of an
emitting ring with radius r;=4.5 surrounding a
Konoplya-Zhidenko rotating non-Kerr black hole. This
radius better matches the observational characteristics of
MS87* [11, 12]. The results show that the pattern of the
polarized image depends not only on the deformation
parameters but also on factors such as the black hole spin
parameter, magnetic field structure, fluid velocity, and
observer inclination angle. The deformation parameter
not only modifies the spacetime geometry around the
black hole but also extends the allowed range of the spin
parameter beyond that of a standard Kerr black hole.

We investigate the influence of the deformation para-
meter on the polarized images of the equatorial emission
ring for an equatorial magnetic field configuration, as
shown in Figs. 1-4. We define the quantity AEVPA =
EVPA -EVPA, 5. Figures 14 indicate that, for a fixed
spin parameter a, the total polarized intensity / decreases
monotonically with increasing #. According to Egs. (23)
and (24), the total polarized intensity is proportional to
the fourth power of the redshift factor g. This strong de-
pendence renders g the dominant factor governing the
total polarized intensity. Consequently, we further invest-
igate the impact of the deformation parameter on the red-
shift factor in Fig. 5. The results demonstrate that the red-
shift factor decreases significantly as # increases. This be-
havior can be attributed to the modification of the space-
time geometry induced by #. Specifically, # enters the
time component of the metric (g, ) as a positive term, ef-
fectively reducing the absolute value of g,. This modific-
ation alters the time dilation effect, thereby intensifying
the gravitational redshift experienced by the photons. As
a result, the redshift factor g decreases, leading to a re-
duction in the total polarized intensity /.

However, the dependence of the EVPA on the de-
formation parameter also varies with the magnetic field
configuration. As illustrated in Figs. 1 and 2, the EVPA
decreases monotonically for a purely radial magnetic
field but exhibits non-monotonic behavior for a purely
azimuthal magnetic field. Although the trends differ
across magnetic field configurations, the fourth column
reveals that the absolute value of AEVPA consistently in-
creases with the deformation parameter. This behavior
arises because the polarization vector f# undergoes paral-
lel transport along null geodesics as photons propagate
through curved spacetime. Consequently, a greater de-
gree of spacetime deformation results in a larger rotation
of the polarization direction during propagation.

Figure 3 presents the polarized images under differ-
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Fig. 1. (color online) Effects of # on the polarization vectors and EVPA in the Konoplya-Zhidenko rotating non-Kerr black hole (1)
for different values of @, with an equatorial magnetic field comprising only a radial component B,. Here, r, = 4.5, 6, = 20°, 8, = 0.3, and
x =-90°.
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Fig. 2. (color online) Effects of # on the polarization vectors and EVPA in the Konoplya-Zhidenko rotating non-Kerr black hole (1)
for various values of a, in the presence of an equatorial magnetic field with only an azimuthal component B,. Here, r, =4.5, 6, =20°,
B, =03, and y = —90°.
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Fig. 3. (color online) Effect of # on the polarization vectors and EVPA in the Konoplya-Zhidenko rotating non-Kerr black hole (1)

for different magnetic fields. Here, r, =4.5, a = 0.5, and g, = 0.3.
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for various observer inclination angles 6,. Here, r,=4.5,a=0.5, 8, =0.3, y = -90°, B, =0.87, B, =0.5, and B, = 0.

ent magnetic field configurations. As indicated in [11],
simulated images in the radially dominated magnetic field
regime are more consistent with observations of M87*.
Therefore, we focus our analysis on the regime where
B.> B;. We find that AEVPA increases monotonically
with #. Furthermore, for a fixed #, the magnitude of
AEVPA generally increases with the magnetic field ori-

entation angle. In Fig. 4, we further analyze the polarized
images for different observer inclination angles. In the
high-inclination regime, the polarization intensity de-
creases with increasing 7. Additionally, the amplitude of
variation in the polarization position angle increases sig-
nificantly with the observer inclination.

Next, we investigate the dependence of AEVPA on
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ry=4.5 and 4, = 20°.

the deformation parameter #, spin parameter a, and mag-
netic field orientation angle e at specific azimuthal
angles, as illustrated in Fig. 6. The deformation paramet-
er 7 is positively correlated with AEVPA. Notably, the
curves for ¢ = 817/100 and ¢ = 161x/100 nearly coincide,
whereas the profile for ¢ =61x/100 exhibits a distinct
separation from the others, indicating a specific sensitiv-
ity to the azimuthal angle. In contrast, the spin parameter
a induces an overall negative trend in AEVPA. A signific-
ant separation is observed for the red curve (¢ = 161x/
100), suggesting that a also possesses azimuthal sensitiv-
ity, albeit distinct from that of #. Finally, the magnetic
field orientation angle e causes an increase in AEVPA.
The three curves representing different azimuthal angles
remain closely clustered, a behavior distinctly different
from the impact of #. Although the deformation paramet-
er induces weakly distinguishable azimuthal separation
features in AEVPA, these subtle signatures are challen-
ging to resolve with current observational capabilities.
Future high-resolution facilities, such as the next-genera-
tion Event Horizon Telescope (ngEHT), are expected to
detect these parameter-specific azimuthal signals.

Finally, we present the Stokes Q—U loops for various
spin parameters and magnetic field configurations in
Figs. 7-8. The results indicate that, for a fixed observer
inclination of 6, =20° and a given magnetic field geo-

a=0.5,e=30°

7=0.5,e=30°

(color online) Effect of # on the redshift factor g in the Konoplya-Zhidenko rotating non-Kerr black hole metric (1). Here,

metry, both the outer and inner loops contract as the de-
formation parameter 7 increases. Assuming a relatively
simple magnetic field structure, a larger observed polariz-
ation loop supports the hypothesis that the spacetime geo-
metry more closely approximates that of a standard Kerr
black hole.

IV. SUMMARY

In this study, we investigate the polarized images of
an equatorial emitting ring surrounding a rotating
Konoplya-Zhidenko non-Kerr black hole. The results in-
dicate that increasing the deformation parameter # de-
creases the total polarized intensity. Although the evolu-
tion of the EVPA depends on the magnetic field structure,
the magnitude of its variation (JAEVPA|) consistently in-
creases with #. Furthermore, for a fixed #, the magnitude
of AEVPA generally increases with the magnetic field
orientation angle. Moreover, in the high-inclination re-
gime, the polarization intensity decreases as # increases,
whereas the variation amplitude of the polarization posi-
tion angle increases significantly with the observer inclin-
ation.

We also analyze the effects of the deformation para-
meter #, the spin parameter a, and the magnetic field ori-
entation angle e on AEVPA. The parameter # exhibits a

a=0.5,7=0.5

AEVPA()

0.0 0.5 1.0 L5 2.0 00 02 04

Fig. 6.

1.4 20 22 24 26 28 30
€°)

(color online) The effects of the deformation parameter 5 (left), the spin parameter @ (middle), and the magnetic field orienta-

tion angle e (right) on the AEVPA. Other parameters are fixed at r, = 4.5 and 6, = 20°.
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Q Q

(color online) Effect of # on the Q — U diagram for various values of a in the Konoplya-Zhidenko rotating non-Kerr black hole

02 04 06 206 —04 —02 00 02 04 06

(1). We set r, =6, 6, =20°, and B, = 0.3. The red dashed and blue solid lines correspond to 1 = 0.5 and 5 = 2, respectively. The black

crosshairs denote the origin of each plot.

a=0.5,B8,=0.94,B4,=0.32,B8,=0

=0.5,8,=0.91,B,=0.42,B,=0

a=0.5,8,=0.87,B4=0.5,By=0

0.3 0.3 0.3
0.2p ] 0.2f 0.2¢
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o 0.0p 1 2 00f > 0.0f
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-0.2f ] -0.2¢ -0.2f
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Q
Fig. 8.

3 T S

-03 -02 -0.1 00 0.1 02 03
Q Q

(color online) Effects of # on the Q— U diagram for different magnetic field structures in the Konoplya-Zhidenko rotating

Al
203 -02 0.1 00 01 02 03

non-Kerr black hole (1). Here, r, =6, 6, =20°, and 8, = 0.3. The red dashed and blue solid lines represent the cases with n=0.5 and

n = 2, respectively. The black crosshairs mark the origin for each plot.

significant positive correlation with AEVPA, and its influ-
ence displays a distinct azimuthal dependence. In con-
trast, the spin parameter a causes a general decrease in
AEVPA, demonstrating a markedly different azimuthal
dependence from that of 7. Although € increases the mag-
nitude of AEVPA, the corresponding curves for different
azimuthal angles remain closely clustered. Consequently,

the weak yet discernible azimuthal separation induced by
n constitutes a unique signature distinguishing its effects
from those of a and e, which holds promise for detection
by facilities such as the next-generation Event Horizon
Telescope (ngEHT). Finally, we investigate the influence
of 7 on the Stokes Q-U loops. Our analysis reveals that
both the outer and inner loop sizes shrink as # increases.

095101-8



Polarized image of an equatorial emitting ring around a Konoplya-Zhidenko...

Chin. Phys. C 50, 095101 (2026)

This implies that, assuming a relatively simple magnetic
field configuration, a larger observed polarization loop

suggests a spacetime geometry closer to that of a stand-
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