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We investigate the shadow and observational characteristics of rotating Hayward black holes by employing a ray-
tracing method combined with stereographic projection. By solving the photon geodesics derived from the Hamilton—Jacobi
equation, we explore how the spin parameter a and magnetic charge g influence the shape of the black hole shadow and its
observable optical properties. The results indicate that an increase in the spin parameter a leads to a pronounced D-shaped
deformation of the shadow, whereas higher values of the magnetic charge g significantly reduce the size of its inner region.
When a thin accretion disk surrounds the black hole, variations in @ and g directly affect observable features, including
the size of the inner shadow and the intensity of the emitted radiation. Furthermore, the direct and lensed images exhibit
distinct redshift features, highlighting the strong sensitivity of gravitational lensing effects to the parameters a and g. These
findings suggest that rotating Hayward black holes can be distinguished from Kerr black holes through their observable
characteristics, thereby providing a valuable reference for testing alternative theories of gravity.
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1. Introduction

The Event Horizon Telescope (EHT) collaboration has
successfully captured the first images of the central regions
of M87* and Sgr A*,[?! revealing a dark central silhou-
ette surrounded by a bright emission ring. The dark interior
corresponds to the black hole shadow, while the surround-
ing bright structure is commonly referred to as the photon
ring. The formation of the shadow arises due to the extreme
curvature of spacetime near the event horizon, which bends
the paths of photons and prevents them from reaching distant
observers.># More precisely, photons approaching the black
hole are deflected by its gravitational field, leading to a critical
boundary delineated by unstable photon orbits, which defines
the apparent shadow observed at infinity.

Understanding black hole shadows has emerged as a fun-
damental endeavor in contemporary black hole physics, as the
geometry of the shadow encodes crucial information about the
black hole’s physical parameters, such as its mass, spin, and
electromagnetic charge. Furthermore, shadow analysis offers
a valuable window into the nature of accretion processes, rel-
ativistic jet dynamics, and emission mechanisms operating in
strong-gravity environments. It also serves as a promising tool
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to probe the validity of general relativity and its possible exten-
sions. For example, while a non-rotating Schwarzschild black
hole produces a perfectly circular shadow, a rapidly spinning
Kerr black hole exhibits a characteristic “D”-shaped shadow
due to frame-dragging effects. ! In addition, extensive studies
within modified gravity frameworks have revealed novel fea-
tures in shadow structures, such as the presence of secondary
shadows or additional photon rings, which provide powerful
constraints on alternative theories through precise astronomi-
cal measurements, [6-20]

On the other hand, Cunha er al.'*!1 introduced a four-
color celestial sphere light source model to simulate Ein-
stein rings and black hole shadow images, thereby provid-
ing a novel visual representation of photon trajectories in the
vicinity of black holes. This modeling framework has since
been extended to black holes within various modified grav-
ity theories.[??] In realistic astrophysical settings, black holes
are not isolated objects but are typically surrounded by com-
plex accretion environments. 23! For instance, in the case of a
Schwarzschild black hole enveloped by a static, optically thin,
spherically symmetric accretion medium, the influence of the
accreting matter on the shadow is minimal.[**! However, when
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the black hole is instead surrounded by a geometrically and op-
tically thin disk aligned with the equatorial plane, the result-
ing image — especially from a near-polar observer’s viewpoint
— exhibits a prominent shadow encircled by a multi-layered
emission ring, composed of direct emission, lensing rings, and
photon rings. >

Building on this, recent research has adopted similar
disk models to analyze black hole shadows across a wide
variety of spacetime geometries, including those involving
non-Einsteinian compact objects. These investigations have
yielded a wealth of theoretical insights into the formation, de-
formation, and energy distribution of observed shadows.[263
In a related study, Hou et al. examined how factors such as
black hole spin, magnetic fields, and the observer’s inclina-
tion angle affect the resulting shadow and image morphology
of a Kerr—Melvin black hole with a thin accretion disk,**! in
which the plasma disk moves along Keplerian orbits outside
the innermost stable circular orbit (ISCO) and follows precess-
ing geodesics inside the ISCO. Simultaneously, substantial ad-
vances have been made in the imaging of hotspots, accretion
disk modeling, and associated shadow phenomena.[*>-60]

In this study, we investigate the observational signatures
of rotating Hayward black holes illuminated by a thin accre-
tion disk. Due to the influence of magnetohydrodynamic pro-
cesses in the vicinity of black holes, studies involving black
hole imaging must be grounded in general relativistic mag-
netohydrodynamics (GRMHD).[%!! However, substantial chal-
lenges arise in solving the GRMHD equations and imple-
menting numerical simulations. As a result, developing sim-
plified accretion models is essential for investigating the op-
Theoreti-
cally, such simplified models are often adequate for captur-

tical observational characteristics of black holes.

ing the fundamental features of black hole images and have
therefore been extensively studied, including spherical accre-
tion and thin disk accretion models.[%>~711 Furthermore, the
Hayward solution, recognized as a prominent regular (non-
singular) black hole solution, has garnered significant schol-
arly attention. To circumvent classical singularities, Bardeen

(72 while

initially proposed a regular black hole configuration,
Ayon-Beato and collaborators showed that the Bardeen black
hole can be interpreted as a solution sourced by a nonlinear

73-76] Hayward black holes were subse-

magnetic monopole.|
quently introduced in Ref. [77], and their critical thermody-
namic phenomena have been extensively studied, particularly

[781 By leveraging recent ad-

in anti-de Sitter (AdS) spacetimes.
vancements in black hole imaging techniques, this study em-
ploys a thin accretion disk model to systematically analyze the
shadow structures, inner shadows, celestial sphere images, and
illumination patterns of accretion disks associated with rotat-
ing Hayward black holes. We focus on how variations in the

relevant parameters affect the optical observational features of

Hayward black holes. This comprehensive analysis provides
distinct observational criteria for clearly distinguishing rotat-
ing Hayward black holes from Kerr black holes through high-
resolution astronomical observations.

This paper is organized as follows. In Section 2, we
systematically investigate the shadow geometry, including its
size, shape, and asymmetry. Section 3 presents detailed analy-
ses of celestial sphere images surrounding the black hole. We
then explore images derived from thin accretion disk models.
Finally, Section 4 summarizes our key findings and discusses
the implications for future observational tests.

2. Shadows of the rotating Hayward black hole

In Boyer-Lindquist coordinates, the metric of the rotating
Hayward black hole can be represented as!”’]

s 2
o5 = — (12O o _daMri e

b)
+Zdﬂ+2dw

2a*> M(r)rsin® 6

2, 2
+(r+a+ 5

)sm29d¢% 1)
where

I =r"+ad’cos’0, A=r"—2M(r)r+d*,
3
,

M) =M 7.

@
In the above equation, a is the spin parameter and g is the
magnetic charge. The metric takes the form of a Kerr black
hole with mass M (r), where M(r) represents the total mass
contained within the region defined by the constant radial co-
ordinate r. In the limit as r — oo, M(r) converges to the black
hole mass parameter M, that is, lim,_,. M (r) = M. In addi-
tion, the location of the event horizon is determined by setting
A = 0. One can investigate the photon geodesics to analyze
the shadow cast by this nonsingular rotating black hole. To
proceed, we first observe that, for a particle of mass m, the
canonical Hamiltonian is given by

1 5

1
H= Eguvp“pv = _Em ) 3)

where p;, denotes the four-momentum of the particle. Utiliz-
ing spacetime symmetries and associated Killing vectors, we
obtain two conserved quantities along each geodesic: the en-
ergy E and the angular momentum L, given by

do dr
E=—p = *gma *gna7

do dr
L:p¢:g¢¢a+g¢ta7 (€]
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with affine parameter 7. For null geodesics (m = 0) around the
rotating Hayward black hole, the photon equations of motion
derived from Eq. (4) are expressed as follows:

d 2, 2

2—t :a(Lz—Easin2 9)+ﬂ[(r2+a2)E—aLz], )
dt A
d¢ L, ar o, 9

y— = —aE — E —aL 6
dr (sin29 ¢ >+A[(’ +a)E —aL;], ©)

Y3 %)
dt

=49 _ e (8)
drt

with

R=[(P+d®)E—alL]’ —A[K+(L,—aE)?], (9)

LZ
@:K+cos29(a2E2—Sin§6). (10)

Here, the symbol K denotes the Carter constant. Unstable cir-
cular photon orbits satisfy

=0. (11)
Hence, it follows

4 (@ =& —n)r+2m[n+(E—a)*lr—a’n =0, (12)
4r'42(a* = 2 =n)r+2m[n+ (& —a)’]
—2m' [N+ (& —a)*]r=0, (13)

where the parameters & and 7 read as

PGt ) Rt G (G ) | (14)
alm-+r(m' —1)] _
r=rp
P N3 1.2 2
0= [(4mP)r 2 (2 = 3mr - 20%)
—m(6r2—9mr+4a2)} [err(m/*l)}_z (15

r=rp

Here, m’ denotes dm /dr, and rp represent the radius of the
unstable circular photon orbits. By imposing the requirement
® > 0, the photon region condition is derived as

n—E&%2cot’ 0 > —a*cos’ 6. (16)

Considering the time-translation and axial symmetries, a zero-
angular-momentum observer (ZAMO) at infinity, with coordi-
nates (0, To, 0o, O), has an orthonormal tetrad

ar
e0=e) =50 +19, e1=—e)=———=,

00 d
e =e@g) = 2os’ €3 = —e(y) = g(%’ (17)

where

—& 8 —8
(= [ = [ )
811809 — 81y 899\ 811899 — 8t¢

Here, ¢y is the timelike vector, essentially the observer’s four-
velocity, and e points toward the black hole center. With this
ZAMO tetrad, one can use stereographic projection to visu-
alize how the black hole shadow and images are formed, as
depicted in Fig. 1. The observer is located at point O (with
coordinates (rp,0p)), and the red geodesic starting at O has
tangent O P in the observer’s local frame. A sphere is drawn
with center O and radius O P, and the origin of tetrad (5) is
placed at O'. The line O’'S through O serves as the sphere’s
diameter and aligns with e;. A rectangular screen through O’
(shaded in blue) displays the resultant black hole shadow and
image. By projecting OP onto the screen, one obtains the
vector O’ P’. To specify the photon’s angular location, we
define celestial coordinates (¢, 3), where « is the angle be-
tween OO’ and OP, and f is the angle between OQ and e;. If
s(7) = (t(7),r(1),0(7), (7)) represents a null geodesic, then
its tangent vector can be expressed as a linear combination of
the tetrad basis vectors ¢; (i = 0, 1,2,3), that is

§ =70 +00dg+¢dy+io
= |OP|(—yeo+cosae; +sinocosfe;
—|—sinotsinﬁeg). (19)

Since the photon’s trajectory does not depend on its energy,
we set the photon’s energy in the camera frame to unity. It can
be written as

E
Ecamera =1= |OP| X=——F= . (20)
gtt (rOﬂGO)
In the ZAMO frame, the photon’s four-momentum reads
Pu) :Pvez/u)- 2n

Then, the relation between the photon’s four-momentum py)
and the celestial coordinates is Ref. [79]
M p3)

tanff = —. (22)

p
CoSO¥ =
e

§0

Hence, in the rotating Hayward black hole, the celestial angles
o and 3 become

B \/M+A2(A—a2sin29)
o= arccos{ \/Z(a200829+7'l) [A—aé(rp) (7-[—}'7{)]

><\/N—ZaH(l—]-")Jj(rp)—F?—[é(i’p)z—An(i’p)}, (23)

5 amn[ E(rp) (% cos? 0 +H) ] |

\/./m\/a2 cos20 +n(rp) —cot2 0 & (rp)?
(24
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€1 :‘ —E(T)

e3 = —69/

4 ey = 3(9)

Fig. 1. The orthonormal tetrad for a ZAMO and the celestial coordinates
(&, B) with stereographic projection.

—a=0.1
2 a=05 2
2 0 —a=0.998 =)
ES ES
—2 -2
—4 —4
—6 —6
-4 -2 0 2 4 6 8 -4 -2 0 2 4 6 8
z (M) z (M)

Fig. 2. The shadows corresponding to various rotation parameters a and
magnetic charges g are presented. Panel (a) displays the circular pho-
ton orbits for a = 0.1,0.5,0.998, represented by dashed, solid, and dotted
lines, respectively, with the magnetic charge fixed at g = 0.1. Panel (b)
shows the circular photon orbits for magnetic charges g = 0.01,0.7,0.9,
indicated by dashed, solid, and dotted lines, respectively, with the rotation
parameter fixed at a = 0.5. In both scenarios, the black hole mass is set
as M = 1, and the angle is fixed at 8 = 65°.

Finally, we define the Cartesian coordinates (x,y) on the rect-
angular screen in Fig. 1, and one can get that

x=—2tan (g) sinf3, y=—2tan (%) cosf. (25

Using Eq. (25), one can visualize the black hole’s shadow on
the screen and thus examine how the rotation parameter a and
the magnetic charge g affect its shape. In Fig. 2, we analyze
the shape and size of shadows corresponding to varying val-
ues of the rotation parameter ¢ and the magnetic charge g.
The left panel illustrates the circular orbits for different spin
parameters a, demonstrating that as a increases, the circular
orbits shift toward the positive x-axis, resulting in more pro-
nounced shadow deformation. In the right panel, the shadow
size slightly decreases and shifts marginally towards the posi-
tive x-axis with increasing magnetic charge g. When g = 0.01,
the shadow appears nearly perfectly circular. In subsequent
sections, we will further investigate these visual differences,
highlighting their potential as observational signatures to dis-
tinguish rotating Hayward black holes from Kerr black holes.

3. Images illuminated by the thin accretion disk

Now we adopt the backward ray-tracing method to in-
vestigate the images of rotating black holes in greater detail.
Following the celestial light source setup, the black hole is
placed at the center of the celestial sphere, and due to its com-
paratively negligible size and the large distance between the
observer and the origin, we take the black hole’s rotation axis
to align with the North Pole. We also assume that the observer
resides in the equatorial plane of the sphere. In this construc-
tion, the celestial sphere is partitioned into four quadrants: the
green quadrant, defined by 0 < 6 < 7/2 and 0 < ¢ < 7; the
red quadrant, satisfying 0 < 0 < /2 and & < ¢ < 2m; the
blue quadrant, characterized by 7/2 < 0 < mwand 0 < ¢ < m;
and the yellow quadrant, corresponding to /2 < 8 < & and
7 < ¢ <2m. We generate the black hole images by applying
the numerical method described in Ref. [79]. First, the fish-
eye camera model is used to project the photon momentum py,
onto the screen via stereographic projection; then, we solve
the null geodesics originating from the observer by integrating
their equations of motion. In Hamiltonian form, these equa-
tions are given by

w_9H . OH
. _apu’ Pu= "5

By means of Eq. (26), we determine the color of the location

(26)

at which each light ray intersects the celestial sphere. Any
rays reaching the event horizon are assigned a black color.
Figure 3 displays the black hole shadow regions in the four-
color celestial sphere model for different rotation parameters
a and magnetic charges g. Here, the field of view denotes
the camera’s viewing angle, and the observer is positioned at
(ro,00). When the rotation parameter is fixed at a = 0.05, the
shadow maintains a circular shape. However, as a increases,
the shadow area takes on a more pronounced “D” configura-
tion. Under variation of the magnetic charge g, the changes in
the shadow boundary are comparatively subtle.

Next, we investigate the images of the rotating Hayward
black hole surrounded by a thin accretion disk following the
approach outlined in Ref. [44]. We assume that the observer is
sufficiently far from the black hole and that the accretion disk,
lying in the equatorial plane, is both geometrically and opti-
cally thin, as illustrated in Fig. 4. The innermost stable circu-
lar orbit (ISCO) naturally partitions the disk into two regions:
a stable circular orbit beyond the ISCO and an infalling flow
within the ISCO. The light rays interacting with the accretion
disk may intersect it once, twice, or multiple times. We label
the first intersection at radius r; as the direct image, while a
second intersection at radius r, gives rise to the lensed image.

Since the disk extends from the event horizon r, up to a
distant outer boundary ry = 10000, we restrict the observer to
satisfy r; < ro < rr. For the rotating Hayward black hole, the
ISCO location can be obtained by solving

069701-4
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(i) g = 0.49,a = 0.05 (j) g =0.49,a =0.35

(k) g =0.49,a = 0.65

(1) g=049,a = 0.9

Fig. 3. Under illumination by the four-color celestial sphere model, we present shadow images produced by rotating Hayward black holes for
different values of the rotation parameter a and the magnetic charge g. In all cases, the observer is positioned at r,s = 100, the field of view is

set to 35°, and the angle is fixed at 6 = 76°.

Observer

-"

\.
TR W S
» I)/'y‘ P a \\ \.\
. ! .
I,/Plu.nglng-w st .
T3 ! ._orbits % A
Higher RS T W - 1 ®
e Sespu : / ;
orger‘» Dikct! ~ o= i i ,.’ / Lensed
i 3 ' W & X / image
image" |mage<K ) S o ¥ g
“Yo~._ Isco P
s g g S

Fig. 4. Imaging the rotating Hayward black hole with a thin accretion disk.

Vet =0, Verr|,_,, ., =0 O Ver| =0, 27)

r=rsco r=risco

where Vg denotes the effective potential. Furthermore, for a
massive particle with four-velocity u“, we have

Ver(r,E,L) = [1+g”E2+g¢¢Z2—2gf¢ E L” . (28)

0=m/2
Here, E and L represent the specific energy and angular mo-

mentum of the particle, which is

8ir + 819 2

Fe— :
\/_gtt - 28t¢ Q —8¢¢ Q?

i 810 890 2 (29)
\/—gn - 2gt¢ Q —8¢¢ Q?
where
o de_ Dt V92810 — (9ru) (9r200) 20
T ) B

Let Ejsco and Lisco be the energy and angular momentum of
the accretion flow on the ISCO. For material flowing outside
the ISCO, the four-velocity takes the form

1
—— 1,0,0,0 . (31
Uout \/_gtt _2gt¢-Q _g¢¢ _QZ ( » Y Yy )‘ezﬂ/z ( )

Inside the ISCO, the flow plunges radially inward while pre-
serving its constants of motion Ejgco and Lisco. Its four-
velocity then becomes

Uiy = <—g" Ersco +& iIsco) ’ ; (32)
0=m/2
= _\/_ g () + 219 1, + 890 ()2 +1
in = )
8rr o—1)2
(33)
up =0, (34)
b= (-¢E * Lisco )| 35
uy, g " Eisco+¢g"" Lisco o2’ (35
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for ry < r < risco. When a light ray intersects the accretion
disk, we record its radial coordinate as r,,. The observed inten-
sity on the screen is then
N
Ly =Y, fa8aJn(r), (36)
n=1

where N is the total number of intersections between the ray
and the disk, and f;, = 1. The factor g, = v,/ Vj, is the redshift,
with v, and v, being the frequencies measured by the screen
and local rest frames, respectively. Considering that the black
hole image obtained by the EHT was observed at a wavelength

of 1.3 mm (230 GHz), one can adopt the following emissivity
profile for the disk

J(r) = exp[—%zz—Zz}, 7= ln(ﬁ),

which is a second-order polynomial in log-space. It should

(37)

be emphasized that Eq. (36) uses the third power of the red-
shift shadow g,, which aligns with the intensity measured at

2.89 In contrast, Gralla3!]

the particular frequency of 230 GH
provided a detailed discussion on the use of the fourth power
of the redshift factor g,. Assuming that the accretion disk is a
neutral plasma with specific energy E and angular momentum

L, the redshift factor for the ISCO fluid outside the ISCO is

gout: g(l_yl;;?)
n ¢ )
C(1+QE)

r=ry

r > rsco, (38)

(a) g= 0.1,a= 0.05 (b) g= 0.1,a= 0.35
3

where

8t —8
}/: l? é: 00 2
8¢9 811899 — 8¢

-1
‘= \/gn+2gt¢9+g¢¢92'

(39)

The ratio of the observed energy on the screen to the energy
along the null geodesic is

e:%:’g’(lf}/%‘f).

For an observer at asymptotic infinity in a flat spacetime, e is
set to 1. For the infalling flow inside the ISCO, whose radial

o,
velocity is uj,

(40)

the corresponding redshift factor is

r Pr

giqn = [“in e — Eisco (g" —g° pl)

Pt

, r<rsco. (41)

r=ry

8 -1
+Lisco (8?7 I;Tf + gt¢)]

In Fig. 5, we present images of the rotating Hayward
black hole illuminated by a prograde accretion flow under
various rotation parameters a and magnetic charges g, ob-

served at a fixed angle O,,s = 55°. Both direct emission

(c) g= 0.1,a= 0.65
3

(d) g= 0.1,a= 0.9
13

(e) g= 0.3,a= 0.05

(f) g= 0.3,a= 0.35

1.25
1.00
0.75
0.50
0.25

(i) g= 0.49,a= 0.05 () g= 0.49,a = 0.35

y (M)

(g) g= 0.3,a= 0.65

z (M)
h) g= 0.3,a= 0.9
13( ) g

2.0
= 2
1.5 5
1.0
= 1
0.5 |
0 -6 '0
—6 0 6 13
= (M) = (M)
(k) g= 0.49,a= 0.65 (1) g= 0.49,a= 0.9
13
2.0 3
g 1.5 g 9
> 1.0 3
0.5 1

Fig. 5. The images of rotating Hayward black holes illuminated by the prograde flows. In all cases, the observer is positioned at rops = 100, the

field of view is set to 15°, and the angle is fixed at 6 = 76°.
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(a) g=0.49,a =0.9

(b) g =0.49,a=10.9

o128

0100

oars

050

o028

(©)

g=0.49,a =0.9

(d) g =0.49,a =09

Fig. 6. The images depict rotating Hayward black holes illuminated by prograde accretion flows at different observation angles. From left to
right, the angles are set as 6 = 15°, 35°, 55°, 75°. In all scenarios, the observer is located at rops = 100, and the field of view is fixed at 15°.

(a) g= 0.1,a= 0.05

13
6
F1.25
= 1.00
=X ‘ 0%
= 0.50
0.25
0
-6
-6 0 6 13
z (M)
131 (e) g= 0.3,a= 0.05
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and gravitationally lensed images are visible, providing in-
sights into the complex interplay between rotation, magnetic
charge, and gravitational lensing effects. Specifically, when
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Fig. 7. The redshift maps of direct emission from the accretion disk are presented for various rotation parameters a and magnetic charges g, with
the observer of 6,5 = 55°. In all scenarios, the observer is located at rops = 100, with the field of view consistently set at 15°.
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Fig. 8. The redshift maps of direct emission from the accretion disk are presented for various observation angles 6ops € {15°,35°,55°,75°},
with the rotation parameters a = 0.49 and magnetic charges g = 0.9. In all scenarios, the observer is located at rops = 100, with the field of view

consistently set at 15°.

g =0.1 and the rotation parameter a increases from 0.05 to 0.9,
the inner shadow progressively shrinks and transforms into a

069701-7

illustrates how rotation influences the observational appear-
ance of the black hole shadow. Similar shrinking behavior is
observed for increased values of a at higher magnetic charges,
such as g = 0.3 and g = 0.49. Additionally, with a fixed ro-
tation parameter of a = 0.9, increasing the magnetic charge to
g = 0.49 leads to a notably smaller inner shadow compared to
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lower values g = 0.1 or g = 0.3. This distinct feature high-
lights the potential observational signatures that could differ-
entiate a rotating Hayward black hole from the classical Kerr
black hole.

Furthermore, Fig. 6 presents additional visualizations of
the black hole at varying observer angles Oy, = 15°, 35°,
55°, and 75°, with rotation and magnetic charge parameters
set at a = 0.9 and g = 0.49, respectively. These images re-
veal that as the observer’s inclination angle increases, the in-
ner shadow progressively evolves into a distinctly semicircu-
lar shape. Concurrently, the outer gravitationally lensed im-
age takes on a pronounced “D” shape, further emphasizing the
intricate dependence of shadow morphology on observer ori-
entation. Such angle-dependent observational effects under-
score the importance of viewing angle in analyzing astrophys-
ical black hole systems.

In Fig. 7, we present the redshift maps of the direct im-
age of the accretion disk for an observer inclination angle
Oobs = 55°, exploring various rotation parameters a and mag-
netic charges g. These redshift maps effectively illustrate
how gravitational and relativistic effects influence observa-
tional features. Taking g = 0.49 as a specific example, we
observe a distinct trend where increasing the rotation parame-
ter a results in a noticeable reduction of both the inner shadow
and the region exhibiting pronounced redshift. Conversely,
when a is fixed within the set {0.05,0.35,0.65,0.9}, vary-
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ing g produces relatively subtle changes, leaving the size of
the inner shadow mostly unaffected. However, an exceptional
case occurs when a = 0.9 and g = 0.49, clearly demonstrat-
ing a significant shrinkage of the inner shadow. Such detailed
visual analyses underscore the complex interplay between ro-
tation and magnetic charge parameters, further emphasizing
their role in shaping observational characteristics of rotating
Hayward black holes. Table 1 provides the maximum redshift
for distinct values of a and g, showing a decreasing trend as a
and g grow, which implies that higher magnetic charges reduce
the inner shadow’s size.

Table 1. The maximal redshift under different values of the rotation pa-
rameter a and the magnetic charge g, respectively. We set r, = 1.

N 0.05 035 0.65 0.9
0.1 102433 1.02115 101112 1.00159
03 102464 1.02174  1.00784 1
0.49 10255 101658  1.00821 1

Figure 8 illustrates redshifted images of the direct disk
emission for different observer inclination angles Oups €
{15°,35°,55°,75°}. As the observer angle 8,5 progressively
increases, the redshift distribution undergoes noticeable varia-
tions, highlighting the significant influence of viewing geome-
try on observational characteristics. Particularly at the highest
inclination angle 6., = 75°, the inner shadow region exhibits
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Fig. 9. The redshift maps of lensed emission from the accretion disk are presented for various rotation parameters a and magnetic charges g, with
the observer of 6,5 = 55°. In all scenarios, the observer is located at rops = 100, with the field of view consistently set at 15°.

069701-8



Chin. Phys. B 35, 069701 (2026)

0 O W ET O

(a) g =0.49,a=10.9 (b) g =0.49,a =0.9

= O O [ = O O

(¢) g=049,a =09 (d) g=0.49,a =09

Fig. 10. The redshift maps of lensed emission from the accretion disk are presented for various observation angles Gobs € {15°,35°,55°,75°},
with the rotation parameters a = 0.49 and magnetic charges g = 0.9. In all scenarios, the observer is located at rops = 100, with the field of view

consistently set at 15°.

a distinctly irregular morphology. Such angle-dependent vari-
ations further underscore the complex nature of gravitational
and relativistic effects shaping the observable features of ro-
tating Hayward black holes.

Moreover, Fig. 9 presents the redshift maps of the lensed
images of the accretion disk at a fixed observer inclination
of Oyps = 55°, for different values of the rotation parameter
a and magnetic charge g. Unlike the direct emission maps,
the lensed images display more intricate and less predictable
redshift structures, with no clear monotonic dependence on in-
creasing a or g. This complexity reflects the multifaceted grav-
itational lensing effects that dominate these regions. Addition-
ally, Fig. 10 displays the redshift maps of lensed images at
various inclination angles Oyps € {15°,35°,55°,75°}. As BOgpbs
increases, the redshifted structures evolve accordingly, and at
Oobs = 75°, the inner shadow becomes significantly distorted,
exhibiting a highly irregular and asymmetric contour. These
findings reinforce the sensitivity of black hole imaging to both
intrinsic parameters and viewing orientation.

4. Discussion and conclusion

In this work, we have employed a comprehensive ray-
tracing framework to analyze the shadow and observational
characteristics of the rotating Hayward black hole. Through
numerical simulations, we explored its inner shadow struc-
ture, celestial sphere imaging, and emission profiles gener-
ated by a geometrically thin accretion disk. Utilizing photon
geodesics derived from the Hamilton-Jacobi formalism and
stereographic projection in the ZAMO reference frame, we
examined in detail the effects of the rotation parameter a and
magnetic charge g on the appearance of the black hole.

As demonstrated in Fig. 2, when g = 0.1 is held fixed,
increasing a enhances the distortion of the black hole shadow,
manifesting as a clear deviation from circular symmetry. Con-
versely, fixing a = 0.5 and varying g also leads to noticeable
changes in the shadow’s shape, although the response is more
nuanced. In the celestial sphere images shown in Fig. 3, we
find that a small rotation (e.g., a = 0.05) yields an almost cir-
cular shadow, while higher spin induces a distinct “D”-shaped
silhouette. Variations in g primarily result in subtle modula-

tions to the shadow boundary. Figures 5 and 6 further reveal
that, when illuminated by a prograde accretion flow, the ro-
tating Hayward black hole exhibits a progressively deformed
inner shadow with increasing a, and that larger values of g tend
to shrink the inner shadow region. These patterns serve as ob-
servational signatures that may distinguish rotating Hayward
black holes from classical Kerr black holes in high-resolution
imaging data. In Figs. 7 and 8, we presented redshift maps of
the direct disk emission. These maps indicate that both a and
g strongly influence redshift distributions and emission mor-
phology. Specifically, Table 1. shows that the maximum red-
shift values decrease with increasing a and g, suggesting that
stronger rotation and higher magnetic charge reduce both the
size of the inner shadow and the intensity contrast within the
disk image. However, the redshift profiles in the lensed im-
ages (Figs. 9 and 10) do not exhibit a simple trend, revealing
the complexity of gravitational lensing and photon trajectories
in curved spacetimes.

Taken together, these findings emphasize the intricate de-
pendencies of shadow morphology and emission characteris-
tics on the parameters a and g. Moreover, we demonstrated
that increasing the observer inclination angle O, introduces
additional distortions, especially in the lensed region, where
the outer silhouette acquires a pronounced “D”-like form. As
high-resolution observations — such as those from the Event
Horizon Telescope — continue to improve, the diagnostic
power of shadow imaging will become increasingly valuable.
Our results suggest that it is feasible, at least in principle, to
constrain the values of a and g based on shadow shape and
emission patterns, thereby offering a concrete avenue to dif-
ferentiate rotating Hayward black holes from other compact
objects predicted by general relativity and beyond.
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