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Dynamical Chern-Simons (dCS) gravity has been attracting plenty of attentions due to the fact that it is a 
parity-violating modified theory of gravity that corresponds to a well-posed effective field theory in weak 
coupling approximation. In particular, a rotating black hole in dCS gravity is in contrast to the general 
relativistic counterparts. In this paper, we revisit the shadow of analytical rotating black hole spacetime 
in dCS modified gravity, based on which we study the shadow observables, discuss the constraint on 
the model parameters from the Event Horizon Telescope (EHT) observations, and analyze the real part of 
quasi-normal modes (QNMs) in the eikonal limit. In addition, we explore the deflection angle in weak 
gravitational field limit with the use of Gauss-Bonnet theorem. We find that the shadow related physics 
and the weak gravitational lensing effect are significantly influenced by the CS coupling, which could 
provide theoretical predictions for a future test of the dCS theory with EHT observations.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

1. Introduction

Einstein’s general relativity (GR) is a successful theory in modern physics and passes lots of tests in astrophysics as well as astronomy, 
however, it is still facing some challenges, such as the explanation of the Universe expansion history, the large scale structure and the 
understanding of the quantum gravity and so on. Thus, physicists are very interested in finding alternative or higher dimensional theories 
of gravity to explain our Universe or to further understand the gravity. In particular, recent achievements on astronomical observations, 
such as the detection of the gravitational waves released from binary black hole mergers [1] and shadows of supermassive black holes 
[2,3], make it possible to test alternative theories of gravity. These developments dredge a powerful venue to distinguish or constrain black 
holes deviating from those in GR.

Since the EHT observation of the M87* black hole was published, the shadow of black holes, as an important astronomical observation 
of strong gravitational lensing, has received considerable attention. In history, the work of shadow was started by Synge [4] and Luminet 
[5], who first gave the photon capture region of the Schwarzschild black hole. After that, Bardeen considered the shadow of the Kerr black 
hole, and found that the shadow cast of the rotating Kerr black hole is not a standard perfect circle [6]. Since the shadow of black hole can 
effectively reflect the information of strong field regime, it is extensively investigated in GR and modified theories of gravity (MoG), see 
[7–9] for reviews. Later, it was proposed in [10,11] that the deformation and size of shadow could determine the black hole parameters, 
such that it can be further used to test different theories of gravity, see for examples [12–20] and references therein. Considerable studies 
indicate that the shadow related observables can diagnose and even constrain black hole parameters in alternative gravity theories, though 
some constraints are still rough. On the other hand, during the black hole mergence, the final ringdown phase describes a perturbed black 
hole radiating gravitational wave with quasi-normal mode (QNM), which is one of the characteristic properties of the black hole and could 
provide near horizon information of the black holes. The QNM frequencies should typically be extracted from the perturbation theory. But 
Cardoso et al. proposed that in the eikonal limit, the real part of QNM frequency is connected with the angular velocity of the circular null 
geodesics while the imaginary part is connected with the Lyapunov exponent [21], which is also valid in rotating black holes. Then the 
real part of the QNM in the eikonal limit was further related to the shadow radius of static black hole as ωRe = lim

��1

�
Rsh

[22,23], and more 
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recently this connection was extended into the rotating black holes [24]. This connection may stem from the fact that the gravitational 
waves could be treated as photons or other massless particles propagating along the last timelike unstable orbit out to infinity, but more 
research is needed to fully comprehend this correspondence.

One particular modified theory of gravity is the Chern-Simons (CS) gravity which is frequently used to discuss quantum gravity and 
black holes in an exclusively theoretical setup. The CS gravity was characterized by the coupling between a scalar field ϕ and the first-
class Pontryagin density ∗Rμνρσ Rμνρσ with the dual Riemann tensor ∗Rαβρσ = 1

2 ερσ
μν Rαβμν [25]. This term is dubbed CS term which 

is parity-violating. There exist two types of CS modified gravity. The first is the non-dynamical CS (ndCS) gravity, in which the scalar field 
is a priori prescribed function so that ∗Rμνρσ Rμνρσ vanishes to ensure the diffeomorphism invariance of the theory, but the CS term has 
non-trivial contribution on the solution [26]. The second is dynamical CS (dCS) gravity, in which the scalar field is treated as a dynamical 
field such that the CS term evolves in terms of the field equations [27]. It should be emphasized that despite the fact that the ndCS gravity 
action can be produced from a specific limit of the dCS action, they are typically viewed as two nonequivalent theories.

The dCS gravity theory is widely considered in a phenomenological context in cosmology and relativistic astrophysics, so we shall 
concentrate on this theory with the action

S = κ

∫
d4x

√−g R − 1

2

∫
d4x

√−g (∇ϕ)2 + γ

4

∫
d4x

√−gϕ ∗ Rμνρσ Rμνρσ , (1)

where κ = (16πG)−1 and γ is the CS coupling constant. Regarding to the black hole solution in dCS theory, the Schwarzschild black hole 
of GR is also a solution to the dCS theory because this theory is parity-violating in the sense that modification from GR due to the dCS 
term only appears in systems with broken parity symmetry [28], but the rotating black hole would be modified and the rotating black 
hole with scalar hair emerges. The analytical spinning black hole solution with first order in small rotation was proposed in [27,29], which 
has been extended to arbitrary order in small rotation [30]. A non-perturbative numerical solution for spinning black hole in dCS gravity 
was constructed by directly solving the fields’ equations of motions [31].

The leading order correction to the slowly rotating solution reads as [27,29]

ds2 = gtt(r, θ)dt2 + 2gtφ(r, θ)dtdφ + grr(r, θ)dr2 + gθθ (r, θ)dθ2 + gφφ(r, θ)dφ2. (2)

= ds2
S K + 5γ 2

4κr4
(1 + 12M

7r
+ 27M2

10r2
)a sin2 θdtdφ, (3)

where ds2
S K is the metric for slowly rotating Kerr black hole,

ds2
S K = −

(
B + 2a2 M

r3 cos2 θ
)

dt2 + 1
B2

(
B − a2

r2 (1 − B cos2 θ)
)

dr2 + (r2 + a2 cos2 θ)dθ2

− 4M
r a sin2 θdtdφ +

(
r2 + a2(1 + 2M

r sin2 θ)
)

sin2 θdφ2, (4)

with B = 1 − 2M/r. Meanwhile, the scalar field ϕ has the configuration ϕ =
(

5
2 + 5M

r + 9M2

r2

)
γ a cos θ

4Mr2 . It is obvious that as γ → 0, the 
modified term in (3) vanishes and the solution goes back to the slowly rotating Kerr black hole. The superradiant spectrum in dCS gravity 
in the context of the slowly rotating black hole has been analyzed in [32]. The optical phenomena in strong field regime of this slowly 
rotating black hole, such as the flux and the emission spectrum of the accretion disks [33], the shadow cast [34], geodetic precession and 
strong gravitational lensing [35], have partly disclosed how the CS correction affects the observational signals.

The aim of this paper to further study the shadow observables and the gravitational lensing effect of the slowly rotating black hole in 
dCS gravity. Our complementary research to these issues could help to improve our understanding on the effect of this theory and provide 
theoretical prediction of the test of the dCS theory with future more precise EHT observations. The remaining of this paper is organized as 
follows. In section 2, by revisiting the shadow cast, we will check the possible constraint on the CS coupling from the EHT observation of 
the supermassive black holes, and then analyze the QNM frequencies in eikonal limit. In section 3, we calculate the gravitational deflection 
angle in weak field limit with the use of Gauss-Bonnet theorem. Section 4 contributes to our conclusion and discussion. We shall use the 
unit G = c = 1 and denote the dimensionless quantities a/M → a and γ /M2 → γ for simplification unless otherwise noted.

2. Shadow cast and quasi-normal modes

The achievement of the EHT is remarkable since it opens a new window to explore the strong gravity regime through the direct 
observation. It is known that the core physics in such observation is the light deflection by the gravitational field. In the strong gravity 
regime, there is a photon region of black hole where the light rays from the light source get captured and it provides key properties in the 
black hole shadow. The existence of unstable photon regions outside the event horizon provides the possibility to observe the black hole 
directly. The photons that escape from the spherical orbits form the boundary of the dark silhouette of the black hole. Then according to 
the outside communicators, this dark silhouette is known as black hole shadow. In particular, the information of the first black hole image 
of M87* published by EHT collaborations in 2019 [2] gives constraints on some shadow observables. Furthermore, from the second black 
hole image of SgrA*, we know that the angular shadow diameter is evaluated as dsh = 48.7 ± 7μas [3]. The shadow related physics from 
EHT observations is consistent with the prediction from the Kerr black hole geometry in GR, but they cannot exclude other black holes in 
GR or some exotic black holes in MoG. Alternatively, the EHT observations of shadow can be applied as a tool to constrain the black hole 
parameters in various theories of gravity.

A preliminary image of the shadow cast of slowly rotating black hole (3) in dCS gravity was studied in [34], in which how the dCS 
coupling parameter affect the shadow size Rs and distortion δs were also explored. Since in general Rs and δs may not adequately reflect 
the black hole shadow. Here we shall broaden our analysis to include the shadow area and oblateness. Then we will connect the theoretical 
study on the angular shadow diameter by the slowly rotating black hole with the EHT observations of the supermassive black holes, and 
discuss the potential constraint on the dCS coupling parameter.
2
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Fig. 1. Black hole shadow seen by an observer at infinity distance for various parameters. Here, we have set M = 1 in the calculations.

2.1. Shadow cast

To determine the apparent shape of the shadow of the black hole, one usually constructs the celestial coordinates (α, β), in which 
α is the apparent perpendicular distance of the image as seen from the rotating axis of symmetry and β is the apparent perpendicular 
distance of the image from its projection on the equatorial plane. For the distant observer, the shadow boundary is described in celestial 
coordinates as [36]

α = lim
ro→∞

(
−r2

o sin θo
dφ

dr

∣∣∣
(r=ro,θ=θo)

)
, β = ± lim

ro→∞

(
r2

o
dθ

dr

∣∣∣
(r=ro,θ=θo)

)
. (5)

Here (ro, θo) denotes the observer’s position in Boyer-Lindquist coordinate. ro measures the far distance from the observer to black hole 
while θo is the inclination angle between the line of sight of the observer and the spinning axis of the black hole.

To study the shadow cast of the slowly rotating black hole with CS correction (3), we first derive the null geodesic equations and two 
constants of motion, namely ξ and η. The details are present in Appendix A. Then, we further calculate dφ/dr and dθ/dr, and reduce the 
celestial coordinates as

α(rp) = −ξ(rp) csc θo, β(rp) = ±a2 + 4(ξ(rp)2 + η(rp)) + a2 cos 2θ0 − 4ξ(rp)2 csc2 θ0

4
√

η(rp) − ξ(rp)2 cot2 θ0

, (6)

where ξ(rp) and η(rp) are also known as the impact parameters depending on the radius rp of circular photon orbits in the photon region. 
It is obvious that ξ(rp) and η(rp) determine the shape of black hole shadow.

The shadow boundary for the observer at spatial infinity is depicted in Fig. 1. It is noticed that for the slowly spinning black hole in 
dCS gravity, the spin parameter, a, and the CS coupling parameter, γ , should be far less than the black hole mass, so the rescaled a and 
γ are far smaller than 1. However, here in order to better reflect the influence of a and γ on the black hole shadow, we have taken 
a = γ = 0.4 as the maximum in the calculation. In the left and right panels, we can see that with the increase of parameter a and the 
inclination angle θo , the shadow will move to the right while its deformation is negligible. In the middle panel, it is clear that with the 
increase of the coupling parameter, the shadow becomes large.

In order to quantitatively describe the properties of shadow size and distortion that we see from Fig. 1, we denote the top, bottom, 
right and left of the shadow boundary as (Xt , Yt), (Xb, Yb), (Xr, 0) and (Xl, 0), respectively and (X ′

l , 0) as the leftmost edge of its reference 
circle. Then we can analyze the two groups of characterized shadow observables: the radius Rs of the reference circle and the deviation 
δs of the left edge of the shadow from the reference circle defined as [10]

Rs = (Xt − Xr)
2 + Y 2

t

2|Xr − Xt | , δs = |Xl − X ′
l |

Rs
, (7)

along with the shadow area A and oblateness D defined as [37]

A = 2

rp max∫
rp min

(
Y

(
rp

) dX
(
rp

)
drp

)
drp , D = Xr − Xl

Yt − Yb
. (8)

Since we are interested in the effect of the CS coupling, so we show the aforementioned shadow observables as functions of γ in Figs. 2–5. 
Figs. 2–3 show that the radius Rs (distortion δs) increases (decreases) as the CS coupling parameter increases, meaning that the CS scalar 
field will enlarge the black hole shadow but hold back its deformation. Both Rs and δs increase as we increase the spinning parameter a
and the inclination angle θo for the slowly spinning black hole. Meanwhile, Figs. 4–5 show that both the shadow area A and oblateness 
D increase for larger γ , implying that the CS scalar field makes the shadow larger and oblater. In addition, larger spinning parameter a
results in black hole shadow with smaller area and oblateness, while larger inclination angle corresponds to shadow with larger area but 
smaller oblateness. It is noticed that the effect of γ should be more prominent for faster spinning cases, but unfortunately, the analytical 
form of a complete black hole solution with general value of a is still missing.
3
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Fig. 2. The radius of the reference circle for the shadow, Rs , as a function of CS coupling parameter. Here we have set M = 1.

Fig. 3. The distortion for the shadow, δs , as a function of CS coupling parameter. Here we have set M = 1.

Fig. 4. The area for the shadow, A, as a function of CS coupling parameter. Here we have set M = 1.

Fig. 5. The oblateness for the shadow, D , as a function of CS coupling parameter. Here we have set M = 1.

2.2. Constraint on the parameter from EHT observations

Then we will consider the slowly rotating black hole with CS correction as M87* and SgrA* black hole, respectively, and examine 
the possible constraints on the black hole parameters with the use of EHT observations. It was shown that the image of supermassive 
black hole M87* photographed by the EHT is crescent shaped [2], based on which, the range of spinning parameter of M87* was fixed as 
|a| ≥ 0.4 in the prograde case while |a| ≥ 0.5 in the retrograde case [38]. This means that the EHT observations will exclude the slowly 
rotating black hole as supermassive M87* black hole. So it is not suitable to use the EHT observations on M87* to constrain the model 
parameters of the slowly rotating solution of gravitational theories.
4
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Fig. 6. The density plots of the angular diameter dsh by treating the slowly rotating black hole in dCS theory as supermassive Sgr A*. We fix θo = 5◦ .

On the other hand, the image of supermassive SgrA* black hole from EHT gives the angular shadow diameter dsh = 48.7 ± 7μas [3], 
but its spinning parameter is still unclear. So we can assume the slowly rotating black hole as the candidate for supermassive SgrA* black 
hole and check the constraints on the black hole parameters a and γ from the EHT observation dsh = 48.7 ± 7μas. To better refer to the 
EHT observations, we consider the inclination angle θo = θ jet = 5◦ as it may be EHT’s favorite jet inclination among the options [39]. The 
angular diameter dsh of the black hole shadow is given as [40]

dsh = 2R A

d
, and R A =

√
A

π
, (9)

where A is the area of the shadow defined in (8) and d is the distance from the SgrA* to the earth. Inserting the realistic M = 4.0 ×106 M�
and d = 8.35Kpc for SgrA*, we show density plot of the angular diameter in Fig. 6. It is obvious that dsh of the slowly spinning black 
hole in dCS gravity is in good agreement with EHT observation on SgrA*. So in this sense, we can conclude that the EHT observations on 
SgrA* black hole shadow cannot rule out the slowly rotating black hole with CS correction. In addition, the current EHT observations on 
SgrA* cannot further constrain the spinning or the dCS coupling parameter. We expect future precise EHT observations can provide more 
significant information on the constraint of CS term.

2.3. Shadow radius and QNMs in the eikonal limit

In dCS gravity, Cardoso et al. found that the CS correction has significant influence on the gravitational perturbation on the 
Schwarzschild black hole such that the isospectrality was broken [28]; Then the QNMs of gravitational perturbation on the slowly ro-
tating black holes in dCS theory were calculated in analytical method [41] and numerical method [42], respectively, which focused on 
the small momentum (� ∼ 1) modes. Those studies converge to a conclusion that the QNMs related physics could be used to test dCS 
theory and even constrain the dCS coupling parameter. Here we will focus on the QNM frequencies in the eikonal limit (� � 1) and its 
connection with the shadow radius. To proceed, we employ the procedure proposed in [24,43] into the slowly rotating metric (2) of dCS 
gravity in the equatorial plane with θ = π/2. The Lagrangian for photons is written as

L = 1

2

(
gtt ṫ

2 + grr ṙ2 + 2gtφ ṫφ̇ + gφφφ̇2
)

, (10)

from which we can introduce the momenta as pt = −E, pφ = Lz and pr = grr ṙ. Then from the Hamiltonian H = ptṫ + pφφ̇ + prṙ −L = 0, 
we can derive the expression of ṙ ≡ V which should satisfy the following conditions

V |r=rc = 0,
dV

dr
|r=rc = 0, (11)

for the existence of circular geodesic with radius rc . Inserting the metric (2) into above conditions and defining R = Lz/E , we can obtain

R±
s = −

⎛
⎜⎝ g′

tφ ±
√

(g′
tφ)2 − g′

φφ g′
tt

g′
tt

⎞
⎟⎠ |r=r±

0
, (12)

where r±
0 are the radius of circular null geodesics for the retrograde and prograde cases, respectively, determined by the solutions to the 

equation

gφφ + 2gtφR±
s + gtt(R

±
s )2 = 0. (13)
5
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Fig. 7. The reals part of QNMs as a function of γ for different a. Here we fix M = 1 and � = 100.

Fig. 8. The typical shadow radius for the slowly rotating black hole as a function of γ . Here we fix M = 1.

Then using the geometric-optics correspondence between the parameters of QNM frequency and the conserved quantities along 
geodesics in the equatorial plane, we can consider E → ωRe , J → m with m = ±� in the eikonal limit where m is the azimuthal quantum 
number while ±� are angular momenta of the prograde and retrograde modes, respectively. According to [22], we can obtain

ω±
Re = lim

��1

�

R±
s

. (14)

The real part of QNM frequency, ω±
Re with � = 100 is depicted in Fig. 7 which shows that both ω+

Re and ω−
Re increase as γ increases in 

the rotating case. These QNMs frequencies are usually connected with the typical shadow radius for the observer in the equatorial plane, 
defined as [24,43]

R̄s = R+
s − R−

s

2
= �

2

(
1

ω+
Re

− 1

ω−
Re

)
. (15)

We show R̄s as a function of γ for samples of a in Fig. 8, which indicates that the typical shadow radius increases as the CS coupling 
parameter increases but decreases as the spinning parameter increases. It is noticed that for a = 0, we see that ω±

Re and R̄s are both 
independent of γ as expected because the CS correction has no print on the static black hole solution.

3. Gravitational deflection in weak field limit

It is well known that the light rays will deflect when they propagate in gravity field, due to the gravitational lensing effect. This effect 
mainly depends on the nature of the central source, so it is a useful tool to diagnose theories of gravity or to test exotic object in our 
Universe. The strong gravitational lensing effect by the slowly rotating black hole in dCS gravity has been well studied in [35]. In this 
section, we extend the study into the weak gravitational lensing and focus on the dCS correction on the gravitational deflection angle of 
light. To this end, we shall use the Gibbons-Werner method [44], in which the Gauss-Bonnet theorem in the optical geometry is resorted. 
Specifically, Gibbons and Werner proposed that for a static and spherically symmetric black hole, the deflection angle of light can be 
calculated by integrating the Gaussian curvature of the optical metric outwards from the light ray, as a consequence of the focusing of 
light rays emerges as a global topological effect. Their method was then extended to compute the light deflection angle of a static spherical 
black hole with cosmological constants for the finite distances from the black hole to the light source and the observer [45]. Moreover, 
Gibbons-Werner method was soon used in stationary and axisymmetric black holes [46]. Calculating the light deflection angle with this 
method has been widely investigated in various spherically symmetric or axisymmetric black holes. For a comprehensive review on the 
applications of the Gauss-Bonnet theorem to gravitational deflection angle of light in weak field limit, one refers to the review work [47], 
by following the steps of which we will proceed.

We firstly study the orbit equation of photon on the equatorial plane (θ = π/2). For the stationary and axisymmetric spacetime (2), 
we mention in the appendix that there exists two constants of motion, E and Lz , so we can define the impact parameter b as

b ≡ Lz

E
= gtφ + gφφ

dφ
dt

−gtt − gtφ
dφ
dt

. (16)
6
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Fig. 9. The schematic figure of lensing setup and domain of integration.

The null condition ds2 = 0 leads to the following orbit equation of photon(
dr

dφ

)2

= (g2
tφ − gtt gφφ)(gφφ + 2gtφb + gttb2)

grr(gtφ + gttb)2
, (17)

where we have inserted the impact parameter (16). For convenience, we introduce r ≡ 1/u and then the orbital equation of photon can 
be rewritten as(

du

dφ

)2

= u4(g2
tφ − gtt gφφ)(gφφ + 2gtφb + gttb2)

grr(gtφ + gttb)2
. (18)

In principle, we can get the orbit trajectory by inserting metric functions (3) and (4) into the (18). However, due to the complexity, we 
cannot solve the differential equation analytically. Instead we use the approximations for the weak field, slow rotation and small dCS 
coupling γ contribution to get the analytical approximation solution. The orbital function of the photon is thus obtained as1

u � sinφ

b
+ M(1 + cos2 φ)

b2
− 2aM

b3
+ 5aπγ 2(6(π − 2φ) cosφ + 9 sinφ + sin 3φ)

4b6

+ 5aMπγ 2(2997 + 1360 cos 2φ − 5 cos 4φ − 126(π − 2φ) sin 2φ)

84b7 + O(M2,a2, γ 3).

(19)

Meanwhile we solve (19) for φ obtained as

φ �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

arcsin(bu) + 2aM
b2

√
1−b2u2

+ M(b2u2−2)M

b
√

1−b2u2
+ 5aπγ 2(−3bu+b3u3−3

√
1−b2u2 arccos(bu))

b5
√

1−b2u2

− 10aMπ(544−816b2u2+204b4u4+47b6u6)γ 2

21b6(1−b2u2)
3
2

(|φ| < π
2 )

π − arcsin(bu) − 2aM
b2

√
1−b2u2

+ M(2−b2u2)

b
√

1−b2u2
+ 5aπγ 2(3bu−b3u3+3

√
1−b2u2 arccos(bu))

b5
√

1−b2u2

+ 10aπ M(544−816b2u2+204b4u4+47b6u6)γ 2

21b6(1−b2u2)
3
2

(|φ| > π
2 )

,

where we can choose the domain of φ to be −π < φ ≤ π without loss of generality. As shown in Fig. 9, the range of the angular 
coordinate value φS at the source (S) point is −π/2 ≤ φS < π/2. But for the receiver (R) point, the range of φR is |φR | > π/2. We assume 
the infinite distance limit for the source and receiver, namely uS , uR → 0, which leads to the angles φS → 0 and φR → π .

For the source and receiver in the equatorial plane in the axisymmetric spacetime, the definition of deflection angle is

α ≡ �R − �S + φR S . (20)

Here �S and �R are the included angles of the connecting line between the source and the lens, and the connecting line between 
the observer and the lens and the radial direction of the light rays respectively. φR S is the longitude separation angle between source 
and observer (cf. Fig. 9). In addition, we denote the integral region of the quadrilateral (R∞, R, S, S∞) as D . According to Gauss-Bonnet 
theorem, the deflection angle can also be written by

α = −
∫ ∫

D

KodS −
S∫

R

κgd�, (21)

where Ko and κg are the Gaussian curvature of the surface D and the geodesic curvature of light rays, respectively, dS is the area element 
of surface, and d� is infinitesimal line element along the boundary of surface. Now let us compute these two terms in (21). To this end, 
we rewrite dt from the null condition ds2 = 0 for the metric (2) as

dt =
√

ρi jdxidx j + βidxi, (22)

where i, j run from 1 to 3, and ρi j and βi are

1 Hereafter we will omit the term O(M2, a2, γ 3) for simplicity.
7
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ρi jdxidx j ≡ − grr(r, θ)

gtt(r, θ)
dr2 − gθθ (r, θ)

gtt(r, θ)
dθ2 + g2

tφ(r, θ) − gtt(r, θ)gφφ(r, θ)

g2
tt(r, θ)

dφ2, (23)

βidxi ≡ − gtφ(r, θ)

gtt(r, θ)
dφ. (24)

Firstly, for the light propagation in the equatorial plane, by considering the 2-dimensional Riemann tensor (2) Rrφrφ , the Gaussian 
curvature can be defined as

Ko =
(2)Rrφrφ

detρ(2)
i j

= 1√
detρ(2)

i j

⎡
⎢⎣ ∂

∂φ

⎛
⎜⎝

√
detρ(2)

i j

ρ
(2)
rr

(2)�
φ
rr

⎞
⎟⎠ − ∂

∂r

⎛
⎜⎝

√
detρ(2)

i j

ρ
(2)
rr

(2)�
φ
rφ

⎞
⎟⎠

⎤
⎥⎦ , (25)

where (2)Rrφrφ , (2)�
φ
rr and detρ(2)

i j are defined by the optical metric ρi j on the equatorial plane. Therefore, the integral of Gaussian 
curvature over the closed surface is [47]

−
∫ ∫

D

KodS =
φR∫

φS

∞∫
r(φ)

Ko

√
detρ(2)drdφ, (26)

where r(φ) is the orbit equation of photon and we have inserted dS = √
detρ(2)drdφ. Taking into account the above mentioned approxi-

mations, the Gaussian curvature Ko and area element dS can be easily obtained respectively

Ko � −2M

r3
, dS � r + 3M. (27)

Thus the surface integral of Gaussian curvature is obtained as

−
∫ ∫

D

KodS =
φR∫

φS

∞∫
r(φ)

Ko

√
detρ(2)drdφ � 4M

b
+ 320πaMγ 2

3b6
. (28)

Secondly, for the photon in the equatorial plane, the geodesic curvature is

κg = − 1√
ρρθθ

βφ,r, (29)

and recalling (24), we have

κg � −2aM

r3
+ 2a(230Mπ + 140πr)γ 2

7r7 . (30)

In addition, the line element in the integral is given by

d� =
√

ρrr

(
dr

dφ

)2

+ ρφφdφ. (31)

Thus, the path integral of geodesic curvature κg is

−
S∫

R

κgd� =
φR∫

φS

κg

√
ρrr

(
dr

dφ

)2

+ ρφφdφ � −4aM

b2
+ 15π2aγ 2

b5 + 2880πaMγ 2

7b6
. (32)

Finally in terms of (21), (28) and (32), the deflection angle in weak field limit of the slowly rotating black hole in dCS gravity is given as

α � 4M

b
− 4aM

b2
+ 15π2aγ 2

b5 + 10880πaMγ 2

21b6
. (33)

We can easily find that when γ = 0, the deflection angle of the slowly rotating black hole in dCS gravity will return to the result of 
the Kerr black hole in GR. Note that the result (33) is for the light in the prograde motion. However for the retrograde case, the spin 
parameter a will be changed into −a.

4. Conclusion and discussion

The dCS gravity is an appealing modified gravity theory and it is one of the most widely investigated parity violating gravity theory. 
In this theory, the static solution is still described by Schwarzschild metric of general relativity, but Kerr black hole is not a solution 
to this theory and the rotating black holes will be modified by the CS coupling term. Up to date, the complete form of fast rotating 
solutions is still missing, and the only axisymmetric solution was perturbatively obtained from Schwarzschild metric in terms of small 
spinning parameter. In this paper, we focused on the slowly spinning solution in the leading order correction and analyzed the effect of 
CS coupling term on shadow related quantities and gravitational deflection effect in weak field limit.
8



Y. Meng, X.-M. Kuang, X.-J. Wang et al. Physics Letters B 841 (2023) 137940
We analyzed the null geodesic using the Hamilton-Jacobi method, and revisited the shadow observables of the slowly rotating black 
hole in dCS modified gravity which are characterized by the shape and distortion of the shadow appearance. We found that the slowly 
rotating black hole with CS correction corresponds to larger black hole shadow since both the shadow radius and area are larger comparing 
to that in GR. As the CS coupling increases, the distortion of shadow decreases but the oblateness increases, meaning that the CS coupling 
suppresses the shadow deformation brought by the spinning of black hole. Then, using the EHT observation of supermassive black hole 
M87* and SgrA*, we attempted to constrain the CS parameter. The spinning parameter for M87* is not lower than 0.4 from EHT observation 
which could exclude all slowly rotating black hole in GR or alternative gravity theories, so it is not a good probe to detect the parameters 
of slowly rotating black hole. While the spinning parameter for SgrA* is inconclusive, and our result showed that the shadow diameter in 
slowing rotating black hole of dCS theory is consistent with the EHT observation dsh = 48.7 ± 7μas for SgrA*, indicating that it could be a 
candidate for supermassive black hole in SgrA*. In addition, we also found that the CS term enhances the real part of QNM frequency in 
eikonal limit using its connection with the circular null geodesic on equatorial plane. Finally, we investigated the gravitational deflection 
angle of light in weak field limit of slowly rotating black hole spacetime with CS correction. It was shown that the CS could enhance the 
deflection for prograde photon while suppresses the deflection for retrograde photon.

It is noticed that here we partly studied the shadow observables, QNM in eikonal limit and weak gravitational lensing effect, which 
are observations related with the null geodesic, in a slowly rotating solution which is analytically perturbative in dCS theory. Our findings 
can be considered as a complementary to the earlier research on shadow cast [34] and strong gravitational lensing effect [35]. Since the 
non-perturbative spinning solutions to dCS gravity have been numerically constructed, it would be interesting to explore those optical 
observations for general rotating black hole with CS correction. In particular, we expect future generations of EHT observations may help 
to detect the CS modification from GR, and even give possible constraints on the CS coupling.
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Appendix A. Null geodesic and photon region

In this appendix, we shall derive the equations of motion governing the photon trajectory in the slowly spinning Kerr black hole (3) in 
CS modified gravity. The null geodesic equation is integrable and the constants of motion of photon are the Lagrangian L = 1

2 gμν ẋμ ẋν . 
Since the spacetime of the slowly spinning Kerr black hole is independent of t and φ, therefore, we can define two conserved quantities, 
the energy E and the angular momentum Lz , as

E := −∂L

∂ ṫ
= −gtφφ̇ − gtt ṫ, Lz := ∂L

∂φ̇
= gφφφ̇ + gtφ ṫ. (34)

Here the dot represents the derivative with respect to the affine parameter λ. The Hamilton-Jacobi equation for the particle with mass μ
is given by

H = −∂ S

∂λ
= 1

2
gμν

∂ S

∂xμ

∂ S

∂xν
= −1

2
μ2, (35)

where H and S are the Hamiltonian action and Jacobian action, respectively. As in the Kerr case, the Jacobian action can be separated as

S = 1

2
μ2λ − Et + Lzφ + Sr(r) + Sθ (θ), (36)

where μ is the mass of the particle. Combining (35) and (36), we can obtain

2
∂ S

∂λ
= μ2 = gtt E2 − 2gtφ E Lz + gφφ L2

z + grr(dSr

dr

)2 + gθθ
(dSθ

dθ

)2
. (37)

For lightlike geodesics, μ = 0, then we can derive the equations of motion for the photon trajectory by solving (36) and (37). In the 
current model, the spin parameter a and CS coupling parameter γ are both small, so we calculate to the order aγ 2 and the equations of 
motion are

1

E
ṫ = (1 − 2Mu)(7 + aξu3(−14M + πu3(70 + 3Mu(40 + 63Mu))γ 2))

7(1 − 2Mu)2
− a2Mu3(1 + 2Mu + (1 − 2Mu) cos(2θ))

(1 − 2Mu)2
, (38)

1
φ̇ = − u2

(14aMu(aξu2 − 1) + aπu4(70 + 3Mu(40 + 63Mu))γ 2 − 7ξ(2Mu − 1)(a2u2 − 1) csc2 θ), (39)

E 7(1 − 2Mu)

9
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1

E
ṙ = 1

E

( 1

grr

dSr

dr

)

= 1

grr

√
1

�
(

− 4aξ Mu

1 − 2Mu
+ 2aξπu4(70 + 3Mu(40 + 63Mu))γ 2

7(1 − 2Mu)
+ 1

u2(1 − 2Mu)
− a2u2(4M2 − ξ2(1 − 2Mu))

(1 − 2Mu)2
− η − ξ2

)
,

(40)

and

1

E
θ̇ = 1

E

( 1

gθθ

dSθ

dθ

)
= 1

gθθ

√
a2 cos2 θ − ξ2 cos2 θ + η, (41)

where ξ = Lz/E , μ = 1/r, η = Q /E2, Q is Carter constant, and � = u−2 − 2Mu−1 + a2. To study the black hole shadow cast, we are 
interested in the photon region which is relevant to the photons with unstable circular orbits. To proceed, we redefine

R(u) ≡ �2 1

E2

(dSr

dr

)2
, �(θ) ≡ 1

E2

(dSθ

dθ

)2
. (42)

The unstable circular orbits with radius u = up require

R(up) = 0, and
dR(u)

du
|u=up = 0, and

dR2(u)

du2
|u=up < 0 (43)

solving which we obtain ξ and η as

ξ(up) = ξK (up) + πu2

7(1 − 2Mu)(Mu − 1)a
((1 − 3Mu)(140 + 90Mu + 87M2u2 − 945M3u3)

+2u2a2(35 + 55Mu − 101M2u2 − 408M3u3 + 102M4u4 + 945M5u5)

1 − 2Mu
)γ 2 |u=up ,

(44)

η(up) = ηK (up) − 2π(1 − 3Mu)

7((Mu − 1)2(1 − 2Mu))a2
((1 − 3Mu)(140 + 90Mu + 87M2u2 − 945M3u3)

+u2(140 + 20Mu − 233M2u2 − 1143M3u3 + 582M4u4 + 1890M5u5)a2

1 − 2Mu
)γ 2 |u=up .

(45)

Here,

ξK (up) = M(1 − a2u2) − �u

au(1 − Mu)
, ηK (up) = 4Mu3� − (1 − Mu)2

a2u4(1 − Mu)2
(46)

are the corresponding results for Kerr black hole, as the CS coupling vanishes. Then inserting ξ(up) and η(up) into (42), we can determine 
the photon region of the rotating black hole from �(θ) ≥ 0. For each point in this photon region, there exists a null geodesic staying on 
the sphere with u = up , along which φ and θ are governed by the equations of motion (39) and (41), respectively.
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