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Photon ring and observational appearance of a hairy black hole
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Recently, the image of a Schwarzschild black hole with an accretion disk has been revisited, and it
showed that the “photon ring,” defined as highly bent light rays that intersect the disk plane more than
twice, is extremely narrow and makes a negligible contribution to the total brightness. In this paper, we
investigate the observational appearance of an optically and geometrically thin accretion disk around a
hairy black hole in an Einstein-Maxwell-scalar model. Intriguingly, we find that in a certain parameter
regime, due to an extra maximum or an “anklelike” structure in the effective potential for photons, the
photon ring can be remarkably wide, thus making a notable contribution to the flux of the observed image.
In particular, there appears a wide and bright annulus, which comprises multiple concentric bright thin rings
with different luminosity, in the high resolution image.
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I. INTRODUCTION

The announcement of the first angular resolution image
of the supermassive black hole M87* by the Event Horizon
Telescope (EHT) collaboration is a significant event in
observing astrophysical black holes [1-8] which opens a
new window to test general relativity in the strong field
regime. The image contains two prominent features, a
circular dark interior, dubbed “shadow,” and a bright ring
which is closely relevant to a class of circular photon orbits
(i.e., photon sphere). The shadow and photon sphere are
originated from the light deflection by the strong gravita-
tional field near the black hole [9—-12]. Thus, it is believed
that the shadow image encodes valuable information of the
geometry around the black hole, especially in the vicinity of
the horizon.

Modeling the M87* with the Kerr black hole geometry,
the observation was found to be in good agreement with the
prediction of general relativity. Nevertheless, due to the
finite resolution of the MS87* image, there still exists
some space for alternative models to simulate the black
hole image within observational uncertainty tolerance.
To explore these possibilities, one can parametrize the
deviations from the Kerr metric and compare the corre-
sponding shadow image with the observed image [13—-18].
Alternatively, shadows and photon spheres of black holes
are widely studied in the context of various specific theories
including new physics, e.g., the nonlinear electrodynamics
[19-23], the Gauss-Bonnet theory [24-27], fuzzball [28],
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the Chern-Simons-type theory [29,30], f(R) gravity
[31,32], and string inspired black holes [33-36].
Moreover, there could exist some exotic ultracompact
objects acting as black hole mimickers [37]. The gravita-
tional lensing by various horizonless objects, such as
wormholes [38—40] and bosonic stars [41,42], has been
detailedly analyzed. Their shadow images are usually
distinct from those of black holes, but it is hard to
distinguish between them at the current EHT resolution.
Interestingly, it was argued in [43—-45] that naked singu-
larities can cast a shadow in the absence of the photon
sphere. Furthermore, the EHT observation can also be
applied to impose constraints on the cosmological param-
eters [46-51] and the size of extra dimensions [52-54], test
the equivalence principle [55-57], and probe some funda-
mental physics issues including dark matter [21,58-63] and
dark energy [64-67].

On the other hand, an astrophysical black hole is
generally believed to be surrounded by a luminous accre-
tion flow, which is an essential ingredient in obtaining the
black hole image. In fact, the realistic image is a result of
the complex interactions between the strong gravitational
lensing of the black hole and the electromagnetic plasma in
the accretion flow, which requires intensive numerical
general relativistic magnetohydrodynamic simulations
[68]. Nevertheless, simplified accretion models usually
suffice to capture major features of black hole images,
and hence have been widely investigated in the literature,
e.g., spherical accretion flows [26,43,63,65,66,69], thin or
thick accretion disks [70-77]. In particular, Gralla et al.
[72] considered the emission from an optically and geo-
metrically thin disk lying in the equatorial plane of a
Schwarzschild black hole, which is divided into three
classes by the number m of half orbits that an emitted
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photon completes around the black hole before reaching a
distant observer at the “north pole”: the direct emission
(m < 1), the lensing ring (m = 2), and the photon ring
(m > 3). The results in [72] show that the lensing ring
superimposed upon the direct emission produces a thin ring
of twice the background intensity in the black hole image,
while the photon ring, which picks up larger intensity,
makes negligible contributions to the total observed bright-
ness due to its exponential narrowness. Nevertheless,
observations of the photon ring would provide a new
and powerful tool to probe a black hole spacetime [78].
Recently, experimental methods have been proposed to
detect the photon ring by measuring its interferometric
signatures [79] and two-point correlation function of
intensity fluctuations [80].

The no-hair theorem states that a black hole can be
completely characterized by only three observable classical
parameters: mass, electric charge, and spin [81]. However,
various models of hairy black holes (HBHs) have been
proposed to circumvent the no-hair theorem (see [82] for a
review). Testing the no-hair theorem with observations
would provide powerful probes of alternative theories of
gravity. The observation of the black hole shadow would
enable tests of the no-hair theorem, and therefore studying
shadows of HBHs with various hairs has attracted great
attention, e.g., axionlike hairs [83,84], dilatonlike hairs
[85—-87], and others [88—94]. Interestingly, in [95] we found
that there can exist two unstable photon spheres outside the
event horizon for the HBH solutions in the Einstein-
Maxwell-scalar (EMS) theory proposed in [96]. This novel
feature results in two concentric bright rings of different
radii in the observed image of the HBH surrounded by an
optically thin, spherical accretion flow. Note that the
presence of more than one photon sphere has also been
reported in other scenarios, e.g., horizonless ultracompact
objects [97], Morris-Thorne-type wormholes [38,98],
reflection-asymmetric wormholes [39,40,99,100], and a
Schwarzschild black hole surrounded by a certain matter
distribution [101].

To investigate the effects of two unstable photon
spheres on the photon ring, we consider the observational
appearance of the aforementioned HBH surrounded
by an optically and geometrically thin accretion disk.
Remarkably, we show that, in a certain parameter regime,
the existence of two photon spheres or its reminiscence
can significantly extend the photon ring band, which thus
makes a nontrivial contribution to the total observed
intensity, comparable to that of the lensing ring. The rest
of the paper is organized as follows. In Sec. II, we briefly
review the HBH solutions, the behavior of null geodesics,
and the observed intensity of the accretion disk.
Section III contains our main numerical results, which
include effective potentials for photons, accretion disk
images seen by a distant observer, and the dependence of
the photon ring on the HBH charge and scalar coupling.

We conclude with a brief discussion in Sec. IV. We set
162G = 1 throughout the paper.

II. SETUP

Consider a specific 4D EMS theory with an exponential
scalar-electromagnetic coupling given by [96]

S / dx /=GR — 20,09 — ¢V F, P, (1)

where R is the Ricci scalar, the scalar field ¢ is minimally
coupled to the metric g,, and nonminimally coupled to
the electromagnetic field A, and F,, = 9,A, — 0,A,, is the
electromagnetic tensor. Many properties of this model and
its extensions have been explored in the literature, e.g.,
various nonminimal coupling functions [102,103], dyons
including magnetic charges [104], axionic-type couplings
[105], massive and self-interacting scalar fields [106,107],
horizonless reflecting stars [108], stability analysis of the
HBHs [109-113], higher-dimensional scalar-tensor models
[114], quasinormal modes of the HBHs [115,116], two
U(l) fields [117], quasitopological electromagnetism
[118], topology and spacetime structure influences [119],
the Einstein-Born-Infeld-scalar theory [120], and with a
negative cosmological constant [121,122]. Starting with the
static and spherically symmetric black hole solution ansatz,

2
ds* = =N(r)e™0dp + % + r2(d6? + sin*0d¢?),
r

A=A, dt=V(r)dt, (2)

we obtain the equations of motion

. (3)

where N(r) =1-2m(r)/r can be expressed in terms of
the Misner-Sharp mass function m(r), and primes denote
derivatives with respect to r. The last equation in Eq. (3)
yields V'(r) = =)=’ 9 /r2 where the constant Q
can be interpreted as the electric charge of the black hole.
To solve the above nonlinear ordinary differential equa-
tions, suitable boundary conditions at the event horizon of
radius r;, and spatial infinity shall be imposed as

I

. O8(r) =080, P(rn)=¢o, V(ry)=0,

$(e0) =0,

m(ry) =
5(00) =0, V(o) =",

(4)
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where d, and ¢, are two positive constants, M is the
Arnowitt-Deser-Misner mass, and ¥ is the electrostatic
potential. The scalar-free black hole solution with ¢ = 0
corresponds to Reissner-Nordstrom black holes (RNBHs).
When the dimensionless coupling «a is larger than 1/4,
there exist HBH solutions with a nontrivial profile of the
scalar field ¢(r) [96,102,120]. In this paper, we focus on
the fundamental state of the HBH solutions, which means
that ¢(r) remains positive outside the event horizon.

The behavior of a photon traveling outside the HBH can
be encapsulated in the null geodesic equation,

d*x* u dx? dx°

a2 A T ®)
where 1 is the affine parameter and Fﬁg is the Christoffel
symbol. In the Appendix, we show that light rays propa-
gating in the HBH spacetime indeed are determined by the
null geodesic equation. Due to the spherical symmetry, we
only consider light rays moving on the equatorial plane
with @ = /2. Combining ds*> = 0 and Egs. (2) and (5),
one obtains the time, azimuthal, and radial components of
the null geodesic,

a1
d~ bN(r)e 0’
dp_ 1
di r
e=26(r) (ﬂ) ’ = L M (6)
di b? r? '

where + on the second line corresponds to the light rays
moving counterclockwise (+) or clockwise (—) along the ¢
direction. The impact parameter b is defined as |L|/E,
where L and E are the conserved angular momentum and
energy of the photons, respectively. Note that we use a
redefined affine parameter A — A/|L| in Eq. (6). From the
last equation of Eq. (6), one can define the effective
potential of light rays as

e—26(r) r
Ver(r) = C N0, )

;
Particularly, an unstable photon sphere (or equivalently, a
circular and unstable null geodesic) is determined by

1

Veff(rph):bTv Ve (rpn) =0, Vig(rpn) <0, (8)
ph

where rp, is the radius of the photon sphere and by, is the
corresponding impact parameter. In this paper, we focus on
unstable photon spheres since they play an important role in
determining the accretion disk image seen by a distant
observer. For convenience, photon spheres are referred to as

unstable photon spheres in the remainder of this paper
unless we make an explicit statement to the contrary.

In this paper, we consider the HBH to be surrounded by a
static and geometrically thin accretion disk, which is
assumed to radiate isotropically in the rest frame of the
matter. In addition, we take the disk emission to be
optically thin by neglecting the absorption effect. Note
that there exists compelling evidence indicating that an
optically thin hot accretion flow may surround M87* or Sgr
A* [123,124]. Moreover, the inclination angle between the
line of sight to the observer and the accretion disk axis is
presumed to be small (around 17°) in the observation of
MS87* [1]. Therefore, in this paper, we consider a simplified
scenario with accretion disks being viewed from a face-on
orientation, which is widely adopted and investigated in the
literature [70-77]. To obtain the accretion disk image
perceived by a distant observer, we evolve light rays from
the observer’s position backward in time. Furthermore, one
can use m, the times that a certain ray intersects with the disk
plane outside the horizon, to distinguish light rays’ behavior.
Following the definitions in [72], light rays with m <1,
m = 2,and m > 3 constitute the direct emission, the lensing
ring, and the photon ring, respectively. Note that for a face-
on accretion disk surrounding a black hole, the definition of
m as the times of intersection with the disk is identical to that
as the number of half orbits around the black hole. The
observed total intensity F,(b) generated by a light ray of
impact parameter b is a sum of the intensities from each
intersection with the disk plane outside the horizon,

Fo(b) = / dvgl, () = / o(dveg (P, (1)
= 294(r)Fe<r)

where g(r) is the redshift factor, 7, is the specific intensity
at the emission frequency v,, [, is the specific intensity at
the observed frequency v,, and F, = fb 1, dv, is the total

r:rm(b)

; ©)

r=ry(b)

emitted intensity. Here, we have applied the 1, = ¢*(r)I,,
by Liouville’s theorem in the second equality. The function
rm(b) (m=1,2,3...), dubbed the transfer function, is the
radial coordinate of the light ray crossing the disk plane at
the mth time. Moreover, the slope of the transfer function,
dr,,/db, is the demagnification factor of the mth image of
the accretion disk. For simplicity, we set the total emitted
intensity F,(r) = 1/r* with r > r;,, which suffices to
illustrate the major features of the accretion disk image.
In this case, the observed total intensity is given by

2( ) e—48(r)
F,(b) = Z%

; (10)
r:rm(b>

m

where we use g(r) = 1/N(r)e~%") [95]. When viewed in a
face-on orientation, the 2D image of the accretion disk is
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Left panel: regions of four different HBH families in the Q-a plane—single-peak I (green), single-peak II (blue), double-peak I

(orange), and double-peak II (red). The domain of the HBH solutions is bounded by the existence line (blue) and the critical line (red). The
black dashed line and the vertical dashed line denote Q, = (Q — Qcyi)/(Qu — Qexi) = 0.98 and a = 0.9, respectively. The inset displays
the domain of HBH solutions with a larger range of @, and shows that the single-peak I family occupies almost the whole HBH existence
regime. Middle panel: profiles of the effective potentials at fixed Q, = 0.98 for different a. The inset illustrates the change of the potential
profiles, indicating a single-peak I — double-peak I — double-peak II — single-peak II — single-peak I transition with increasing a.
Right panel: profiles of the effective potentials at fixed a = 0.9 for different Q,. The change of the potential profiles is zoomed in the inset,
which presents a single-peak I — double-peak I — double-peak II — single-peak II transition as Q, increases.

circularly symmetric. Taking account of the geometric
interpretation of b, we can depict the 2D face-on image
by employing F,(b) = F,(vVX? + Y?), where the coordi-
nates (X, Y) span the observer’s celestial plane.

III. NUMERICAL RESULTS

In this section, we present the numerical results about the
optical appearance of the accretion disk surrounding the
HBH black hole, viewed face-on. In the left panel of Fig. 1,
we first display the domain of existence for HBH solutions
to the action (1), which is bounded by the sets of existence
and critical solutions, denoted by the Q.,; line (red line) and
Q. line (blue line) in the Q — a plane, respectively. On the
Q.. line, the black hole horizon radius vanishes with the
black hole mass and charge remaining finite. Furthermore,
this domain can be divided into four parameter space
regions, in one of which the effective potentials (7) have
distinct profiles, e.g., the number of the maxima. In
particular, we obtain four families of the HBH solutions.
(1) Single-peak I (green region): The potential has a
single maximum, which is similar to Schwarzschild
and RN black holes [69,125], for instance, the @ =
10 case (black line) in the middle panel of Fig. 1.

(2) Single-peak II (blue region): The potential has a
single maximum and an “anklelike” structure, e.g.,
the o = 0.9 case (green line) in the middle panel.
The anklelike structure is characterized by a flat-
tening of the potential, and corresponds to a tran-
sition between convexity and concavity of the
effective potential. More precisely, its presence
can be determined by the appearance of V;(r)>0
in the region where V., (r) < 0.

(3) Double-peak I (orange region): The potential has
two maxima at two different radii, and the peak of
the potential at the smaller radius is lower than that
at the larger radius, e.g., the @ = 0.6 case (pink line)
in the middle panel.

(4) Double-peak II (red region): The potential has two
maxima at two different radii, and the peak of the
potential at the smaller radius is higher than that at
the larger radius, e.g., the @ = 0.7 case (orange line)
in the middle panel.

It can be observed from the inset in the left panel of Fig. 1
that the single-peak I family occupies almost the whole
HBH existence regime, whereas the other three families
only exist in a small « region near the Q. line.

To illustrate how the potential profile changes among
different families, we display a set of potentials along the
lines with fixed Q, = (Q — Quxi)/(Qcr — Ocxi) = 0.98 and
fixed @ = 0.9 in the middle and right panels of Fig. 1,
respectively. In the inset of the middle (right) panel, the
profiles of the potentials with different a (Q,) are zoomed
in to better show how the potential profiles change
with a (Q,). As a increases with O, = 0.98, the middle
panel (specifically, the inset therein) shows that the
potential first has a single peak, then another peak at a
smaller radius appears and grows, meanwhile the peak at
the larger radius shrinks until it disappears, indicating
the single-peak I — double-peak I — double-peak II —
single-peak II — single-peak I transition. When Q,
increases with fixed a = 0.9, the right panel and the inset
therein present the single-peak I — double-peak I —
double-peak II — single-peak II transition. In what fol-
lows, we display several representative cases to show the
main features of each family. Note that the HBH mass M
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FIG. 2. Behavior of photons in a HBH with a = 0.9 and Q = 1.03, which is in the single-peak I family, and the observational
appearance of an optically and geometrically thin accretion disk around the HBH, viewed from a face-on orientation. Upper-left panel:
profile of the effective potential, which possesses a single maximum. Upper-middle panel: total number of orbits n = ®/(2x), where
® = Ag is the total change of the azimuthal angle outside the event horizon. The direct emission, the lensing ring, and the photon ring
correspond to n < 0.75 (gray), 0.75 < n < 1.25 (orange), and n > 1.25 (red), respectively. Upper-right panel: selection of photon
trajectories within the direct, lensed, and photon ring bands. The blue dashed circle is the photon sphere, and the green line denotes the
cross section of the disk plane. Lower-left panel: first three transfer functions r,,(b) with m = 1 (gray), m = 2 (orange), and m = 3
(red), representing the radial coordinates of the first, second, and third intersections with the accretion disk. Lower-middle panel:
observed total intensity F,(b) and the net contributions to the total flux from the direct (gray), lensed (orange), and photon ring (red)
bands. Lower-right panel: 2D image of the accretion disk viewed in the observer’s sky. A bright and narrow ring appears at the location

of the photon ring.

is set to 1 without loss of generality in the rest of this
section.

Interestingly, apart from two unstable photon spheres, a
stable photon sphere, corresponding to the minimum of the
effective potential, is observed to exist outside the event
horizon of a HBH in the double-peak I and II families (e.g.,
the valleys of Vg in the @ = 0.6 and o = 0.7 cases shown
in the inset of the middle panel in Fig. I). In fact, the
appearance of the stable photon sphere outside the event
horizon is expected from the topological theorem in [126].
In [97], a topological argument gives that horizonless
ultracompact objects must have at least one stable photon
sphere (or light ring for rotating ultracompact objects).
Moreover, stable photon spheres have also been found in
wormholes of the Morris-Thorne class [38,98] and on the

horizons of extreme static black holes [127]. In particular, it
was suggested in [ 128] that the existence of very long-lived
modes localized near stable photon spheres might make
spacetime unstable. In our work, the potential endowed
with double-peak structure provides an interesting example
that an asymptotically flat black hole can have a stable
photon sphere outside the event horizon. Effects of stable
photon spheres on the HBH stability are beyond the scope
of this work, and hence we leave them to future studies.

A. Single-peak potential

For the single-peak I family, we consider a HBH with
a=0.9 and Q =1.03 in Fig. 2. The potential with one
maximum indicates a single photon sphere with radius ry,
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and the corresponding impact parameter by,. To consider
the accretion disk viewed from a face-on orientation, we
assume that an observer is placed at the far right of the
upper-right panel, corresponding to the “north pole
direction,” and the disk lies in the equatorial plane
with respect to the observer’s orientation (dashed green
line in the upper-right panel). Tracing a light ray backward
from the observer, the total orbit number n is related
to the total disk-crossing times m as n<0.5—->m=0,
05<n<075->m=1, 075<n<125->m=2, and
n>125—- m>3. By definition, m <1, m =2, and
m >3 correspond to the direct emission, the lensing
ring, and the photon ring, respectively [72]. In the
upper-middle panel, we plot n as a function of b and
depict the direct, lensing, and photon ring bands in gray,
orange, and red, respectively.

To obtain the observed intensity, we first calculate
the transfer functions r,,(b) with m =1,2,3,.... In the
lower-left panel of Fig. 2, we depict the transfer functions
for m = 1, 2, and 3, which are associated with the direct,
lensing, and photon ring bands, respectively. Since the
average slope of r,,(b) roughly reflects the demagnified
level of the mth image of the disk plane, it shows that the
secondary image is highly demagnified, and the tertiary
image is extremely demagnified. Via Eq. (10), the observed
intensity F, as a function of b is shown in the lower-middle
panel, which presents a narrow spikelike photon ring (red)
and a broader bumplike lensing ring (orange) superimposed
on the direct emission (gray). One can see that the direct
emission makes the dominant contribution to the overall
intensity flux, whereas the lensing (photon) ring makes
modest (small) contributions. To present the 2D image of
the accretion disk seen by a distant observer, we project
F,(b) to the observer’s celestial (X,Y) plane via
b* = X*> + Y?. In the lower-right panel, the observational
appearance of the photon ring is shown to be a thin bright
ring of radius by, which suggests that the photon ring
makes a very small contribution to the total flux.
More precisely, one can obtain the total observed intensity
flux F of the direct, lensing, and photon ring bands
by the integral F = [, 2xbF,(b)db, where Q denotes
the b range of the corresponding band. Thus the percentage
of the total flux from the direct emission, the lensing ring,
and the photon ring corresponds t0 Fpiect/ Frotals
F Lensing/ F Total» and F Photon/ F Total» respectively, where
F Total — F Direct T F Lensing + F Photon* EmplOymg these for-
mulas, we find that the direct emission, the lensing ring,
and the photon ring contribute 85.7%, 11.6%, and 2.7% of
the total flux, respectively. In [72], it was estimated that, for
a Schwarzschild black hole, the lensing ring and the photon
ring contribute around 5% and 0.25% of the total flux,
respectively. Compared with the Schwarzschild case, the
contribution from the photon ring of a HBH in the single-
peak I family constitutes a much larger percentage of the
total flux. Although the photon ring of the HBH is washed

out in the blurred image at the current EHT’s resolution (the
left panel of Fig. 8), its flux might provide a distinctive
feature in a relatively high resolution image, which could
be viable in next generation EHT observations [129].
Moreover, there exists a completely dark area with vanish-
ing intensity inside the photon ring, which is determined by
the m = 0 band.

On the other hand, the photon ring can play a nontrivial
role in the observational appearance of an accretion disk
around a HBH in the single-peak II family. A HBH with
a = 0.9 and Q = 1.074 is considered in Fig. 3, the upper-
left panel of which shows that the effective potential has
an anklelike structure around logr ~ 1. This distinctive
feature results in more complicated behavior of null
geodesics and the observational appearance of emission
from an accretion disk. Indeed, due to the flattening of the
anklelike structure, photons can revolve around the ankle-
like structure multiple times, and cross the disk plane
more than twice. So the upper-middle panel displays that,
in addition to the sharp peak determined by the photon
sphere at b = by, the n(b) curve also possesses a much
broader peak of finite height at b > b,,, which signifi-
cantly widens the photon ring band. Note that a similar
phenomenon has been reported in a wormhole scenario
[38]. Consequently, as shown in the lower-middle panel,
the photon ring makes a noticeable contribution to the
total intensity flux, comparable to that of the lensing ring.
Therefore, the photon ring plays an important role in
determining the observational appearance of the accretion
disk, leading to the presence of a bright ring and a
concentric bright annular region, which can be observed
in the lower-right panel. While the bright ring at the
smaller radius, corresponding to the photon sphere, is
barely visible due to the sharpness of the peak of F,(b) at
b = by, the wide bright annular region at the larger radius
is quite noticeable and comprises multiple concentric thin
bright rings with different luminosities. Interestingly, the
second and third transfer functions both exist over a larger
range of b than those in the single-peak I family (lower-
left panels of Figs. 2 and 3), thus resulting in less
demagnification for secondary and tertiary images in
the single-peak II family.

B. Double-peak potential

The prominent character of a double-peak potential is the
presence of two maxima at r = ry, and r = ryy, with
Tph1 < Tph2» corresponding to two photon spheres of radii
rpn1 and rpp, outside the horizon, respectively. The asso-
ciated maximum values of the potential are 1/ bghl and
1 /bghz, where by and by, are the impact parameters
of the photon spheres (see the upper-left panels of Figs. 4
and 5). As mentioned before, there are two families of
double-peak potentials according to the magnitudes of the
two maximum values of the potentials. For the double-peak
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FIG. 3.

Behavior of photons in a HBH with @ = 0.9 and Q = 1.074, which is in the single-peak II family, and the observational

appearance of an optically and geometrically thin accretion disk around the HBH, viewed from a face-on orientation. The effective
potential shows a flattening around log r ~ 1 (upper-left panel), which leads to a finite broad peak in the n — b plane (upper-middle
panel). As a result, the width of the photon ring is significantly increased, and comparable to that of the lensing ring. Therefore, the
photon ring can make a nontrivial net contribution to the observed flux F,(b) (lower-middle panel). Specifically, a bright and wide
annulus, consisting of multiple concentric bright thin rings, appears outside the bright ring, corresponding to the photon sphere, in the
accretion disk image (lower-right panel). Moreover, as indicated by the transfer functions, the secondary and tertiary images are less
demagnified than those in the single-peak I family (lower-left panel).

I potential, the maximum at the smaller radius is lower
than that at the larger radius (or equivalently, by > bypo).
So the light rays revolving around the photon sphere
of smaller radius cannot escape to infinity, rendering
this photon sphere invisible to a distant observer.
As a result, accretion disk images in the double-peak I
family closely resemble those in the single-peak I
family. On the other hand, both photon spheres can be
responsible for obtaining the image of an accretion disk in
the double-peak II family. In fact, two bright rings of
arbitrarily large brightness, whose radii are by, and by,
respectively, can appear in the image of the accretion disk.
In what follows, we display two representative cases of the
double-peak II family.

In Fig. 4, we consider a HBH with @ =0.9 and
Q = 1.064, for which the difference between by and
Doy 1s small. As expected, the existence of two photon

spheres endows both n(b) and F,(b) curves with two
infinite peaks at radii by, and bpy,. As shown in the upper-
middle panel, this two-peak structure extends the width of
the photon ring band compared to the single-peak I case. It
is observed in the lower-middle panel that the photon ring
can make a non-negligible contribution to the observed
intensity, which is comparable to that of the lensing ring.
Moreover, the photon ring leads to some internal structure
between the two peaks for the observed intensity. However,
since the photon ring is not wide enough, the lower-right
panel shows that the internal structure can hardly been seen
in the 2D image, and the observational appearance of the
photon ring is almost indistinguishable from that of a thin
bright ring.

In Fig. 5, we consider another HBH with a = 0.9 and
0 = 1.07, for which the difference between by, and by,
is large. As shown in the upper-left panel, the two
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FIG. 4. Behavior of photons in a HBH with a = 0.9 and Q = 1.064, which is in the double-peak II family, and the observational
appearance of an optically and geometrically thin accretion disk around the HBH, viewed from a face-on orientation. The upper-left
panel shows that the effective potential has two peaks of similar heights at r = ry,; and r = ryp,, respectively. These two peaks
correspond to two photon spheres (blue dashed circles), leading to two infinite peaks in n(b) and F,(b) curves and a narrow photon ring
(upper-middle and lower-middle panels). Due to the two photon spheres, the contribution from the photon ring to the observed flux
F,(b) is comparable to that of the lensing ring, and hence is non-negligible (lower-middle panel). However, the internal structure of the
photon ring is hardly visible in the accretion disk image because of the narrowness of the photon ring (lower-right panel).

maximum values of the effective potential are quite
different, thus leading to a remarkably wider
photon ring. The lower-middle panel exhibits that
the lensing and photon rings both contribute
appreciably to the total observed intensity, and the photon
ring is notably wider than that in Fig. 4. In the lower-right
panel, the 2D observed image is shown to have a bright
thin ring at b = by, and a bright annulus around
b = by, which consists of a bright ring at b = by,
and multiple concentric bright rings with different lumi-
nosity. In other words, the inner structure of the photon
ring can be seen in the observed image since the photon
ring is wide enough. The lower-left panels in Figs. 4 and 5
show that the secondary and tertiary images in Fig. 5 are
less demagnified than those in Fig. 4. It is noteworthy that
the anklelike structure of the potential in Fig. 3 is
reminiscent of the maximum of the potential at r =
rpn2 in Fig. 5.

C. Dependence on black hole charge
and scalar coupling

Here, we turn to investigate the dependence of the size of
the photon ring and shadow on the HBH charge Q and the
scalar coupling a. To study the dependence on Q, we
consider two cases with fixed @ = 0.9 and 10 in the upper
and lower rows of Fig. 6, respectively. Note that the allowed
parameter regions are bounded by the Q.,; line and/or the
Q. line, which are shown in Fig. 1. The upper-left panel of
Fig. 6 displays that, when @ = 0.9, the HBHs belong to the
single-peak I (region on the left of the orange region),
single-peak II (region on the right of the red region),
double-peak I (orange region), or double-peak II (red
region) families, depending on the value of the HBH
charge. From the upper-middle panel, one can see that
the photon ring (red region) of the HBHs in the single-peak
II and double-peak II families are quite wide, thus indicat-
ing that the photon rings can play a relevant role in
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Behavior of photons in a HBH with a = 0.9 and Q = 1.07, which is in the double-peak II family, and the observational

appearance of an optically and geometrically thin accretion disk around the HBH, viewed from a face-on orientation. Compared to
Fig. 4, the photon ring here becomes significantly wider (upper-middle and lower-middle panels) since the two maximum values of the
effective potential are well separated (upper-left panel). Therefore, the photon ring can make a sizable contribution to the total flux
(lower-middle panel), and the internal structure of the photon ring, which is made up of multiple concentric bright rings, can be observed

in the 2D image (lower-right panel).

determining the observed accretion disk images. Moreover,
as the HBH charge increases toward the Q. line, the width
of the photon ring grows until the photon ring splits into a
narrow photon ring of smaller radius and a broad one of
larger radius in the image plane. While the photon ring of
smaller radius is barely visible in the observed 2D image,
the one of larger radius can make a non-negligible con-
tribution to the total intensity and the accretion disk image.
Therefore, it is expected that the accretion disk image in the
two photon rings scenario is quite similar to those shown in
Figs. 3 and 5. On the other hand, the HBH with @ = 10 is
always in the single-peak I family, which is shown in the
inset of the left panel of Fig. 1. In this case, the lower-
middle panel of Fig. 6 displays that the photon ring is
always very narrow, and the lensing (orange and red
regions) and photon rings decrease in size with Q increas-
ing toward Q.. Around Q = Q,, the lensing ring also
becomes very narrow, and makes a negligible contribution
to the observed intensity.

In this paper, the term “standard shadow” is used to refer
to the area inside the (smaller) photon sphere (i.e., the
apparent boundary [10,11]). Specifically, the radius of the
standard shadow is the impact parameter of the smaller
photon sphere if there exist two photon spheres [95]. From
the left column of Fig. 6, it is observed that the standard
shadow of a HBH in the @ = 0.9 and 10 cases shrinks with
increasing Q and vanishes at Q = Q,,, where the HBH
horizon becomes zero. For a = 0.9, the standard shadow
radius decreases at a larger decreasing rate in the single-
peak II and double-peak II families. In the middle column
of Fig. 6, the black regions denote the completely dark area
with vanishing intensity, and are also shown to decrease in
size with increasing @ and vanish at Q = Q. For
comparison, we also plot the impact parameters of the
photon spheres of RNBHs with M = 1 in the right column
of Fig. 6. In the coexisting Q range of the RNBH and HBH,
one can see that the standard shadow of the RNBH is larger
than that of the HBH in the @ = 0.9 case (upper-right panel
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FIG. 6. Dependence of quantities of interest on the black hole charge Q for HBHs with a = 0.9 (upper row) and a = 10 (lower row).
Left panels: photon sphere radii, 7pp,, 7pn1, and 7y, the associated impact parameters, by, bphi, and by, and the horizon radius r;, as
functions of Q. As shown in Fig. 1, the range of Q is bounded by the existence charge Q.,; (black dashed line) and critical charge Q..
(red dashed line). With increasing Q from Q.,;, the HBH with @ = 0.9 undergoes the single-peak I (region between the Q.; line and the
orange region), double-peak I (orange region), double-peak II (red region), and the single-peak II (region between the red region and the
Q. line) families, while the HBH with @ = 10 remains in the single-peak I family. The impact parameter of the (smaller) photon sphere
is identified as the radius of the HBH standard shadow, which decreases in size as Q increases, and disappears at Q = Q... Middle
panels: ranges of the direct emission (black, gray, orange, and red regions), the lensing ring (orange and red regions), and the photon ring
(red region) as functions of Q. The black region denotes the m = 0 band, corresponding to the completely dark region. When a = 0.9,
the range of the photon ring can be quite noticeable for large enough Q (e.g., in the single-peak II and double-peak II families), thus
indicating that the photon ring contributes nontrivially to the observed flux. When a = 10, the photon ring always has a very narrow
range, and hence makes a negligible contribution to the flux. Right panels: impact parameters of the RNBH (red) and HBH (green)
versus Q in the coexistence region (yellow region). For a given Q, the HBH (RNBH) has a smaller standard shadow for
a=20.9 (ad=10).

of Fig. 6), and vice versa in the a = 10 case (lower-right
panel of Fig. 6), which is consistent with the result in [91].

In Fig. 7, three cases with fixed Q = 0.8 (left column),
Q = 1.06 (middle column), and Q = 2 (right column) are
presented to study the dependence on the scalar coupling a.
As shown in the upper row, the size of the standard shadow
becomes larger for a stronger scalar coupling in all cases.
For QO = 0.8, the ranges of the photon and lensing rings are
fairly insensitive to a. In the near Q-line regime, HBHs
with QO = 1.06 are in the double-peak II family, and the

photon ring’s contribution to the observed intensity cannot
be neglected. On the other hand, the ranges of the photon
and lensing rings of HBHs with Q = 2 become zero at the
0O, line. Finally, it is interesting to note that the stronger the
a, the larger the completely dark area becomes.

D. Blurred accretion disk images

So far, we have considered high resolution images of
HBHs surrounded by an accretion disk, which present
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FIG.7. Dependence of quantities of interest on the scalar coupling @ for HBHs with Q = 0.8 (left panels), Q = 1.06 (middle panels),
and Q = 2 (right panels). For the Q = 0.8 and Q = 2 cases, the HBHs are always in the single-peak I family. As a increases, the HBH
with O = 1.06 belongs to the double-peak II, double-peak I, and single-peak I families, respectively. The allowed range of « is bounded
from below by the Q.,; line in the Q = 0.8 case, and by the Q. line in the Q = 1.06 and Q = 2 cases. Upper row: event horizon radii
(black), the photon sphere radii (blue), and the corresponding impact parameters (green) versus a. The standard shadow grows as a
increases. Lower row: ranges of the direct emission (black, gray, orange, and red regions), the lensing ring (orange and red regions), and
the photon ring (red region) as functions of a. The black region denotes the completely dark region. The photon ring can play a relevant
role for a HBH with Q = 1.06, that is, close enough to the Q. line.

some interesting features of the photon ring. To gain some
insight into the effects of the photon ring on a realistic
observation, we blur the images of the accretion disk in
Figs. 2-5 with a Gaussian filter with standard derivation
equal to 1/12 the field of view to mimic the EHT resolution
[72], as shown in the lower row of Fig. 8. In Fig. 8, the
white dotted circles represent critical circles, whose radii
are the impact parameters of photon spheres, and the
standard shadow is defined as the region inside the critical
circle or that of smaller radius if there exist two photon
spheres.

In the first column of Fig. 8, we display the high
resolution and blurred images of the HBH from Fig. 2,
which is in the single-peak I family. The blurred image is
primarily determined by the direct emission and the lensing

ring, and has a blurred bright ring at the location of the
lensing ring, which indicates that the observed shadow
almost coincides with the standard shadow. In the second
column, we exhibit the high resolution and blurred images
of the HBH of the double-peak II family from Fig. 4, which
has two critical circles of similar radii. Compared with the
single-peak I family, the existence of two photon spheres
slightly increases the brightness of the blurred bright ring.
In addition, the observed shadow in the blurred image is
almost the same as the standard shadow.

On the other hand, when the photon ring is wide enough
(e.g., Figs. 3 and 9), its effects can become quite noticeable
in the blurred images. Indeed, the high resolution and
blurred images of the HBH of the double-peak II family
from Fig. 5 are shown in the third column of Fig. 8. In this
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FIG. 8.

High resolution and blurred images of the HBHs from Fig. 2 (first column, the single-peak I solution with Q = 1.03), Fig. 4

(second column, the double-peak II solution with Q = 1.064), Fig. 5 (third column, the double-peak II solution with Q = 1.07), and
Fig. 3 (last column, the single-peak II solution with Q = 1.074). The high resolution images are blurred to correspond roughly to the
EHT resolution. The white dotted circles denote critical circles associated with photon spheres, and the (smaller) critical circle is
identified as the boundary of the standard shadow, which shrinks in size with increasing Q. For the HBHs with O = 1.07 and 1.074, the
photon ring is wide enough to leave imprints on the blurred images, where brighter and wider blurred rings are observed.

case, the radii of the two critical circles are quite different,
which significantly increases the width of the photon
ring. Although the internal structure of the photon ring
is washed out by the blurring, the wide photon ring leads to
a brighter and wider blurred ring than in the single-peak I
family. Since the inner edge of the blurred bright ring is at
the smaller critical circle, the observed shadow nearly
matches the standard shadow. In the last column, the high
resolution and blurred images of the HBH of the single-
peak II family from Fig. 2 are presented. The anklelike
structure of the effective potential also notably increases the
brightness and width of the blurred bright ring. Moreover,
the blurred bright ring is at the location of the anklelike
structure, and hence has a large radius than the critical
circle, which means that the observed shadow is larger than
the standard shadow.

IV. CONCLUSION

In this paper, we investigated the behavior of null
geodesics and observational appearance of a HBH sur-
rounded by an optically and geometrically thin accretion
disk in the EMS model with an exponential scalar coupling.
Depending on the profile of the effective potentials for
photons, we found that the HBH solutions are categorized
into four different families, namely, single-peak I, single-
peak II, double-peak I, and double-peak II. The single-
peak I family dominates the allowed parameter space, while

the other three families exist in a small region with small «
and large Q. For the single-peak I solution, the photon ring
is very narrow and makes little contribution to the total
brightness. Therefore, the accretion disk images bear much
similarity to those of various static black holes with a
single-peak potential [65,72,74,75], e.g., a bright ring due
to the lensing ring shows up (Fig. 2). On the other hand, an
additional ankle- or peaklike structure emerges in the
single-peak II and double-peak II solutions, and results
in the appearance of a new finite or infinite peak in the n(b)
curve. Consequently, the photon ring can become suffi-
ciently broader, and its inner structure comes into play,
resulting in two bright annuluses in the observed image
(Figs. 3 and 5). The annulus of smaller radius is quite
narrow, while the one of larger radius is much wider,
comprising multiple concentric thin bright rings with
different luminosities. To illustrate the effects of the photon
ring on observations, we presented the images of the HBHs
at low resolutions, roughly corresponding to the EHT
resolution (Fig. 8). For the single-peak II and double-
peak II solutions, the details of bright annuluses are washed
out, giving a considerably bright and wide ring in the
blurred image.

We end with some comments on future studies from
several perspectives. In this paper, we considered the
concept of a “photon ring,” which is defined as the
collection of all m >3 bands [72]. Since we observed
the complicated inner structure inside the wide photon ring
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(Figs. 3 and 5), it would be interesting to study this rich
structure by performing a detailed analysis on each m > 3
band. Moreover, the ankle- and peaklike structures in the
effective potentials in the aforementioned two cases behave
like plateaus (upper-left panels of Figs. 3 and 5), which is
reminiscent of the potential profiles reported in [130,131].
This suggests that a marginally unstable photon sphere is
likely to appear during the transition between the single-
peak II and double-peak II families. In addition, apart from
the exponential coupling of the EMS model considered in
this paper, exploring other coupling functions may provide
us with more novel phenomena about the photon spheres
and disk images. Finally, it would gain more insight into the
modified gravity by considering a rotating HBH sur-
rounded by an accretion disk and comparing it with black
hole images released in future observations, such as the
Next Generation Very Large Array [132], the Thirty Meter
Telescope [133], and the BlackHoleCam [134].
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APPENDIX: LIGHT PROPAGATION
IN THE EMS MODEL

In this appendix, we use the geometric-optics approxi-
mation [135-137] to derive the equations of geometric
optics governing light propagation in the EMS model with
the action

S = / d*x/=g[R — 20,0"¢ — "V’ F,,F*].  (Al)

The equation of motion for the electromagnetic field A* is
then given by

9,lv/=ge™? Fr) = 0.

Assuming the wavelength of the photon is much smaller
than the physical scales of the metric and scalar fields (i.e.,
in the geometric-optics limit), we consider the ansatz

(A2)

A# = Re[A* exp (iy/€)], (A3)

where A* is the slowly evolving amplitude and y is a
rapidly oscillating function of time and space. Here, we
introduce a small parameter ¢ to keep track of various order
of terms, and the geometric-optics limit corresponds to
€ < 1. The wave vector k, of the light rays is identified as

k, =0,

w= (A4)
where k, satisfies V,k, = V,k, since the rays travel in the
direction normal to the electromagnetic wave front [135].
We choose to work in the Lorentz gauge V,A* = 0, which
leads to

OV, A + ie”! Ak, = 0. (A5)

In the geometric-optics limit, the terms of order €” and ¢!
in Eq. (A5) both vanish, namely, V,A* = 0 and A*k, = 0.
Putting all the pieces together, one can rewrite the equation
of motion (A2) as a sum of terms of order €°, ¢!, and €72,

()0, (VA =V A") + f($) (Y, VFA =V, V" A}
e S ()0, AR — AR
)T, A+ AV} = () AR, ) =0

(A6)

Again, each term of different ¢ order in Eq. (A6) shall
vanish individually in the geometric-optics limit. Due to the
nontriviality of f(¢) and A,, the leading term of order ¢~
reduces to the null condition,
ktk, = 0. (A7)
Acting on the above equation with a covariant derivative
yields
KV k, = 0, (A8)
where we have used V,k, =V, k,. Equation (A8) shows

that light rays of the EMS model are described by null
geodesics in the geometric-optics limit.
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