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Abstract We are used to think of null circular geodesics as
an integral part of black-hole spacetimes. In the present compact paper we reveal the physically interesting fact that, contrary to the general belief, the non-linearly coupled Einsteinmatter field equations do not a priori guarantee the existence
of external light rings in extremal black-hole spacetimes.
This observation raises the intriguing possibility of having
extremal black-hole spacetimes that possess no external light
rings. We prove that these unique black holes, if exist, are
characterized by non-positive tangential pressures on their
surfaces.

1 Introduction
The existence of closed light-like orbits around highly compact objects is one of the most remarkable characteristics
of curved spacetimes. In particular, the existence of null
circular geodesics in black-hole spacetimes seems to be a
generic mathematical prediction of the non-linearly coupled
Einstein-mater field equations [1–7].
The presence of photonspheres around black holes has
many important implications on the physical properties of
these fascinating compact objects. For instance, the instability properties of light-like circular orbits around central black
holes are known to determine the characteristic relaxation
rates of the corresponding perturbed black-hole spacetimes
(see [8–16] and references therein). In addition, the physically interesting phenomenon of strong gravitational lensing
by black holes is closely related to the presence of null circular geodesics around the central compact objects [17–19].
Intriguingly, it has been explicitly proved that, in spherically symmetric hairy black-hole spacetimes, the radial location of the innermost null circular geodesic provides a lower
bound on the effective lengths of the externally supported
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hairy field configurations [4,10–14,20,21]. In addition, it has
been revealed in [22] (see also [23]) that, among all equatorial trajectories around a central black hole, the null circular
geodesic is unique in the sense that it determines the shortest
possible orbital period around the black hole as measured by
asymptotic observers.
In the present compact paper we raise the following physically important question regarding the presence of null circular geodesics in black-hole spacetimes: Do the non-linearly
coupled Einstein-matter field equations always guarantee the
existence of photonspheres in the external regions of blackhole spacetimes? In order to address this interesting question,
we shall analyze the physical and mathematical properties of
null circular geodesics in curved black-hole spacetimes.
In particular, using analytical techniques, we shall reveal
the physically interesting fact that the Einstein-matter field
equations seem to fail to provide a generic proof for the existence of external null circular geodesics in extremal blackhole spacetimes which are characterized by non-positive tangential pressures on their surfaces. This important observation leaves open the intriguing possibility of obtaining
extremal black-hole solutions of the Einstein-matter field
equations that possess no external light rings.
Before proceeding, it is important to emphasize that the
existence of null circular geodesics in generic (non-extremal)
asymptotically flat black-hole spacetimes has been proved in
[4] for spherically symmetric hairy configurations and in the
physically important work [5] for stationary axi-symmetric
black-hole spacetimes. In the present paper we shall focus
our attention on extremal spherically symmetric hairy blackhole spacetimes.

2 Description of the system
We shall study the physical and mathematical properties of
null circular geodesics in black-hole spacetimes whose spher-

123

663

Page 2 of 5

Eur. Phys. J. C

(2022) 82:663

ically symmetric curved line element is given by the compact
expression [22,24–28]

In addition, taking cognizance of Eqs. (3), (4), and (7),
one finds the near-horizon functional behavior [29]

ds 2 = −e−2δ μdt 2 + μ−1 dr 2 + r 2 (dθ 2 + sin2 θ dφ 2 )

[ρ + p](r → rH ) = O

(1)

with the near-horizon (r → rH ) functional behaviors [29]

μ(r → rH ) = O

r − r 
H
for non-extremal black holes ,
rH
(2)

 r − r 2 
H
rH

for extremal black holes ,

ρ ≥ | pT | .

rH
+
M=
2

δ(r = rH ) < ∞ ; [dδ/dr ]r =rH < ∞

(4)

of the metric functions. In addition, the black-hole spacetime (1) is assumed to be asymptotically flat, in which case
the metric functions are characterized by the simple large-r
functional relations
μ(r → ∞) → 1 and

δ(r → ∞) → 0 .

(5)

The non-linearly coupled Einstein-matter field equations
μ
μ
G ν = 8π Tν can be expressed in the form [22,25–27]
dμ
1−μ
= −8πrρ +
dr
r



∞

4πr 2 ρ(r )dr ,

(13)

rH

is finite [31], one finds the asymptotic functional behavior
r 3 p(r ) → 0

as r → ∞

(14)

of the radial pressure function. In addition, from Eqs. (6) and
(13) one finds the radial functional relation
μ(r ) = 1 −

2m(r )
,
r

(15)

r
where m(r ) = rH /2 + rH 4πr 2 ρ(r  )dr  is the mass contained within a sphere of radius r .

(6)
3 Null circular geodesics in black-hole spacetimes

and
dδ
4πr (ρ + p)
=−
,
dr
μ

(7)

where the radially-dependent energy density ρ, radial pressure p, and tangential pressure pT of the external matter fields
are related to the components of the energy-momentum tensor [30]:
ρ ≡ −Ttt

(12)

From the inequality (12) and the assumption that the total
gravitational mass of the spacetime,

(3)
and

(11)

for extremal black-hole spacetimes.
We shall assume that the external matter fields satisfy
the dominant energy condition which implies that the nonnegative energy density is bounded from below by the
inequalities [29]:
ρ ≥ | p| and

μ(r → rH ) = O

 r − r 2 
H
rH

,

p ≡ Trr

,

φ

pT ≡ Tθθ = Tφ .

(8)

Below we shall use the characteristic functional relations
[29]
1 + 8πrH2 p(rH ) > 0

for non-extremal black holes

(9)

In the present section we shall reveal the physically important
fact that, while the Einstein-matter field equations guarantee
that generic (non-extremal) black holes possess at least one
light ring outside the outermost black-hole horizon, they do
not a priori guarantee the existence of external light rings in
extremal black-hole spacetimes.
To this end, it proves useful to define the radial function
N (r ) ≡ 3μ − 1 − 8πr 2 p ,

(16)

whose roots determine the radial location of the black-hole
null circular geodesic(s) [20]:
N (r = rγ ) = 0 .

(17)

and
1 + 8πrH2 p(rH ) = 0

123

for extremal black holes .

(10)

Taking cognizance of Eqs. (5) and (14), one deduces that
the dimensionless function (16) is characterized by the simple
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asymptotic relation
N (r → ∞) → 2 .

From Eqs. (13), (15), (16), and (23) one obtains the gradient relation
(18)

In addition, from Eqs. (2), (3), (9), and (10), one finds that the
radial function (16) is characterized by the horizon boundary
condition
N (r = rH ) < 0

for non-extremal black holes

(19)

for extremal black holes .

(20)

and
N (r = rH ) = 0

Taking cognizance of the characteristic functional relations (17), (18), and (19), one immediately deduces that all
spherically symmetric non-extremal black holes possess at
least one external (rγ > rH ) null circular geodesic which is
characterized by the property N (r = rγ ) = 0 [32].
On the other hand, the corresponding relations (17), (18),
and (20) for extremal black holes do not guarantee the existence of external null circular geodesics. In particular, the
functional relations (18) and (20) leave open the possibility
of having extremal black-hole spacetimes that are characterized by the positive definite functional relation
N (r > rH ) > 0 .

(21)

In the present section we raise the following physically interesting question: What does it take to create extremal black
holes that possess no external photonspheres? In order to
address this important question, we shall analyze the spatial functional behavior of the dimensionless radial function
(16) in extremal black-hole spacetimes. In particular, below
we shall derive a necessary condition for the existence of
extremal black holes that possess no external null circular
geodesics.
To this end, it proves useful to substitute the Einstein field
Eqs. (6) and (7) into the conservation equation
μ

4πr
3
dN
N (ρ + p)+8πr (ρ + p−2 pT ) .
= (1−8πr 2 ρ −μ)−
dr
r
μ

(24)
Taking cognizance of Eqs. (3), (10), and (11), one finds
the characteristic near-horizon [(r −rH )/rH  1] functional
relations
r − r 
H
1 − 8πr 2 ρ − μ = O
,
(25)
rH
r − r 
N (ρ + p)
H
,
=O
μ
rH

(22)

(26)

and
ρ + p − 2 pT = −2 pT + O

 r − r 2 
H
,
rH

(27)

which yield the near-horizon gradient behavior [see Eq.
(24)]
 dN 
dr

4 A necessary condition for the existence of extremal
black holes with no external light rings

Tr ;μ = 0 ,
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r =rH

= −16πrH pT (rH )

(28)

for extremal black holes.
Interestingly, one deduces from Eqs. (3), (10), (16), and
(28) that extremal black holes with the property pT (rH ) > 0
are characterized by the near-horizon functional relations

 dN 
N (r = rH ) = 0 and
<0
dr r =rH

for pT (rH ) > 0 ,
(29)

which, together with the asymptotic relation (18), guarantee
the existence of at least one external (r > rH ) null circular
geodesic with the property N (r = rγ ) = 0 in the extremal
black-hole spacetime.
On the other hand, from Eqs. (3), (10), (16), and (28) one
learns that extremal black holes with the horizon property
pT (rH ) < 0 are characterized by the functional relations

 dN 
N (r = rH ) = 0 and
≥0
dr r =rH

for pT (rH ) ≤ 0 ,
(30)

which yields the radial differential equation
d 2
(r p)
dr

r 
=
(3μ − 1 − 8πr 2 p)(ρ + p) + 2μ(−ρ − p + 2 pT ) .
2μ

(23)

in which case one intriguingly deduces that the non-linearly
coupled Einstein-matter field equations do not a priori guarantee the general existence of external null circular geodesics
[with the property N (r = rγ > rH ) = 0] in the extremal
black-hole spacetime (1).
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5 Summary and discussion
The existence of photonspheres in highly curved spacetimes, on which massless particles can perform closed orbital
motions, has many implications on the physical properties of
the corresponding central compact objects. In particular, null
circular geodesics play an important role in observational as
well as in theoretical studies of black-hole physics (see [1–
23] and references therein).
In the present compact paper we have raised the physically
intriguing question: Do the non-linearly coupled Einsteinmatter field equations always predict the existence of light
rings in black-hole spacetimes? Using analytical techniques,
it has been explicitly proved that spherically symmetric nonextremal black holes possess at least one external light ring
[32].
Intriguingly, however, we have revealed the fact that, contrary to the general belief, the Einstein-matter field equations
seem to fail to provide a general proof for the existence of
light rings in the external regions of extremal black holes
which are characterized by non-positive tangential pressures
on their surfaces:

(31)

This important observation leaves open the physically
intriguing possibility of finding solutions of the non-linearly
coupled Einstein-matter field equations that describe extremal
black-hole spacetimes with the physical property (31) that
possess no external light rings. It is worth stressing the fact
that the horizon property (31) provides a necessary condition
for the existence of these unique black-hole spacetimes [33].
It is worth mentioning that an example of a nonasymptotically flat black-hole spacetime that has no external light rings has been given in the physically interesting
work [34]. In particular, it has been explicitly proved in
[34] that black holes immersed in uniform magnetic fields,
which are described by the curved Schwarzschild-Melvin
spacetime, have no external light rings in the dimensionless super-critical magnetic regime B M > (B M)c 0.189
[here {M, B} are respectively the mass and the magnetic field
of the spacetime]. Interestingly, it has been shown that the
absence of external equatorial null circular geodesics implies
that the black-hole spacetime is characterized by a panoramic
shadow [34].
It is important to emphasize the fact that, as opposed to
non-extremal black holes which are generally characterized
by an odd number of light rings, if extremal black-hole spacetimes with the horizon property (31) do exist, then these black
holes would be special in the sense that they are expected to
be characterized by an even (possibly zero) number of external light rings [35–37].

123

Acknowledgements This research is supported by the Carmel Science
Foundation. I thank Yael Oren, Arbel M. Ongo, Ayelet B. Lata, and
Alona B. Tea for stimulating discussions.
Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: I would like to
emphasize that all relevant physical and mathematical calculations are
explicitly presented in this paper.]
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3 . SCOAP3 supports the goals of the International
Year of Basic Sciences for Sustainable Development.

References

pT (r = rH ) ≤ 0 ⇒ No guarantee for the existence
of external null circular geodesics.

(2022) 82:663

1. J.M. Bardeen, W.H. Press, S.A. Teukolsky, Astrophys. J. 178, 347
(1972)
2. S. Chandrasekhar, The Mathematical Theory of Black Holes
(Oxford University Press, New York, 1983)
3. S.L. Shapiro, S.A. Teukolsky, Black holes, white dwarfs, and neutron stars: The physics of compact objects (Wiley, New York, 1983)
4. S. Hod, Phys. Lett. B 727, 345 (2013). arXiv:1701.06587
5. P.V.P. Cunha, C.A.R. Herdeiro, Phys. Rev. Lett. 124, 181101 (2020)
6. S. Hod, Phys. Lett. B 718, 1552 (2013). arXiv:1210.2486
7. H. Lu, H.D. Lyu, Phys. Rev. D 101, 044059 (2020)
8. B. Mashhoon, Phys. Rev. D 31, 290 (1985)
9. C.J. Goebel, Astrophys. J. 172, L95 (1972)
10. S. Hod, Phys. Rev. D 80, 064004 (2009). arXiv:0909.0314
11. S. Hod, Phys. Rev. D 78, 084035 (2008). arXiv:0811.3806
12. S. Hod, Phys. Rev. D 75, 064013 (2007). arXiv:gr-qc/0611004
13. S. Hod, Class. Quant. Grav. 24, 4235 (2007). arXiv:0705.2306
14. S. Hod, Phys. Lett. B 715, 348 (2012). arXiv:1207.5282
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