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Abstract. In this contribution, we summarize our results concerning the observational
constraints on the electric charge associated with the Galactic centre black hole – Sgr A*.
According to the no-hair theorem, every astrophysical black hole, including supermassive black
holes, is characterized by at most three classical, externally observable parameters – mass, spin,
and the electric charge. While the mass and the spin have routinely been measured by several
methods, the electric charge has usually been neglected, based on the arguments of efficient
discharge in astrophysical plasmas. From a theoretical point of view, the black hole can attain
charge due to the mass imbalance between protons and electrons in fully ionized plasmas, which
yields about ∼ 108 C for Sgr A*. The second, induction mechanism concerns rotating Kerr black
holes embedded in an external magnetic field, which leads to electric field generation due to
the twisting of magnetic field lines. This electric field can be associated with the induced Wald
charge, for which we calculate the upper limit of ∼ 1015 C for Sgr A*. Although the maximum
theoretical limit of ∼ 1015 C is still 12 orders of magnitude smaller than the extremal charge of
Sgr A*, we analyse a few astrophysical consequences of having a black hole with a small charge
in the Galactic centre. Two most prominent ones are the effect on the X-ray bremsstrahlung
profile and the effect on the position of the innermost stable circular orbit.

1. Sgr A* as a supermassive black hole
The compact radio source Sgr A* was detected by B. Balick and R. Brown [1] in 1974 using
the 35-km baseline interferometer Green Bank-Huntersville. Its brightness temperature was in
excess of 107 K and the source angular size was . 0.1′′. They measured the flux density at two
frequencies, 2.7 GHz and 8.1 GHz - S2.7 ≈ 0.6 Jy and S8.1 ≈ 0.8 Jy. The compact radio source
was located at the very centre (∼ 2− 3 pc linear scale) of the brightest IR/radio complex of Sgr
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A [2, 3, 4]. The large brightness temperature, compactness, and the association of the radio
source with the centre of the Galaxy were consistent with the black-hole hypothesis of Donald
Lynden-Bell and Martin Rees [5, 6]. These properties were confirmed by the Very Long Baseline
Interferometry observations in 1975 by Fred Lo et al. [7], who resolved the compact radio source
Sgr A* up to 0.02′′ at the wavelength of 3.7 cm (8.1 GHz) using the baseline of 242 km. They
compared their observations with the previous ones, which implied the source variability. Brown
et al. [8] used the Very Large Array (VLA) at 5 GHz to make a radio map of the central region
with the angular resolution (2′′×8′′) = (α×β) comparable with the infrared 10 µm maps of the
same region [9, 10]. The radio-infrared comparison made it possible to place unresolved non-
thermal source Sgr A* at the dynamical centre of the motion of thermal streamers in Sgr A West,
whose kinematics was inferred based on 12.8µm fine-structure emission of NeII [11, 12, 13, 14].

Robert Brown [15] introduced the designation Sgr A* for the first time to make a distinction
between the compact radio source located in an extended, complex radio emission of Sgr A.
Further confirmation of the central mass of ∼ 3 × 106M� came with the analysis of neutral
63 µm fine-structure emission of oxygen [OI] in combination with NeII emission [16]. Enough
evidence had been accumulated that the central parsec hosts the largest concentration of stars
in the Galaxy that co-exist with the ionized gas and warm dust as well as a massive compact
object, presumably a black hole, at the very centre [17, 18]. The intrinsic variability of Sgr A*
was confirmed with dual-frequency observations (2.7 and 8.1 GHz) during 25 epochs over the
period of 3 years [19]. The flux density varied by 20%-40% on the timescales from days to years.

Consequently, the variability of Sgr A* was linked to a down-scaled quasar activity and the
source become one of the prime candidates for a supermassive black hole. One of the ways to
test the black-hole hypothesis is to constrain a mass concentration within a certain volume or
the mean density. For a black hole of mass M•, the mean density can be derived within the
volume given by the Schwarzschild radius rs = 2GM•/c

2 = 2rg,

ρ• =
3c6

32πG3M2
•

= 1.71× 1025
(

M•
4× 106M�

)−2
M� pc−3 . (1)

Thanks to the long-term monitoring of S2 star, which passed the pericentre in May 2018
at the distance of 120 AU ≈ 1400 rs [20], it is possible to constrain the mean density for the
fitted mass of M• = (4.100 ± 0.034) × 106M� and the pericentre distance of rp ' 0.577 mpc:
ρS2 ' 5.1× 1015 M� yr−3.

A significant improvement came with the first detection of orbital motions near the innermost
stable circular orbit (ISCO) of Sgr A* [21]. The motion occurred during the bright phases of
Sgr A* activity – so called flares – and the NIR observations are consistent so far with the
hot-spot interpretation of NIR/X-ray flares. The hot spot motion in the strong-gravity regime
was modelled previously and fitted to NIR and X-ray light curves [22, 23, 24, 25]. The detection
of a hot spot by the GRAVITY instrument [26, 27] at the Very Large Telescope Interferometer
(VLTI) facility of the European Southern Observatory (ESO) on Paranal shows both positional
and polarization changes on the timescale of 45(±15) min and is consistent with the nearly
face-on clockwise motion of a nonthermal hot spot close to the ISCO of ∼ 4 × 106M� black
hole (6− 10GM•/c

2). This puts the lower limit on the mean mass density of enclosed matter,
ρHS > 1.3 × 1023M�pc−3, which is only two orders of magnitude smaller than the density
expected for a black hole, see Eq. (1). Essentially the same order of magnitude for the mass
density is given by the detection of the compact intrinsic structure of Sgr A* on the length-scale
of 3 Schwarzschild radii, which was obtained by the VLBI technique at 1.3 mm [28]. The detected
spatial structure associated with the mass of 4× 106M� then yields ρVLBI ≈ 6× 1023M�pc−3.

In addition to observationally confirmed compactness of Sgr A* on the scale of 3 Schwarzschild
radii and its intrinsic multiwavelength variability, two general relativistic predictions were
confirmed within uncertainties: the pericentre shift for S2 star [29] and the combined
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gravitational and transverse Doppler shift [20]. Hence, there is currently only a little space
for non-black-hole hypotheses concerning the nature of Sgr A*, which have a similar degree of
compactness as black holes (gravastar, boson star, fermion ball, fuzzball, holostars, dark stars to
name a few alternatives, see [30] for an extensive discussion) with their surface located just above
the event horizon with the radial difference of small f . The main differences between classical
black holes and the majority of alternatives is that they miss both the event horizon and the
singularity, which is induced by their quantum nature. The presence of the event horizon instead
of the solid surface was supposed to be supported by the non-detection of the X-ray thermal
emission or thermal flares. In particular, the viscously dissipated energy is advected through
the event horizon, which can explain the very low radiative efficiency [31]. However, the fact
that black-hole candidates appear dimmer and/or lack the thermal component cannot be by
itself used as a proof of the black hole hypothesis as the extremely compact quantum states
would exhibit essentially the same radiative properties for a distant observer [30, 32]. Although
the gravitational-wave detection provides a significant improvement in determining the nature
of merging compact objects, it is still quite a challenge to make definite conclusions based on
the detected ringdown waveforms as these manifest the presence of light rings rather than of
horizons [33]. On the other hand, the quasi-normal modes for black holes and various alternatives
in general are different, which allows one to exclude some of the alternatives by comparing signals
of gravitational wave events with corresponding ringdown waveforms of compact objects [34, 35].
It is relevant to note that a general problem of observational tests of black holes is even more
complex. First, there are alternatives to classical black holes with event horizons but without a
singularity, like the regular black holes which can be constructed by coupling general relativity
to a non-linear electrodynamics [36, 37]. Second, also naked singularity solutions could be
potentially relevant, even in the scope of general relativity and observational astrophysics [38].

Applying Occam’s razor, in the following we consider Sgr A* to be described by a Kerr-
Newman black hole, which is the most general solution with general relativity, to which the no-
hair theorem applies, i.e. it is fully described by three classical, externally observable paramters:
mass, spin, and an electric charge.

1.1. Mass determination of Sgr A*
The first estimate of the mass of the compact radio source Sgr A* was based on the spatially
and spectrally resolved NeII fine-structure emission (12.8µm) within the region of 40′′ coincident
with the thermal radio-continuum region of Sgr A West [11, 12]. The Doppler-shifted velocities of
NeII line ranged from +250 km s−1 to −350 km s−1 with respect to the LSR. Based on velocities
and velocity dispersions, Wollmann et al. [11, 12] inferred that the enclosed mass with the
inner parsec is ∼ 4× 106M�. This is essentially consistent with the current value based on the
Newtonian, simultaneous orbital fits to three stars (S2, S38, and S55/S0-102) in the S cluster
by Parsa et al. [29], who obtained the mass M• = (4.15 ± 0.13 ± 0.57) × 106M� as well as
the distance R• = 8.19 ± 0.11 ± 0.34 kpc. The highest angular resolution observations using
the Very Large Telescope Interferometer facility at the European Southern Observatory on the
Paranal mountain – GRAVITY [26, 27] – in the near-infrared Ks band (2.2µm) were employed
to obtain the mass as well as the distance to the Galactic centre using the best-fit orbit of the
star S2 with and without Schwarzschild precession with both sets of values to be comparable
[20]. Considering Schwarzschild precession, the best-fit values are M• = (4.100±0.034)×106M�
and R• = 8.122± 0.031 kpc.

1.2. Spin determination of Sgr A*
The determination of the spin value for Sgr A* is a model-dependent quantity. In particular, it
relies on the comparison of flare data (light curves and orbital evolution) with general relativistic
model predictions. Sgr A* exhibits flares across the whole electromagnetic spectrum whose
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periodicity of ∼ 17 min has been employed to infer the spin of Sgr A* [24, 39, 40], which was
done by identifying the flare period with the period corresponding to the innermost stable
circular orbit (ISCO). Near-infrared and X-ray flares seem to originate just outside the event
horizon and the inferred periodicity is consistent with the spin of a• ∼ 0.5 [39] (half of extremal
value). Recently, Witzel et al. [41] constrain the spin to even higher values, a• > 0.9, based
on the complex statistical analysis of NIR flares. In particular, they do not find any structure
in the power spectral density below < 8.5 minutes, which is the timescale associated with the
ISCO of a high-spinning black hole of ∼ 4 × 106M�. In general, the observed light curves
exhibit modulations, with the indication of shortening of the period, which implies the plunging
of the emitting matter inwards. The spin determination depends primarily on the position of
the innermost or marginally stable circular orbit (ISCO). However, when magnetohydrodynamic
interaction is included, the stress edge radius becomes important, which is the radius at which
the orbiting matter becomes dynamically decoupled from the rest of the accretion flow further
out [42]. The stress edge radius in MHD simulations was found to be smaller than the ISCO,
about rstress ∼ 2.2 − 2.3 rs in comparison with rISCO = 3 rs for a non-rotating black hole. Last
but not the least, in case the black hole is charged, as we investigate below, then the charge
could mimick the spin for charged particles in terms of shifting the ISCO, which can make the
determination of the spin of Sgr A* even more complex (see [43] for further details).

1.3. Charge determination of Sgr A*
In most studies of Sgr A*, it is usually assumed that the black hole is uncharged (Q• ≡ 0). This
is backed up by the argumentation that any charge of Sgr A* would be quickly discharged by
the inflow of particles of opposite charge from the plasma in the vicinity. On the other hand,
the rotating black hole immersed in the external magnetic field with a non-negligible poloidal
component leads to the induced Wald charge [44]. In Subsection 1.2, we listed the arguments
that the supermassive black hole associated with Sgr A* has a non-zero spin. Moreover, the
presence of the dominantly poloidal magnetic field close to Sgr A* is supported by the recent
detection of the orbital motion – orbiting hot spot [21]. Hence, there seems to be a discrepancy
between the usual assumption of zero charge and the theoretical expectations, which in general
imply non-zero values of electric charge.

In the following discussion, it is more precise to use the term electromagnetized Kerr black
hole, as the astrophysical electromagnetic fields are too weak to significantly influence the Kerr
spacetime geometry. They are, however, strong enough to have an impact on charged matter.
The electromagnetic fields can be external, i.e. not directly associated with the black hole, or
internally arising from the electric charge of the black hole. There is a fundamental difference
between the electromagnetized Kerr black hole and the KN black hole – in relation to the test
particle motion that is completely regular in the KN black-hole case, but it is of a chaotic
origin (deterministic chaos) in the case of magnetized black holes [45], especially when the
axial symmetry is significantly perturbed e.g. by an oblique external magnetic field. The
motion of charged particles around magnetized black holes has been analyzed in several studies
[46, 47, 48, 49, 50, 51, 52]. The space-time structure of charged black holes was investigated in
detail as well [53, 54, 55, 56].

The effect of the small electric charge, i.e. negligible in terms of the space-time metric, on the
accretion of plasma was investigated in [57] for a rotating and charged black hole. They showed
that the small charge can significantly effect the plasma motion in case the electromagnetic
field of the plasma is small. On the theoretical level, charged equilibrium tori as a toy model
for charged accretion disks around an electromagnetized Kerr black hole were analysed in [58]
and it was found that the spin can affect the equilibrium conditions in a significant way in
comparison with the set-up of charged accretion tori around non-rotating charged black holes
[55]; see also the original works about the properties of dielectric tori around compact objects:
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[55, 59, 60, 61].
In the further discussion and analysis, we look at both the constraints on the charge of Sgr A*

that stem from fundamental principles and on the observational implications, namely how to
observationally distinguish between the charged and the non-charged black hole associated with
Sgr A*. Previously, based on the VLBI observations of Sgr A* and the motion of S2 star, the
constraints on the charge of Sgr A* were rather weak and in general associated with the extremal
charge [62, 63]. In [43], we tried to put tighter constraints on the electric charge of Sgr A*, which
is also summarized in the following Sections.

2. Theoretical constraints on the charge of Sgr A*
The charge of Sgr A*, if present, is directly linked to magnetohydrodynamic environment of the
Galactic centre. The observations of the vicinity of Sgr A* in X-ray inside the Bondi radius [64],

RB ≈ 0.125

(
M•

4× 106M�

)(
Te

107 K

)−1 (µHII

0.5

)
pc , (2)

reveal hot plasma of ∼ 107 K that emits thermal bremsstrahlung [64, 65, 66]. In addition,
this plasma is very diluted and is therefore very weakly coupled. The coupling parameter Rc

may be expressed as the ratio of the potential to kinetic energy,

Rc =
Ep

Ek
∼ e2(Li4πε0)

−1

kBTe
=
e2n

1/3
p (4πε0)

−1

kBTe
' 10−10 , (3)

where Li is the mean interparticle distance, which can be estimated from the mean particle

density, Li ∼ n
−1/3
p , and Te is the electron temperature. For the inferred particle density at

the Bondi radius RB, np ∼ ne ≈ 10 cm−3 [64, 65], and the electron temperature kBTe ∼ 1 keV,
we get the coupling parameter Rc ∼ 3 × 10−10, which implies the very small coupling of the
Galactic centre plasma, i.e. it may be treated as collisionless. This is also apparent in Fig. 1,
where we compare characteristic electron-electron and electron-proton collisional timescales
with dynamical timescales of the accretion flow. Inside the inner 1000 Schwarzschild radii,
typical collisional timescales are longer than the dynamical timescales. On the other hand, the
characterstic ordered charge oscillations of the plasma (plasma frequency) and cyclotron motions
take place on much shorter timescales than the viscous or free-fall timescale. For details, see
the analysis presented in [43].

2.1. Classical considerations of charging
In the first approximation, we will treat Sgr A* as a massive object of mass M• that is immersed
in the fully ionized stationary plasma composed of protons and electrons that are not coupled
to each other. In such an atmosphere, lighter electrons will tend to separate from heavier
protons. Such a separation will continue until a charge Q• associated with the black hole is
induced that stops further separation. The total potential energy of electrons can be expressed
as, We = eφ− eθ, and the potential energy of protons is, Wp = eφ+ eθ, where φ = −GM•/r is
the gravitational potential and θ = Q•/(4πε0r) is the electrostatic potential. In the equilibrium
configuration of plasma, the number densities of electrons and protons are expressed by the
Maxwell-Boltzmann statistical distribution, ne ∝ exp (−We/kBTe) and np ∝ exp (−Wp/kBTp),
respectively. In the ionized plasma around Sgr A*, normally we expect a quasineutral plasma
with ne ∼ np, which implies We ∼ Wp. This leads to the estimate of the equilibrium induced
charge Qeq

• :
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Figure 1. Comparison of typical timescales (expressed in years) of the accretion flow (free-
fall and viscous timescales) with the timescales that characterize the plasma close to Sgr A*
(electron-electron and electron-proton collisions, timescales derived from the plasma and the
cyclotron frequency). The bottom x-axis expresses the distace from Sgr A* in arcseconds, the
upper axis in Schwarzschild radii.

Qeq
• =

2πε0G(mp −me)

e
M•

≈ 3.1× 108
(

M•
4× 106M�

)
C , (4)

which gives the charge to mass ratio for Sgr A*, Qeq
• /M• ≈ 76C/M�, which is essentially the

same as originally derived by A. S. Eddington for the Sun [67, 68]. John Bally and E. R. Harrison
[69] generalized the analysis for all massive bodies surrounded by plasma including galaxies
and concluded that they are positively charged with the charge to mass ratio of ∼ 100 C/M�.
Moreover, this positive charge is not screened by negative electron gas due to the large length-
scale of the objects in comparison with the Debye length λD. For the Galactic centre, we get an
estimate of the Debye length at the ISCO using the density and temperature profiles from [66],

λISCO = 5

(
Te

8.7× 1012 K

)1/2( ne
1.7× 109 cm3

)−1/2
m , (5)

and at the Bondi radius, where densities are significantly lower, it will be only one order of
magnitude larger, λBondi ≈ 141 m. The length-scale of Sgr A* is given by its Schwarzschild
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radius, rs = 2GM•/c
2 = 1.18 × 1010 m � λBondi > λISCO. Hence, the charge associated with

the Galactic centre black hole is not entirely screened by a negatively charged hot accretion
flow since the length-scale of Sgr A* and essentially all supermassive black holes is much bigger
than the Debye length-scale as derived for the temperature and the density of the medium in
its surroundings. According to [69], any self-gravitating medium, whose length-scale is larger
than the Debye length of the surrounding ISM atmosphere, is expected to be positively charged.
This is certainly the case for Sgr A* plus the surrounding hot flow up to the Bondi radius.

2.2. General Relativistic estimates of electric charge
The supermassive black hole at the Galactic centre can be treated in the most general case as a
Kerr-Newman (KN) black hole [70, 71]. The extremal KN black hole has a single event horizon
for the extremal charge of

Qrot
max = 2M•

√
πε0G(1− ã2•) , (6)

which for the non-rotating case, ã• = 0, may simply be evaluated as

Qnorot
max = 2

√
πε0GM• = 6.86× 1026

(
M•

4× 106M�

)
C . (7)

The following analysis and estimates are based on the fact that Sgr A* has a non-zero spin
and is surrounded by a magnetohydrodynamic medium (plasma+magnetic field), hence it is
not located in the vacuum [72]. This is not in contradiction with classical solutions of Einstein
field equations, which assume bodies to be located in vacuum, since the mass of the plasma
is negligible with the mass of Sgr A* and typically, the plasma dynamics is treated separately
using hydrodynamic and Maxwell equations in the background of Kerr or Kerr-Newman metric.
In case of self-gravitating structures such as discs, one could include relevant perturbative terms
into Kerr-Newman metric [73, 74, 75, 76, 77].

Previously, we provided evidence that the black hole has a non-zero spin parameter, a• & 0.4
(see also [30] for a review). In addition, it is also immersed in the external magnetic field with
the magnitude of Bext ∼ 10 − 100 G as inferred from the flare analysis [40]. The magnetic
field in the Galactic centre is highly ordered on the larger scales of 10 − 100 pc [78]. On the
length-scale of the ISCO, it appears to have a strong poloidal component with respect to the
recently detected orbiting hot spot, which was inferred from the detected polarized NIR emission
[21]. The mm-VLBI observations of Sgr A* detected linearly polarized emission at 1.3 mm,
which implies ordered magnetic field on event-horizon scales with a characteristic intra-hour
variability timescale [79]. Under the assumption that the hot spot orbits the black hole close to
its equatorial plane, Sgr A* is immersed in the strong, ordered poloidal magnetic field, which
has direct implications for its electric charge since this is basically a model set-up as analyzed
originally by Wald [44].

The electric field is generated by twisting magnetic field lines of the circumnuclear magnetic
field with a strong poloidal component due to the black hole rotation. The magnetic field is
expected to possess the properties of the background space-time metric: axial symmetry and
stationarity. Then the four-vector potential Aµ may be expressed as the linear combination of
the corresponding Killing vectors related to space-time symmetries, Aµ = k1ξ

µ
(t) + k2ξ

µ
(φ), where

k1 and k2 are the constants to be determined by solving Maxwell equations, which yields [44],

At =
B

2
(gtφ + 2agtt) , Aφ =

B

2
(gφφ + 2agtφ) . (8)

The black hole rotation leads essentially to the Faraday induction, where the time component
of the four-potential At represents the induced electric field. A potential difference ∆φ between
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Table 1. Summary of the constraints for electric charge as evaluated for Sgr A* supermassive
black hole.

Process Limit Notes

Mass difference between p and e Qeq = 3.1× 108
(

M•
4×106M�

)
C stable charge

Accretion of protons Q+
max = 6.16× 108

(
M•

4×106M�

)
C electrostatic barrier

Accretion of electrons Q−max = 3.36× 105
(

M•
4×106M�

)
C electrostatic barrier

Magnetic field & SMBH rotation Qmax
•ind . 1015

(
M•

4×106M�

)2 (
Bext
10G

)
C stable charge

Extremal SMBH Qmax = 6.86× 1026
(

M•
4×106M�

)√
1− ã2•C extremal charge

the black-hole horizon and the infinity may be evaluated as,

∆φ = φH − φ∞ =
Q• − 2a•M•Bext

2M•
, (9)

which leads to the selective accretion of charges from the surrounding plasma until the potential
difference is zero. Hence, the maximum net charge can be obtained directly from Eq. 9,
Qmax
• = 2a•M•Bext. Specifically, for Sgr A* we constrain the upper limit for the induced

charge based on the maximum rotation, a• ≤M•,

Qmax
•ind = 2.32× 1015

(
M•

4× 106M�

)2(Bext

10G

)
C. (10)

In Table 1, we summarize both the classical and relativistic estimates of the Galactic centre
black hole. There are two further electrostatic barriers where the accretion of protons and
electrons is stopped in the classical limit,

Q+
max = 6.16× 108

(
M•

4× 106M�

)
C, Q−max = 3.36× 105

(
M•

4× 106 M�

)
C. (11)

The electrostatic barriers (11) are, however, not absolute in the general relativistic
calculations, as they depend on the radial coordinate r in the following way [43],

Qrel
max = 4πε0GM•

mpar

qpar

(
1− rs

r

)−1/2
= Q+/−

max

(
1− rs

r

)−1/2
, (12)

where the factor
(
1− rs

r

)−1/2
is the general relativistic correction to the Newtonian limits Q

+/−
max

listed in Table 1. Relation (12) implies that the black hole charge needs to approach the infinite
value to keep the charged particle at the equilibrium position close to the event horizon. The
previous analysis shows that the electric charge in the interval QSgr A∗

• = (108, 1015) C is plausible
for the Galactic centre black hole. The charge values are at least twelve orders of magnitude
smaller than the extremal value of Qmax < 1027 C, which implies that the background metric is
not affected. In other words, the motion of neutral bodies is not influenced by the small, likely
positive electric charge of Sgr A*. However, the dynamics of charged particles in the plasma
can be profoundly impacted, which is discussed in more detail in the following Section.

3. Observational consequences
Since the value of the electric charge is likely at least twelve orders of magnitude below the
extremal value, observational tests to distinguish charged black holes from non-charged ones
must primarily involve charged elementary particles. The effect on neutral bodies and photons
is apparent only for values close to the extremal charge.
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3.1. Effect on the black hole shadow
Electromagnetic waves with wavelengths longer than the plasma wavelength, λp =

10.6 (ne/107 cm−3)−1/2 m, will not penetrate through the plasma cloud towards the observer.
The emission at shorter wavelengths is not blocked, but will experience scatter-broadening up
to ∼ 1.4 mm [80] and hence any structure observed at this wavelength range is scatter-dominated
and not source-dominated. Only at wavelengths . 1.3 mm, the radio structure of Sgr A* starts
to be source-dominated [81, 82]. The enclosed curve on the sky plane that divides the region
where photon geodesics intersect the event horizon from the region from where they can escape
to infinity is of a particular importance. Its commonly known as the black hole shadow and in
principle should be resolved out by the current global mm-VLBI network [83] in case the light
emission is not significantly scattered. To be more precise, the term silhouette is more relevant
in the context of our discussion. The term shadow is related to a wall behind the black hole
that is irradiated. The silhouette is related to a radiating wall that is located behind the black
hole. Considering the set-up of an accretion disk orbiting the black hole, the silhouette is more
appropriate. However, the term shadow is frequently used in general situations and we will
apply it in the following discussion as well.
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Figure 2. Black hole shadow size (radius) in geometrized units on the left axis as a function of
parametrized charge, q = Q2

•, assuming the zero spin for this particular calculation. The right
y-axis depicts the angular scale in microarcseconds for th distance and parameters of Sgr A*.
In addition, the orange crosses show the black-hole radius for an uncharged black hole, Q• = 0,
and for the extremal charge of Q• = 1. The green point shows for an illustration the black hole
charge of Q• = 0.5. The shaded area depicts the charge values for which no shadow forms. The
blue solid and dashed lines mark the VLBI core size range according to [82].
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It is possible, in principle, to extract basic information about Sgr A* by analyzing the
black hole shadow size and shape provided that VLBI data are acquired and combined with
high enough accuracy. Zakharov [63] proposed that the black hole shadow size could be used
to discriminate between the charged and the uncharged case of Sgr A*. They introduced
parametrized charge q = Q2

•, which encompasses both the normal positive electric charge in
the Reissner-Nordström metric and the negative tidal charge. For the positive charge, the
shadow size shrinks while for the negative tidal charge, it would increase, which was analysed by
[63] and is depicted in Fig. 2 as a function of the parametrized charge q, assuming the zero spin
(Reissner-Nordström metric). Using the VLBI measurements [82], the VLBI core size of Sgr A*
was constrained to be θSgr A∗ ≈ 37+16

−10 µas, which seems to be more consistent with the shadow

diameter of 8GM•/c
2 ∼ 39.4µas corresponding to the black hole with an extremal electric

charge when one considers the mean value only [63]. The shadow diameter for an uncharged
Schwarzschild black hole is 6

√
3GM•/c

2 ≈ 51.2µas, i.e. it is by ∼ 30% larger than for the
extremal charge. However, within the uncertainties, the VLBI measurements are consistent
with the whole range of possible electric charge values, Q• = (0, 1), see also Fig. 2, and do not
agree with the shadow sizes as predicted by the negative tidal charge.

We also note that the VLBI core size is not related in an straightforward way to the shadow
size. The brightest part of the accretion flow around Sgr A* could be related to both the
Doppler-boosted part of the flow and/or the footpoint of the jet [28, 30, 82, 84, 85]. It can also
be highly time-variable due to instabilities in the hot thick ADAF-type flow, where temporary
hot spots form and orbit the black hole on timescales of 45 ± 15 min [21]. Hence, the black
hole shadow is not a clean variable and its size depends also on the black hole spin, which also
decreases the shadow size. Moreover, the small value of electric charge analysed in the previous
section, Q• = (108, 1015) C, cannot be detected via shadow measurements.

3.2. Effect on the ISCO shift
In an analogous way as the black hole spin, the charge shifts the innermost stable circular orbit
(ISCO) of both neutral and charged particles [56]. This has consequences for the dynamics of
plasma in thick, hot ADAF-type flows present in Sgr A* system. In addition, it introduces a
degeneracy in terms of reliable spin determination, which for Sgr A* has been based on the
periodicity and the related ISCO location. For the orbital period of prograde-orbiting particles

in the equatorial plane, the following period relation applies, P = 2π(r
3/2
ISCO + a•)GM•/c

3. In
Fig. 3 (left panel), we plot the dependency of the ISCO on the black-hole spin for a Kerr black
hole (the upper line is for retrograde spin, the lower line is for prograde spin).

Even for the small charge values of Sgr A* summarized in the previous section, the ISCO shift
is profound for charged particles (electrons and protons). In Fig. 3 (right panel), we plot the
dependency of the ISCO location for free charged particles that orbit the non-rotating SMBH
with a small charge. The ISCO shifts from rISCO = 3rs, which applies to an uncharged black
hole, to smaller or larger radii for relatively small black-hole charges of Q• = 104 − 105 C. For
like charges, (e−, Q• < 0 and p+, Q• > 0), the ISCO can shift up to rISCO = 1.83rs, which
effectively mimics the prograde spin of a• = 0.64. This effect should be taken into account, as
this falls into the range of the inferred spin of Sgr A*, a• & 0.4 [24, 41, 86, 87]. The ISCO shift in
turn affects the Lorentz factors of orbiting particles that emit synchrotron and/or contribute to
the inverse Compton effect close to the ISCO of Sgr A*. In addition, the gravitational redshift
z increases from z = 0.225 to z = 0485 for the corresponding ISCO shift of rISCO = 3rs to
rISCO = 1.83rs.

In addition to the influence of the electric charge of the SMBH, an external magnetic field
can also have a profound influence on the ISCO; see e.g. [88, 89]. Hence, the combined effect
of the black hole charge and that of the surrounding electromagnetic field introduces an extra
uncertainty into the spin determination of astrophysical black holes in general.
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Figure 3. Left panel: The position of the ISCO as a function of the black hole spin: the
upper line represents the retrograde spin, the lower line the prograde one. Right panel: The
ISCO position for charged particles – electrons (e−) and protons (p+) – that orbit the SMBH
(Sgr A*) that has either positive (Q• > 0) or negative electric charge (Q• < 0).

3.3. Effect on the thermal bremsstrahlung profile
In [43], we propose a test of the presence of the electric charge associated with Sgr A* by looking
at the projected flux density profile of the thermal X-ray bremsstrahlung. The essence of the
test lies in the assumption that an unshielded electric charge would cause the charge separation
in the vicinity of Sgr A*, e.g. a positively charged black hole would cause, in a stationary set-up,
the electron number density to increase towards the centre, while the proton number density
would exponentially decrease and vice versa for a negatively charged black hole. Although the
assumption of stationarity may seem as an oversimplification, it can still serve as a basis for
calculating the synthetic projected surface brightness of the thermal bremsstrahlung that is
subsequently compared to the observed one, as determined by e.g. [66]. In Fig. 4 (left panel),
we show the number density of protons and electrons for the positive charges of 107 and 108

Coulombs as exemplary values. In the right panel of Fig. 4, the corresponding surface brightness
profiles of the thermal bremsstrahlung are shown (for details, see [43]). The non-zero charge of
Sgr A* leads to the charge separation – the number density of free electrons increases towards
the centre, while the number density of protons decreases. In terms of the bremsstrahlung
emission, scattering of like particles (e− e and p− p) is much less efficient than electron-proton
scattering. This is translated in the surface brightness profile, which for the non-zero charge of
Sgr A* flattens and eventually drops and decreases for smaller radii with respect to the non-
charge case, see Fig. 4 (right panel). The observed bremsstrahlung brightness profile, see [66], is
consistent with a slightly rising to flat profile, which puts an upper limit on the positive electric
charge of Sgr A*, Q•,Sgr A∗ . 3× 108 C.

3.4. Effect on the energy extraction mechanism
According to the black hole thermodynamics, up to 29% of the total energy of rotating black
holes is available for the extraction [90]. In general, the possibility of existence of negative energy
states inside the ergosphere of rotating black hole may result in extraction of its rotational energy.
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Figure 4. Left panel: Number density profile of electrons and protons in hot diluted plasma
around Sgr A* with the charge of 0, 107, and 108 Coulombs. Right panel: The corresponding
projected surface brightness of thermal bremsstrahlung calculated for the same electric charges
and on the same length-scales as the left panel. For details, see [43].

Among astrophysically relevant energy extraction mechanisms one can distinguish essentially
two leading ones, namely, Blandford-Znajek mechanism (BZ) [91] and magnetic Penrose process
(MPP) [92]. The former is generally accepted as the leading mechanism for production of
relativistic black hole jets supported by various numerical simulations. Both of these processes
require a rotating black hole and the presence of external magnetic field, which makes two
processes similar, although the processes operate with different efficiencies [93]. In the presence
of black hole charge (which can be produced by twisting of magnetic field lines due to the
rotation of a black hole), Coloumbic interaction of matter with black hole gives an additional
contribution to the negative energy inflow, thereby converting the rotational energy of the black
hole into extractable electromagnetic energy. A careful look into equations constituting MPP
and BZ shows that the driving engine of the both lies in the existence of spin-induced electric
field due to frame-dragging effect on magnetic field lines. Discharge of spin-induced black hole
charge by negative energy flux causes the decrease of the spin of the black hole and resulting
extraction of black hole’s rotational energy. Thus, the presence of black hole charge may support
an acceleration of charged particles to relativistic velocities as seen e.g. in the relativistic jets of
black holes and can be relevant also in other similar high-energy phenomena.

4. Summary
We used the observational data on the immediate black hole surrounding to constrain the electric
charge of Sgr A*, which is the third parameter for black holes according to the no-hair theorem.
The detailed analysis is presented in [43]. The main findings may be summarized as follows:

• previous claims that astrophysical black holes can be treated as nearly uncharged, with
Q• . 10−18Qnorot

max [94], is not supported for the Galactic centre black hole and potentially
other astrophysical black hole systems, which is in agreement with other studies, e.g.
concerning black hole–neutron star binaries and associated merger events [95],

• however, the black hole charge is small, with the potential upper theoretical limit of
Qmax
•ind < 1015 C (twelve orders of magnitude below the extremal value), hence the space-

time metric is not significantly affected, i.e. the motion of neutral bodies can be analysed
in the framework of Kerr metric in most cases,

• on the other hand, a certain degree of caution is always at place, since even such a small
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charge can substantially affect the dynamics of charged particles (shift of ISCO; see [43, 57])
and is related essentially to energy extraction from black holes (Blandford-Znajek process
or Magnetic Penrose process),

• we found that a small positive unshielded charge can have an impact on the electron/proton
density distribution in the surrounding plasma, on which the thermal bremsstrahlung
emissivity depends, Lbrems ∝ Z2nine. Based on that, we propose a novel observational
test of the black hole charge presence based on the flattening and eventually drop in the X-
ray bremsstrahlung profile for increasing values of a (positive) electric charge. The current
X-ray data are consistent with the flat to slightly rising profile (not decreasing), which
provides an observational limit on the charge of Sgr A*, Q•SgrA∗ . 3× 108 C.

In conclusion, we showed that a small charge that is negligible for space-time structure may
be of relevance for the plasma dynamics close to the Galactic centre black hole and in an
analogous way for other supermassive black holes. The relevance of charge and the associated
electromagnetic signal may be even greater in rare, but relevant astrophysical situations –
plunges of neutron stars into supermassive black holes [96, 97] or black hole-neutron star
mergers [95], when the strong magnetic field associated with the neutron star threads the black-
hole horizon and the induced stable electric charge can reach large values proportional to the
magnetic-field strength according to Eq. (10).
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[32] Abramowicz M A, Kluźniak W and Lasota J P 2002 A&A 396 L31–L34 (Preprint
astro-ph/0207270)

[33] Cardoso V, Franzin E and Pani P 2016 Physical Review Letters 116 171101 (Preprint
1602.07309)

[34] Chirenti C B M H and Rezzolla L 2007 Classical and Quantum Gravity 24 4191–4206
(Preprint 0706.1513)

[35] Chirenti C and Rezzolla L 2016 Phys. Rev. D 94 084016 (Preprint 1602.08759)

[36] Bardeen J M 1968 Proceedings of International Conference GR5, Tiflis, U.S.S.R. p 174
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1804.09679)

[94] Eardley D M and Press W H 1975 ARA&A 13 381–422

[95] Levin J, D’Orazio D J and Garcia-Saenz S 2018 Phys. Rev. D 98(12) 123002 URL
https://link.aps.org/doi/10.1103/PhysRevD.98.123002
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