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Constraining electromagnetic signals from black holes with hair
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We constrain a broad class of “hairy” black hole models capable of directly sourcing electromagnetic
radiation during a binary black hole merger. This signal is generic and model-independent since it is
characterized by the black hole mass (M) and the fraction of that mass released as radiation (¢). For field
energy densities surpassing the Schwinger limit, this mechanism triggers pair production to produce a
gamma-ray burst. By cross-referencing gravitational wave events with gamma-ray observations, we place
upper bounds of ¢ < 1073-107* for 10-50M, black holes depending on the black hole mass. We discuss
the weak detection of a gamma-ray burst following GW150914 and show that this event is consistent
with rapid electromagnetic emission directly from a hairy black hole with e ~ 1077107, Below the
Schwinger limit, ambient charged particles are rapidly accelerated to nearly the speed of light by the strong
electromagnetic field. For 1-50M black holes and e ranging from 1072° to 1077, the typical proton
energies are ~20 GeV-20 TeV and electron energies are ~0.01-10 GeV. At these energies, cosmic ray
protons and electrons quickly diffuse into the Milky Way’s background magnetic field, making it difficult
to identify a point source producing them. Overall, constraining € in this less energetic regime becomes

difficult and future constraints may need to consider specific models of hairy black holes.
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I. INTRODUCTION

There is an important distinction between astrophysical
and mathematical black holes (BHs). Astrophysically, BHs
are observed as compact regions of spacetime in which
gravity is so strong that even light cannot escape. These
objects have been detected merging with each other [1],
emitting electromagnetically bright jets [2], consuming
stars [3], and more. Mathematically, BHs are vacuum
solutions of the Einstein equations of general relativity
describing spacetime external to a compact mass distribu-
tion within an event horizon. The theory underlying
mathematical BHs has been used to characterize astro-
physical BHs, although there remain clear disconnects
between these theoretical models and physical reality.

One such disconnect stems from the so-called “no-hair”
theorem. Canonically, the no-hair theorem proposes that
mathematical BHs are completely characterized by the
BH’s mass, charge, and spin as seen by an external
observer. This theorem has been tested astrophysically
using a variety of probes such as radio observations of the
shadow of a BH event horizon [4-6], gravitational wave
signals of binary BH (BBH) mergers [7,8], and stellar
orbits around the galactic center [9,10]. No evidence for its
violation has yet been discovered in astrophysical BHs.
However, the no-hair theorem leads directly to the BH
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information paradox [11]. In this paradox, different con-
figurations of matter, radiation, etc., that have fallen into a
BH can be described by the same mathematical BH
solution, losing information about the initial quantum state
of the system. This violates a core tenet of quantum
mechanics in a regime in which both the theories of general
relativity and quantum mechanics are valid. There have
been many attempts to resolve this paradox; one can refer to
Ref. [12] for a recent review. Despite these attempts, no
consensus has yet been reached.

The BH information paradox supports a possibility of
richer physics underlying BHs. Hairy BHs are potential
solutions to the Einstein field equations which are charac-
terized by more than the three parameters of a canonical
BH. Some of these BH models have been proposed as
explicit solutions to the BH information paradox. One
interesting possibility, proposed by Ref. [13], is the firewall
BH model. This mathematical BH has a singular shell
(otherwise known as a firewall) just outside the horizon,
causing general relativity to break down outside the BH
horizon. Since general relativity no longer holds in this
regime, the BH information problem no longer applies.
Such an exotic object appears as a Schwarzschild BH to a
distant observer, raising the question of how a firewall BH
(and, more generally, other hairy BHs) might be distin-
guished from a canonical BH in astrophysical observations.

Electromagnetic (EM) radiation from astrophysical BHs
in baryon-poor environments would be a beacon of new
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fundamental physics and support the existence of non-
canonical BHs. Canonical BHs do not directly source
EM radiation, except the weak emission of thermal
Hawking radiation [14], which is not observable for
BHs of astrophysically relevant masses. However, there
are convincing qualitative arguments indicating that hairy
BH models could radiate an appreciable proportion of
their mass as EM radiation. As a motivating example,
consider the firewall BH discussed earlier. Reference [13]
suggests several ways in which this model could produce
EM radiation including the explosion of an unstable
firewall, a BH phase transition from a canonical to a
firewall BH, and BBH mergers involving a firewall BH.
We emphasize that no quantitative model for this effect
yet exists, since working out the details of such a model
would likely be a challenging exercise in quantum
gravity. We hope this paper will convince those working
in the field that such a pursuit is worthwhile, given the
fact that these models generically produce observable
signals and thus can be constrained via astrophysical
observations. Overall, our understanding of BHs is
inconsistent, motivating searches for generic signals of
deviations from canonical BH models.

Given that only noncanonical BHs can radiate appreci-
ably, there are two important considerations in order
to distinguish this radiation from typical astrophysical
sources. First, we must be confident that there is a BH in
the region sourcing the radiation. Second, the BH must
be in a sufficiently baryon-poor environment and the
emitted radiation must be sufficiently energetic that
we can be confident the radiation is not produced by
standard processes such as relativistic jets. The best
observable available satisfying these considerations is
concurrent observations of BBH mergers with gravita-
tional wave detectors and EM radiation instruments.
Gravitational wave detectors such as the Advanced
Laser Interferometer Gravitational-Wave Observatory
(LIGO) [15] and Virgo [16] regularly observe the mergers
of stellar mass BHs. These events have only been
observed extragalactically, with local BBH merger rates
measured to be ~10 Gpc=3 yr~! [17]. Thus, any observ-
able EM radiation from such events must be extremely
energetic, on the order of supernova energies.

There is typically insufficient baryonic matter surround-
ing BBHs to produce EM radiation observable at these
extragalactic distances and energy scales. Some models
have been proposed to produce a gamma-ray burst (GRB)
during a BBH merger. Most of these models require rapid
accretion during the merger [18-20], necessitating a
baryon-rich environment, and all of these models have
been contested [21-23]. Another class of model involves
charged BHs [24], but the required charge is unreasonably
large [25]. Given the shortcomings of these models, no
extragalactically observable EM signal is expected from
a stellar-mass BBH merger. Thus, in this paper, we

investigate the observational signatures of a stellar-mass
BH directly releasing some of its mass as EM radiation
during a BBH merger as a potential indicator of the
existence of hairy BHs.

Since BBH mergers are catastrophic events characterized
by short timescales, a large amount of energy could be
emitted by the BH in a burst of EM radiation. We para-
metrize the amount of energy released by ¢ such that eM
is the energy emitted directly by the BH in EM radiation
into the ambient environment. The characteristic frequency
of the EM signal is independent of the hairy BH model
sourcing the radiation because any such emission directly
from the BH must tunnel out of the gravitational well in
the same manner as Hawking radiation [26]. If the
Schwarzschild radius of a BH is r,, then the characteristic
frequency of the radiation emitted by the BH is

1 M\ !
f=3 :3.3x10—17<M—> MeV. (1)

ry 1)

Throughout this paper, we work in natural units where
h=c=kp=¢€y=1 nunless otherwise stated. The
frequencies emitted by stellar mass BHs are very low-
frequency radio waves. At these frequencies, all of the
radiation is absorbed in the interstellar medium, predomi-
nantly via free-free absorption by the warm ionized
medium [27]. Thus, this radiation is not directly observ-
able, but is absorbed and reemitted as a secondary signal.
We calculate the range of M and e for which this
secondary signal could be detected. In future work,
model-dependent effects will need to be included to
augment this generic parametrization. Again we empha-
size that, although there are hairy BH models capable of
producing EM radiation, no complete model able to make
quantitative predictions for this effect exists currently. We
hope this paper will motivate others in the field to work
through the details of such models.

In this paper, we constrain a broad class of hairy BH
models using a generic and model-independent EM signal
that is characterized by the BH mass (M) and the fraction of
that mass that is lost to EM radiation (¢). In Sec. II, we
discuss the two phenomenologically distinct cases in which
radiation is emitted and derive the critical value of ¢ that
separates them. This division is set by the Schwinger limit,
above which the BH radiation triggers pair production
resulting in a GRB and below which the EM field
accelerates ambient charged particles to create an over-
density of cosmic rays. In Sec. III we characterize the
extragalactic observability of a GRB created by the BH
radiation to constrain ¢ given the nondetection of GRBs
from BBH mergers. In Sec. IV we describe the electron and
proton cosmic ray energy spectrum created below the
Schwinger limit and discuss the difficulties of observatio-
nally constraining ¢ in this less-energetic regime. In Sec. V
we summarize our results.
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II. THE SCHWINGER LIMIT

The Schwinger limit dictates the critical value of e
separating the two phenomenologically distinct cases in
which radiation is emitted for a particular BH mass.
This limit, derived from quantum electrodynamics, sets
the field strength at which an electric field becomes
nonlinear due to the spontaneous production of electron-
positron pairs [28,29]. Quantitatively, the Schwinger limit
occurs at an electric field strength of &= m2/e =
0.86 MeV?2. This corresponds to a field energy density
of uc = % = 0.74 MeV*.

This field energy density can be related to € as follows.
We assume the radiation from the BH is spread over a
volume one wavelength (1) in thickness outside of the
BH Schwarzschild radius. Then, the energy density of the
BH radiation is

eM

ERETCRRIETS)

M -2
= 3.1 x 10% () MeV+. (2)
MG

Setting u = uc and solving for the critical value of €
gives

M \2
€c = 2.4 x 10_10 (M_> . (3)

(0]

Therefore, € ~ 10719-107 for BH masses ranging from 1
to 50Mg. For € > ec, pair-production dominates and
results in a GRB as discussed in Sec. IIl. For € < €,
the EM field accelerates ambient charged particles, creating
cosmic ray electrons and protons as discussed in Sec. I'V.
An interesting feature of Eq. (3) is the upper limit on BH
masses capable of generically producing GRBs via this
mechanism. For BH masses greater than ~65,000M 4, the
characteristic wavelength of the emitted EM radiation is so
long that the volume over which the BH radiation is
distributed is too large to reach the energy densities
necessary to surpass the Schwinger limit. Thus, we do
not expect GRBs to be produced via this mechanism
during supermassive BH mergers, since supermassive
BHs have masses exceeding 100,000M,. Additionally,
supermassive BHs are located at the centers of galaxies,
which are baryon-rich environments. The presence of such
a baryon-rich environment enables EM radiation to be
produced during mergers of supermassive BHs due to
accretion [30], relativistic jets [31], and other processes.
This means that, even if supermassive BHs are capable of
producing EM radiation through this mechanism, it would
be difficult to distinguish this radiation from that produced
by other processes.

III. GAMMA-RAY EMISSION ABOVE THE
SCHWINGER LIMIT

Above the Schwinger limit, the energy density of the
field is large enough to result in electron-positron pair
production [32]. Qualitatively, the electron-positron-photon
gas thermalizes due to Thompson scattering and expands
relativistically as an ideal fluid, creating an object known as
a fireball in GRB literature [33,34]. We denote the lab
frame of an Earth observer as S and the comoving frame of
the fluid as S’.

When the EM radiation is first emitted by the BH, the lab
and fluid frames coincide. The initial temperature of the
fireball in both S and S’ is given by

E 1/4
Ty = (V ) , O
09od

where a = 7% /15, E is the energy dumped into a region of
volume V, and gy = 2.75 = 11/4 is half of the effective
degrees of freedom for a plasma consisting of photons,
electrons, and positrons in thermal equilibrium [33]. Again
assuming that the radiation from the BH is spread over a
volume one wavelength in thickness outside of the BH
Schwarzschild radius, the initial temperature is

T _( eM )‘/4
O \da((ry+ 2P -r)la

—-1/2
— 200e14 (M. MeV. (5)
MO

Assuming that any remnants of stellar ejecta and
envelopes have long dispersed, we neglect any external
baryon contributions to the dynamics of the fireball. Thus,
the fireball is a relativistic radiation-dominated fluid, which
rapidly accelerates to y > 1 under its own super-Eddington
radiation pressure. Because the fireball is created outside
the Schwarzschild radius of the BH, the system originates
in a region of small curvature. Consequently, general
relativistic and gravitational redshift effects can be
neglected. Employing the usual relativistic conservation
equations of baryon number and energy-momentum from
Ref. [35] in the limit where y > 1 yields the following
scaling relations for each fluid shell [36,37]:

y(r) ~ <RL0> (6)

T’(r)~T0<r>_l~i, (7)

Ry y(r)

where r is the distance from the origin in the lab frame
and R, is the initial width of the fireball. These relations
apply so long as the fireball is ultrarelativistic, radiation-
dominated, and opaque due to Thompson scattering. So, as
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the fireball expands from the origin, the bulk Lorentz factor
continues to increase due to the acceleration from the
radiation pressure of the fluid. To first order in y, the width
of the fireball in the lab frame is constant R(r) = R, [38].
This requires the width in the comoving frame to increase
as R'(r) = y(r)Ry, illustrating why the fireball cools in its
comoving frame. In the lab frame, the temperature is
blueshifted by

T(r) =y(NT'(r) =Ty (8)

since the fluid is moving relativistically toward the
observer. Thus, so long as the scaling relations apply, a
lab observer sees each shell of the fireball at the same
constant temperature, 7.

Within each fluid shell, the number density of electron-
positron pairs in the comoving frame decreases as the
fireball cools. Eventually, the process of pair creation and
annihilation freezes out when the time for a positron to
annihilate with an electron is of the same order as the
dynamical time. This occurs at a comoving temperature of
T' ~ 20 keV [37,39]. At this temperature, the proportion of
the initial energy from the BH contained in the remaining
electron-positron pairs is negligible [34]. So, nearly all of
the initial eM is contained in photons that had been trapped
in the fluid by Thompson scattering. When pair production
freezes out, the Thompson opacity decreases dramatically
and these photons escape. Since the comoving temperature
depends only on r, each shell experiences this freeze-out
as it moves through the same radius in the lab frame. Thus,
the characteristic time delay between when photons free-
stream from the inner and outermost edges of the fireball is
given by [33]

R M
St~—2=20x107 <—> s (9)
c Mg

since the initial radius of the fireball is set by the wave-
length of the BH radiation, 4. These timescales are short
enough to be consistent with a short GRB, < O(1 s).

When the photons are able to free-stream from the
fireball, an observer on Earth sees a nearly thermal
black body spectrum at temperature 7, radiating from
the BH [39]. The black body spectrum in photon number as
a function of photon frequency and the fireball temperature
is given by

2f2 2 1 —1 1
Bf(T()) — m MeV S HZ Sr . (10)

The peak photon energy for this spectrum is

M\ -1/2
Epeak = 1~6T0 = 32061/4 (—) MeV. (1 1)
MO

Epeak (Mev)

100 [ M=1Msun
50 M=10Mgyn
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FIG. 1. The peak photon energy, Epeq, as a function of BH

mass and e for € > €. These peak energies are > 1 MeV and so
are gamma rays.

These peak energies are plotted in Fig. 1 as a function of
BH mass and e. These are the most likely photons to be
emitted from the fireball, and all peak energies are gamma
rays (energy > 1 MeV).

Since nearly all the energy from the fireball is converted
into photons at the peak energy, the number of photons
emitted is

M M\ 3/2
N, = —— =34 x 105734 <—) . (12)
Epeak MO

Over the full range of photon energies shown in Fig. 1,
the most sensitive telescope is the Fermi Gamma-ray
Space Telescope. The two instruments onboard Fermi
are the Large Area Telescope (LAT) and the Gamma-ray
Burst Monitor (GBM). The LAT observes photon energies
in the range 20 MeV-300 GeV with a sensitivity of
10~* ergcm™ [40]. The GBM observes photon energies
in the range 8 keV-40 MeV with a sensitivity of
0.5phcm™2s~! [41]. For the gamma-ray energies emitted
by 1-50M, BHs over a timescale of <1s, Fermi’s
sensitivity limits require a flux of F > 1 phcm™2. This
minimum flux can be used to calculate the maximum
distance, d, to which EM emission by a BH above the
Schwinger limit is observable,

N M\ 3/4
d=/—L =5360e"%—) Mpc. (13)
4nF Mg

These distances are plotted in Fig. 2. For a given distance,
we can solve for the minimum e for which Fermi could
observe such an event extragalactically.

Cosi0s (L V(MY (g
Cmin = 100 Mpe)  \Mg)

The Gravitational-wave (GW) Transient Catalog lists
events detected by LIGO [15], Virgo [16], and the Kamioka
Gravitational Wave Detector (KAGRA) [42]. Most BBH
merger candidates listed in the catalog are posted on
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FIG. 2. The distance to which the gamma-ray photons
emitted by 1-50M, BHs are observable with Fermi, d, for
various € > €c.

NASA’s General Coordinates Network, which contains
both concurrent and follow-up EM observations of GW
triggers by the Fermi GBM. The Fermi GBM has an 8§
steradian field-of-view [41], which is large enough to
cover the full LIGO/Virgo 90% confidence GW localiza-
tion region if the telescope is well-aligned at the time of
the trigger. We cross-reference all BBH mergers in the
GW Transient Catalog with Fermi observations from the
General Coordinates Network. For BH masses ranging
from 10 to 50M in intervals of 10M,, we identify the

TABLE L.

nearest BBH merger for which Fermi observed at least 90%
of the localization region and recorded no GRB event. The
GW events constraining each mass interval are listed in
Table I. These nondetections are used to constrain ¢ for
each BH mass. To do this, we assume the furthest distance
(luminosity distance + error bar) measured by LIGO/Virgo
and calculate the minimum value of € needed such that the
event would be observable with the Fermi GBM for the
observed BH mass. All constrained values of ¢ are above
the Schwinger limit for the given BH mass and all result in
~MeV photons, which are in the energy range observable
by the GBM. These constraints are listed in Table II.
Assuming all BHs are hairy BHs capable of producing this
signal, the current upper bounds on e are e < 10~ for 10,
30, 40M, BHs and € < 10~ for 20, 50M, BHs since no
high energy EM signal was observed from these BBH
mergers. These constraints will improve as more GW
events with concurrent Fermi observations are detected.
There has been one observation of a GRB and BBH
merger occurring concurrently. An offline search of Fermi
GBM data following the detection of GW150914 [50]
revealed a 1 s short GRB occurring 0.4 s after the LIGO
trigger with a localization consistent with that of the GW
signal [51]. The GRB transient was near the detection
threshold for the GBM (2.9¢ detection), it was not detected

The physical parameters for the GW events constraining ¢ for each BH mass interval. For each mass

range, these events were selected as the nearest BBH merger for which Fermi observed at least 90% of the
localization region and recorded no GRB event. GW191216_213338-v1 was reported in Ref. [43], and all other
events were reported in Ref. [44]. The table provides the event ID from the GW Transient Catalog, the measured
constituent BH masses (m, m,), the measured luminosity distance (d; ), the General Coordinates Network circular,
and the percent of the localization region observed by the Fermi GBM (% LR).

ID my /Mg my/Mg d; /Mpc GCN reference % LR
GW191216_213338 12.153% 77518 340115 [45] 99.8
GW190915_235702 32,6158 24.538 1750739 [46] 98.0
GW190412_053044 27.7588 9.0179 7201330 [47] 99.8
GW190521_074359 434138 334732 10804350 (48] 100.0
GW190701_203306 54.14)26 40.5%7, 209070 [49] 100.0

TABLE II.

The constraints on €, assuming all BHs are hairy BHs, for each mass range. For each mass range, these

events were selected as the nearest BBH merger for which Fermi observed at least 90% of the localization region and
recorded no GRB event. The columns give the event ID from the GW Transient Catalog, the BH mass range [O(m)],
the maximum luminosity distance (d;, pax), the minimum value of e such that the event would be observable (eyy;,),
and the peak photon energy (Ey) for that €y, and BH mass.

ID O(m)/MO dL,Max/MpC €min Epeak/MeV
GWI191216_213338 10 460 1.4x107° 6.3
GW190915_235702 20 2460 3.1x 107 9.6
GW190412_053044 30 960 1.1 x 107 34
GW190521_074359 40 1660 2.7 x 107 3.7
GW190701_203306 50 2860 7.5 x 107 43
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by any other instrument, and the localization was poorly
constrained [51]. Thus, the GRB cannot be confidently
associated with GW150914. Assuming that the GRB did
indeed originate from the BBH merger, we can identify the
range of e that is consistent with the measured properties of
the merger and GRB. From the GW Transient Catalog, the
constituent BH masses range from ~30 to 40M, and the
range of luminosity distances is 270-590 Mpc. For these
masses and distances, the minimum value of ¢ such that
the event is observable with the Fermi GBM ranges from
€min ~ 1077=107%, resulting in peak photon energies of
~1-3 MeV. This range of peak photon energies is con-
sistent with the properties of the observed GRB, which
peaked near an MeV [51]. Since this event was barely
above the GBM’s detection threshold, we anticipate
€ ~ €min- Therefore, the observed GRB is consistent with
a GRB produced via rapid EM emission directly from a
30 to 40M, hairy BH for € ~ 1077-107°.

IV. GALACTIC COSMIC RAY SIGNAL BELOW
THE SCHWINGER LIMIT

Below the Schwinger limit the electric field emitted by
the BH propagates outwards, accelerating ambient charged
particles. Mutual attraction between the protons and elec-
trons inhibits charge separation, requiring that the particles
have the same Lorentz factor on average. Since the protons
are a factor of ~10° heavier than the electrons and the
particle energy scales with mass, most of the BH field
energy is absorbed by protons. Thus, the dynamics of the
system are set by the protons.

A rapid burst of isotropic EM radiation can be generi-
cally described by a coherent single-wavelength pulse.
The exact duration and coherence of emission is model
dependent, but so long as the emission occurs on the short
timescales characteristic of BBH mergers, the signal is
sufficiently similar to the single-wavelength pulse approxi-
mation. First, we consider the acceleration of a single
charged particle due to this strong EM pulse. In the

(+ — — —) metric, the relativistic Lorentz force law is
du® e
= _ FPy,, 15
dt  m s (13)

where e is the elementary charge, m is the proton or
electron mass, u“ is the particle’s 4-velocity, and 7 is the
proper time in the instantaneous rest frame of the particle.
For a sinusoidal EM field, the characteristic timescale of
field variation is £/ % ~ 1/f where € is the electric field
magnitude and f is the frequency of the BH radiation. Since
f~ 10717 MeV is very small, this characteristic timescale
is very long. So, the field magnitude is nearly constant in
time and the system can be approximated by a constant
crossed field. For the ranges of ¢ considered here, the
absorption length for the EM field is long enough that the
average charged particle experiences a sufficiently weak

field to neglect any special relativistic effects that transform
the field but also a sufficiently strong field that the protons
are quickly accelerated to » ~ 1 and radiate negligibly. We
choose a coordinate system such that the electric field is
directed along the x axis and the magnetic field along the
y axis, then the Faraday tensor is

0 = 0 0
E 0 0 0
Feb — , (16)
0 O 0o ¢&
0 0 =€ 0

where £ is the magnitude of the electric field in MeV?.
Since < F o/ is constant, the Lorentz force equation has a
matrix exponential solution

u(7) = exp <% ng> W (0). (17)

The particles accelerate from the thermal speed of the
plasma (v ~ 0), fixing u#(0). We compute u*(z) for the
given Faraday tensor and use this to extract the Lorentz
factor, y, and the components of the 3-velocity in the lab
frame, v,

e’E1?

=14+ —- 1

@ =1+ 1. (18)
2eEmt
K ey =4 19)
vy(z) =0, (20)
2m?

)= - e @

The final kinetic energy of the particle depends on the
time at which the particle exits the field in its instantaneous
rest frame, 7,. By definition, y(7) = %. Thus,

e2E273

/Tfy(r)drzr —l——f:/tfa’t:l (22)
0 T em? 0 S

since in the lab frame the particle is in the field for 7, = %
The magnitude of the EM field is sufficiently large, and we
can neglect the term that is linear in 7, to find

6m> \ 1/3
v (ezé’zf)

1 (M\'A
=12x108 7z (—] MeV',  (23)
E¥3 \Mg
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where here, and in all following numerical expressions,
we set m = m,,.

Now we characterize the absorption of energy from the
BH EM field by ambient protons. We partition the volume
around the BH into spherical shells one wavelength in
thickness such that the distance from the BH is para-
metrized by the dimensionless number j, the number of
wavelengths from the Schwarzschild radius of BH. Let £
be the total EM energy incident onto a shell j wavelengths
from the BH. Assuming j is large, the initial energy density
of the shell is

E
u= - ;
17(ry + AP = (rg + (G = DA)]
E

4ﬂi3j2

E/M\3
=3.0x 107! v MeV*, (24)

J \Mg

Then the magnitude of the electric field is

E=u

ENY2/ M\ -3/2
=54x 1072 (—2> <—) MeV2.  (25)
J Mg

The kinetic energy of each proton after interacting with
the EM wave is

K ~y(z;)m

ENV3/ M\ -1/3
=1.0x 107 (—2> <—> MeV. (26)
J Mg

This gives the kinetic energy of one proton in the jth
shell. To derive the total kinetic energy lost in the jth shell,
we assume a homogeneously distributed number density of
charged particles with n=n,=n,~1cm™~10732 MeV?,
consistent with the Milky Way interstellar medium [52,53].
The total number of protons in the jth shell is

M \3
N ~4zni3j? = 2.6 x 1018 2 (—) . (@)
MO

So the total kinetic energy absorbed in the jth shell is

M
Ktot =NK=26x 1013j4/3E1/3(

8/3
> MeV. (28)
o)

This gives a differential equation for the energy absorbed
by the field

dE

d_j = _Ktot (29)

subject to the initial condition E(0) = eM. This equation
can be integrated to yield

M \2/3
E(j) = (1.1 x 10%e¥/3 ( —
() ( T\ M

©

M\ 8/3 3/2
—7.5x%x10'? <M—> j7/3> MeV.  (30)
(0]

Solving for the value of j at which E(j) = 0 gives the
dimensionless absorption length, j,.

M\ —6/7
Jabs = 4.4 x 101127 <—> )
MO

(31)

The absorption length, j,.4, gives the number of protons
accelerated by the field and the average kinetic energy and
Lorentz factor of each proton,

4 M \3/7
Naps = = n(jush)® = 7.1 x 102657 ( — ) | (32)
3 M,

M M\ 4/7
Ko = X 16x 1077 2) T Mev,  (33)
Nabs M@

KE,, M\ 47
Yave ~ E—17x10%7(—) .  (34)
£ om Mg

The number of electrons accelerated by the field is also N
and the average Lorentz factor of the electrons must be the
same as that for the protons.

We perform this calculation for values of € ranging from
e = 107 to the Schwinger limit for 1 — 50M BHs. The
resulting average proton kinetic energies as a function of ¢
are plotted in Fig. 3. Overall, the average kinetic energy per
proton ranges from 20 GeV for a 1M BH with ¢ = 10720
to 20 TeV for a 50M, BH at the Schwinger limit
(e ~107%). The average proton kinetic energies can be
used to calculate the corresponding average electron
kinetic energies. Overall, the average kinetic energy per
electron ranges from 0.01 GeV for a 1My BH with

Kavg (GeV)
104

5000 o M= 1My
M=10Mqn
w0000 zdme M=20Myyy
500 e M=30Mgyn
— M=40Mg
100 — — M=50Mg

10718 1071 10712 107°

FIG. 3. The average proton kinetic energy, K, for 1-50M
BHs as a function of € for € < €. These relativistic protons are at
cosmic ray energies.
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e =10"2Y to 10 GeV for a 50M, BH at the Schwinger
limit. These relativistic protons and electrons are cos-
mic rays.

Cosmic rays of these energies are difficult to identify
with a point source on the sky. Ambient magnetic fields
confine these cosmic rays to their host galaxies and cause
them to quickly diffuse (on timescales <0.01 yr) into the
galactic background of cosmic rays. Thus, these cosmic
rays are indistinguishable from cosmic rays produced by
supernova remnants [40], stellar winds or flares [54], and
other processes. Although these particles create secondary
signals as they lose energy to bremsstrahlung, ionization,
synchrotron radiation, and inverse Compton scattering for
electrons and to inelastic collisions for protons [55,56], the
timescales for these processes are much longer than the
diffusion time (>10° yr). Therefore, these secondary sig-
nals are also indistinguishable from those produced by
other cosmic ray processes.

Because these cosmic rays are mixed with and are
indistinguishable from cosmic rays produced via other
mechanisms, it is not possible to confidently identify
cosmic rays due to EM radiation from BHs either in
external galaxies or in the Milky Way. Therefore, it
becomes difficult to place strong constraints on ¢ below
the Schwinger limit. Although this avenue cannot
constrain €, the effect is still potentially observable.
Should the BBH merger occur on a sufficiently strong
magnetic field background (B > 10 MeV? = 0.05 T), the
ultrarelativistic electrons would produce synchrotron radi-
ation in the x-ray band, motivating x-ray observations of
BBH mergers.

V. DISCUSSION AND CONCLUSIONS

The theoretical understanding of BHs is inconsistent,
motivating searches for generic signals of deviations from
canonical BH models. In this paper, we have constrained a
broad class of hairy BH models capable of emitting a
fraction of their mass as EM radiation. Since this radiation
is sourced directly from the BH, it must tunnel out of the
BH’s gravitational well in the same manner as Hawking
radiation. Thus, the characteristic frequency of the radiation
depends only on the mass of the BH, resulting in a signal
that is generic and model independent. We derive the
critical value of ¢, the fraction of the BH mass released as
radiation, above which the field strength triggers a GRB
and below which ambient particles are accelerated to
cosmic ray energies. Because no extragalactically observ-
able EM signal is expected from a stellar-mass BBH
merger, we find that concurrent observations of BBH
mergers with GW detectors and EM radiation instruments
offer the best data to detect such a signal.

In the GRB regime, the BH mass and ¢ fix the initial
volume and temperature of the electron-positron fireball.
The fireball expands relativistically, maintaining constant
temperature in the frame of an Earth observer and cooling

in its comoving frame. Once the fireball is sufficiently cool
in its frame, pair-production freezes out and the photons
free-stream. In the frame of an Earth observer, these
photons have energies described by a black body spectrum
at the initial temperature of the fireball. Thus, the energy
deposited by the BH is reemitted as gamma rays over a
short timescale. By cross-referencing GW events with
concurrent Fermi GBM observations of the localization
region, we place upper bounds on ¢. These bounds are
€ < 107-10~* for 10-50M, BHs depending on the BH
mass since no high energy EM signal was observed from
these BBH mergers. These constraints will improve as
more GW events with concurrent Fermi observations are
detected. We also discuss the weak detection of a GRB
following GW150914, and find that this event is consistent
with a GRB produced via rapid EM emission directly from
a hairy BH for e ~ 1077-1076.

Below the Schwinger limit, the EM radiation can be
described by a constant-crossed field. The dynamics of the
system are fixed by the ambient protons, which are rapidly
accelerated to v ~ 1 by the field, absorbing energy as the
radiation propagates away from the BH. We solve the
differential equation describing the energy lost by the field
to calculate the absorption length as a function of BH mass
and e. This absorption length fixes the average energy of
the ambient protons and electrons that interacted with the
BH radiation. For 1-50M, BHs and € ranging from 1020
to the Schwinger limit, the average kinetic energy per
proton ranges from 20 GeV to 20 TeV and the energy per
electron ranges from 0.01 to 10 GeV. At these energies,
cosmic rays have a short diffusion length due to the galactic
magnetic field and are mixed in with other astrophysical
cosmic rays. Additionally, the secondary signals from
cosmic rays of these energies are produced on too long
of a timescale to be attributed to EM radiation directly from
a BH. Overall, constraining € in this less energetic regime is
difficult. Future work could investigate BBH mergers in
strong background magnetic fields. In this case, the ultra-
relativistic electrons emit x rays via synchrotron radiation
that may be observable.

Although this work benefits from employing a model-
independent approach to generically characterize radiation
emitted directly from hairy BHs, model-dependent effects
will need to be included to augment this general para-
metrization. Some hairy BH models, such as the firewall
BH [13], are capable of producing EM radiation. But
currently, no complete model able to quantitatively char-
acterize this effect exists. We hope this paper will motivate
others in the field to work through the details of such
models. The firewall BH metric of Ref. [13] is particularly
well-suited for this. Given this metric and a parametrized
charge distribution adhered to the firewall, one could use
numerical relativity to simulate the emission of gravita-
tional and EM radiation during a BBH merger involving a
firewall BH. This approach offers independent constraints
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on ¢ as a function of the charge distribution parameter
and may be able to constrain e in cases below the
Schwinger limit.

Strengthening constraints on ¢ will be an important
pursuit for future work given the relatively loose bounds
found in this paper. In general, hairy BHs are well-
motivated by the BH information paradox. However, such
BHs must appear nearly canonical to a distant observer
due to observational evidence in favor of the no hair
theorem. Therefore, novel approaches to constraining
hairy models will continue to be vital in the search for
new fundamental physics.
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