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Motivation

e “No Hair” Theorem for Black Holes (BHs)

o Stationary BHs fully characterized by mass, charge, and spin
e |eads to BH Information Paradox
o Possibility of richer physics, BHs with “hair” leading to unique observable signatures

e Electromagnetic (EM) radiation is one of simplest signatures to observe
e |nvestigate observational signatures of BH releasing some of its mass as
EM radiation
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Preliminaries

e Any radiation emitted by the BH must tunnel out of gravitational well in same

manner as Hawking radiation
o Frequency f = 1/2r_ depends ONLY on BH mass (very model independent!)
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Preliminaries

e Any radiation emitted by the BH must tunnel out of gravitational well in same
manner as Hawking radiation
o Frequency f = 1/2r_ depends ONLY on BH mass (very model independent!)

e Proportion of BH mass released as EM radiation characterized by
dimensionless €

o EBH—G MBH

Event

+«— Horizon

Singularity

l—r—l
Schwarzschild radius

Pheno 2023 Symposium Nicole Crumpler 3/13



Preliminaries

e Any radiation emitted by the BH must tunnel out of gravitational well in same
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Preliminaries

e Any radiation emitted by the BH must tunnel out of gravitational well in same
manner as Hawking radiation
o Frequency f = 1/2r_ depends ONLY on BH mass (very model independent!)
e Proportion of BH mass released as EM radiation characterized by
dimensionless €
o Egy=eMg,
e Low frequency radio waves, absorbed by interstellar medium
o Not directly observable, must be absorbed and re-emitted
e BH-BH merger as trigger for the event
o Must be observable extragalactically (> 100 Mpc), so very energetic (large €)
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Goal

e Constrain broad class of “hairy” BH models using a generic and
model-independent EM signal that is fully characterized by the BH mass
(M) and the proportion of that mass that is lost to EM radiation (e)
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Goal

e Constrain broad class of “hairy” BH models using a generic and
model-independent EM signal that is fully characterized by the BH mass
(M) and the proportion of that mass that is lost to EM radiation (e)

e Place an upper bound on € using existing telescope observations and to

motivate X-ray and gamma-ray observations of BH-BH mergers I

é

Chahara X-ray Observatory Fermi Gamma-ray Space Telescope
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Schwinger Limit

e Nature of re-emitted radiation depends on if field

strength surpasses this limit ,L\(-‘\
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Schwinger Limit

e Nature of re-emitted radiation depends on if field
strength surpasses this limit

e Schwinger Limit: Point at which the EM field energy
density is great enough for spontaneous

electron-positron pair production
o E.=m /e =0.86 MeV?
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Schwinger Limit

e Nature of re-emitted radiation depends on if field
strength surpasses this limit

e Schwinger Limit: Point at which the EM field energy
density is great enough for spontaneous

electron-positron pair production
o E.=m /e =0.86 MeV?
e The critical value of eis €,~2.6x107'°M? where M is
the BH mass in solar units
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Gamma-ray Emission Above the Schwinger Limit

e For e>¢., pair-production results in electron-positron fireball
o Classic production mechanism for GRB
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Gamma-ray Emission Above the Schwinger Limit

e For e>¢., pair-production results in electron-positron fireball
o Classic production mechanism for GRB

e Fireball thermalizes due to Thompson scattering and expands relativistically
as an ideal fluid
e |Initial temperature, T =(E/ V g,a)” ~200(¢/M?)"* MeV

e Temperature in lab frame is constant, T(r)=T,
o Adiabatic expansion into vacuum

e Temperature in comoving frame decreases, T'(r)e<T /r until pair-production
freezes out
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Gamma-ray Emission Above the Schwinger Limit

e Photons free stream as black body radiation
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Figure 1. This plot shows the peak photon energy as a function of BH mass and e. These peak energies

are > 1 MeV and so are gamma rays.
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Gamma-ray Emission Above the Schwinger Limit

e Photons free stream as black body radiation
e O(1) of energy released by BH is emitted in photons at peak energy of

spectrum
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Figure 1. This plot shows the peak photon energy as a function of BH mass and e. These peak energies

are > 1 MeV and so are gamma rays.
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Gamma-ray Emission Above the Schwinger Limit

e Fermi-GBM is most sensitive telescope
o  Sensitivity limits require flux of ~1 ph cm
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Gamma-ray Emission Above the Schwinger Limit

e Fermi-GBM is most sensitive telescope
o  Sensitivity limits require flux of ~1 ph cm

e Observability distance d~5362 €/*M3* Mpc
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Gamma-ray Emission Above the Schwinger Limit

e Fermi-GBM is most sensitive telescope
o  Sensitivity limits require flux of ~1 ph cm
e Observability distance d~5362 €/*M3* Mpc
e Many BH-BH mergers observed by LIGO/Virgo were also observed by

Fermi-GBM
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Gamma-ray Emission Above the Schwinger Limit

e Fermi-GBM is most sensitive telescope
o  Sensitivity limits require flux of ~1 ph cm
e Observability distance d~5362 €/*M3* Mpc
e Many BH-BH mergers observed by LIGO/Virgo were also observed by
Fermi-GBM
e Non-detection of GRB from BH-BH mergers for which Fermi-GBM was

observing >90% of GW localization region can be used to constrain e
o Assuming all BHs are “hairy” BHs capable of this emission
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Gamma-ray Emission Above the Schwinger Limit

Id O(m)/Mg | mi/My | my/Mg | dp/Mpc | % LR Observed | €xin Epear/MeV
GW191216 213338-v1 10 121230 |77 | 3405} | D98 14 x107° | 6.3
GW190915 235702-v2 20 326675 | 24540 | 1760%%:3 (980 31x107*|9.6
GW190412_053044-v4 30 2T | Y 7201550 | 99.8 1.1 x 1075 | 3.4
GW190521.074359-v2 40 43.4758 |33.432 | 1080350 | 100.0 2.7 x 1075 | 3.7
GW190701_203306-v2 50 54111201 40.5% %, , (2090270 | 100.0 7.5 %1075 | 4.3

Table 1. For each event used to constrain a particular mass range, this table lists the GWTC Id, the constrained mass order of

magnitude(O(m)), the measured constituent BH masses (m, ms), the measured luminosity distance (dy), the percent of the LR observed

by the Fermi-GBM, the constraint on € from the non-detection of a corresponding GRB by Fermi, and the peak photon energy of a GRB

corresponding to €,in.
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Gamma-ray Emission Above the Schwinger Limit

e 1s short GRB observed by
Fermi-GBM 0.4s after GW150914

o Localization consistent with GW
signal

0 1 2 3 4 5x1072
prob. per deg?

Fig. 1.— Localization map for GW150914, the GW event reported in Abbott et al. (2016). The grey
shaded region indicates the region of sky occulted to Fermi by the Earth at the time of GW150914.
The region not occulted by the Earth contains 75% of the probability of the localization map, with
all but 6% of the probability contained in the southern portion of the annulus. The entire region
was visible to Fermi GBM 25 minutes after the GW event was detected.

Figure from Connaughton 2016
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Fig. 1.— Localization map for GW150914, the GW event reported in Abbott et al. (2016). The grey
shaded region indicates the region of sky occulted to Fermi by the Earth at the time of GW150914.
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was visible to Fermi GBM 25 minutes after the GW event was detected.
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Gamma-ray Emission Above the Schwinger Limit

e 1s short GRB observed by
Fermi-GBM 0.4s after GW150914

o Localization consistent with GW
signal

e The GRB cannot be confidently
associated with the GW signal
o Near detection threshold (2.9 o)
e Observed GRB is consistent with

ra p I d E M e m ISS I O n VI a th I S Fig. 1.— Localization map for GW150914, the GW event reported in Abbott et al. (2016). The grey
shaded region indicates the region of sky occulted to Fermi by the Earth at the time of GW150914.
m eCh a n iS m fo r a 30_40 M @ B H The region not occulted by the Earth contains 75% of the probability of the localization map, with

all but 6% of the probability contained in the southern portion of the annulus. The entire region
was visible to Fermi GBM 25 minutes after the GW event was detected.

and e~107-10°

Figure from Connaughton 2016
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Galactic Cosmic Ray Signal Below the Schwinger Limit

e For <€, strong EM field accelerates

ambient charged particles
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Figure 7. This plot shows the fractional energy remaining in the field as a function of distance from the BH
for a 1 My BH and initial energy of eMpy = 1071°M,. For this ¢, the absorption length is japs ~ 6 x 103

wavelengths.
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e For <€, strong EM field accelerates

ambient charged particles
e Solve for particle motion in BH EM |

field
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Figure 7. This plot shows the fractional energy remaining in the field as a function of distance from the BH
for a 1 My BH and initial energy of eMpy = 1071°M,. For this ¢, the absorption length is japs ~ 6 x 103

wavelengths.
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Galactic Cosmic Ray Signal Below the Schwinger Limit

e For <€, strong EM field accelerates
ambient charged particles

e Solve for particle motion in BH EM
field

e Gives equation for absorption of
energy as EM field from BH

propagates outwards
o Characteristic absorption length

Fractional Energy Remainin, g
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Figure 7. This plot shows the fractional energy remaining in the field as a function of distance from the BH
for a 1 My BH and initial energy of eMpy = 1071°M,. For this ¢, the absorption length is japs ~ 6 x 103

wavelengths.

Pheno 2023 Symposium Nicole Crumpler 11/13



Galactic Cosmic Ray Signal Below the Schwinger Limit

e Absorption length fixes average energy per particle, these are Cosmic Ray
(CR) energies
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Galactic Cosmic Ray Signal Below the Schwinger Limit

Absorption length fixes average energy per particle, these are Cosmic Ray
(CR) energies

Produce protons with energies ~10 GeV-10 TeV and electrons with energies of
~0.01-10 GeV, how would we observe these particles?

Larmor radiation 3¢

Reach us directly 3¢

Secondary signals

o Bremsstrahlung, ionization, synchrotron radiation, and inverse Compton scattering for electrons
and inelastic collisions for protons
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Galactic Cosmic Ray Signal Below the Schwinger Limit

Absorption length fixes average energy per particle, these are Cosmic Ray
(CR) energies

Produce protons with energies ~10 GeV-10 TeV and electrons with energies of
~0.01-10 GeV, how would we observe these particles?

Larmor radiation 3¢

Reach us directly 3¢

Secondary signals 3¢

o Bremsstrahlung, ionization, synchrotron radiation, and inverse Compton scattering for electrons
and inelastic collisions for protons

Difficult to constrain € in this regime
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Conclusion

e Constrained broad class of “hairy” BH models using a generic and
model-independent EM signal that is fully characterized by the BH mass (M)
and the proportion of that mass that is lost to EM radiation (e)
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Conclusion

e Constrained broad class of “hairy” BH models using a generic and
model-independent EM signal that is fully characterized by the BH mass (M)
and the proportion of that mass that is lost to EM radiation (e)

e Above the Schwinger limit, GRB hasn’t been confidently observed from a

BH-BH merger at various masses
o €<10° for 10, 30, 40 Me BH and <10 for 20, 50 Me BH

e Below the Schwinger limit, this effect produces CRs that would be difficult to

observe directly.

o BH-BH merger on strong magnetic field background could produce X-rays through
synchrotron radiation

e Motivates observing BH-BH mergers with gamma-ray and X-ray telescopes
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Preliminaries Backup

Hawking radiation (Parikh & Wilczek 2000). Thus, the characteristic frequency of the emitted

photons is the same as that of Hawking radiation. If the Schwarzschild radius of a BH is given by
T = Mr,o MeV™! (1)

where M is the BH mass in solar units (M = MMBéi where Mg ~ 1.989 x 10%* g ~ 10%° MeV) and

Tso = 2GC]¥[® ~ 3%x10° cm ~ 10" MeV ! is the Schwarzchild radius of the Sun, then the characteristic

frequency of the radiation emitted by the BH is

1 1 3 x 10717
/ 2rs  2Mr, g M 2y 2
and wavelength is
1
A= P 2Mr, o ~ (3 x 10")M MeV~* (3)

Throughout this paper, we work in natural units where A = ¢ = kg = ¢y = 1 unless otherwise stated.



Schwinger Limit Backup

2. 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 (Heisenberg & Euler (1936), Schwinger (1951)).

Quantitatively, the Schwinger limit occurs at an electric field strength of
Ec =m?/e =0.86 MeV? (4)
This corresponds to a field energy density of
uc = E* = 0.74 MeV* (5)

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

BH radiation is

eMpn 3eMo 9y € 4
= = ~ 1 M
v %ﬂ'((rs + )3 —1r3) 1047rr§,®M2 CREL )M2 &y (6)
Setting u = uc and solving for the critical value of € gives
1047m?r?
= —— O M?~ 24 x10710M2
€c 3€2M® x 10 (7)

Thus, ec ~ 1071°, 1078, 10~7 for a 1, 10, and 30 M, BH respectively. For € > ¢¢, pair-production
dominates and results in a GRB as discussed in Sec. 3. For € < €¢, the EM field accelerates ambient

charged particles, creating CR electrons and protons as discussed in Sec. 4.
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‘When the EM radiation is first emitted by the BH, the lab and fluid frames coincide. Thus, the

initial temperature of the fireball in both S and S’ is given by

E \4
To=— 8
b (VOW) ®)

where a = /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. Again assuming that the radiation from the BH is spread over a volume one
wavelength in thickness outside of the BH, the initial temperature is

eMpy 14 45e M, 14 € \1/4
To= = ® ~200 (-5 TS 5
’ (%”((rs +A3 —rd)ia 286m3M2r3 (Mz) e (9)

Since the ISM is very diffuse, we assume that the fireball expands adiabatically into the vacuum.
In the case of adiabatic expansion, no work is done by the fluid and the temperature of the fireball
remains constant in the lab frame so long as the fireball is opaque due to Thompson scattering. That
is,

T(r)=To (10)
However, in the comoving frame of the fluid, the fireball cools as it expands.

) = ay

where the Lorentz factor of the fireball varies with distance from the BH as y(r) o r.
Since the number density of electron-positron pairs in the comoving frame of the fluid depends

on T as n’ o T"2¢=™¢/T' the number density of pairs 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. At this temperature, the amount of the initial energy from the BH contained in
the remaining electron-positron pairs is negligible. Rather, O(1) of the initial eMpy is contained in
photons that had been trapped in the fluid by Thompson scattering. When pair production [reezes

out, the Thompson opacity decreases dramatically and these photons escape.
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Figure 2. This plot shows the number of photons emitted for a 1, 10, and 30 M BH at various e.

When the photons are able to free stream from the fireball, an observer on Earth will see a black
body spectrum at temperature T, radiating from the BH. The black body spectrum in photon number

as a function of photon frequency and the fireball temperature is given by

2f?

Bi(o) = G =1

MeV? s~ Hz ! ster™! (12)

Taking the derivative with respect to the photon frequency, f, gives an equation for the peak in the

spectrum. This peak occurs when
e Mo(nf —To) +To =0 (13)
which has the solution fpeqx ~ %ﬂ Thus, the peak photon energy is

45¢ M, 1A € \ /4
Epeak = ].GT() = 1.6 (W;) ~ 320 (‘]\/1—2) MeV (14)

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 order one of the energy from the fireball is converted into photons at the peak energy, the

number of photons emitted is

1/4
Ny= Mon _ L (BN asapaiacsiangs o (3.4 x 107)VAM32 (15)
Epear 16\ 45 ore

The number of photons emitted for a 1, 10, and 30 M, BH at various ¢ is plotted in Fig. 2.
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Figure 4. This plot shows the minimum e for which Fermi could observe such an event to > 100 Mpc as a
function of BH mass. For the 1, 10, and 30 Mg BHs respectively, any ¢ > 1074, 1078, and 10~7 would be
observable to > 100 Mpc.

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 107 erg cm™2 (Dermer 2013). The GBM observes photon
energies in the range 8 keV —40 MeV with a sensitivity of 0.5 ph cm™2 s7! (The Fermi GBM
Collaboration 2020). At the gamma-ray energies emitted by 1-30 My BHs over a timescale of < 1
second, Fermi’s sensitivity limits requires a flux of ~ 1 ph cm~2. This minimum flux can be used to
calculate the maximum distance, d, to which EM emission by a BH above the Schwinger limit would

be observable.

1/4
,/ \/ =1 286 3 MY M3 ~ (17 x 10%)e¥S MY cm (17)
78

These distances are plotted in Fig. 3.
As stated in Sec. 1, for a BBH merger trigger this signal must be observable to at least d > 100
Mpc ~ 3 x 10% cm. Thus, we can solve for the minimum e for which Fermi could observe such an

event extragalactically.

8/3
3 x 10% L, 2x107°
emin = | T M e —— (18)
(4 m3) e Mg

6.4m

These minimum values of € are plotted in Fig. 4 as a function of BH mass. For the 1, 10, and 30 M

BHs respectively, any € > 1074, 1075, and 10~7 would be observable to > 100 Mpc.
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The Gravitational-wave Transient Catalog (GWTC) lists events detected by the Advanced Laser
Interferometer Gravitational-Wave Observatory (LIGO, Aasi et al. (2015)), Virgo (Acernese et al.
2015), and the Kamioka Gravitational Wave Detector (KAGRA, Aso et al. (2013)). Most BBH
merger candidates listed in the GWTC are posted on NASA’s General Coordinates Network (GCN).
The GCN is a platform for astronomers to collaborate and alert each other to objects that may
benefit from multi-messenger observations, especially transient events. This network facilitates both
concurrent and follow-up EM observations of GW triggers, including observations by the Fermi GBM
of the LIGO/Virgo 90% confidence localization region (LR) for each posted event. The Fermi GBM
has an 8 steradian field-of-view (The Fermi GBM Collaboration 2020), which is large enough to cover
the full LR if the telescope is well-aligned at the time of the trigger. We cross-referenced all BBH
mergers in the GWTC with Fermi GBM observations from the GCN. For BH masses ranging from
10 to 50 Mg in intervals of 10 Mg, we identified the nearest BBH merger for which Fermi observed
at least 90% of the LR and recorded no GRB event. The GW events constraining each mass interval
are listed in Tab. 1. These non-detections were used to constrain € for each BH mass. To do this, we
assumed the the furthest distance (luminosity distance -+ error bar) measured by LIGO/Virgo and
calculated 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 € were above the Schwinger limit for the

given BH mass and all resulted in ~ MeV photons which are in the energy range observable by the
GBM. These constraints are listed in Tab. 2, assuming all BHs are "hairy” BHs capable of producing
this signal. The current upper bounds on ¢ are ¢ < 10—5 for 10, 30, 40 M, BHs and € < 10—4
for 20, 50 M BHs since no high energy EM signal was observed from these BBH mergers. These

constraints will improve as Fermi continues to monitor the sky.
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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 (Abbott et al. 2016) revealed a
1 second short GRB occurring 0.4 seconds after the LIGO trigger with a localization consistent
with that of the GW signal (Connaughton et al. 2016). The LIGO localization map overlaid with

the Fermi-GBM observation region is shown in Fig. 1 in Connaughton et al. (2016) and has also

13

been reproduced below in Fig. 5. However, the GRB transient was near the detection threshold
for the GBM (2.90 detection), was not detected by any other instrument, and the localization was
poorly constrained (Connaughton et al. 2016). 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
GWTC, the constituent BH masses range from ~30-40 M, and the range of luminosity distances is
270-590 Mpc. For these masses and distances, the minimum value of € such that the event would be
observable with the Fermi-GBM ranges from €,,;,, ~ 10~7 — 1076 resulting in peak photon energies
of ~ 1 —3 MeV. This range of peak photon energies is consistent with the properties of the observed
GRB, which peaked near an MeV (Connaughton et al. 2016). Since this event was barely above
Fermi-GBM’s SNR, we anticipate € ~ €pi,. Thus, the observed GRB is consistent with a GRB
produced via rapid EM emission by a 30-40 M, BH for ¢ ~ 10~ — 1076,
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First, consider the acceleration of a single charged particle due to a strong EM pulse that is one

wavelength in duration. In the (+ - - -) metric, the relativistic Lorentz force law is
du® e
= —F° 20
ar m- (20)

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. The characteristic BH
wavelength is long relative to the amplitude of the wave, so we assume that the field magnitude is
constant. Additionally, this long wavelength causes the system to behave like a linear accelerator
and thus the charged particle radiates a negligible amount. This can be verified explicitly by solving
the Landau-Lifshitz equation for radiation reaction (Landau & Lifshitz 1975) for a constant crossed
field (Ares de Parga & Mares 1999). We also neglect any special relativistic effects that transform
the field in the instantaneous rest frame of the particle. As will be shown later, even for an initial
field strength right at the Schwinger limit, the absorption length for the EM field is long enough that
the average charged particle experiences a sufficiently weak field for these effects to be neglected.
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-E 0 0
E 0 00
Fof = (21)
00 0 E
00 -EO0

Since ;- F # is constant, the Lorentz force equation has a simple exponential solution.

u®(7) = exp (T%TFg’)uB(()) (22)

The particles accelerate from the thermal speed of the plasma (v ~ 0), fixing the initial 4-velocity as

—

o

u?(0) = (23)

o o

Computing u®(7) for the given Faraday tensor yields

1+ 2F272

s
u*(r) = " (24)

2F272
2m?2

which can be used to extract the Lorentz factor, -y, and the components of the 3-velocity in the lab

frame, v.

62E27.2
=1 25
2 =1+ 5] (25)

2eEmt
vel") = G2 4 22 (=8)
vy (1) =0 (27)

2m?

wf) =l 2m? + e2E?72 28)

These are plotted in Figs. 5, 6 as the a function of the particle’s proper time spent in the EM field for
field amplitudes of 0.86 and 10~'° MeV?2. Initially, the particle is accelerated in the +x-direction. But,

as T increases, |v,| — 0 and v, — 1, with v, approaching 1 more rapidly for larger field amplitudes.
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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, v(7) = j—i. Thus,

Tf €2E2T3 ty 1
dr = Yo § “idbse 29
A W= /0 7 (29)

since in the lab frame the particle is in the field for ¢{; = } where f is the frequency of the BH

radiation. As long as the magnitude of the electric field is not too small, we can neglect the term

that is linear in 7; and find

6m2 \ /3 12m?r, 12 o [ M 1/3 o

Where here, and in all following numerical expressions, we set m = m,. As will be discussed later,
average field magnitudes are sufficiently large for the range of values of € that are of interest and so

this approximation holds.
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Consider the total energy, E;,, of a shell one wavelength in thickness j wavelengths from the event

horizon of the BH. Assuming j is large, the initial energy density is

= . T~ Toea = = ~ (3% 107%) 2 MeV*
Lallra + 30F — (ro 4 G DV~ N2~ Ban(Mr, o7 Uy
Then the magnitude of the electric field is
E= ~ e ~ (5 x 107%6), [ T MeV?
Vi N ey ~ X W i Mo
The kinetic energy of each proton after interacting with the EM wave is
K ~(rr)m (33)
eZEZ,’.Z
= (34)
1 2p \ 13
_1 Ime i (35)
2 \ 277, 052 M
B \/3
_5 i
~ (1 x10-%) (j2 M) MeV (36)

This gives the kinetic energy of one proton in the jth shell. We assume a homogeneously distributed
number density of charged particles with n = n, =n, ~ 1 em™* ~ 10732 MeV?, consistent with the

Milky Way ISM (Canto 1977; Reynolds 1992). Thus, the total number of protons in the jth shell is

4 ) ) 4 ) I
N= gwn[(rs + 30 = (rs + (G — D)A)?*] ~ 4mnX35% = 32mn(Mrye)%5% ~ (3 x 10'8)52M3  (37)

(31)

(32)

So the total kinetic energy absorbed in the jth shell is
Kot ~ 8n(36m°me’rs  MPj* Ein)'/® ~ (3 x 10'%)(M®5* Ein)'/* MeV

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

dEin

d] = _Ktot

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

] . 16 ; N
En(i) = ((eMan ) = Fr(abeime’s M%) 57)

(38)

(39)

(40)

An example plot of the fractional energy remaining in the field as a function of distance from the BH

is shown in Fig. 7.
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The absorption length, jus, gives the number of protons accelerated by the field
Nops = %wn(jabsx\):‘ ~ (7 x 1072)e5/7 M3/ (42)

Note that the number of electrons accelerated by the field is also Ngps. This gives the average kinetic
Thus, Ein(j) = 0 when (eMpg)*?® = %n(367r2mezrf,_\M8)1/3j7/3. Solving for the j at which this
energy, speed, and Lorentz factor of each proton.

occurs gives the absorption length

eMpn
| (MM, )3 3/7 i, V2 &7 i KE., = N ~ (2 x 10M)eYTMYT MeV (43)
Jabs = (16n(367r2m627‘§,@M8)1/3> ~ (4 x )Mﬁ/7 (41) N 4x109
Vavg = /1= (/K Bavg)* ~ \[1 = 72 )
Yaug = = L (2 x 10ty )
—

avg
We also obtain the average field experienced by the protons from the field strength for which

Y(7#, Eavg) = Yavg, Such that

2m?
Eavg = 62—7'?(7“.9 = 1) (46)

Right at the Schwinger limit, the average field strength is ~ 10~° MeV? for a 1-30 My BH. For
€ = 1072 this average field strength decreases to ~ 1072 MeV?2. Thus, for the range of € considered
here, the average field strength is weak enough to allow us to neglect the special relativistic effects

which transform the field but strong enough that the earlier approximation for 7; holds.
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Now we consider the ways in which a signal from BH emission below the Schwinger limit might

B a C k u p 5 (or might not) be observed. Since the protons and electrons are rapidly accelerated to v ~ 1, they
emit negligible Larmor radiation. Thus, there is no signal during the initial acceleration phase of

the charged particles. Additionally, there can be no direct extra-galactic signal from these particles.

We perform this calculation for values of € ranging from e = 10~2° to the Schwinger limit (e = 10~1° Because ambient magnetic fields constrain CRs with energies < 10° GeV to their host galaxies, these

for a 1 M@ BH, 10‘8 for a 10 M@ BH, and 10¥7 for a 30 M@ BH) The resulting average proton protons and electrons cannot escape their host galaxy to reach an Earth observer.
The cloud of ultra-relativistic protons and electrons also cannot be easily detected directly or

kinetic energies as a function of € are plotted in Fig. 9. For the 1 M BH, the average kinetic ener;
g p & © ’ g gy indirectly from a source in the Milky Way. The Milky Way has a background magnetic field of strength
per proton ranges from 22 GeV for € = 1020 to 582 GeV for € = 1071°. For the 10 M, BH, the B ~3x 1071 T (Longair 1994). As these particles travel, inhomogeneities in this background field
o _ _10 affect the charged particle’s traject d cause it to diffuse into the galactic CR background. The
average kinetic energy per proton ranges from 81 GeV for e = 1072 to 4190 GeV for e = 10~'°. For ecHitis cChargecpariice’s traectory. snc.eauseiliito Cinse:ioihe griactic EromntAbe

maximum length of this diffusion scale is the Larmor radius of the particle in the magnetic field,

the 30 M BH, the average kinetic energy per proton ranges from 152 GeV for € = 107 to 11 TeV

which, in ST units, is

ymu

— 10-10
for e = 107, R= 4B (47)

The average proton kinetic energies can be used to calculate the corresponding average electron
Here v ~ ¢ and the maximum possible average v is ~ 10 (for a 30 M, BH at the Schwinger

kinetic energies, since 7, = .. For the 1 M, BH, the average kinetic energy per electron ranges from limit). So, the maximum possible Larmor radius is B ~ 001 ly for a proton and ~ 10-5 Iy for an
0.01 GeV for € = 1072 to 0.3 GeV for e = 1071°. For the 10 M, BH, the average kinetic energy electron. Since the Milky Way is ~ 10° ly across, this distance is negligible on galactic scales and
these ultra-relativistic particles diffuse into the galactic CR background.

Similarly, the timescales for the production of secondary signals from the ultra-relativistic charged
particles are too long to observe. Ultra-relativistic electrons can radiate via a variety of processes
such as bremsstrahlung, ionization, synchrotron radiation, and inverse Compton scattering (Longair

| 1992, 1994). However, the shortest timescale for a 0.01-10 GeV electron to lose order one of its energy

to any of these mechanisms is ~ 10° years, and is thus too long for the radiation to be observable.

Ultra-relativistic protons are too massive to radiate appreciably. Instead, they primarily lose energy

19 by inelastically colliding with stationary nuclei in the ISM to produce pions, gamma-rays, electrons,

positrons, and neutrinos (Longair 1992, 1994). The mean lifetime for a 20-10* GeV proton to undergo

per electron ranges from 0.04 GeV for € = 107%° to 2.3 GeV for € = 107'°. For the 30 Mo BH, the such a collision, for Milky Way ISM densities, is ~ 107 yr. As with the electrons, the proton lifetime
average kinetic energy per electron ranges from 0.08 GeV for € = 1072 to0 5.9 GeV for € = 107, for this process is so long that the products would not be observable.

Thus, below the Schwinger limit, it becomes difficult to place strong constraints on e. In most cases,

this signal would appear at best as an overabundance of diffuse CR protons and electrons. However,

such an excess would be explainable by standard astrophysical objects such as a nearby quasar.



