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ABSTRACT: We compute the albedo (or reflectivity) of electromagnetic waves off the
electron-positron Hawking plasma that surrounds the horizon of a Quantum Black Hole.
We adopt the “modified firewall conjecture” for fuzzballs [1, 2], where we consider signif-
icant electromagnetic interaction around the horizon. While prior work has treated this
problem as an electron-photon scattering process, we find that the incoming quanta in-
teract collectively with the fermionic excitations of the Hawking plasma at low energies.
We derive this via two different methods: one using relativistic plasma dispersion relation,
and another using the one-loop correction to photon propagator. Both methods find that
the reflectivity of long wavelength photons off the Hawking plasma is significant, contrary
to previous claims. This leads to the enhancement of the electromagnetic albedo for fre-
quencies comparable to the Hawking temperature of black hole horizons in vacuum. We
comment on possible observable consequences of this effect.
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1 Introduction

From the theory of General Relativity, black hole is a spacetime with vacuum region around
its horizon and mass concentrated at the singularity. Classically, no signal can be trans-
mitted to an outside observer since nothing can propagate faster than the speed of light.
However, it is well known that General Relativity breaks down near the energy of Planck
scale, and thus quantum effects may modify the near horizon behavior drastically.

In order to describe quantum black holes, a number of conjectures have been pro-
posed (e.g., [3-11]), including black holes being horizonless (fuzzballs) [1]. Horizonless
microstate constituents solve the information paradox [12-15] by allowing black holes to
emit blackbody radiation and no information is trapped within. Despite the vast difference
in the microscopic details of the proposed conjectures, the Bekenstein-Hawking entropy [16—
18] is a universal macroscopic thermodynamic quantity agreed by all. However, another
potentially universal property, i.e. the surface reflectivity, was first proposed in [19-22].
Dissipative effects near the horizon were considered in [21, 22], who proposed that the
surface reflectivity exhibits Boltzmann suppression at high frequencies. However, from the
perspective of quantum gravity, there is no unique way of adding a viscous term to the
dispersion relation that accounts for dissipation.

As an alternative to the consideration of dissipative effects near the horizon, we con-
sider the dispersion relation of a relativistic electron-positron plasma [23, 24] in Rindler
coordinates (Hawking/Unruh plasma). The idea of having a Hawking plasma as a near
horizon behavior was introduced in [1, 2] through the “modified firewall conjecture”. It
is proposed in [2] that long wavelength modes can indeed be scattered off from black
holes, however, of negligible probability. We dispute this claim by considering a collective
fermionic interaction instead of treating it as a standard scattering process.



In section 2, we review the fuzzball proposal that is discussed extensively in [1, 2].
In section 3, using the standard dispersion relation of photons in a relativistic plasma,
we obtain the flux reflectivity from the ratio of the amplitude of outgoing and incoming
waves in Rindler space. In section 4, we directly obtain the flux reflectivity by projecting
the QED one-loop correction of the photon propagator into Rindler modes. The results
in sections 3 and 4 show the same frequency dependence of reflectivity/albedo, and only
differ by an O(1) factor, a potential artefact of approximations in each approach. We then
conclude our work in section 5.

Throughout the paper, we have adopted the units h =c=kp = 1.

2 Review on fuzzballs

The fuzzball proposal is discussed in great detail in [1, 2]. In this section, we specifically
review the “modified firewall behavior” that we adopt in our calculation.

The fuzzball proposal states that black holes are composed of microstates that do
not possess horizons. This implies fuzzballs radiate information like a blackbody in the
absence of Hawking radiation, leading to a resolution of information paradox. It is proposed
that the quantum behavior of fuzzballs is hard to observe, which we shall later dispute in
this paper.

In [2], the “modified firewall behavior” is proposed to allow black holes radiate in-
formation without violating causality. Due to the backreaction caused by energy of the
infalling object, we have a “bubble” formed locally with radius spupple from the fuzzball
surface, as shown in figure 1. In the absence of significant interaction, the infalling object
would be “engulfed” by this new horizon.

Quantum gravitational effects should arise at some proper distance s > spupble to allow
electromagnetic reflection. Applying semiclassical physics to the region s > spupble, We
investigate interactions of the infalling object with the emitted radiation from the fuzzball
surface. We come to a conclusion that if Pteract ~ 1, there is “modified firewall behavior”.
On the other hand, if Piteract < 1, the “modified firewall behavior” is absent.

Let us provide a rough estimate to spupple- In reality, the “bubble” is not spherically
symmetric. However, we neglect this deformation in our rough calculation. We have the
thermodynamical relation for the change in entropy when the fuzzball is deformed

E
5SBek = ? 5 (21)

where E is the backreacted energy and applying the Bekenstein-Hawking entropy relation
§Shek = 0A/G where 64 ~ 2 111

2
Sbubble _ £
2 )
2 T

E 1/2
Shubble ~ (T) ly.

(2.2)

Next, we provide a rough estimation on the scattering energy domain of the incoming
quanta. The local temperature and photon number density in the orthonormal frame are
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Figure 1. Figure shows the deformation of the fuzzball surface due to backreaction. The deforma-
tion is local and a “bubble” is formed. 7, is the classical horizon radius and 7, is the boundary of
the fuzzball surface.

given by [2]
T ~

®w | =

. 1
) n .~ 573 ’ (23)

respectively. By taking 6 = 7/2, the orthonormal frame can be expressed as

1_ 1

T

N Th 1/2 1 1/2 N N
dt:<1—> dt, dfz( ) dr, df=rdo, do=rdp. (2.4)

The energy of a radiated photon is given by

. 1
Eradiation ~T ~ g 5 (25)
and the energy of the infalling particle in the local orthonormal frame is given by
. _ T EN1
Einfalling ~ (_gtt) 1/2E ~ ?E ~ <TH> ga (26)

where we have taken the temperature Ty to scale as ~ 1/r, and the proper distance s
to be

_ [ dr’ 1/2 1/2
s = /Th W ~ 21, (r—1p) (2.7)

In the centre of mass frame

. - - 1 JE
Ecm ~ \/EradiationEinfaHing ~ g

Ty



For electron-photon scattering, the cross section is given by

N a? NaQSQTH (2.9)
EZ, E '

Oy

where « is the fine structure constant. Using (2.3) and (2.9), the differential probability of
interaction is then given by

dPe"Ze act a2 QQTH
27 interact A~ — ~ . 2.10
dS O’E'Yn EngB ES ( )
Setting the inital proper distance to be of order ~ rp and integrating it gives
T 1
21 H
Pii’Zeract(S) ~Q f In STH . (211)

Requiring Pipteract(s) ~ 1 gives the proper distance to the horizon of black hole “photo-
sphere”:

1 E
Sfr?teract ~ E €xp <_CY2TH> . (212)

For the existence of modified firewall behavior, we require s; ). . . > Spubble
1 ( E ) S E ;
— exp | ———— —
TH P OzQTH TH P
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As a rough estimation, even setting the right hand side of (2.13) to be of order one, we have

(2.13)

E<Ty, (2.14)

which shows that the wavelength must dominate over the horizon radius for the existence
of “modified firewall behavior”.

We now consider the situation where an electron is at rest and scattered off by an
incoming photon. The scattering cross section is given by

2
o~ w<m,, (2.15)
e

and the probability for interaction is given by

d Pinteract 042
P ~§———— ~ SON ~ . 2.16
interact ds 771382 ( )
In the orthonormal frame, we have m, ~ 1/s and hence, we conclude
Piteract ~ a? ~ 1074 . (217)



In addition to the interaction probability Piteract ~ 1074, we have to consider the proba-
bility of the photon escaping to infinity since the scattering angle of the photon is assumed
to randomised. We have the following approximation for the angle of escape

s TH

sin® ~ P~ — ~ — | (2.18)
Th me

and this leads to the probability of emergence

2
~ T

2
me

Pemergence ~ (1)2 (219)
Combining the two probabilities, the overall probability for scattering the photon off the
Hawking plasma is given by
2T2
. . ;1
Reflection Probability ~ Pinteract Pemergence ~ ——~ < 1, (2.20)
me
showing the absence of “modified firewall behavior”. In section 3 and 4, we re-examine
this claim by considering collective interaction of fermions with the incoming photon by
approximately solving the scalar wave equation near the horizon. Notably, we find that
me ultimately drops out of the calculations.

3 Dispersion relation of EM waves in the Hawking plasma

The relativistic plasma involves collective plasma modes of fermions and are created when
the plasma is of very high temperature, i.e., thermal energy T of plasma excitations is much
larger than rest mass of plasma particles. The dispersion relation for relativistic plasma
takes the following exact form [23, 24]

k2 3 w? w? w—k 2w

—=1+-L1- 5 |In|—F| - 3.1

o2 T Aok K K2 n‘erk’ k| (3.1)
where w), is the plasma frequency. When the incoming photon is coupled strongly via the
oscillating magnetic and electric fields with the plasma particles, we interpret the blueshift

in frequency as the incoming photon gaining an effective mass m.. We apply the following
approximation to the dispersion relation [23]

W~ k? 4 mi . (3.2)

(3.2) is valid as long as w ~ k > m., and this relation is exact in the non-relativistic case.
The two limiting regimes of the effective photon mass in the relativistic plasma is given by:

3 e?T?
m% ~ iwf’ ~ (T > m,), (3.3)
2 _ 2¢2 T 3/2
m?y ~ e*(Ne+ + ne-) _ V2e (me ) e_me/T, (T < me). (3.4)
Me Me T



In the non-relativistic regime, the effective photon mass is obtained using classical trans-
port theory:

+ =
6 p+m2

oL (mTNE (3.5)
VA e , )

where g = 2.

We are interested in mode functions near the horizon as that is where reflection occurs.
However, the interactions between the EM waves and the Hawking plasma allows us to
neglect the gravitational effects of the black hole. The exterior metric in the (7', X') plane
can be approximated as Rindler

ds? = e?® (—dt2 + d:n2) +dY?+dz?, (3.6)

where k = 27Ty is the surface gravity and it describes the Hawking plasma in the accel-
erated frame. In principle, we have to solve for the collisionless Boltzmann equation and
Maxwell equations in Rindler to obtain the dispersion relation (as shown in appendix A).
However, we weren’t able to obtain plane wave solutions at the first order approximation
and we chose to introduce an interpolation that describes the incoming photon experienc-
ing a transition from the non-relativistic to the relativistic regime of the effective photon
mass in Rindler space. A simple possible interpolating function can be written

m2 ~ €2T2 CR 6\/ me 7m /T
8l 6 / T )

where Cg is a function of temperature that ensures smooth interpolation between the

(3.7)

ultra-relativistic and non-relativistic regimes. We see that upon approaching the Hawking
plasma, T' dominates over m, and the frequency of the photon is blueshifted significantly.
We can choose the coordinates such that the photon is travelling in the ¢ — x plane upon
approaching the plasma. T in (3.7) is the effective temperature given by

T = Ty exp(—kx) = 2£ exp(—kKx) . (3.8)
T

With the massive Klein-Gordon equation! and effective photon mass relation (3.7), we have
the following wave equation

S0/ D (x) — md(a) =0, (3.9)
d*y(x) +w?(z) — 2T (CR L 6v2me _me/T(x)> (z) =0, (3.10)

dx? 6 3T (x)

Making a change of variable y = m./T(z) = m¢ exp(kz)/TH, yields

2
¢ L. <OR< )+ 6y 2 exp(- y))]¢=o, (3.11)

+y— +
'Here, 9 could be taken as Fy or Ez, i.e. the transverse components of the electric field, while propa-

gation is radial, i.e. along X direction, and g,. only refers to the 2D Rindler geometry in the T-X plane.
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Figure 2. Some possible interpolations of the effective potential barrier for photons in (3.7). Here,
y = me /T, is defined in terms of blueshifted Hawking temperature. The black hole horizon lies at
y—0,orT — oo.

where a = e2/4r is the fine structure constant in natural units and p = w/(27TyH) = w/k.
A class of interpolating functions allows Cr(y) to take the form of Cgr(y) = e~I™¥ where
m > 1 for which CR satisfies the appropriate asymptotic behavior: Cr — 1 as y — 0 and
CRr — 0 such that non-relativistic regime dominates as y — oco. In figure 2, we illustrate
some possible interpolations of the effective potential barrier for the incoming photon. The
horizon is at y — 0 and spatial infinity is at y — oo. The Oth-order ingoing solution in « is
given by Ay, exp(—iwx) o< y~*. The first-order correction in « to the scalar wave equation

is given by
d2yp® dyp® o 2y
2 20 _ L | omlmly g, [2Y — ©—9 3.12
R + pp o e +6y/ g exp(—y) | ¥ : (3.12)
where the Oth-order ingoing solution 1(?) is given by y~%. Far away from the horizon
(y>1)
Cl ’LCQ m Cl ZC? o —ip
r —_— - — — 4+ — 4+ — 3.13
Lbfa—>(2 2>y+2+2+\/§7r2#y (3.13)
We can set o 0 )
et B (3.14)
2 2 V22
such that the flux reflectivity is given by
1
Rqep = 1(012 + 022) (3.15)
Near the horizon
wnear — Aym + TQEDyiiu ) (316)



where A is a constant to be set to zero to ensure ingoing boundary condition and Tqrp =
]TQED|2 is the transmission amplitude such that Tqrp + Rqep = 1. Assuming ingoing
boundary condition

Cy Gy i (1 , ) ia|m | ‘

A=——-——"4—-—-T(=-2 ——TI'(—2ip) =0. 3.17

> 2 " amr, \2 M) T Timp (=2in) (3.17)

For a coherent scattering problem, similar to the Hawking radiation, the outgoing flux at

infinity is related to the outgoing flux at the horizon by the standard greybody factor.

With (3.14) and (3.17), we can determine the constants Cy,Cs and up to second order in
a, we obtain the flux reflectivity Rqep, for Quantum Electrodynamics (QED):

2

A
Rplasma _ out 3.18
QED ‘Am ) (3.18)
1 , , 2
_ @[T (E=2) | pmper(-2ip 510
12 \/275/2 127 ’ ’
2
~ 2 @ 1} 9
1 <7r4u2 o LI»?’ ) ’ (3.20)
_w 40‘2T1%I TI%I
=e T ( 2.2 + 0 lcﬁ ) (321)

where the flux reflectivity is evaluated for large values of w/Ty in (3.20) and (3.21). We
see that we recover the Boltzmann factor of reflectivity for Quantum Black Holes that
was also obtained and discussed extensively in earlier works [21, 22]. Furthermore, we
find an inverse square power-law dependence for large values of w/Ty which matches the
calculation in section 4 up to second order correction in w/Tpy. Interestingly, the flux
reflectivity obtained is independent on this class of interpolation in the large w/Ty limit.
Taking the logarithm of reflectivity gives

2T (L — 2 2inp(—2i) |
plasma __ a” (2 H) |m[ F( Q’LILL)
InRopp = In {/ﬂ NGETE + 19 ) (3.22)
w w 402
~ —— —2In—+1In—. 3.23
w/Tg>1 Ty nTH +n w2 ( )

From (3.21), we see that long wavelength photons can be scattered off the Hawking
plasma due to significant interaction with the collective fermionic excitations. A photon
is considered to have long wavelength if its wavelength is longer than that of the Hawking
quanta at infinity. A long wavelength photon would thus overlap with several Hawking
electrons/positrons upon reaching the horizon and hence, collective interactions must be
taken into account. Short wavelength photons have their wavelength much shorter than the
separation between the electrons upon reaching the horizon. Hence, no collective effects is
present to modify earlier calculations done in [2]. As a result of this, they are not reflected
appreciably and fall into the horizon of the black hole. We numerically solve for (3.11) and
the reflectivity is given by figure 3.
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Figure 3. The reflectivity of incoming radiation by the relativistic Hawking plasma for various
values of m. The dotted and solid lines are the numerical and analytical results respectively. The
analytic expression is given in (3.19). There is a computational limit on the decimal points for large
values of w/Ty and we have made a numerical plot up to that limit. We see that for small values of
w/Ty, the reflectivity obeys a power law. For large values of w/T}y, it is just the usual Boltzmann
factor, corrected by a multiplicative w2 power-law dependence. The oscillatory term dies off as
illustrated and shown in (3.21).

4 Reflectivity from 1-loop correction to the photon propagator

The dispersion relation (3.1) has a field theoretical description, where it can be described by
the one-loop polarization tensor. The full derivation is given in [24, 25]. This motivates us
to directly obtain the reflectivity by projection of the one-loop flat space photon propagator
into Rindler modes.

We are interested in obtaining the reflectivity for incoming radiation that experiences
significant interaction with the Hawking plasma. The Hawking plasma is composed of
thermal excitations of fermionic Rindler modes, and thus we need quantum field theory
(QFT) in curved spacetime to describe its interactions. However, the Rindler space is just
a wedge of the Minkowski spacetime seen by an accelerated observer and the two coordi-
nates can be related directly, further simplifying the calculation. Doing the calculation in
Minkowski coordinates will also avoid the ambiguity in the choice of vacuum, which is a
notorious problem for QFT in curved spacetime.

The relativistic quantum properties of charged fermions coupled to photons in a rela-

tivistic plasma is well described by the Dirac action:
SD:/d4mE (id — ed —m) . (4.1)

The propagation of photons in the ambient 3 + 1-dimensional space is described by the

Maxwell action 1
Su=—7 / d'zF,, F" . (4.2)



Figure 4. The one-loop correction to the vacuum polarization diagram in QED. The fermionic
loop allows the photon to interact with the virtual electron-positron pair during propagation.

To the leading order in the fine structure constant «, it is sufficient to consider the 1-loop
correction of the photon propagator [26]

M N +(§ - 1)%
B ) = G2 g1 — w2 )

where

2 1 2
M2\ € p°x(l —x)
The one-loop correction to the photon propagator is illustrated in figure 4. We consider
the Feynman-'t Hooft gauge by taking £ = 1 and the Fourier transform of the propagator
is given by
d*p
(2m)2
where X3y = (7,X) is the 2D Minkowski coordinates. We only consider the Fourier
transform in (7, X) as we only consider the propagation of electromagnetic waves in the

AM(Xas, Xiy) = [ S (XA ), (4.5)

(t,x) Rindler plane for obtaining the reflectivity [21]. This is equivalent to assuming that
the radial momentum is significantly blueshifted, i.e., we neglect the transverse modes as
a minor correction to the effective photon mass of the dispersion relation in (3.7) in the
near-horizon limit. Assuming the ingoing wave to be Ag(w,—k) and outgoing wave to be
AR(w, k) for a Rindler observer, a natural definition of flux reflectivity can be expressed in
terms of the covariance of these quantum fields:

_ Ap(w, ) A% (w, —K))
Rl loop = < R R ’ 4.6
QED ‘<AR<w7 K Apw, k) (49)
where

(Ap(w, K)A%(o, k') = / Pre / 2T AR (g, ) | (4.7)

is the Fourier transform in Rindler coordinates. We have further taken the photon propa-
gator in Rindler Af(z,2’) to be equal to Minkowski AM (X, X},) in position space.? For
detailed computations regarding the flux reflectivity, please refer to appendix B. We only

2This is justified as the two coordinate systems share the same Y and Z coordinates, and we are concerned
with radially propagating photons.

~10 -
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Figure 5. Ratio of log(1-loop reflectivity) to log(plasma reflectivity), from the two calculations
presented here, using different interpolating functions (different m’s). We can see that the oscillatory
term dies off for large values of w/Ty as demonstrated in (3.23), and the two computations become
asymptotically consistent.

show the final result here, which is given by:

RElo0P ~ (Ar(w, [w]) Ag(w, —|w])) |

(Ar(w, —[w)AR(w, =[w]))
ae=2mH (4.8)
36m2u2 ’

1

w w Oé2

1n7zgg’gp:—ﬁ—21nﬁ+1n§, (4.9)
where a = e?/4m. We can see that the numerical coefficient of reflectivity in (4.8) does
not match with (3.20), while the power and exponent do. In principle, we can solve for
the required interpolation in (3.7) to match the reflectivity in (4.8). However, it turns
out that no exact interpolation can be obtained. Given that the numerical coefficients
may be considered as a third order correction to the log(reflectivity) for large w/Tg, we
can interpret the mismatch as an artefact (or limitation) of the large w/Ty interpola-
tion/approximation used in both derivations presented in section 3 and appendix B. A
plot of ratio of log(reflectivity) obtained from two different methods, i.e. (3.22) and (4.9)
is given by figure 5.

5 Conclusion

Fuzzballs are the “stringy” version of Quantum Black Holes and are proposed to solve the
well-known information paradox [1]. Instead of the classical picture of an event horizon,
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we replace the black hole with a radiating surface composed of its microstate constituents.
This solves the information paradox naturally as there is no horizon, and thus nothing can
be trapped within the surface.

In this work, we obtained the reflectivity of the incoming quanta from a fuzzball
surface by considering the collective interaction with the relativistic ete~ Hawking plasma
in near-horizon Rindler geometry. We obtained the expression for reflectivity via two
methods: using the photon dispersion relation within the thermal Hawking plasma, and
the projection of the one-loop flat space photon propagator into Rindler modes. The two
methods are indirectly related as there exists a field theoretical description for the plasma
dispersion relation. Hence, it is intuitive that they show similar dependence in the end: the
reflectivity is suppressed by the square of fine structure constant, a Boltzmann factor, and
the inverse square of photon energy. We should note that the Boltzmann suppression of
reflectivity for Quantum Black Holes was also obtained and discussed extensively in earlier
works, e.g., [21, 22], on more general grounds.

Our findings verifies the “modified firewall conjecture” in the context of Fuzzball pro-
posal. The photons with energies comparable to Hawking temperature (i.e. wavelength
comparable to horizon radius) can have significant interaction with the fermionic excita-
tions of the fuzzball. However, in the large frequency limit, the photons can fall through
the horizon unimpeded. In order to show this, we adopted the Unruh state in near-
horizon Rindler’s frame to model the populated fermionic excitations of the near-horizon
Hawking plasma.

We found that for small frequencies, the reflectivity is enhanced by the collective
fermionic interactions with the incoming photon. For w ~ T, the reflectivity is simply
suppressed by a? (i.e., much larger than o?(Ty/m¢)? reported by [2]). However, our
results cannot be trusted down to arbitrarily small frequencies, as we are considering the
relativistic regime of the plasma dispersion relation, i.e., w > m., ~ y/aTy. Nevertheless, it
is interesting to see the reflectivity being directly enhanced by an inverse square dependence
for small frequency modes.

Let us now explore the connection between the electromagnetic reflectivity (or albedo)
obtained here, i.e. (3.19) and (4.8), and the more generic derivations of Boltzmann re-
flectivity in e.g., [21, 22]. While all these results have the same Boltzmann factor sup-
pression, the 1-loop/plasma results found here are suppressed by an additional factor of
~ (aTy/w)?. However, note that in this work, so far, we have ignored gravitational in-
teraction, which is the primary ingredient in formation of a black hole. Similar to Fermi’s
four-point interaction, gravitational interaction is non-renormalizable at low energies, and
thus its fine-structure constant scales as ag ~ Egm /Mg, where E.y is the centre of mass
energy and M, is the Planck mass. For infalling photons of energy Einfaning, interacting
with relativistic thermal electrons/positrons of temperature T', this yields:

EinfattingT Ty\* T
E\a;g £ = (ang) ~ ﬁ;}l — O(1) within I, of the horizon, (5.1)

ag ~

A

where we used w/TH = Einfaling/T, for the blueshifted infalling photons. Unlike the elec-
tromagnetic reflection off the eTe™ plasma, which happens where T' ~ m,, the gravitational
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reflection is not significant until 7' ~ M, (i.e. a Planck proper length from the horizon).
Moreover, note that at this point, the prefactor of the Boltzmann reflectivity (for gravita-
tional reflectivity) becomes O(1) with no additional frequency dependence:

Re = O(1) x exp (“’) . (5.2)
Ty

Therefore, it is plausible to conclude that the simple Boltzmann reflectivity of [21, 22]

may be the result of strong gravitational interactions with the Hawking plasma, while the

perturbative electromagnetic interactions lead to a? corrections computed here, i.e. (3.19)

and (4.8). While the latter is subdominant, it is more robust and independent of near-

horizon quantum gravity effects, such as vecro’s and fuzzball bubbles [27].

Let us conclude by a brief discussion of observational prospects. Now, given that we
predict a significant albedo (or at least Rqep ~ O(a) ~ 1072) for low frequency photons,
should we expect to see reflections from black hole horizons? Unfortunately, the plasma
frequency of the ambient interstellar medium provides a frequency cutoff of f,(kHz) ~
10y/ne(cm=3), which would be the primary hindrance for detecting low frequency radio
waves; the Hawking frequency of a 10 solar mass non-spinning black hole is 102 Hz, and
only decreases for larger mass or spin. Nevertheless, the potential for observing similar
quantum effects for radio pulsars orbiting black holes was entertained in [28], and deserves
further exploration. Beyond radio astronomy, our findings provide further moral support
for searches for gravitational wave echoes from quantum black holes, which are not hindered
by interstellar plasma, and can be successfully carried out at frequencies comparable to
those of Hawking radiation. This is an already vibrant field of study (e.g., [9, 29-31]).
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A Collisionless Boltzmann equation in Rindler

In general relativity, collisionless matter moves along the geodesics, and Liouville’s theorem
implies the conservation of f along geodesics [32]

Dfa(xa(7), Pa(T))
dr

~0, (A1)

where the Liouville operator D/dr is differentiation with respect to proper time along a

geodesic:
Dfa(Xa(T>7pa(T)) dﬂﬁg afa dpg 8fa

dr dr 0z&  dr Op%

=0. (A.2)
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We have the geodesics for a particle moving in the presence of electromagnetic field

d*z® o dxh dry Ga pov ,dxht

a

v A.
a2 Tl g =t (4.3)

where a = +/— as an indication for the charged particles. The Maxwell equations in
curved spacetime read

daf
— F“/B—JB—E: Mg —2 A4
\ 94aNta~ =, (A.4)
VaFsy + VgFya+ VyFop =0. (A.5)

In order to solve the Collisionless Boltzmann Equation and Maxwell equation simultane-
ously, we can assume the distribution function f to take the following form

Fa%a(7)Pa(7) = £ (%a(7), Pa(T)) + fI) (Pa(r))e D),

1 i(— :
~ N T + f(gl) (pa)ez( wt+k-r) 7
e T +1

up to first order approximation. However, we weren’t able to obtain plane-wave solutions
for the Collisionless Boltzmann equation in Rindler (A.2), and hence, we choose to obtain
the effective photon mass by considering an effective interpolation (3.7).

B One-loop photon propagator: from Minkowski to Rindler
We have the following relation between Rindler and Minkowski coordinates
KX 4+T) =) (X —T) =@t (B.1)

Directly computing the Jacobian 88((7{’;6())

= KQ(XéfTQ)’ and adopting (Bl), we obtain

(Ag(w, k) A% (w /d%e ik /d2 Tk AR (g 2

_/cm/ ar- ¢<X+ﬂ> = ((X —T)) 75

1 K =o' k!
dx’ dT’— X' 4+ T 2= X' =T 2=
I K%XQ*IW)<< ST (e - T)

(XM7 X;\J) )

where AM (X, X},) is given in (4.5). The Fourier transform is chosen such that there is
no reflection of waves in the absence of interaction with the Hawking plasma, i.e.,

(Ar(w, [w]) AR (w, =)@ = 0. (B.2)

at the zero order. Introducing the following coordinate transformation,

U=rX-T), V=r(X+T), pu=p1—po, Pv=p1+po, (B.3)

— 14 —



and taking ' = w, |k'| = —|k| = —|w|, we subsequently have
(AR(w, [w]) AR (@, —|w])©

1 dp [ 1
_ dU —U e 55
2(4k%) / (2m)? /0 U el

) ) , [ ) S
/0 dU/Ul'ezgzU/o dv’é’w%zgﬂp 1+z'e‘
uPv

To evaluate (B.4), we need to employ the following identities:

[e’s) 1 . b y i
/ dp=a e o = <Zp) [(—ip),
o 2K (B.5)

00 1 o
/ dr—e 5 = —y —1In (Zp> ,
0 x 2K

where « is the Euler’s constant. We further compute

(AR (w, |w|) AR (w, —|w))©

“atie ) T (52) e o0 (30)] o (52

. T2(—ip) (7 ™ 1 Aei?2 2
R STy /0 d01/0 W25 \ 2n
=0, (B.6)

where we have performed the contour integral over p, and p,. A is the UV cutoff in
momentum. The flux reflectivity at first order correction in « is given by

Rldoop _ | (Ar(w,|w)AR(w, —|w)®
QED | (Ap(w, —|w]) AR (w, —|w]))©@ | 7
; u Zu v i 2
|l v v e B e Y v g v B e
o iR 7zp“ ’ ’ J—ip ,— i BL V!
Jd&p [T dU Fe 3 BV [<au L VLAV g visine eV ol
(B.7)

We first compute the denominator of (B.7)

/ d? / dU et / v 5 Lyl / dU’l —igeU’ /()wdvallvf—iue—ixv'pupi+ie
-/ d?p*e;iffrz'? i (22)] [y (- 122)]
= [ ap CEIE [ (2] [3m (- 22)],

. 0 . 0
:_wewyr(m)FAlEgo/O do [fy—l—ln (mziﬂ [wln (—ZAQZ )] ,

~ —m2e™|T(ip)|* In% A (B.8)
A—o0
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We further perform the computation for the numerator
/d2 / dU L U-ireiE “’*“V/OodU’ 1, —Z*U’/ av' Lyrie-igev )
DPuPot-t€
= e (5) " T [7+1n(”9“)} [+ (=52)] 707,
2] [ e () i e (5)] [ (5] et
xIn <W> ,
Lo o () s (2 o ()]

o2 _ o
X —:U(l z)In <x(71an)A261916192> ;

272 e

.2 A Qi[.L )
= 3 (5) P, (5.9

A—o0

Combining the calculation in (B.8) and (B.9), we obtain the expression for the flux reflec-
tivity

4 -2
,Rl—loop ~ ee a

QED ™ 5767412’
2 2w
e — (B.10)
36722
202,
= 70( T e_ﬁ s
9w?
where we have defined the fine structure constant o = e? /47 in natural units. The cutoff

in momentum that we imposed drops out naturally in the calculation for flux reflectivity.
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