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Impact of a plasma on the relaxation of black holes
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Our Universe is permeated with interstellar plasma, which prevents propagation of low-frequency
electromagnetic waves. Here, we show that two dramatic consequences arise out of such suppression; (i) if
plasma permeates the light ring of a black hole, electromagnetic modes are screened entirely from the
gravitational-wave signal, changing the black hole spectroscopy paradigm; (ii) if a near vacuum cavity is
formed close to a charged black hole, as expected for near equal-mass mergers, ringdown “echoes” are
excited. The amplitude of such echoes decays slowly and could thus serve as a silver bullet for plasmas near

charged black holes.
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Introduction. The ability to detect gravitational waves
(GWs) opened new horizons to advance our understanding
of the Universe [1-4]. GWs probe gravity in the strong-
field, dynamical regime [5—-10], they probe environments of
compact objects [11-15], and illuminate the ‘“dark”
Universe [6,7,16-19]. Together with black holes (BHs),
GWs hold an exciting potential to search for new inter-
actions or physics. A particularly intriguing possibility
concerns charge. Significant amounts of electromagnetic
(EM) charge are not expected to survive long for accreting
systems (due to selective accretion, Hawking radiation or
pair production [20-22]), but exceptions exist. A fraction of
the primordial BHs produced in the early universe can carry
a large amount of charge, suppressing Hawking radiation
and potentially allowing for electric or color-charged BHs
to survive to our days [23,24]. Additionally, BH mergers
might be accompanied by strong magnetic fields pushing
surrounding plasma to large radii, and preventing neutrali-
zation processes. Beyond the realm of Standard Model
physics, BHs could be charged in a variety of different
models, by circumventing in different ways discharge
mechanisms. These models include millicharged dark
matter or hidden vector fields, constructed to be viable
cold dark matter candidates [22,25-43]. Finally, some BH
mimickers are globally neutral while possessing a non-
vanishing dipole moment, thus emitting EM radiation.
Examples include topological solitons in string-theory
fuzzballs scenarios [44,45].

Charge constraints via GW dephasing in the inspiral
phase of two compact objects, or via BH spectroscopy
assume implicitly that photons propagate freely from
source to observer [22,39,41,42]. But the Universe is filled
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with matter. Even if dilute, the interstellar plasma prevents
the propagation of EM waves with frequencies smaller than
the plasma frequency, which effectively behaves as an
effective mass [46]:
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where n, is the electron number density in the plasma,
whereas m,. and e are the electron mass and charge,
respectively, and ¢, is the vacuum permeability.

The emission of GWs and EMs during mergers of
compact, charged objects is a coupled phenomenon.
Hence, the BH gravitational spectrum contains EM-driven
modes [47,48]. But if EM modes are unable to propagate,
their impact on GW generation and propagation could be
important, affecting spectroscopy tests to an unknown
degree. Motivated by recent progress [46,49,50], the
purpose of this Letter is to close the gap, by showing
from first principles that (i) EM waves are indeed screened
by plasma, which filters out EM-led modes from GWs and
(i1) in certain plasma-depleted environments, GW echoes
are triggered, serving as a clear observational signature of
plasmas surrounding charged BHs. A schematic illustration
of our setup is shown in Fig. 1.

We adopt the mostly positive metric signature and use
geometrized units in which G = ¢ = 1 and Gaussian units
for the Maxwell equations. In general, we denote dimen-
sionless quantities with a bar, such as the charge 0 = Q/M

or the plasma frequency cZ)I()°> = Ma)l(f>.
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FIG. 1. Schematic illustration of our setup: a charged BH
surrounded by plasma is stimulated by external processes (an
initial gaussian wave packet), emitting electromagnetic and
gravitational radiation. While GWs are able to travel through
the plasma to distant observers, low frequency EM waves are not.
Instead they excite further GWs, echoes of the original burst.

Setup. We consider a stationary system of charged, gravi-
tating particles, i.e., an “Einstein cluster,” surrounding a
charged BH [12,13,51-53]. The key idea behind the model
is to perform an angular average over particles in circular
motion in all possible orientations, which is equivalent to
considering an anisotropic, static fluid with a nonvanishing
tangential pressure. Focusing on a fluid consisting of
electrons, the stress-energy tensor reads’

TEI/ = (p + Pt)yﬂvv + Pt(.g;w - rﬂrll)’ <2>

where p = n.m, is the energy density of the fluid, v* the
four-velocity, Py the tangential pressure, g,, the metric of
the underlying spacetime and ## a unit vector in the radial
direction.

We then consider Einstein-Maxwell theory in the pres-
ence of this fluid. The relevant field equations are

G

w=8n(TR'+Th,), V, =k, (3)
where G,, and F,, are the Einstein and Maxwell tensor,
respectively, j* = en.v* the plasma current and 75" is the

stress-energy tensor for the EM sector:

1 1
TEII/VI = E (gngpyFm/ - Zgﬂpran(i) . <4>

Finally, to close the system, the momentum and continuity
equation of the charged fluid are needed, which are derived
from the conservation of the stress-energy tensors and the
current,

"The following discussion also applies to millicharged dark
matter. For clarity purposes, we focus on electrons.

ViTh, = en.F,, 1", Vﬂ(nev/‘) =0. (5)

In the following, we ignore backreaction of the fluid in the
Einstein and Maxwell equations as source terms are sup-
pressed by the large charge-to-mass ratio of the electron,
and energy densities of astrophysical fluids are small. In
addition, astrophysical plasmas typically include ions,
which induce a current with the opposite sign in the
Maxwell equations and can be considered a stationary,
neutralizing background [49,50,54,55]. Accordingly, one
obtains the Reissner-Nordstrom (RN) solution from Eq. (3),
describing a spherically symmetric, charged BH:

ds? = —fde® + f~1dr? + r2dQ?,

2M  Q?
with f:1——+Q—2, (6)
r r

where M and Q are BH mass and charge, respectively,
and dQ? is the metric on the 2-sphere. The event horizon

is at r.=M++/M?>-Q> and the light ring at
rir = 3M/2 + /9M? — 80Q?/2. We will assume a non-
relativistic fluid, i.e., P, < p, such that (2) reduces to
T} = pv,v, + P(g,, — r,r,), and the left-hand side of the
momentum equation (5) resembles the nonrelativistic Euler
equation. Solving the momentum equation (5) then yields
the tangential pressure

_ne(eQr\/T_’_ (Q2 _Mr)me) .

P, =
‘ Q2—3Mr—|—2r2

(7)

For the nonrelativistic assumption P, < p = n.m, to hold,
we must have either Q/M < m./e or r > M. Given the
large charge-to-mass ratio of electrons (e/m, ~ 10??), the
former condition is only satisfied for extremely weakly
charged BHs. Nevertheless, a number of effects can affect
this outcome, such as magnetic fields, the formation of a
cavity in the plasma due to mergers [56—62] or the partial
screening of the BH charge by plasma over a Debye
length [53,63]. In the following, we consider high values
of O as a proxy to model these scenarios, which are too
complicated to be included in a self-consistent way.
Moreover, for millicharged dark matter, the charge-to-
mass ratio of the particles can be arbitrarily small.

Considering the full momentum equation allows us to
study the relativistic regime as well. As detailed in the
Supplemental Material [64], this regime generates similar
results, albeit with a largely suppressed effective mass.
Interestingly, this suppression can be understood as a form of
strong-field transparency for relativistic plasmas, induced
by the background charge Q [46,65]. Upon tuning the
plasma density, we thus expect the same phenomenology to
hold. Furthermore, at large distances the transparency effect
vanishes, yielding the standard effective mass.
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Consider now the linearization of the field equations (3)
around the RN geometry, the background fields and fluid
variables. Perturbations can then be decomposed in two
sectors—axial (or odd) and polar (or even)—depending on
their behavior under parity transformations. These two
sectors decouple in spherically symmetric geometries (see
Supplemental Material [64]) [66-72].

The axial sector is completely determined by two
functions, a Moncrief-like “master gravitational” variable
Y [73-75] and a “master EM” variable u,, which obey a
coupled set of second order, partial differential wavelike
equations,

r r5

DM\ [1 6M 80f
# (=2 [ 5F] )r-Re

n A 40?7 C—1AC+2
£M4:f(w%+p+r_Q4)u4—( )2(r3+ )Qf

4 2(_
lel:<%+g (—14M +r(4+42))

¥, (8)

where 1 = (¢ + 1), L = 0*/0r? — 9*/0¢> and the tortoise
coordinate is defined as dr,/dr = f~!. Note that in the
limit Q — 0, the equations decouple: the first one reduces
to the Regge-Wheeler equation while the second one
coincides with the axial mode of an EM field in
Schwarzschild in the presence of plasma [49].

The polar sector is more intricate, with EM and fluid
perturbations being coupled. As detailed in the
Supplemental Material [64], at large radii and neglecting
metric fluctuations, we recover the dispersion relation
(0* — k* —w})6F |, =0, where k is the wave vector in
Fourier space and 6F,, the perturbed Maxwell tensor.
The plasma frequency thus acts as an effective mass for the
propagating degree of freedom in the polar sector. As the
dynamics emerging in the axial sector are precisely con-
tingent upon this fact, we expect the phenomenology to be
similar [49,50] and we hereafter focus only on the axial
sector.

Initial conditions, plasma profile, and numerical procedure.
We evolve the wavelike equations (8) in time with a two-
step Lax-Wendroff algorithm that uses second-order finite
differences [76], following earlier work [76-80]. Our grid
is uniformly spaced in tortoise coordinates r,, with the
boundaries placed sufficiently far away such that boundary
effects cannot have an impact on the evolution of the
system at the extraction radius. Our code shows second-
order convergence (see Supplemental Material [64]).

We consider a plasma profile truncated at a radius r,
smoothened by a sigmoidlike function:

O 1
@p = wp 1 + e_(r_rcul)/d ’ (9)

Here, a)}(,C> is the (constant) amplitude of the plasma barrier

and d determines how “sharp” the cut is. We choose
d = M, but we verified that the results are not sensitive
to this pammeter.2 Profile (9) allows us to consider two
distinct scenarios; (i) plasmas that “permeate” the light ring
(reqt < rr), hence possibly affecting the generation of
quasinormal modes (QNMs) and (ii) plasmas localized
away from the BH (r., > rg), affecting at most the
propagation of the signal. We consider the initial con-
ditions LP(O, r) = “P(), I/l4(0, r) = Uy with [46]

(V*_r0)2

(Yo, tsg) = (Ag, Apm) €xp —2—62—1'90r* ,

0,‘1‘0 = —iQOlP(), (3[1440 = —iQOM40, (10)
where (Ay, Apy) = (1,0),(0,1), (1, 1) for ID,, IDgy and
ID,, respectively. Throughout this work, we initialize at
ro =20M and we extract the signal at r., = 300M.
We pick o6=40M and wave packet frequency
Qy=0.1, yet tested extensively that our results are
independent of these factors.

Impact of plasma on QNMs. When plasma permeates the
light ring, BH relaxation is expected to change in the EM
channel. We indeed find a total suppression of the EM
signal at large distances for large w,. However, we find
something more significant, summarized in Fig. 2, which
shows the gravitational waveform for Q = 0.95 and differ-
ent plasma frequencies a)E,C). In absence of plasma, the
signal is described by a superposition of gravitational- and
EM-led modes, clearly visible (see inset) due to the high
coupling Q. A best-fit to the signal shows the presence of
two dominant modes, with (complex) frequencies reported
in Table I. The plasma suppresses propagation of EM
modes when @, exceeds the fundamental EM QNM
frequency. Our results show that the coupling to GWs
also affects the gravitational signal to an important degree.
In fact, as apparent in Fig. 2, GWs now carry mostly a
single gravitational-led mode (red line), but with a shifted
frequency, see Table I. This shift is surprising, and it
originates from the coupling between gravity and electro-
magnetism. The presence of plasma thus affects the QNM
frequencies of the gravitational signal.

We confirm these results by frequency-domain calcu-
lations (where QNMs are obtained by direct integration
with a shooting method) in Table I. Note that we impose
purely outgoing boundary conditions at infinity in vacuum,
while in the presence of plasma, we consider exponentially
decaying EM modes at large distances, to account for

2As we will see, the outcome depends on a critical value for w,
(the fundamental EM QNM), making the density distribution
after the barrier (r > r.,) or a tenuous plasma before the barrier
(r < rey) unimportant for the phenomenology.
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FIG. 2. GWs for IDgy and Q = 0.95. For sufficiently dense
plasmas (when 6)1(,0) exceeds the EM QNM frequency), the EM
mode is screened. This is apparent in the inset: only one—
gravitational-led mode—is present at large plasma frequency.
Associated QNM frequencies can be found in Table I. At late
times, long-lived modes are excited, in contrast to the usual
power-law tail in vacuum. These originate from the quasi-bound
states formed in the EM sector and are subsequently imprinted
onto the GW signal.

quasi-bound states (QBS). Clearly, the results from time-
and frequency-domain are in good agreement.

On longer timescales, EM QBSs are formed in the presence
of plasma (see Supplemental Material [64]) [81,82], which
“pollute” the gravitational signal. These are long-lived
states which are prevented from leaking to infinity due to
the plasma effective mass, and are thus similar to QBS of
massive fundamental fields [19]. At late times, we indeed
observe a signal ringing at a frequency comparable (yet
slightly smaller) than the plasma frequency wr < ), Asthe
plasma frequency is increased, the QBSs form at progres-
sively late times, and thus at lower amplitudes, unreachable
for observations. This phenomenology is similar to the toy

TABLE 1. Real (imaginary) part of the fundamental QNM
frequencies as calculated from a time- and frequency-domain
approach. We consider: (i) no plasma (top row), and we find two
modes contributing to the signal and (ii) plasma (bottom row), for
which the EM mode is screened and only the gravitational one
remains, with a shifted frequency. We obtain similar results in the
time-domain, regardless of the chosen ID.

0 =095  @gnu (time-domain)  @qny (frequency-domain)

-(C> —0.0 042170 (0.086647) 0.42169 (0.086659)
0.65475 (0.094609) 0.65476 (0.094605)

(Z)Ef) =15 0.45902 (0.090143) 0.45902 (0.090146)
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FIG. 3. GW signal generated in the presence of a plasma

localized away from the BH. In the top panel r, = 40M; the
amplitude of the echoes increases concurrently with the coupling
Q. Dotted line indicates the decay rate of the signal,
MT" = —0.00133, as predicted from (12). Bottom panel illustrates
how the echo timescale depends on the position of the plasma
barrier. The estimates from (11) are indicated by vertical dashed

lines. Both panels are initialized with 1D, and cbl(,c) =15.

model considered in Ref. [46], but here explored from first
principles.

Propagation: Echoes in waveforms. When the plasma is
localized away from the BH, new phenomenology emerges.
BH ringdown is associated mostly with light ring physics,
hence prompt ringdown is no longer affected [7,83].
However, upon exciting the BH, both EM and GWs travel
outward. While GWs travel through the plasma, EM waves
are reflected, interacting with the BH again and exciting one
more stage of ringdown and corresponding GW “echoes.”
Such echoes have been found before in the context of (near-)
horizon quantum structures [83—86], exotic states of matter
in ultracompact/neutron stars [87-89] or modified theories
of gravity [90-92] (see [7,93] for reviews). We find them in a
general relativity setting.

In the top panel of Fig. 3, we show the GW signal for
different BH charge. In contrast to vacuum (where expo-
nential ringdown gives way to a power-law tail), in the
presence of plasma prompt ringdown is followed by echoes
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of the original burst. For higher BH charge, the reflected
EM signal is more strongly coupled, increasing the ampli-
tude of the GW echoes.

The main features of the echoing signal are simple to
understand. The time between consecutive echoes can be
estimated as (for ry, > riR)

Teut dr

TLR m

This interval is shown by the vertical dashed lines in Fig. 3
and clearly in good agreement with the numerics.

The echo amplitude decays in time, since the BH absorbs
part of the reflected waves, and part of the energy is carried
to infinity by GWs. The amplitude A(¢) of trapped modes in
a cavity of length ~r, is expected to fall off as

At =2 ~ 2y (11)

2
r~A (12)

Teut

A(t) = Age™",  with

where A, is the initial amplitude and A the absorption
coefficient of the BH (neglecting losses to GWs at infinity).
For simplicity, we take the absorption coefficient of low-
frequency monochromatic waves for neutral BHs, given by
A2 ~256(Mwg)%/225 [19,94], where wy, is the frequency
of the trapped EM waves. As the BH absorbs high-
frequency modes first, the decay rate decreases over time,
asymptoting to a QBS, while the trapped wave packet
broadens. Taking wg as the highest-frequency peak in the
spectrum, we obtain a decay rate (12) in agreement of O(1)
for the first few echoes in Fig. 3. We confirmed that at later
times, the high frequency components of the EM field are
indeed lost and the decay rate is decreased accordingly. A
similar phenomenology can be found for any mechanism
that places a BHs in a confining box, e.g. AdS BHs where
the AdS radius is much larger than the horizon radius, or
Ernst BHs immersed in a magnetic field B <« 1/M [95].

Conclusions. Plasmas are ubiquitous in the universe, but
their impact on our ability to do precision GW physics is
poorly understood. We have studied plasma physics in
curved spacetime from first principles, capturing their
impact on the ringdown of charged BHs. Our results are
surprising at first sight. We find an important impact of
plasma physics on the gravitational waves generated by
charged BHs, changing BH spectroscopy to a measurable

extend. We see a ringing frequency going up, and the
lifetime of the ringdown going down, a behavior that would
be important to dissect. We also find that plasmas may
trigger measurable echoes in GWs. As the amplitude of
these echoes decays slowly, they could be in reach of
current or future detectors.

In our work, we focused on values of the plasma
frequency w, ~ O(1/M). Note however, that larger values
yield similar outcomes. Specifically, a denser plasma
present at the light ring causes a greater shift in the
gravitational QNM frequency, while a denser plasma
localized outside the light ring increases the height of
the plasma barrier, making the reflection of photons and
thus the echoes, more prominent. Most of our results would
also apply to magnetic BHs, which share many similarities
with charged BHs in the ringdown phase [96,97]. Finally,
as a byproduct, our work introduced a complete framework
to describe the behavior of plasmas around charged
compact objects in the (non)-relativistic regime. To sim-
plify our analysis, we modeled the background plasma as a
nonrelativistic fluid. A complete approach would require
consistently evolving the background plasma motion,
which is challenging given the large charge-to-mass ratio
of electrons (and ions).
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