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Plasma Wakes Driven by Photon Bursts via Compton Scattering
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Photon bursts with a wavelength smaller than the plasma interparticle distance can drive plasma wakes
via Compton scattering. We investigate this fundamental process analytically and numerically for different

photon frequencies, photon flux, and plasma magnetization. Our results show that Langmuir and
extraordinary modes are driven efficiently when the photon energy density lies above a certain threshold.
The interaction of photon bursts with magnetized plasmas is of distinguished interest as the generated

extraordinary modes can convert into pure electromagnetic waves at the plasma-vacuum boundary. This
could possibly be a mechanism for the generation of radio waves in astrophysical scenarios in the presence

of intense sources of high energy photons.
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Electrons, positrons, ions, photons, and neutrinos can
all drive wakes while propagating in plasma [1-6]. The
streaming particles see the plasma as a dielectric medium
[7] and can excite plasma modes via the action of their
effective ponderomotive force [8]. However, the descrip-
tion of plasmas as a dielectric media breaks down at scales
where the notion of averaged fields loses its meaning.
Intuitively, this scale should at least be the Debye length—
a more conservative estimate being the interparticle
distance. In the case of the electromagnetic fields, this
corresponds to distinguishing the dressed photons from
the nondressed photons. The dressed photons acquire an
effective mass due to the collective interaction with the
plasma and propagate according to a dispersion relation
[8]. On the contrary, for wavelength scales smaller than
the interparticle distance, the collective behavior cannot
emerge since the photon can only interact with one
electron at a time. Dreicer [9] and later Gould [10] paved
the way for a kinetic theory of plasmas which includes the
full radiation field: the averaged field produced by the
plasma in the fluid limit and the photon nature of the
radiation. Discrete-particle effects, such as photon-
electron scattering [11], explain the saturation properties
of cyclotron radiation masers [9], the relaxation to a
thermal equilibrium of a photon-electron gas [12,13], or
the Comptonization of the microwave background [14].
The hindrance to these previous analytical studies lies
in the treatment of electrons as free particles and the
collective plasma dynamics are thus neglected.
Frederiksen [15] was the first to lift the veil by pioneering
particle-in-cell simulations coupled to a Monte Carlo
Compton module. He observed with this novel numerical
tool the formation of plasma wakefield structures driven
by a broadband burst of gamma rays. In this Letter, we
investigate theoretically and numerically the fundamental
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process of collective plasma wakes excitation by photon
drivers. The interaction of the injected photons with the
plasma is solely due to Compton photon-electron scatter-
ing. We would like to emphasize that this present work
differs fundamentally from previous studies where exotic
or nonconventional photon drivers, still interacting with
the plasma via the ponderomotive force, such as x-ray
pulses [16] or incoherent optical lasers [17] have been
considered to drive wakefields. We explore different
regimes according to the photon frequency, the photon
flux, and the initial magnetization of the plasma. In the
case of a magnetized plasma, the burst can excite plasma
wakes (extraordinary mode) that can convert into radia-
tion. We put into perspective the implications of this
process in both laboratory experiments and high energy
astrophysics. We confirm our findings with plasma sim-
ulations performed with the particle-in-cell code OSIRIS
[18,19]. OSIRIS has been enriched during the past years
with several modules that allow exploring kinetic plasma
physics in the regime where strong radiation [20]
and quantum electrodynamics processes become relevant
[21-23]. Recently, a Compton scattering module has
been implemented to the OSIRIS framework [24] in a
similar fashion as the one of Frederiksen [15], and
Haugboelle [25].

Let us consider a collimated photon burst of wavelength
A = 2rc/w propagating in a cold unmagnetized plasma of
density n,, with fiw the energy of the radiation quanta, and ¢
the speed of light. The Compton momentum exchange
between an electron and a photon is, at the lowest order
in Ac/A (Ac = h/mc is the Compton wavelength),
Ap ~ (hw/c)(n; —ny), where n; and n; are, respectively,
the initial and the final direction of the photon. The angle
averaged momentum exchange along the initial direction
reads
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1 1 do hw
Ap) = — S Ap—du = — 1
@p) = [(n =" ()

where y = cos 0, 0 is the scattering angle, o7 the Thomson
cross section, and do/dyu the differential scattering cross
section in the Thomson limit. While the ions remain, in the
first approximation immobile, the electrons are scattered by
the radiation burst of density n,, at a rate v = orn,c. The
average force exerted on the electron fluid (at rest) by the
photons is

Fc = orn,c(Ap) = orén,, (2)

where £ = n, hw is the radiation energy density. This result
may appear as a special case obtained for a monochromatic
burst. However, in the case of a broadband collimated burst,
Peyraud [13] has shown that the momentum exchange per
unit of time (at the lowest order in A-/4) on the electron
fluid is o7 [ hwN(w)dw, which generalizes Eq. (2) since
the integral term represents the energy density of the
photons [N(w) is the frequency distribution function of
the photons]. Hence a broadband burst containing the same
energy density as a monochromatic burst results in the
same average electron momentum (Ap).

We highlight that Eq. (2) corresponds to the average
radiation reaction force [26] of an electron in the field of an
electromagnetic plane wave of amplitude E,, (£ = EZ /4r)
[27]. However, the quantum and classical descriptions
differ in nature, the first being discrete and stochastic,
and the second continuous. In the special case of a
(classical) electromagnetic pulse, the force on the electrons
would show two components: the ponderomotive force
Fp = —r,°VE2 (r, being the classical electron radius),
and the radiation reaction force. We can compare the
relative importance of the two components. For a pulse
with a length on the order of the plasma wavelength
Ay = 2mc/w,, |Fc| is much larger than |Fp| if

2 1/4
< 7.7 (%) , (3)

where d, = n,_,l/ 3 is the interparticle distance. For tenuous
plasmas, the radiation reaction force exceeds the
ponderomotive force when 4 < d,,. Equation (3) can be
rewritten in terms of photon energies as Aw [eV]>
5.6ny* [10'7 cm™3].

From a fundamental point of view, if a burst of photons
with 4 < d, enters a plasma, the concept of dielectric
medium does not hold. Rather, a photon would see a very
diluted ionized gas and would scatter with the electrons.
The usual dispersion relation used for the propagation of
light is not suitable in this situation and the photons travel at
the speed of light between each collision.

We show now that a burst of photons with 1 < 1 < d,
that only interacts with the electrons through Compton

scattering can excite some of the collective modes of
the plasma. In the case of an unmagnetized plasma, this
corresponds to the crossing of @ = kc with the Langmuir
branch. We can use standard linear perturbation theory,
with the introduction of the Compton force F.. The
linearized equations of a one-dimensional cold fluid of
plasma electrons are

Omn = —n,0v
mo;v = —eE + o7&
0,E = —4ren, (4)

where n, v, and E are the perturbed density, velocity,
and field, respectively. Solving for FE, we obtain
(0; + 1)E = 07&/e, ¢ = w,t — k,x is the frame of refer-
ence comoving with the radiation burst, and k, = 1/d,,
d, = c/w, the electron inertial length. We consider a driver
of the form E(&) = &ysin®(£/21), with [ =L/, the
normalized length of the burst. The wake amplitude at
the back of the driver is obtained by convolution of the
source term with the Green function of the harmonic
operator

eE(§)  sin(xl + &) sin(zl)

GTE:O N 1- 12
<1 — zlsin(¢)
=< l~1- (7/2)sin(¢) (5)

[>1— (n/2[%)sin(€).

Contrary to the wakes driven by lasers or electron beams
[2,3], the amplitude of the electrostatic field does not
depend on the plasma density but solely on the photon
energy density [29]. However, we note that the optimal
driver length corresponds to a resonant driver length,
L~J, as for the standard laser case [l]. For long
symmetric drivers, the electrons experience multiple
scattering, which tends to damp the amplitude of the
electrostatic field. Although not demonstrated here, an
asymmetric driver of arbitrary length, L > 4, with a rise
or fall smaller than 1, still leads to a wake of reasonable
amplitude E < o7&/ e.

An upper threshold for the minimum photon energy
density to observe a well-defined wake can be found by
assuming that a significant fraction of the scattered elec-
trons should be caught by the plasma wave oscillation. This
amounts to say that (Ap) < eE/w,, or

[
b b e

4
27 4 2
n,mec>  d,mc

(6)

for a resonant driver, where [, = 1/n,0r is the photon
mean free path. Equation (6) defines the minimum energy
density &, to drive a well-defined wake. This condition is
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also equivalent to v¢c > @, [30]. An engineering formula
for this minimum energy density in the case of a resonant
driver is 2 [uJ yum—] ~ n)/* [10"* cm™3]#w [eV] and in
astrophysically relevant parameters

astro [org cm=3] ~ 106n)/% [em ™3| [eV].  (7)
We would like to stress that the notion of a threshold as
Eq. (6) only applies when the driver cannot be described as a
classical field [27,28]. In other words, there is no such
threshold for a laser driver since the momentum gain exerted
by the radiation reaction force cannot be larger than the
momentum associated to the wake. A plot summarizing the
different regimes given by Eq. (3), Eq. (7), and Ref. [27] is
presented in the Supplemental Material [31].

We have carefully compared our analytical findings with
1D and 2D particle-in-cell simulations performed with
OSIRIS-QED. The code includes a Compton scattering
collision algorithm, which follows the pioneering work
of Haugboelle [25]. At each time step, the number of
macroscattering is chosen by a Monte Carlo sampling of
the Klein-Nishina cross section [32]. The momentum of the
scattered macroparticles is then updated following the
wavelength shift of Compton scattering [11]. We performed

all of our simulations for a reference plasma density of
n,=1cm™, and n, = 10" cm™.

A series of 2D simulations were conducted with a
resonant radiation driver (L, = L, = 4,,). The 2D simu-
lations have been performed in a domain of 72d, x 30d,
with Ax = Ay =0.1d, and At = O.O7a)1‘,1, with 16 macro-
particles per cell. Figure 1(a) 2> Ac (hw = 50 keV)
and &y/Epin ~ 0.01 corresponds to the regime where the
photon energy density is below the threshold. Most of the
scattered electrons cannot be pulled back by the space
charge force and stream through the plasma. Physically,
each streaming electron drives its own wake, creating
electrostatic fluctuations [7]. The phase space shows that
the electrons are also heated up. The maximum momentum
of the electron population corresponds to the maximum
momentum exchange with the photon, p..« = 2hw/c.
When the photon energy density is around the threshold
Eo/Emin ~ 1, the linear wake is visible as displayed in
Fig 1(b). The electron phase space exhibits the presence of
plasma oscillations on top of the temperature induced by
the Compton collisions. Note that the maximum longi-
tudinal momentum is higher than in the previous case due
to electron acceleration in the wake. The initial photon
burst is very slightly depleted—the scattered photons are
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FIG. 1. Different regimes of Compton-plasma interaction. Left column: electrostatic field. Middle column: electron phase space. Right

column: photon phase space. (a) Incoherent wake: the space charge force is too weak to pull back most of the scattered electrons, 4 > A¢
and &) ~ 0.01&,;,. (b) Coherent wake: the space charge is strong enough to pull back most of the electrons, 1 > A and Ey ~ Epin-
(c) Beam driven wake: the scattered electrons are relativistically kicked forward and formed, on top of the photon burst, a dense beam

that contributes to drive the wake, 4 < Ac.
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FIG. 2. Amplitude of the electrostatic field as a function of the
energy density of a resonant photon burst. We simulated both a
burst of monoenergetic photons, circles for n, = 10'% ¢cm™3
diamonds for n, =1 cm™3, and crosses for a burst with an
energy spread of 50% (n, = 10'® cm™). The linear theory of

Eq. (5) is displayed by the solid line.

slowly sliding back in the plasma as shown in the
phase space.

Figure 1(c) shows a regime, 1 < Ac (fiw = 50 MeV),
that goes beyond the exposed theory. When A < A, the
angular cross section becomes relativistically beamed and
each scattering propels the electron forward close to the
speed of light as seen in the phase space. As a result, the
photon burst becomes rapidly loaded with an increasing
dense relativistic electron beam. In this regime, the beam is
driving the wake [2]. The case of Frederiksen [15] due to a
long burst with a broad spectrum is hard to characterize
since both of the last aforementioned regimes are compet-
ing. We also verified the scaling of Eq. (5) for a fixed
plasma density with 1D simulations shown in Fig. 2. The
1D simulations have been performed with a moving
window (which follows the driver pulse) 24 d, long with
Ax; =0.01d, and Ar = 0.0099 w;l, with 256 macropar-
ticles per cell. The length of the radiation burst is 4, and the
energy of each photon is in the range Aimw = 5-50 keV, such
that Eq. (6) is fulfilled. We have also considered a beam
with a 50% spread in energy. As predicted, the spread does
not influence the wake amplitude.

So far unmagnetized plasmas have been considered,
which only allows exciting the branch of Langmuir waves.
If the plasma is initially magnetized, and the direction of the
photons is perpendicular to the magnetic field, the burst can
excite the lower branch of the extraordinary modes [33] at
® = w, or w = kc. It is straightforward to prove that in a
1D linear theory, the longitudinal electric field E, of the
extraordinary mode, driven by the Compton force, is
identical to the one derived for the Langmuir branch, see
Eg. (5). Since = w,,, one deduces [7] that the transverse
(or electromagnetic) component of the electric field is
E,=i(w.,/w,)E,, where i is the imaginary unit and
w, = eBy/mc the cyclotron frequency associated to the
background magnetic field By. The ratio between the
longitudinal and the transverse component of the electric

1.5

Ey/Ey

0.5}

0 0.5 1 15 2
we/wy

FIG. 3. Scaling of the ratio of the amplitude transverse
component to the longitudinal component of the extraordinary
plasma wave as a function of @./®,. Simulations (circles) show
good agreement with the theory (solid line) |E,/E,| = @ /®,.

field of the extraordinary mode has been accurately verified
in our simulations, as seen in Fig. 3. Each run was carried
outin a 24d, box with Ax; = 0.01d, and At = 0.00990);1,
with 256 macroparticles per cell. The length of the
radiation burst is 4,. The energy of each photon and the
energy density of the radiation are 7w = 50 keV, and
Eo/Emin = 30, respectively.

An important question to address is the conversion
efficiency from the initial burst into extraordinary waves
since the electromagnetic part of these modes can be
transmitted to vacuum at the exit of the plasma. The
incoming energy flux is on the order of /;, ~ Eyc while
the electromagnetic energy flux associated with the extraor-
dinary waves is Iout~E§C/4n. Using Eq. (5) for the
amplitude of E,, we obtain for a resonant driver [Eq. (5)
for [ =1]

Loy A 2r€
g = out IR (De )T 0 (8)
I, 9 \w,/ mc

In the case of a low magnetization, o./w, < 1, which
implies that < 1 since ri€y/mc* ~ (r,/d,)(hw/mc?) <
1 for &y = Enin- The conversion efficiency # cannot be
above unity for an arbitrary values of £;. The electrostatic
component of the extraordinary wave is limited to the
wave-breaking limit [1,3] thus 5., ~ Bj/Ey. The power
transmitted to vacuum will be further attenuated as the
extraordinary mode must tunnel through the evanescent
layer at the plasma-vacuum interface [33]. For high
magnetization w./w, > 1, there is no attenuation since
the excited mode is allowed to propagate through the
plasma-vacuum interface for any value of the decreasing
plasma density (no evanescent layer). This stems from the
hybrid frequency, which diminishes down the plasma
gradient, still remaining greater than the plasma frequency
where the mode was excited. Nonetheless, two factors
can restrict the efficiency. First, when Ey > mew, /e, the
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motion of the electrons becomes relativistic and the
classical scaling |E,/E,| = w./w, breaks. Second, if the
background magnetic field is sufficiently large, additional
processes such as synchrotron emission [26] will impact the
dynamics of the plasma electrons.

Current x-ray facilities are far from supplying the
required energy density to observe these wakes in the
laboratory. We present, however, a set of nonludicrous
parameters for a possible future experiment: a plasma
density n, = 10'7 cm™, a nonresonant driver of length
L = /1p/10 (duration of 40 fs), and 100 eV x rays, the
required energy density would be £ ~ 3 mJ/um?>. The total
energy of the driver would be £L = 5 J. The amplitude of
the wake would be on the order of MV/m, which can be
measured experimentally.

In astrophysics, energetic photons emitted in extreme
objects permeate tenuous plasmas. The spectrum of these
photons encompasses a broad range of frequencies from
optical to x rays (or even gamma rays). The total amount of
energy released as well the energy density can be consid-
erable, which counterbalance the low cross section
associated with Compton scattering and therefore permit
the generation of efficient plasma wakes. For example,
extremely powerful sources or events, e.g., gamma-ray
bursts (GRBs), can radiate, within seconds, more than
10°%-3% erg, with a spectrum peak around 100s of keV [34].
The photospheric radius, where most energy is radiated,
amounts approximately to R, =~ 10'?7!% cm [35]. Such
bursts release a typical energy flux on the order of
10%* erg/cm’s in the interstellar medium of density
n,~1 cm™3. The energy density of the photon is on the
order of &~ 10" erg/cm?. These parameters satisfy
Eq. (6) showing that Compton scattering may drive strong
plasma wakes in the circumburst medium of GRBs. X-ray
bursts from magnetars show a radio counterpart which
exhibit complex time-frequency structures similar to the
ones recorded for the fast radio burst FRB 121102 [36,37].
In this scenario, the radio burst forms in a highly magnet-
ized environment [38]. These generated X waves may
result in FRBs, which addresses one of the most important
open questions in astrophysics [39]. The efficiency of the
present mechanism favorably scales linearly with
c=w/ a)f,, as other proposed processes, e.g., synchrotron
maser emission from ete~ collisionless shocks [40,41],
which scales as 1/6. To summarize, we have explored
and unveiled a new regime of light-plasma interaction
where photon bursts can efficiently excite plasma wakes via
Compton scattering. The plasma wakes correspond to the
Langmuir and the extraordinary modes for unmagnetized
and magnetized plasmas, respectively, and can lead to the
emission of radio waves in astrophysical scenarios.

We would like to acknowledge useful discussions with
Professor Anatoly Spitkovsky. This work was supported by
the European Research Council (ERC-2015-AdG Grant
No. 695088), FCT (Portugal) Grants No. PD/BD/114323/

2016 in the framework of the Advanced Program in
Plasma Science and Engineering (APPLAuSE, FCT Grant
No. PD/00505/2012). We acknowledge PRACE for award-
ing access to resource MareNostrum based in Spain.
Simulations were performed at IST cluster (Portugal),
and at MareNostrum (Spain).

*fabrizio.gaudio@tecnico.ulisboa.pt
"uis.silva@tecnico.ulisboa.pt
ithomas.grismayer@ist.utl.pt

[1] T. Tajima and J. M. Dawson, Phys. Rev. Lett. 43, 267
(1979).

[2] P. Chen, J. M. Dawson, R. W. Huff, and T. Katsouleas,
Phys. Rev. Lett. 54, 693 (1985).

[3] E. Esarey, P. Sprangle, J. Krall, and A. Ting, IEEE Trans.
Plasma Sci. 24, 252 (1996).

[4] R. Bingham, H. A. Bethe, J. M. Dawson, P. K. Shukla, and
J.J. Su, Phys. Lett. A 220, 107 (1996).

[5] L. O. Silva, R. Bingham, J. M. Dawson, J. T. Mendonca, and
P. K. Shukla, Phys. Rev. Lett. 83, 2703 (1999).

[6] M. E. Jones and R. Keinigs, IEEE Trans. Plasma Sci. 15,
203 (1987).

[7]1 N. A. Krall and A.W. Trivelpiece, Principles of Plasma
Physics (McGraw-Hill Inc., New York, 1973).

[8] L. O. Silva, R. Bingham, J. M. Dawson, and W. B. Mori,
Phys. Rev. E 59, 2273 (1999).

[9] H. Dreicer, Phys. Fluids 7, 735 (1964).

[10] R.J. Gould, Ann. Phys. (N.Y.) 69, 321 (1972).

[11] A.H. Compton, Phys. Rev. 21, 483 (1923).

[12] A.S. Kompaneets, J. Exp. Theor. Phys. 4, 730 (1957).

[13] J. Peyraud, J. Phys. (Paris) 29, 88 (1968).

[14] R. A. Sunyaev and Ya. B. Zel’dovich, Annu. Rev. Astron.
Astrophys. 18, 537 (1980).

[15] J. T. Frederiksen, Astrophys. J. Lett. 680, L5 (2008).

[16] B.S. Wettervik, A. Gosnoskov, and M. Marklund,
Phys. Plasmas 25, 013107 (2018).

[17] C. Benedetti, C.B. Schroeder, E. Esarey, and W.P.
Leemans, Phys. Plasmas 21, 056706 (2014).

[18] R. A. Fonseca, L. O. Silva, E. S. Tsung, V. K. Decyk, W. Lu,
C. Ren, W.B. Mori, S. Deng, S. Lee, T. Katsouleas, and
J. C. Adam, Lecture Notes in Computer Science (Springer,
Berlin, Heidelberg, 2002), Vol. 2331, p. 342-351.

[19] R. A. Fonseca, S. F. Martins, L. O. Silva, J. W. Tonge, F. S.
Tsung, and W. B. Mori, Plasma Phys. Controlled Fusion 50,
124034 (2008).

[20] M. Vranic, J. L. Martins, R. A. Fonseca, and L. O. Silva,
Comput. Phys. Commun. 204, 141 (2016).

[21] M. Vranic, T. Grismayer, J. L. Martins, R. A. Fonseca, and
L. O. Silva, Comput. Phys. Commun. 191, 65 (2015).

[22] T. Grismayer, M. Vranic, J. L. Martins, R. A. Fonseca, and
L. O. Silva, Phys. Plasmas 23, 056706 (2016).

[23] F. Del Gaudio, T. Grismayer, R. A. Fonseca, W. B. Mori,
and L.O. Silva, Phys. Rev. Accel. Beams 22, 023402
(2019).

[24] F. Del Gaudio, T. Grismayer, R. A. Fonseca, and L. O. Silva,
J. Plasma Phys. 86, 905860516 (2020).

[25] T. Haugboelle, J. T. Frederiksen, and Aeke Nordlund, Phys.
Plasmas 20, 062904 (2013).

265001-5


https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.54.693
https://doi.org/10.1109/27.509991
https://doi.org/10.1109/27.509991
https://doi.org/10.1016/0375-9601(96)00503-8
https://doi.org/10.1103/PhysRevLett.83.2703
https://doi.org/10.1109/TPS.1987.4316686
https://doi.org/10.1109/TPS.1987.4316686
https://doi.org/10.1103/PhysRevE.59.2273
https://doi.org/10.1063/1.1711276
https://doi.org/10.1016/0003-4916(72)90179-0
https://doi.org/10.1103/PhysRev.21.483
https://doi.org/10.1051/jphys:0196800290108800
https://doi.org/10.1146/annurev.aa.18.090180.002541
https://doi.org/10.1146/annurev.aa.18.090180.002541
https://doi.org/10.1086/589648
https://doi.org/10.1063/1.5003857
https://doi.org/10.1063/1.4878620
https://doi.org/10.1088/0741-3335/50/12/124034
https://doi.org/10.1088/0741-3335/50/12/124034
https://doi.org/10.1016/j.cpc.2016.04.002
https://doi.org/10.1016/j.cpc.2015.01.020
https://doi.org/10.1063/1.4950841
https://doi.org/10.1103/PhysRevAccelBeams.22.023402
https://doi.org/10.1103/PhysRevAccelBeams.22.023402
https://doi.org/10.1017/S002237782000118X
https://doi.org/10.1063/1.4811384
https://doi.org/10.1063/1.4811384

PHYSICAL REVIEW LETTERS 125, 265001 (2020)

[26] L. D. Landau and E. M. Lifshitz, The Classical Theory of
Fields (Butterworth-Heinemann, Oxford, 1987).

[27] The condition for a field to be classical is, if the number of
photons (of momentum #k) in a volume 1/k* is large
compared with unity, i.e., E2¢3/Aw* > 1. This implies that
low frequency fields are usually always classical, whereas
very high frequency fields if sufficiently weak can never be
classical [28].

[28] L. D. Landau and E. M. Lifshitz, Quantum Electrodynamics
(Butterworth-Heinemann, Oxford, 1982).

[29] For a laser ponderomotive drive, the amplitude of the wake
is E~enyl, (np)l/z. For a photon driver that only
interacts via Compton scattering, only a fraction of the
electrons are displaced. This fraction, being (vc/w,)n,,
adds a new factor that scales as (n,)”'/%, making the
amplitude of the field independent of the plasma density.

[30] Wakes can probably be observed for vc/w, < 1. The
streaming hot particles that are not caught back by the
wave tend to produce electrostatic fluctuations of order E¢
[7]. This field results from the individual wakes of every
streaming particle. A wake is observable if Eyu. > Ef,
which corresponds to v¢/w,, > g, where g = 1/n,43, is the

plasma parameter of the streaming hot particles with Ay ~
(hw/e’ng)'? and ng ~ nve/w,.

[31] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevLett.125.265001 for further details.

[32] O. Klein and Y. Nishina, Z. Phys. 52, 853 (1929).

[33] J. Yoshii, C. H. Lai, T. Katsouleas, C. Joshi, and W. B. Mori,
Phys. Rev. Lett. 79, 4194 (1997).

[34] E. Berger, Annu. Rev. Astron. Astrophys. 52, 43 (2014).

[35] F. Daigne and R. Mochkovitch, Mon. Not. R. Astron. Soc.
336, 1271 (2002).

[36] J. W.T. Hessels, L. G. Spitler, A. D. Seymour, J. M. Cordes,
D. Michilli, R. S. Lynch, K. Gourdji, A. M. Archibald, C. G.
Bassa, and G.C. Bower, Astrophys. J. Lett. 876, 123
(2019).

[37] Y. Maan, B. C. Joshi, M. P. Surnis, M. Bagchi, and P. K.
Manoharan, Astrophys. J. Lett. 882, L9 (2019).

[38] S. Chatterjee et al., Nature (London) 541, 58 (2017).

[39] E. Platts, A. Weltman, A. Walters, S.P. Tendulkar, J. E. B.
Gordin, and S. Kandhai, Phys. Rep. 821, 1 (2019).

[40] A.M. Beloborodov, Astrophys. J. 896, 142 (2020).

[41] L Plotnikov and L. Sironi, Mon. Not. R. Astron. Soc. 485,
3816 (2019).

265001-6


http://link.aps.org/supplemental/10.1103/PhysRevLett.125.265001
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.265001
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.265001
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.265001
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.265001
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.265001
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.265001
https://doi.org/10.1007/BF01366453
https://doi.org/10.1103/PhysRevLett.79.4194
https://doi.org/10.1146/annurev-astro-081913-035926
https://doi.org/10.1046/j.1365-8711.2002.05875.x
https://doi.org/10.1046/j.1365-8711.2002.05875.x
https://doi.org/10.3847/2041-8213/ab13ae
https://doi.org/10.3847/2041-8213/ab13ae
https://doi.org/10.3847/2041-8213/ab3a47
https://doi.org/10.1038/nature20797
https://doi.org/10.1016/j.physrep.2019.06.003
https://doi.org/10.3847/1538-4357/ab83eb
https://doi.org/10.1093/mnras/stz640
https://doi.org/10.1093/mnras/stz640

