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We report results from the first radiative particle-in-cell simulations of strong Alfvénic turbulence in
plasmas of moderate optical depth. The simulations are performed in a local 3D periodic box and self-
consistently follow the evolution of radiation as it interacts with a turbulent electron-positron plasma via
Compton scattering. We focus on the conditions expected in magnetized coronae of accreting black holes
and obtain an emission spectrum consistent with the observed hard state of Cyg X-1. Most of the turbulence
power is transferred directly to the photons via bulk Comptonization, shaping the peak of the emission
around 100 keV. The rest is released into nonthermal particles, which generate the MeV spectral tail. The
method presented here shows promising potential for ab initio modeling of various astrophysical sources
and opens a window into a new regime of kinetic plasma turbulence.
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Introduction.—Luminous accreting black holes at the
cores of active galaxies and in x-ray binaries are some of
the most prominent examples of high-energy electromag-
netic emission [1,2]. A particularly well-studied source is
the binary Cyg X-1 [3], one of the brightest persistent
sources of hard x rays in the sky. The emission spectra of
x-ray binaries are routinely observed in the soft and hard
states [4], with peak energies near 1 and 100 keV, respec-
tively. The hard state is believed to originate from a hot
“corona” of moderate optical depth [5,6], where the
electrons Comptonize soft seed photons to produce the
observed emission. The coronal electrons lose energy
through inverse-Compton scattering, and therefore an
energization process is needed in order to balance the
electron cooling. The nature of this process is unknown [7].
In a number of proposed scenarios the electrons draw
energy from magnetic fields. The released magnetic energy
is then channeled into bulk flows, nonthermal particles,
and heat [8-20].

A fraction of the electron kinetic energy in black-
hole coronae is likely contained in nonthermal particles
[7,21-23], which calls for a kinetic plasma treatment of
their energization. Among the various pathways leading to
particle energization, not only in black-hole accretion flows
but in relativistic plasmas in general, turbulence has
emerged as a prime candidate because it develops rather
generically whenever the driving scale of the flow is
much greater than the plasma microscales [24,25].
Recent kinetic simulations explored relativistic turbulence
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in moderately [26-29] and strongly magnetized [30-35]
nonradiative plasmas, and turbulent plasmas with a
radiation reaction force on particles representing syn-
chrotron or inverse-Compton cooling of optically thin
sources [36-39]. However, existing simulations do not
apply to turbulence in black-hole coronae, which have
moderate optical depths.

In this Letter, we perform the first radiative kinetic
simulations of turbulence in plasmas of moderate optical
depth and demonstrate that our method can directly predict
the observed emission from a high-energy astrophysical
source. As an example, we investigate here the hard state of
the archetypal source Cyg X-1. In the future, similar
methods could be applied to study a variety of high-energy
astrophysical systems.

Method.—We perform 3D simulations of driven turbu-
lence using the particle-in-cell (PIC) code Tristan-MP v2
[40]. All simulations employ for simplicity an electron-
positron pair composition. The PIC algorithm is coupled
with radiative transfer accounting for the injection of seed
photons, photon escape, and Compton scattering. The latter
is resolved on a spatial grid composed of “collision cells”
and incorporates Klein-Nishina cross sections [41,42]. The
computational electrons (or positrons) and photons in a
given collision cell are scattered using a Monte Carlo
approach similar to [43,44], apart from a few technical
adjustments described in Supplemental Material [45].
While the Compton scattering is modeled from first
principles, we adopt for simplicity a more heuristic

© 2024 American Physical Society
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approach for photon injection and escape, as dis-
cussed below.

The simulation domain is a periodic cube of size L.
A mean magnetic field B, is imposed in the z direction.
We achieve a turbulent state by continuously driving an
external current in the form of a “Langevin antenna” [65]
that excites strong Alfvénic perturbations on the box scale
[26,66]. The box is initially filled with photons and charged
particles in thermal equilibrium at temperature 7,. Given
the lack of physical boundaries in the periodic box, we
implement a spatial photon escape by keeping track of how
each photon diffuses from its initial injection location.
A given photon is removed from the box when it diffuses
over a distance I, = L/2 in any of the three Cartesian
directions, so as to mimic escape from an open cube of
linear size L. Each escaping photon is immediately
replaced with a new seed photon, inserted at the location
of the old particle, so that the total number of photons in
the box remains constant. The momenta of injected seed
photons are sampled from an isotropic Planck spectrum at
the fixed temperature T',.

Our setup has three key parameters: the pair plasma
magnetization 6, = B}/4mngym,c?, the ratio nyo/nep, and
the Thomson optical depth 71 = onggles., Where ny is the
mean density of electrons and positrons, npy is the mean
(x-ray and gamma-ray) photon density, and ot is the
Thomson cross section. Our fiducial simulation has
0. = 2.5, npho/neo =250, and 7 = 1.7. The choice of
0. and 7r mimics the conditions expected in black-hole
coronae, which are believed to be strongly magnetized
(6. 2 1) and optically moderately thick (zp ~ 1) [6,67],
whereas np0/neo is chosen so as to achieve an amplifica-
tion factor A ~ 10 [defined below; see Eq. (1)], consistent
with observations of hard states in x-ray binaries [7,68].

Other parameters are chosen as follows. The temperature
of the seed photons is Ty/m.c?> = 1073. We set the
frequency and decorrelation rate of the Langevin
antenna [65] to wy = 0.9(27xvs/L) and y, = 0.5wy,
respectively, where v, is the Alfvén speed. We define
vp = clo./(1 + 6.)]'/?. The chosen strength of the antenna
current results in a typical amplitude 6B ~ B, for the large-
scale fluctuating magnetic field. The simulation domain is
resolved with 1280° cells for the PIC scheme and 1283
collision cells for the Compton scattering. The size of the
box is L/dy, = 640, where dy = (m.c?/4xne?)"/? is the
pair plasma skin depth. The time step for the PIC scheme
and for Compton scattering is At = 0.45Ax/c, where Ax is
the cell size of the PIC grid. The plasma and radiation
are each represented on average with eight macroparticles
per cell of the PIC grid. Additional simulations, numerical
details, and discussions are included in Supplemental
Material [45].

Energy budget—Let us consider the energetics of the
turbulent cascade. In steady state, the energy carried away
by escaping radiation is balanced by the turbulence cascade

power (cf. [25,69D):  npno(Eesc — Eo)/tesc = 6B /4nty,
where E.. and E, are the mean energies of escaping
and injected photons, respectively, fo. = (71 + 1)leg/C 18
the photon escape time associated with diffusion over scale
lese, and to = Ily/6v is the eddy turnover time at the
turbulence integral scale [, with velocity fluctuation dv.
Using 6v =~ (6B/B,)v,, we then obtain

i) () )
(1)

where A = E,,./E, is the amplification factor. An effective
electron temperature O, can be obtained by balancing the
radiative cooling rate U;c with the power carried away by
the escaping photons. To estimate Uj. we assume for
simplicity that the radiation field is isotropic, which is well
satisfied when 71 < 1; for 7+ ~ 1 moderate anisotropies
may arise due to the scattering of photons by the large-
scale bulk motions [70]. In the regime of unsaturated
Comptonization, relevant to black-hole coronae [71], we
then have Uyc ~ 4fxnTripno EpnOefi ¢/ Lesc (cf. [69]), where
O = u?/3, u = yp is the particle four-velocity in units of
¢, fxn 1s a Klein-Nishina correction factor [72], and Eph is
the mean energy of a photon within the turbulent domain.
Balancing Ujc with npyoEese/fesc gives

EBSC
4Epfxner(or + 1)

(2)

Opfr =

O, is not to be confused with the proper plasma temper-
ature. Rather, it should be regarded as a measure for the
particle mean square four-velocity, which can include
contributions from thermal, nonthermal, or bulk motions.
For the timescale fic ~ neEe/(nphoEese/lfesc), on which
the electron kinetic energy is passed to the radiation,
we find #c/ty =~ (E./mcc?)[o.(6B/By)*]~!, where E,
is the mean kinetic energy per electron. Finally, the
radiative compactness [6,73] can be expressed as £ ~
4TT5e(5B/BO)3(UA/C)(lesc/ZO) [45].

Figure 1 demonstrates the approach to a statistically
steady turbulent state in our fiducial PIC simulation. The
charged particles and photons are energized by the turbu-
lent cascade, reaching a quasisteady state in roughly three
light-crossing times L/c [74]. Unless stated otherwise, the
various statistical averages reported below represent the
mean values over the quasisteady state starting at fc/L ~ 3
and extending until the end of the simulation. The fully
developed turbulent state exhibits random “flaring” activity
associated with the buildup and release of magnetic
energy [Fig. 1(c)]. The system is radiation-dominated
and strongly magnetized in the sense that both the
box-averaged photon energy density (Uy) = npnoEpn
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FIG. 1. Time evolution of the electron-positron (a) and

escaping photon (b) energy spectrum, and the evolution of
the box-averaged plasma, radiation, and magnetic energy
density (c). Different colors in panels (a) and (b) represent
the simulation time. Also shown is the spectrum of photons
contained in the domain at the end of the simulation [dashed red
curve in panel (b)].

and the fluctuating magnetic energy density (Usp) =
(6B)/8n exceed the average kinetic energy density
(U.) = neyE, of pairs.

Consistent with observations [7], the escaping radiation
spectrum exhibits in the statistically steady state a photon
index close to I' &~ 1.6 between the photon injection energy
of roughly 1 keV and the peak near 100 keV (corresponding
to E*dNy,/dE o« E7F2 ~ E*4 in Fig. 1(b)]. For our sim-
ulation parameters with E,/m.c>~2.7x1073, 6B/By~1,
and l../lp~ 1.3 [75], Eq. (1) gives A =~ 12, in reasonable
agreement with the typical value A ~9 measured in the
simulation. The compactness £ = 19 [45], which is compa-
rable to the typical value £ ~ 50 inferred for the hard state of
Cyg X-1 [6]. The simulated compactness is too low for a
self-consistent balance between pair creation and annihi-
lation [45]. Thus, a pair plasma composition is assumed
here for computational convenience only. That our model
does not include heavier ions is an aspect worth consid-
ering when comparing our results to magnetohydrody-
namic (MHD) simulations.

The pairs develop over time a nonthermal spectrum
[Fig. 1(a)] with mean kinetic energy per particle
E./m.c? ~0.5. The nonthermal tail (E, = 600 keV) con-
tains about 30% of the kinetic energy. The effective
temperature is raised by particles from the nonthermal tail
to Oy ~0.6. A thermal plasma with the same E. as
measured in our simulation would have a proper temper-
ature T, /m.c* ~ 0.3. For reference, Eq. (2) predicts O =~
0.2 for our measured Eq./Ey ~ 1.4 and fxy ~ 0.5 [76].
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FIG. 2. 1D power spectra E(k ) of the turbulence energy as a
function of the wave number k| perpendicular to B, for zp = 1.7
and 7y = 0.2 (a). Panel (b) shows the ratio of the turbulent spectra
from the two simulations.

For the cooling timescale we find fic/fy ~ 0.2. Thus, the
pairs pass their energy to the photons on a timescale shorter
than the turbulent cascade time.

Emission mechanism.—The Comptonization of photons
can occur through internal or bulk motions. In the fast
cooling regime (#;c < fg), a fraction f of the turbulence
power is passed to the photons via bulk Comptonization
before the cascade reaches the plasma microscales, leading
to radiative damping of the turbulent flow [70,77,78]. This
is demonstrated in Fig. 2, which shows the turbulence
energy spectra E(k ), defined as the sum of magnetic,
electric, and bulk kinetic energy density spectra [79]. The
spectrum E(k, ) from our run with 7t = 1.7 is compared
against the result obtained from a simulation with 7t = 0.2
but otherwise identical parameters. The spectra extend
from the injection scale (k;d. ~ 0.01) into the kinetic
range (k | d.o = 1), where the cascaded energy converts into
plasma internal motions. Over the MHD range (k| d.g < 1)
the turbulence spectrum for 7zt = 0.2 exhibits a slope
consistent with a classical cascade where E(k,) « kf/ 3
[80,81], while for 71 = 1.7 the radiative damping becomes
strong enough to steepen the spectrum [Fig. 2(a)]. This can
be considered an example for how radiative effects render
the turbulence spectra nonuniversal.

The steepening of the turbulence spectrum in our fiducial
simulation with 7p = 1.7 is related to the power lost via
bulk Comptonization as follows. In the MHD range, it may
be assumed that IT; ~ F,— fof where II; is the
turbulent energy flux to perpendicular wave numbers larger
than k,, F is the external driving confined to the wave
number k) < k|, and fo is the radiative dissipation rate
between ky and k. Since a fraction f, of the cascade
power is lost to radiation, we have Dﬁjﬁx ~ fouxF o, and so
HkL/HO ~1- fbulkD?f/,D}‘(ﬁx’ where HO ~ f() is the
energy flux in the absence of damping. The flux can be
approximated as IT; o ki™E(k, )", with a=1/2
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FIG. 3. Spatial structure of Oy — Opyy (a), Upy (b), and |J| (c), where @ is the effective plasma temperature, Oy is the
“temperature” of turbulent bulk motions, Uy, is the photon energy density, and |J| is the magnitude of the plasma electric current.

for the Goldreich-Sridhar turbulence model [80,81]. There
follows the estimate

E(k1)/Eo(ky) ~ (1= fu DR/ DR e, (3)
where E(k ) is the spectrum in the absence of significant
damping. At the tail of the MHD range (k, d., ~ 0.5), we
have fou ~ 1 — [E(k,)/Ey(k)]'**, which can be taken as
a proxy for measuring f,, - We substitute for Ey(k, ) the
spectrum obtained for 7 = 0.2 and estimate from Fig. 2(b)
that E(k,)/Ey(k,) = 0.3 near k, doy =~ 0.5 [82], indicating
that roughly fyu =~ 80% (using @ = 1/2) of the total
cascade power is passed to the photons via bulk
Comptonization. The turbulent flow is dominated by
motions transverse to the magnetic field [83], which
renders the emission anisotropic. The intensity of
Comptonized radiation escaping parallel to B is about 3
times lower than the intensity emitted perpendicular to
the mean magnetic field. Note that efficient bulk
Comptonization is generally expected when the particles
cool quickly (#ic < ty). Guided by our simulation, we
can give a simple estimate of fy 5 for fic <ty as
Jou ~ 1= tic/tg ~ 1 = (Ee/mec?)[o.(6B/By)*]™", which
connects bulk Comptonization to the high-o, regime.

Efficient bulk Comptonization implies that the plasma is
essentially cold and its effective temperature is close to the
“temperature” of turbulent bulk motions Oy = u /3
[8], where uf . = fau/ (1= Bau) is the squared bulk four-
velocity in units of ¢?. In the simulation with 7 = 1.7 we
find on average O, /O =~ 50%. In Fig. 3 we visualize
the local difference Oy — Oy at time f¢/L = 6 in our
fiducial simulation. For reference, we also show the
structure of the photon energy density and the magnitude
of the plasma electric current. Over much of the volume the
plasma is indeed cold, in the sense that at most locations the
difference Oz — Oy is very moderate. In a small fraction
of the volume, typically near electric current sheets, the
turbulent energy is intermittently released into internal
motions, giving rise to “hot spots” with O — Opyy = 1.
The hot spot formation requires a rapid form of

energy release in order to outpace the fast cooling. One
promising candidate is magnetic reconnection [45], which
is known to promote particle energization magnetically
dominated MHD [84-93] and kinetic [31,37,94-96] tur-
bulent plasmas.

Observational implications.—Figure 4 shows the spectra
from our fiducial PIC simulation, time-averaged over
steady state, together with observations of Cyg X-1 in
the hard state. The obtained emission spectrum closely
resembles the observations. Differences between our sim-
ulation and observations are seen below 1 keV, where the
observed spectrum is attenuated by absorption, between
10 keV and the peak, and around 1 MeV. We do not include
the additional radiation component that is Compton-
reflected from the disk [4], which affects the spectrum
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FIG. 4. Energy spectra of electron-positron pairs (a) and of the
escaping radiation (b), overplotted with observations of the
hard state in Cyg X-1 from BeppoSAX [99,100] and CGRO/
OSSE [101]. The emission spectra are normalized with respect to
OSSE. Dashed blue curve in panel (a) shows the energy
distribution due to bulk motions alone. The dashed black curve
shows a Maxwellian distribution fitted below 400 keV.
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in the range between roughly 10 keV and the peak.
Regarding the MeV tail, we note that the inclusion of
synchrotron cooling [7] and pair creation [97,98] could
soften the tail. Simulations with electron-ion compositions,
pair creation and annihilation, and/or synchrotron emission
can further constrain the physical conditions required to
reproduce the observed MeV tail.

The strongly magnetized regime (o, 2 1) explored here
corresponds to a radiatively compact corona (£ Z 10)
located roughly within 10 gravitational radii from the black
hole [45]. A natural feature of our model is the formation of
a nonthermal electron tail [Fig. 4(a)], which shapes the
MeV emission. The distribution due to bulk motions alone
[dashed blue curve in Fig. 4(a)] is significantly less non-
thermal than the full distribution (solid blue curve), which
implies that the nonthermal tail is mostly contributed
by internal motions. We ran an additional simulation at
0. = 0.1 and found in comparison to our fiducial run a
weaker nonthermal electron tail [45]. The results may also
depend on the type of turbulence driving (e.g., the low-
amplitude regime with 6B < By is less favorable for the
production of nonthermal particles [30,32,45]).

Conclusions.—We performed the first PIC simulations of
plasma turbulence that self-consistently follow the evolu-
tion of radiation via Compton scattering. Our simulations
focus on the conditions expected in magnetized coronae of
accreting black holes [4,6], which have moderate optical
depths and experience fast radiative cooling. Similar
conditions can also arise in jets of gamma-ray bursts
[70,77,78,102-104]. We obtain a spectrum of escaping
x-rays similar to the observed hard-state spectrum of Cyg
X-1, thus demonstrating that kinetic turbulence is a viable
mechanism for the energization of electrons in black-hole
coronae.

While the Compton scattering between the turbulent
kinetic plasma and the radiation is treated self-consistently,
we note that our present setup is still subject to a number
of limitations. We do not model the emission of soft
photons, pair creation, annihilation, or the global structure
of the extended corona and the accretion disk. Instead, we
adopt a local 3D periodic box approximation with a fixed
average pair number density and with soft photon injection
matching photon escape to sustain a fixed photon-to-
electron ratio. A complete understanding of the x-ray
emission from black-hole coronae may require a global
kinetic model with detailed radiative transfer, which is
presently lacking. Existing global models based on MHD
simulations (e.g., [9—11]) suggest that the properties of the
observed x rays depend not only on the mechanism of local
energy release into radiation, but also on the geometric
shape and multiphase structure of the corona.

In our local model, the emission is produced via
Comptonization in a plasma energized by large-amplitude
(6B ~ By) Alfvénic turbulence. For a strongly magnetized
plasma, we find that most of the turbulence power is directly

passed to the photons through bulk Comptonization. The
rest is channeled into nonthermal particles at localized hot
spots. For computational convenience, our simulations
employ a pair plasma composition. The nature of turbulent
Comptonization in electron-ion plasmas could differ from
that in pair plasmas [45]. An important parameter is the
fraction of turbulence power channeled into ion heating,
which needs to be investigated with dedicated simulations.
We also show that turbulent Comptonization manifests itself
through nonuniversal turbulence spectra. As such, our
simulations give a glimpse into a new regime of kinetic
turbulence in radiative plasmas of moderate optical depth.
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