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ABSTRACT

We study X-ray and soft gamma-ray spectra from the hard state of the accreting black-hole binary MAXI
J1820+070. We perform analysis of two joint spectra from NuSTAR and INTEGRAL, covering the range of
3-650 keV, and of an average joint spectrum over the rise of the hard state, covering the 3-2200 keV range.
The spectra are well modelled by Comptonization of soft seed photons. However, the distributions of the
scattering electrons are not purely thermal; we find they have substantial high-energy tails, well modelled as
power laws. The photon tail in the average spectrum is detected well beyond the threshold for electron-positron
pair production, 511 keV. This allows us to calculate the rate of the electron-positron pair production and put
a lower limit on the size of the source from pair equilibrium. At the fitted Thomson optical depth of the
Comptonizing plasma, the limit is about 4 gravitational radii. If we adopt the sizes estimated by us from the
reflection spectroscopy of >20 gravitational radii, the fractional pair abundance becomes much less than unity.
The low pair abundance is confirmed by the lack of both an annihilation feature and of a pair absorption cutoff

above 511 keV in the average spectrum.
1. INTRODUCTION

Compton scattering of soft seed photons has for long been
shown to explain well hard X-ray spectra of the accreting
black-hole (BH) X-ray binaries (XRBs) in their hard spec-
tral state. The electron distribution appears to be predomi-
nantly thermal at mildly relativistic temperatures, k75, see,
e.g., Done et al. (2007) and Zdziarski et al. (2020) and refer-
ences in those works. However, the form of the spectral high-
energy cutoff in some sources indicates the presence of a sub-
stantial high-energy non-thermal tail beyond a Maxwellian
electron distribution (e.g., McConnell et al. 2002; Wardzifiski
et al. 2002; Poutanen & Vurm 2009; Zdziarski et al. 2017;
Walter & Xu 2017; Cangemi et al. 2021). On the other hand,
instead of being thermal, the dominant Comptonization pro-
cess could be scattering on the bulk motion of fast-moving
plasmoids generated in magnetic reconnection, in which case
a photon tail due to electron acceleration can appear as well
(Beloborodov 2017; Sironi & Beloborodov 2020).

A related effect is e pair production in photon-photon col-
lisions. High-energy tails in the spectra of sources explained
by hybrid Comptonization usually cross the threshold for this
process, mec?, significantly increasing the number of pair-
producing photons with respect to the purely thermal case.
Pair equilibria (in which the rate of pair production is bal-
anced by that of pair annihilation) in hybrid plasmas were
studied in Zdziarski et al. (1993), Coppi (1999), Gierlinski

et al. (1999), McConnell et al. (2002), Malzac & Belmont
(2009) and Fabian et al. (2017).

Here we study these effects in MAXI J1820+070. Itis a
transient BH XRB, whose outburst was discovered in 2018
(Tucker et al. 2018; Kawamuro et al. 2018). The source
is relatively nearby, at an accurately measured distance of
d =~ 3.0 + 0.3kpc (Atri et al. 2020). Also, the inclina-
tions of both the binary and its radio jet are well constrained,
as i, ~ 66°-81° (Torres et al. 2020), i; ~ 63° £ 3°
(Atri et al. 2020), respectively. The BH mass is given by
M = (5.95+0.22)Mg / sin® i}, (Torres et al. 2020). The out-
burst was extensively monitored by a number of observato-
ries, in particular by Nuclear Spectroscopic Telescope Array
(NuSTAR; Harrison et al. 2013), the Spectrometer on INTE-
GRAL (Roques et al. 2003; SPI), and the Imager on Board the
INTEGRAL Satellite (Ubertini et al. 2003; IBIS). Here, we
study spectra from contemporaneous observations by those
instruments during the initial hard state of the outburst. They
provide high-quality broad-band spectra in the range from
3keV up to 21 MeV.

2. OBSERVATIONS AND DATA REDUCTION

We use the INTEGRAL data from SPI and IBIS. The lat-
ter consists of the ISGRI and PICSiT detectors. We use the
SPI data as published in Roques & Jourdain (2019). Data re-
duction and spectral extraction for ISGRI was done using the
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Table 1. Contemporaneous observations of MAXI J1820+070 with INTEGRAL and NuSTAR in the hard state

Epoch INTEGRAL SPI Start time Exposure IBIS Start time Exp. ISGRI =~ NuSTAR Obs. ID  Start time Exposure A
revolution End time End time Exp. PICSiT End time  Exposure B
1 1934 58201.555 13604 58201.544 8796 90401309008 58201.526 3046
58201.757 58201.757 58201.766 3214
2 1938 58212.181 28507 58212.181 8305 90401309012 58212.200 12334
58212.606 58212.393 58213.177 12964
A 1931-1951 58193.453 1147756 58193.455 765345 90401309004-16  58198.036 50176
58246.894 58246.892 1156304 58242.643 52799

NOTE— The times are given in MJD, and the exposures are effective in seconds. The average NuSTAR spectrum is from 8 observations with

the Obs. IDs 904013090(04, 06, 08, 10, 12, 13, 14, 16).

OSA v. 11.1 software (Courvoisier et al. 2003). The analysis
of the PICSIT data follows the method of Lubinski (2009).

We also use data from NuSTAR. They were re-
duced with HEASOFT v.6.25, the NuSTARDAS
pipeline v.1.8.0, and CALDB v.20200912. We set
saamode=strict, tentacle=yes and STATUS==
b0000xxx00xxxx000. The source region is a 60" circle
centered on the peak brightness. We group the data to signal-
to-noise ratio >50, but only below 69 keV, so we can utilize
the 3-79 keV band to the maximum.

The chosen data sets are listed in Table 1. Epochs 1 and
2 consist of overlapping INTEGRAL and NuSTAR observa-
tions. They correspond to the beginning of a plateau phase
on the count-rate/hardness plot, see fig. 2 in Buisson et al.
(2019). For them, the PICSiT data have low statistics and we
do not use them. Then, we analyze the average INTEGRAL
spectra for the initial hard state, over the span of 53 d, and the
corresponding average NuSTAR spectra, which set is denoted
as A in Table 1. These INTEGRAL observations start in the
middle of the initial sharp rise phase of the outburst and con-
tinue through the middle of the plateau phase. This data set
includes the average PICSiT spectrum.

We use the SPI spectra from 23keV up to 650keV for
epochs 1, 2, and up to 2.2MeV for the average spectrum,
and include in them a 0.5% systematic error (Roques & Jour-
dain 2019; added in quadrature). We add the same system-
atic error to the average NuSTAR spectra, in order to avoid
the broad-band fit to be dominated by the very good statis-
tics of the latter. However, following previous papers on the
NuSTAR data from MAXI J1820+070, e.g., Buisson et al.
(2019), we do not add a systematic error to the individual
spectra. Given apparent calibration inaccuracies in the IS-
GRI and PICSIT data, we add a 1% systematic error to each
of them. Also, the fluxes from the ISGRI at its lowest ener-
gies are substantially below those of the other detectors, and
thus we use it in the 32-500keV range only. We use the PIC-
SiT data in the 0.24-2 MeV range.

3. SPECTRAL FITS
3.1. The method

In our spectral analysis, we follow the treatment of
Zdziarski et al. (2021b) (Z21) with some modifications re-
lated to the presence of high-energy non-thermal tails in the

studied spectra. We use the X-ray fitting package XSPEC (Ar-
naud 1996). The fit uncertainties are for 90% confidence,
Ax? =~ 2.71. Residual differences between the calibration
of the NuSTAR Focal Plane Modules A and B and the INTE-
GRAL detectors SPI, ISGRI and PICSiT are accounted for
by the model plabs, which multiplies the model spectra
by KE~2T. We set K and AT fixed at 1 and 0, respec-
tively, for the NuSTAR A module, and find them fitted to
the module B as 0.99 and ~ +0.01, respectively. For the
INTEGRAL epochs 1, 2, we find AT" = +0.008-0.015 and
K =~ 1.24-1.28. We account for the ISM absorption using
tbabs (Wilms et al. 2000) using the elemental abundances
of Anders & Grevesse (1989), with the column density to-
ward the source of Ny = 1.4 x 10! cm~2 (e.g., Kajava et al.
2019). At this low value, absorption of photons at £ > 3keV
is weak, but still noticeable.

We model spectra from Comptonization going directly
to the observer and those reflected from an accretion disk
around a Kerr BH taking into account atomic and relativistic
effects. We use the reflkerr (NiedZzwiecki et al. 2019) and
reflkerr_bb routines. The former assumes the Comp-
tonization is on Maxwellian electrons, using the compps
code (Poutanen & Svensson 1996). The reflkerr_bb is
anew routine!, which allows for the presence of a power-law
tail in the distribution, using a modified version of compps?.
The tail is parametrized by the Lorentz factor (i, ) at which
the electron distribution switches from thermal to a power
law in the momentum with an index, p, dN,/d(8v)
(8v)~P (where Scis the electron velocity), up to a maximum
Lorentz factor, Ymax, assumed to be 103,

The thermal electrons are parametrized by their tempera-
ture, kT, and the Compton parameter, y = 47rkT,/ MeC?,
where 71 is the Thomson optical depth of the plasma. The
Comptonizing cloud is assumed to be spherical and we set

! See users.camk.edu.pl/mitsza/refikerr. It can also account for blackbody-
like disk emission due to its irradiation and viscous disk dissipation, analo-
gously to the lamppost version reflkerr_lpbb (Zdziarski et al. 2021a).
However, we do not use that feature in this work.

2 The standard version of compps allows for the presence of a tail in the
form of dN./d~y o< y~P only, which does not correspond to a physical
acceleration for low values of . On the other hand, both versions give
accurate spectra for any 7, with the number of calculated scatterings ~
50+ 47-% (at the expense of a long calculation time for large values of 7).


users.camk.edu.pl/mitsza/reflkerr

HYBRID COMPTONIZATION AND E* PAIR PRODUCTION 3

geom = 0 in compps, which gives a fast method, which,
however, overestimates y. We therefore use an option of
geom = —J (for a sinusoidal distribution of the seed photons
in a sphere, Sunyaev & Titarchuk 1980), which calculation
is very slow but accurate, in order to find the actual values
of y, and thus of 7. We also evaluate the average 2-10keV
power-law spectral index, I, of a fitted Comptonization com-
ponent (unabsorbed and without reflection). The seed pho-
tons for Comptonization are assumed to have a blackbody
distribution with the temperature of k7};, = 0.2keV, fol-
lowing the results from the Neutron star Interior Composi-
tion ExploreR (NICER; Gendreau et al. 2016) of Wang et al.
(2020).

In reflkerr, the reflected spectra in the rest frame are
calculated using xillverCp (v. 1.4.3; Garcia & Kallman
2010; Garcfa et al. 2018) up to ~10keV and ireflect
(Magdziarz & Zdziarski 1995) at higher energies, see
Niedzwiecki et al. (2019) for details. Both the direct and
reflected components are integrated over the surface of a Ke-
plerian disk taking into account the relativistic effects. Here,
we assume the standard emissivity profile of o R~3, which
is the same as the disk viscous dissipation at & > Risco,
where Risco is the radius of the innermost stable circular
orbit. The reflection fraction, R, is defined in reflkerr as
the ratio of the flux irradiating the disk to that emitted outside
in a local frame. We assume a rotating BH with the dimen-
sionless spin of a, = 0.998, for which Risco ~ 1.237R,,
where R, = GM /c?. However, the effect of this assumption
is negligible at R > Risco.

We then use the same spectral model as Z21, with two
Comptonization components, soft and hard, which reflect
from two zones in the disk. As found in Z21, and confirmed
in this study for the individual observations, fits with this
model show that the hard component dominates both the to-
tal flux and the emission at the peak of the EFr spectrum
(where Fg is the differential energy flux) and beyond it. The
reflection of this component is found to be weakly blurred
relativistically and from a weakly ionized medium. The less
luminous soft component dominates in soft X-rays, and its
reflection is both more blurred and from a strongly ionized
medium. In the fits, we determine the radial range of the
soft reflection as between the inner disk truncation radius,
Rin > Risco, up to a transition radius, Ry, = Rin + AR.
The hard reflection is from radii > Ry,. The fit parameters
R;y and AR are determined predominantly by the soft and
hard reflection, respectively. Each of the two reflection zones
is characterized by its ionization parameter, £ = 47 F},/n,
where Fj,, is the irradiating flux and n is the density of the
reflecting part of the disk.

However, the locations of the two Comptonizing plasmas
(hard and soft) is not determined by the fits. A possible ge-
ometry is shown in fig. 4 of Z21. There, the soft component
forms a corona covering the disk between R;, and Ry, and
its reflection is from the disk underneath. The hard compo-
nent forms either a hot flow or a slow jet sheath with a large
scale height at radii < Rj,. Its inner location is supported by
its dominance of the total luminosity. Since the disk between

E Fg [keV cm-® 5-1]

E Fg [keV cm® 571)

E [keV]

Figure 1. The NuSTAR (magenta and cyan), SPI (blue) and IS-
GRI (red) unfolded spectra of epochs (a) 1, (b) 2, fitted in the 3—
80 keV range with the two-component model with thermal electrons
(black solid curves), but shown in the entire ranges of the data. The
spectra are normalized to the NuSTAR A module. The fits signifi-
cantly underpredict the spectra at 2>100keV. The softer and harder
Comptonization components are shown by the red long dashes and
blue short dashes, and the corresponding reflection components are
shown by the magenta dot-dashes and cyan dots, respectively.

R;, and Ry, is covered by the soft corona, the reflection of
the hard Comptonization component is from remote parts of
the disk, at R > Ry,. While this geometry is not unique, our
results below do not depend on it.

3.2. Fit results

We first fit the NuSTAR data for epochs 1 and 2 assuming
that the two Comptonization zones have the same electron
temperature. We obtain results similar to those in table 2 in
721, with R;;, > Risco. The inclinations obtained from the
fits are within ¢ ~ 60-70°, which agrees with the binary and
jet measurements (Section 1). As in Z21, we do not impose
the same inclination for each data set, in order to demonstrate
that each of them gives ¢ compatible with the observational
constraints, as well as to account for possible flaring and pre-
cession of the disk. We then include the SPI and ISGRI data
and fit them simultaneously with NuSTAR up to 80keV. We
find an excellent agreement of those data with NuSTAR. In
the next step, we include the data >80keV, and plot the re-
sulting E'F'r spectra in Figure 1. We find that both the SPI
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Table 2. The results of spectral fitting for our two-component coronal model (soft thermal and hard hybrid)

Component Parameter Epoch 1 Epoch 2 Average
ISM absorption Ny [10*Y] em ™2 1.4f
Joint constraints il°] 70t3 6611 6573
Zre [©)] 15507 L2%gd 1%y
Thermal Comptonization Yth 0.541001  0.537005  0.6870:01
and reflection Cin 1.807582  1.87100% 1757002
kTe tn [keV] 1211 1211 207]
Rin [Re] 2272 3172 10577,
Rin 0.637592  0.4215:01  0.371951
logio&m  3.615070; 3517005 3.515003
Nin 2.7610:38  2.90100%  3.31500%
Hybrid Comptonization Un 0.9570:0%  0.857901  1.04105]
and reflection I'n 1.33700s  1.437007 1391001
kT n [keV] 2112 2111 3378
Yenin 1.247908  1.247007  1.3140:0%
p 3.067035 2.98%00%  3.551030
AR [Rg] 850709,  300135° < 140
Ru 0.387097  0.3170:08  0.907052
log; o &n 2.47-_H3182 Qt172 o170
N, 1.28703%  1.09700,  0.51%0:0;
X2 954/792  1759/1307  2275/2011

NOTE— For plabs«+tbabs (reflkerr+reflkerr_bb). Zre is the Fe abundance in solar units, Rty = Rin + AR, Rouwt = 10°Ry,
Nin,n is the flux density of a Compton component @1 keV, yn, 1 is the Compton parameter (calculated accurately for spherical geometry),
T'th,n is the power-law index fitted to a Compton component in the 2-10keV range (not a free parameter), and R, 1 is the reflection fraction.
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Figure 2. The NuSTAR (magenta and cyan), SPI (blue), ISGRI (red) and PICSiT (black; for A only) unfolded spectra and data-to-model ratios
of the epochs (a) 1, (b) 2, (c) A, fitted in the full ranges with the two-component coronal model (black solid curves), see Table 2. The spectra
are normalized to the NuSTAR A one. The softer (red long dashes) and harder (blue short dashes) Comptonization components are for thermal
and hybrid electrons, respectively. The corresponding reflection components are shown by the magenta dot-dashes and cyan dots, respectively.

and ISGRI data at £ 2> 100keV are significantly above the These results show that fitting the NuSTAR data with ther-
model fitted at 3—-80keV, while they are in a good mutual mal Comptonization in order to determine the rate of e* pair
agreement. In particular, the spectra measured by the SPI production and constrain its equilibrium with the rate of pair
and ISGRI extend up to 400keV with significant non-zero annihilation in accreting BHs (Fabian et al. 2015) may be un-
fluxes, while the models fitted in the 3—-80keV range predict reliable. At least in MAXI J1820+070, the NuSTAR spectra

only very weak such emission. fitted by models with a thermal electron distribution do not
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provide reliable predictions for the spectra around 511 keV,
and thus for the pair production rate. This conclusion agrees
with that of Coppi (1999) and Fabian et al. (2017), who found
that allowing for a hybrid electron distribution reduces the
minimum electron temperature at which significant pair pro-
duction can take place.

We then fit the broad-band spectra for all three epochs with
the thermal Comptonization model, but allowing k7, of the
two Comptonization clouds to be different. The resulting fits
remain rather poor. In particular, we obtain x2 ~ 984/794,
1835/1309, 2437/2013 for epochs 1, 2, A, respectively, with
significant residuals at the highest energies. These models
also require very strong reflection from the harder compo-
nent, e.g., Ry ~ 2.8, 3 (constrained to <3) for epochs 2 and
A, respectively, which puts in question their physical reality.

We then allow for the presence of a non-thermal tail in the
electron distribution of the hard component, which adds two
free parameters, Ymin, and p. We find that this strongly im-
proves the fits, with the spectra and data/model ratios shown
in Figure 2 and the parameters given in Table 2. With the
new values of 2, the probabilities for the improvement to
be by chance estimated by the F-test for epochs 1, 2, A equal
~ 5x107%,10712, 10730 respectively. We find yyin ~ 1.2—
1.4 and p ~ 2.5-3.7. The index for the average spectrum is
somewhat steeper than in the case of the individual obser-
vations. This may be due to the INTEGRAL and NuSTAR
observations not covering exactly the same periods with dif-
ferent exposures and/or the high-energy tail weaker than in
the case of epochs 1-2 during some of the other INTEGRAL
observations (as observed; Roques & Jourdain 2019). Figure
3 shows the electron distribution corresponding to the best fit
to epoch A. The tail contains 8% of the electrons and 40% of
their energy.

We have added a high-energy tail to the hard component
only since its Comptonization dominates at high energies in
modelling the spectra of epochs 1 and 2, which is also the
case for all the observations studied in Z21. Still, we have
tested the effect of adding a tail also to the soft component,
but found that while its presence is allowed (and likely), it
leads to no decrease of x2 for either epoch 1 or 2. For the av-
erage spectrum, we found a modest decrease of Ax? ~ —9
with almost no change to the other fit parameters. The pa-
rameters of the tail to the soft component are poorly con-
strained, and the model becomes considerably more compli-
cated. Thus, we have opted for not including that tail.

Apart from the presence of the non-thermal tail, the results
shown in Table 2 for epochs 1 and 2 are very similar to those
for the NuSTAR observations 2 and 4 analyzed by Z21, with
the Fe abundance close to solar and the disk being substan-
tially truncated. On the other hand, the relatively large value
of R;, for epoch A may be biased by the averaging, and we
do not claim it corresponds to the actual average inner radius.

Instead of adding a non-thermal tail to the electron distri-
bution, Roques & Jourdain (2019) were able to fit the SPI
data (=20keV) alone by thermal Comptonization, reflection
and an e-folded power law. However, the NuSTAR data (3—
79keV) for this source require two reflection components

. . . . . H . .
0.01 0.05 0.10 050 1.00 5.00 10.00

Figure 3. The electron distribution of hard Comptonization compo-
nent of the best fit to epoch A, with kT, = 33 keV and a power-law
with p = 3.55 above 5+ corresponding to ymin = 1.31. The dashed
curve gives the corresponding pure Maxwellian distribution.

(Buisson et al. 2019) as well as two incident continua with
different shapes (Z21), which we have assumed in our joint
fitting. We can still add another spectral component to our
two-component thermal-Compton fit described above. We
have found that an added e-folded power law has a very low
spectral index, I' ~ 0. In the absence of self-absorption
(which is ruled out at high energies), a spectrum as hard
can be obtained only from thermal Comptonization close to
saturation, with a pronounced Wien peak. We have thus re-
placed the e-folded power law by thermal Comptonization
using the thcomp model (Zdziarski et al. 2020), which is
well suited for saturated Comptonization. For the average
spectrum, we have obtained a reasonable fit with I' ~ 1.2
and kT, ~ 68keV for that additional component. Still,
this model yields x2 ~ 2324/2010, which is significantly
higher than the model with a non-thermal tail (Table 2), with
Ax? =~ 449, as well as the data are much above the model
at £ 2 0.5MeV. The two models are not nested, so the F-
test cannot be used. Instead, the Akaike information criterion
(Akaike 1978) can be used, which yields the relative likeli-
hood of the model with the additional component compared
to that with the tail of ~8 x 10712, where we used it as given
by eq. (1) in Dzietak et al. (2019). Thus, we see that an ad-
dition of a high-energy tail to the electron distribution yields
a much more likely fit than that with an additional spectral
component.

4. PAIR PRODUCTION

We express the photon-photon pair production rate through
the differential photon density at its threshold, mec?, and ex-
press the photon energies as € = E/(mc?). We denote that
density, dn/de, at e = 1 as n;. In order to estimate it, we
assume a simple model of a sphere with a radius, R, a uni-
form photon density, and the average photon escape time of
~ (R/c)(1 + gctr/3), where 70 = Rneor, gc = oc/or,
ot and o are the Thomson and Compton cross sections, re-
spectively, n, is the total density of electrons and positrons,
and gc(e = 1) ~ 0.43. This yields

3(1+ gorr/3)d?

ny = Fg(511keV) e ,

(1
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where F is in units of keVecm~2 s~ keV~!. Given that the
spectra in the vicinity of 511keV have approximate power-
law shapes, see Figures 2, 4, we assume dn/de = nye L.
Thus, the formalism developed in this section is indepen-
dent of the hybrid model fitted to the broad-band spectra.
We further approximate the photon field within the source
as isotropic, allowing us to use the absorption coefficient
for photon-photon pair production by Gould & Schréder
(1967)3. The absorption coefficient for photons crossing a
power-law isotropic photon field without cutoffs is given by
egs. (B3) and (BS5) of Svensson (1987), which corresponds to
the radial optical depth of

7' 1nyoTR
Tyy(€) & GT5(L+T) 2
In the absence of cutoffs, the total pair production rate is in-
finite. Here, we integrate the absorption coefficient corre-
sponding to Equation (2) over a power law with a sharp high-
energy cutoff at e, = E./(mec?) > 1, and include a factor
of 1/2 to account for double counting of pair-producing pho-
tons. Note that this neglects the effect of pair absorption,
which we will consider later. This yields,

. 7C In e,
Toyry R mn%aq«c. 3)
It depends logarithmically on the unknown high-energy cut-
off. Equation (3) also requires that the power law extends at
low energies to at least € = ¢_ . The neglect of the cutoff in
calculating the absorption coefficient means that the rate cal-
culated as above is overestimated, which we account for by
the factor C < 1. Ate, =4 and T’ = 3,4, C ~ 0.71, 0.78,
respectively. Given the lack of an observed high-energy cut-
off, the actual value of ¢, remains unknown, but the average
spectrum shown in Figure 4 implies €. 2 4.
We assume the produced pairs lose quickly their energy in
excess of the thermal one in Compton and Coulomb scatter-
ing and thermalize. The annihilation rate by thermal e* is

3
3—2u(2 - u)ngaTch(G), )

where u = 2n. /n, is the pair abundance, n,. is the positron
density, 0 = kT,/ mec? and g, is the correction to the Born
rate, which can be fitted as (Svensson 1982)

(T-LJr)ann -

ga ~ [1+4262/In(2ne6 +1.3)] ", (5)

where g = exp(—7g) & 0.5616 and g is Euler’s constant.
Here, we neglect the small effect of annihilation of eT from
the non-thermal tail of the fitted distribution, whose tail con-
tains only a small fraction of all e*.

We then consider escape of pairs, which is very likely to
be present as advection to both the BH and the jet/wind.

3 Corrected in Brown et al. (1973). See also the corrected first three coeffi-

cients of the series expansion in Zdziarski (1988); the fourth is in error.

Table 3. High-energy and et pair parameters

Epoch r EFp(GIkeV) o) R}‘%Z" Tyy(u=1) u(Rin)

keVem—2s—1
1 3.601028 248705 57 38 0.34 0.017
2 3.707022 2357095 51 3.7 0.29 0.008
A 374500 2147809 40 3.7 023 0.0007

NOTE— I' and EFg(511keV) are for the fits at E 2 160keV. The
Thomson depth of the hard component, 7T, the radius for u = 1,

Rpair, the photon-photon optical depth at w = € = 1, 7, and w,
the pair abundance for Req = Riy, are given for the best-fit
parameters, and M = 8Mg), €c = 4, Besc = 0.3, C' = 0.75.

We parametrize it by the ratio of the light travel time
across the source to the time scale of pair escape, fesc =
(R/c)/[n+/(n4)ese] < 1 (following eq. 18 of Zdziarski
1985). This gives

. 1
(n+)esc = %BescungaTc- ©6)

The rates of annihilation and escape become equal for

ese = 15(2 — w)ga(O)7 @
(not assumed below). Pair equilibrium corresponds to 72, =
(N4 )ann + (74 )ese- (This neglects the photon-particle and
particle-particle pair production, which, as we have checked,
are not important for this source.) Its solution gives the radius

of
4(7C I ee) 2 ord?(1 + 0.1477) Fp(511keV)
™ L ®
P5/6[U(F + 1)]%7—TC (2 _ u)gA + %]

31T

which is X 4 /2. The minimum radius at which pair equi-

librium can be established, which we denote as R,;;, corre-
sponds to the pair dominance, i.e., u — 1. Also, for known
71 and radius, e.g., setting K.y = R, of Table 2, we can
solve for u. For a given u, the optical depth to pair produc-
tion can be calculated using Equation (2),

37t

8I5/6( + 1)z (C'lne)z

erfl’rT(7u)% [(2 — u)gA + 16Besc | 2

)

Ty (€) =

which is maximized at w = 1 (at which R = Rpai,).

We then calculate the total observed flux of photons from
pair annihilation as Napy = 2(724 )ann (47 R3/3) /[4md? (1 +
0.1477)] (in units of cm~2s~1), where the factor of 2 ac-
counts for two photons produced in each annihilation event
and the flux is reduced by scattering (and we neglect sec-
ondary pair production by the annihilation photons). Setting
R = Req, we find

N (TCulnec)z (2 — u)TTFE(5111{6\/)l 0
AT5/6(T + 1)2 [(2 —u)ga + —165“} ’

3TT
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E Fg [keV cm™2 s71]
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Figure 4. The average data above 160keV (normalized to the SPI)
fitted with a power law: SPI (blue), ISGRI (red), PICsIT (black).
Including an et pair annihilation line in the fit yields its null nor-
malization. We plot the maximum line allowed by the data at 2¢.

The above rate assumes that annihilation of pairs escaping
the hot plasma is negligible. In the limit of kT, < mc?
(which is satisfied in MAXI J1820+070), the observed en-
ergy spectrum (Fg nn, in units of keVem 25 1keV™1)
from pair annihilation becomes (Svensson et al. 1996)

¢ (6—1)2]

5/2
(r6)1/2 P [_ 0

11

FE,ann ~ Nann

Here, we assumed that the annihilating e* are purely ther-
mal. This is approximately satisfied for this source; e.g., the
steady-state electron distribution for epoch A contains only
8% of non-thermal e .

We now use the data from MAXI J1820+070 to determine
the values of the parameters related to pair production. We
have fitted the spectra of the three epochs at £ 2 160 keV
by power laws, and show the results in Table 3 and in Fig-
ure 4 for the average spectrum. Then we use equation (8)
assuming €, = 4, C' = 0.75 and B¢ = 0.3, and use the
values of 71 obtained from the broad-band fits. The obtained
radii for the pair dominance are given in Table 3, expressed
in units of the gravitational radius for the assumed BH mass
of 8My. We find Ry, = 4R, and, from equation (9), the
corresponding 7,,(e = 1) ~ 0.3. At such low radii, GR
effects would increase the photon energies and density, and
lead to some increase of R,i;. Also, a possible flattening of
the photon distribution at highest energies, as fitted in Fig-
ure 2c, would also increase Rpair by a modest factor. On the
other hand, attenuation of the power law at € 2> 1, if present,
would decrease Rpqir.

The actual radii of the plasmas emitting in the vicinity of
511 keV remain unknown. Adopting the hybrid Comptoniza-
tion model, this emission is produced by the hard spectral
component, which reflection is only weakly relativistically
blurred, see Section 3. As discussed there, this argues for
its size being relatively large, ~ R;, or more. The values
of R, are larger by an order of magnitude than RR,;,. By

solving R.q = Rin, we find u < 1, see Table 3. Thus, the
hot plasma within R;, appears not to be dominated by pairs.
In this case, 7.,, < 1, and our neglect of pair absorption is
justified. The low pair density in this source is also corrobo-
rated by the lack of any apparent cutoff above 511 keV in the
observed spectrum.

A low pair density within the emitting plasma is further
strongly supported by results of a fit to the average spectrum
including an annihilation feature. We have found that the
best-fit normalization of the feature is null. For that, we as-
sumed the fitted value of kT, ;, = 33 keV; however, the null
best fit value is obtained at any k7, < 150 keV. We show the
annihilation spectrum corresponding to the 20 upper limit in
Figure 4. This limit corresponds to <0.18 of the normaliza-
tion corresponding to the pair-dominated plasma (u = 1),
which, in turn, corresponds to v < 0.014 and Req 2 24R,,
in agreement with the constraints from the fits to epochs 1
and 2 assuming R ~ Rj,.

5. DISCUSSION

In the hard state, we have obtained the disk inner trunca-
tion radii of R, ~ 20-30, (from spectral fitting to the indi-
vidual observations), while the equilibrium radii correspond-
ing of pair dominance assuming the fitted Thomson optical
depths are Rpa.ir ~ 4Rg. If the size of the plasma emit-
ting around 511 keV is comparable to Ry, (or larger), as we
argued above, its pair abundance is low. Still, the obtained
values of R,;, hint at the importance of pair production in
regulating the physical state of the flow. If pairs were just
unimportant, the minimum radius limited by pair equilibrium
could have any value, but instead we find Rp.ir ~ Risco,
suggesting that pair production somehow knows the funda-
mental size scale of the system. The pairs produced by the
non-thermal photon tail may contribute to regulation of the
temperature of the thermal component of the electron distri-
bution (Coppi 1999; Fabian et al. 2017).

Alternatively, the obtained low values of the electron tem-
perature, kT, ~ 20-30keV, could be due to the energy bal-
ance in the flow itself. Poutanen & Vurm (2009) and Malzac
& Belmont (2009) suggested T, can be regulated by ther-
malization in a synchrotron boiler (Ghisellini et al. 1988).
Such regulation also takes place in advection-dominated ac-
cretion flows (ADAFs), but the electron temperatures of such
flows are much higher, e.g., Yuan & Narayan (2014). On the
other hand, the existing ADAF models consider only ther-
mal electrons, while the presence of non-thermal tails can
greatly increase the synchrotron cooling (see below), which
effect, could, in principle, reconcile this model with the data.
Some studies of extended accretion flows with hybrid elec-
trons were performed by Veledina et al. (2013), but without
including heating from ions.

An important diagnostic, strongly confirming the low pair
dominance independently of the pair equilibrium calcula-
tions, is the absence of an annihilation feature in the observed
spectrum. Purely thermal plasmas do not show distinct pair
annihilation lines even if dominated by pairs (Zdziarski 1986;
Stern et al. 1995; Svensson 1996). However, the data for this
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source rule out purely thermal plasmas, see Figure 1. On
the other hand, hybrid plasmas can emit X-ray spectra well
reproduced by Comptonization on mostly thermal electrons,
but still exhibit relatively narrow annihilation features. The
absence of such a feature in the average spectrum therefore
implies the pair abundance to be very low.

The pair equilibrium formalism developed in Section 3 is
independent of the specific hybrid model fitted to the data. In
particular, the pair production rate is calculated for a general
photon power-law spectrum, and is then independent of the
thermal-Compton parts of the observed spectra. Thus, this
rate remains approximately valid even if the high-energy tail
is produced in a spatially different region (e.g., some region
of the jet) than that of the thermal Comptonization, and it de-
pends mostly on the characteristic size of that region. How-
ever, the rates of pair annihilation and escape strongly depend
on the Thomson optical depth of the pair-producing plasma,
which then yields Rpair & 7 1 We used the values of 71 of
the hard Comptonization region from our hybrid fits, which
then yields I2;,i as given in Table 3. Alternative models with
lower 7t of the pair-producing region would then yield larger
Rpair. Then, the pair abundance would depend on both that
Ry and the size of that region. While we have been unable
to find acceptable models to the data with a separate region
emitting the photon high-energy tail, we cannot rule out their
existence.

The best-fit steady-state power-law indices of the electron
tail are in the range of p ~ 3.0-3.6. The Compton (in the
Thomson limit) and synchrotron energy losses steepen the
distribution of accelerated relativistic electrons by unity, giv-
ing their index as p,cc = p — 1 (though we caution that
some of the emitting electrons in our case are only mildly
relativistic). Thus, the implied values of p,.. are in good
agreement with those from shock acceleration. In particu-
lar, indices pace &~ 2.2-2.4 are found for collisionless shocks
(Sironi et al. 2015). On the other hand, magnetic reconnec-
tion can readily give particle spectra of similar indices (Sironi
et al. 2016; Ball et al. 2018; Sironi & Beloborodov 2020).

The presence of high-energy tails in the electron distribu-
tion likely results in the synchrotron emission of the electrons
being greatly enhanced with respect to the Maxwellian case
(Wardzinski & Zdziarski 2001; Veledina et al. 2011, 2013;
Poutanen & Veledina 2014). This is likely to result in the syn-
chrotron emission becoming an important source of the seed
photons for Comptonization, with a typical self-absorption
turnover at <10eV. We have thus run spectral models in
which the seed photon temperature was set to 10eV, and
found similar values of 2 and minor differences in the best-
fit parameters with respect to our main calculations (with
kTyy, = 200eV). Thus, either the disk blackbody and syn-
chrotron emission can provide the dominant seed photons,
with the spectral fits at >3 keV not allowing us to distinguish
between these possibilities.

We note that the NuSTAR data were fitted by Buisson et al.
(2019) with Ry, =~ 5Rg and ¢ ~ 30-35°, both much lower
than our values. As discussed in Z21, the NuSTAR data for
this source yield two separate solutions, one low-¢, low- Ry,

and the other high-¢, high-R;,,. However, the low-R;,, one is
ruled out by the binary and jet measurements, showing ¢ >
60° (Torres et al. 2020; Atri et al. 2020), leaving the high- R;,,
solution as applicable to this source.

6. CONCLUSIONS

We have studied two joint spectra from the 2018 hard-
state of MAXI J1820+070 from NuSTAR and INTEGRAL.
We have found an excellent agreement between the NuSTAR
and SPI spectra in the overlapping region of 23—79 keV, and
an overall agreement between NuSTAR and ISGRI. We have
found the resulting 3-650keV spectra are well fitted by a
two-component Comptonization model, with each compo-
nent having different spectral index and separate reflection
regions. However, the harder component, dominant at high
energies, is required to be emitted by hybrid electrons, whose
distribution consists of a Maxwellian and a high-energy tail.
The presence of the tail is required at a very high signifi-
cance. A similar tail can be present also in the soft compo-
nent; however, its parameters are poorly constrained and its
presence would only weakly affect the fitting results due to
the very low contribution of that component at high energies.

Except for the presence of the tail, the parameters fitted to
the spectra are similar to those fitted by Z21 to the NuSTAR
data of the observations taken within the same state of the
source (in particular those of their epochs 2 and 4). In partic-
ular, we find the disk is truncated at ~20-30R,. The electron
temperatures are low, ~20-30keV for the harder component,
while the optical depths are relatively large, 7p ~ 4-5.

We have also obtained an average hard-state spectrum of
MAXT J1820+070, based on the data spanning 53 d. This
spectrum is quite similar to those of the two individual obser-
vations, but extends to ~2 MeV. It also includes the PICSiT
data, which are found to be in an excellent agreement with
those of the SPI.

The average spectrum crosses 511 keV, the threshold for
e* pair production. We have developed a formalism calcu-
lating the rates of pair production, annihilation and escape in
hybrid plasmas, and obtained formulae for the equilibrium
radius at a given pair abundance and the optical depth to pair
absorption. We have found that the minimum possible radius
from the equilibrium condition, for a pair-dominated plasma,
is =~ 4R,. This is, however, much less than our estimates of
the size of the hot plasma, R ~ R, ~ 20-30R,. At such
radii, the equilibrium pair abundance is <1. This conclu-
sion is confirmed by the absence of an annihilation feature
in the average spectrum. Even at its 20 upper limit, the im-
plied size of the hot plasma is 2 20R,, corresponding to a
low pair abundance. Also, we have found no steepening of
the spectrum above 511 keV, which would occur due to pair
absorption if the plasma were pair dominated.

We consider it possible that pair production still acts as a
thermostat, limiting the electron temperature. On the other
hand, the low temperature can be due to an efficient cool-
ing by synchrotron photons, which are copiously emitted by
hybrid plasmas.
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