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ABSTRACT

Context. X-ray binaries in outburst typically show two canonical X-ray spectral states (i.e., hard and soft states), as well as differ-
ent intermediate states, in which the physical properties of the accretion flow are known to change. However, the truncation of the
optically thick disk and the geometry of the optically thin accretion flow (corona) in the hard state are still debated. Recently, the
JED-SAD paradigm has been proposed for black hole X-ray binaries, aimed at addressing the topic of accretion and ejection and their
interplay in these systems. According to this model, the accretion flow is composed of an outer standard Shakura-Sunyaev disk (SAD)
and an inner hot jet emitting disk (JED). The JED produces both hard X-ray emission, effectively playing the role of the hot corona,
and radio jets. The disruption of the JED at the transition to the soft state coincides with the quenching of the jet.

Aims. In this paper we use the JED-SAD model to describe the evolution of the accretion flow in the black hole transient
MAXI J1820+070 during its hard and hard-intermediate states. Unlike the previous applications of this model, the Compton re-
flection component has been taken into account.

Methods. We use eight broadband X-ray spectra, including NuSTAR, NICER, and the Neil Gehrels Swift Observatory data, providing
a total spectral coverage of 0.8—190 keV. The data were directly fitted with the JED-SAD model. We performed the procedure twice,
considering two different values for the innermost stable circular orbit (ISCO): 4 R (a. = 0.55) and 2 R (a. = 0.95).

Results. Our results suggest that the optically thick disk (the SAD) does not extend down to the ISCO in any of the considered
epochs. In particular, assuming Rjsco =4 Rg, as the system evolves toward the transitional hard-intermediate state, we find an inner
radius within a range of ~60 R in the first observation down to ~30 R in the last one. The decrease of the inner edge of the SAD
is accompanied by an increase in the mass-accretion rate. However, when we assume Rjsco = 2 we find that the mass accretion rate
remains constant and the evolution of the accretion flow is driven by the decrease in the sonic Mach number mg, which is unexpected.
In all hard—intermediate state observations, two reflection components, characterized by different values of ionization, are required to
adequately explain the data. These components likely originate from different regions of the SAD.

Conclusions. The analysis performed provides a coherent physical evolution of the accretion flow in the hard and hard-intermediate
states and supports a truncated disk scenario. We show that a flared outer disk could, in principle, explain the double reflection
component. The odd results obtained for Risco = 2 R can also be considered as further evidence that MAXI J1820+070 harbors a
moderately spinning black hole, as suggested in other works.

Key words. X-rays: binaries — accretion, accretion disks — ISM: jets and outflows — X-rays: individuals: MAXI J1820+070

1. Introduction

A black hole (BH) X-ray binary (XRB) is a binary system com-
posed of a stellar mass BH accreting matter from a compan-
ion star (see Done et al. 2007, for a general review). Almost
all known black hole XRBs are transients (BHTSs): they spend
most of the time in a quiescent state, at low X-ray luminosity
(i.e., below ~10° ergs™"), but can display sudden episodes of
increased X-ray activity called outbursts (with X-ray luminosity
up to ~10%—-10%% ergs™! at the peak). When in outburst these
systems can be found in a variety of accretion states charac-
terized by different broadband X-ray spectral shape and timing
properties (see Remillard & McClintock 2006; Dunn et al. 2010;

Article published by EDP Sciences

Belloni et al. 2016, for reviews). In particular, we distinguish
between the hard and soft spectral states (HS and SS, respec-
tively). The HS is characterized by a cutoff (around 100keV
when detected) power-law-like spectrum extending up to high
energies, and a cool (kTgsc ~ 0.1-0.3keV) multi-color disk
blackbody. In the SS the spectra are dominated by a hotter multi-
color disk blackbody component (kT4 ~ 0.8—1.0keV), and
sometimes an additional steeper hard tail is detected as well. In
all these states, a further contribution to the overall spectrum is
given by the reflection component, a component thought to be
due to the hot photons emitted by the corona reprocessing on the
accretion disk (see below). The study of the reflection compo-
nent, and in particular of the relativistically broadened Fe K line
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at 6.4 keV, can be used as a powerful diagnostics tool to infer the
inner radius and ionization of the accretion disk and the inclina-
tion of the system, for example (see, e.g., Reynolds & Nowak
2003, for a review).

The variety of spectral states in BHTS has traditionally been
interpreted as being due to different physical properties and
geometry of the accretion flow around the BH. In the HS it is
thought that the emission is due to thermal Comptonization by
a hot optically thin electron plasma (corona). The source of soft
seed photons is the (possibly truncated) optically thick accretion
disk (Shakura & Sunyaev 1973). Conversely, in the SS such a
disk is expected to extend down to the innermost stable circular
orbit (ISCO, Bardeen et al. 1972) and only a marginal contribu-
tion from the corona is observed. However, the consensus on the
truncated disk model is not global, and a number of counterargu-
ments have been given as well (see, e.g., Zdziarski & De Marco
2020, for an extensive discussion on the topic). Among the crit-
ical issues, spectral modeling of seemingly broad Fe K lines in
BHTs indicated that the optically thick disk was close or even
coincident with the ISCO well within the hard state (examples
of these can be found in Miller et al. 2006; Tomsick et al. 2008;
Garcia et al. 2015).

The controversies on the accretion flow geometry across
spectral states is one of the open problems regarding BHTs.
When transients rise from quiescence, their spectral evolution
usually follows a standard path: the system moves from qui-
escence to the hard state, increasing in luminosity by several
orders of magnitude, then evolves through the hard-intermediate
(HIMS) and soft-intermediate (SIMS) up to the soft state. There-
after, the luminosity decreases and the source exhibits the same
transition in reverse but at a much lower luminosity. The com-
mon behavior of BHTs in making transitions from hard to soft
and from soft to hard states at different luminosities is called hys-
teresis (Miyamoto et al. 1995; Zdziarski et al. 2004). The origin
of this pattern is a matter of strong debate. It is also noteworthy
that a relevant fraction of BH binaries (about 40%, Tetarenko
et al. 2016a) are “hard-only” or have displayed “failed transi-
tion” outbursts (see, e.g., Hynes et al. 2000; Brocksopp et al.
2004; Capitanio et al. 2009; Ferrigno et al. 2012; Del Santo et al.
2016; Bassi et al. 2019; de Haas et al. 2021). BHTs are known
to launch mildly relativistic jets, which accounts for the emis-
sion from these systems over radio and mid-IR frequencies. Jets
are observed only in the HS and HIMS, while they are quenched
around the transition to the SS (Fender et al. 1999; Corbel et al.
2000; Fender & Belloni 2004; Russell et al. 2020) and a short-
lived transient jet can be launched (e.g., Fender & Belloni 2004;
Fender et al. 2010; Rushton et al. 2017; Russell et al. 2019). A
third critical ingredient is represented by how the X-ray timing
properties (i.e., X-rays periodic and aperiodic variability) change
according to the accretion state of BHTs. In this context one
of the most intriguing challenges consists in the interpretation
of quasi-periodic oscillations (QPOs), the peaks observed in the
X-ray Fourier power density spectra of BHTSs, which are corre-
lated with the spectral evolution of the systems (see Ingram &
Motta 2019; Motta et al. 2021, for recent reviews).

Much effort has been dedicated to interpreting the multi-
wavelength spectral behavior and the timing properties of BH
binaries in outburst. However, taking into account the correlation
between accretion and ejection has proven to be difficult. A first
attempt to describe globally such complex behavior was made by
Esin et al. (1997), who proposed a multi-flow configuration for
the disk. According to these authors, the accretion flow around
BHs would consist of an outer Shakura-Sunyaev accretion disk
and an inner, less dense, and radiatively inefficient plasma phase,
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called advection dominated accretion flow (ADAF, Narayan &
Yi 1995; Yuan 2001). However, the model suffered several weak-
nesses; in particular, it was not able to reproduce hard states at
luminosities comparable to the Eddington limit (see the Intro-
duction of Marcel et al. 2018b, for an extensive discussion on the
topic). In the following decade many updates were made to the
model (see, e.g. Yuan 2001; Meier 2005; Xie & Yuan 2012) to
make it more suitable to describe the increasing number of X-ray
observations of BHTSs. However, the correlation between accre-
tion flow and jets has not been addressed in any of the updated
versions of the model.

An attempt to connect accretion and ejection in a unified
model has been recently reported in a number of papers (Ferreira
et al. 2006; Marcel et al. 2018a,b, 2019, 2020). This model con-
nects the spectral evolution BHTS in outbursts to changes in the
multi-flow configuration of the accretion disk, similarly to the
approach of Esin et al. (1997), among others. The main novelty
of this paradigm consists in its ability to also explain the appear-
ance and disappearance of the jet and their correlation with the
accretion flow. According to this model, the accretion disk is
threaded with a large-scale vertical magnetic field Bz(R). Recent
numerical simulations have shown that such magnetic fields
become stronger near the compact object (e.g., Liska et al. 2018).
As a consequence, the accretion flow is also expected to become

more magnetized as we approach the inner edge of the disk. In
2
z

P
Py the total pressure (radiation plus gas). In the outelllroregitons of
the disk 4 < 1, and particles are barely affected by the presence
of the vertical magnetic field. As a consequence, jet launching is
inactive in this region of the disk. In order to launch magneto-
centrifugally driven jets (Blandford & Payne 1982), it has been
shown that u >0.1 must be achieved (Ferreira & Pelletier 1995;
Ferreira 1997; Jacquemin-Ide et al. 2019). For u < 107 or
less, magnetic winds can be launched, possibly carrying away
a significant fraction of the mass. However, these winds exert
a negligible torque on the underlying disk (Zhu & Stone 2018;
Jacquemin-Ide et al. 2021). At these distances from the BH, par-
ticles are only subject to the torque due to the internal turbulent
viscosity, so that the disk can be nicely described with the classic
Shakura & Sunyaev (1973) model. The inner regions are instead
highly magnetized, with u beyond the 0.1 threshold, and power-
ful jets can be launched. Jets carry away mass, energy, and angu-
lar momentum, and thus exert an additional torque (see, e.g.,
Ferreira & Pelletier 1993, 1995). Subsequently, accretion pro-
ceeds here at supersonic velocity, much higher than in the
Shakura-Sunyaev accretion disk, and plasma in the internal
regions of the accretion flow result more rarefied. In summary,
the accretion flow surrounding the BH has a two-flow configu-
ration. It is composed of a Shakura-Sunyaev disk in the outer
regions of the flow, defined as a standard accretion disk (SAD),
and an inner, less dense, and optically thin jet emitting disk
(JED) (Ferreira et al. 2006). The JED shares the same physi-
cal properties of the hot corona, but additionally it also drives
jets. Quite intuitively, each accretion state could be obtained by
mixing these ingredients with different quantities, specifically
with a hybrid JED-SAD configuration where the two realms
extend over regions of different scale. In this sense, such a
configuration is fundamentally determined by two main con-
trol parameters: the transition radius R; between the JED and
the SAD, and the inner mass accretion flow Mj, feeding the
BH. A detailed description of the model has been presented in
Marcel et al. (2018a,b) and we refer the reader to these papers
for more details. This spectral model has been successfully

the following we define the magnetization as u(R) = , with
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used to reproduce the X-ray spectral evolution of the BHT
GX 339-4 during four outbursts between 2001 and 2011
(Marcel et al. 2019, 2020). Moreover, using the R;—M;, pairs
that best described the X-ray spectra in a HS, these authors
were also able to reproduce the jet emission observed simultane-
ously in the radio band. Finally, it has been recently shown that
some timing features could be explained within the JED-SAD
paradigm framework. A direct proportionality has been observed
between the Keplerian frequency of the transition radius R,
and the type C QPO frequency in four different outbursts of
GX 339-4 (Marcel et al. 2020). According to these results, this
QPO type could originate at the interface between two regions of
different values of u, being then strictly related to the existence
of two different types of accretion flow in the HS and HIMS of
BHTs (Ferreira et al. 2021).

The JED-SAD paradigm has successfully explained much
of the observed accretion and ejection phenomenology in
GX 339—4. However, the variety of different behaviors observed
in three decades of BHT studies (see, e.g., Dunn et al. 2010;
Tetarenko et al. 2016b, for observational reviews) demands other
tests of this model. In this paper we report on the application of
the JED-SAD model to the BHT MAXI J1820+070 (ASASSN-
18ey), hereafter MAXI J1820, exploiting a broad X-ray data set
including data from NuSTAR, the Neil Gehrels Swift Observa-
tory (hereafter Swift) and the Neutron Star Interior Composition
Explorer (NICER). This is the first time the JED-SAD model is
applied directly to the data through spectral fits and that Comp-
ton reflection process is taken into account. It therefore repre-
sents a major test for the potentialities of such paradigm.

2. MAXI J1820+070

MAXI J1820 is a BHT that was observed for the first time in the
optical band by the All-Sky Automated Search for SuperNovae
ASSAS-SN (Shappee et al. 2014) on 2018 March 3 (Tucker et al.
2018), and one week later by MAXI in X-rays (Kawamuro et al.
2018). Detailed studies of the optical counterpart revealed that
the system hosts a stellar-mass black hole (~8.5 M) accreting
from a ~0.4 M companion star (Torres et al. 2019, 2020). Since
its discovery, the source has undergone a long (approximately
one year) and bright outburst, becoming at its peak the second
brightest object in the X-ray sky. Due to its brightness, the sys-
tem was the object of an impressive multi-wavelength observ-
ing campaign (see, e.g., Shidatsu et al. 2018; Paice et al. 2019;
Hoang et al. 2019; Trushkin et al. 2018; Bright et al. 2020;
Tetarenko et al. 2021) and of a large number of studies. The most
recent and precise measure of the distance, determined via radio
parallax, is 3.0 + 0.3 kpc (Atri et al. 2020). Furthermore, the sys-
tem shows X-ray dips (Kajava et al. 2019) but not eclipses, sug-
gesting an inclination between 60° and 80°. Other evidence of
the high inclination of the system are provided by optical spec-
troscopy (Torres et al. 2019) and by the estimate of the inclina-
tion of the jet axis (Atri et al. 2020; Wood et al. 2021), which is
about 63°. The orbital period of the system has also been esti-
mated to be around 0.68 days (Patterson et al. 2018; Torres et al.
2020). In X-rays, the outburst was studied in detail in HS (see,
e.g., Bharali et al. 2019; Buisson et al. 2019; Zdziarski et al.
2021), SS (see, e.g., Fabian et al. 2020) and in its final phase
(see, e.g., Xu et al. 2020). The truncation of the disk during the
HS is one of the most controversial aspects of the system. On
the one hand, a number of spectral-timing works have pointed
out that the disk reaches the ISCO already in HS, while a con-
tracting lamppost corona is responsible for the hard X-ray emis-
sion (Kara et al. 2019; Buisson et al. 2019; You et al. 2021; Wang

etal. 2021). On the other hand, a truncated disk scenario has also
been proposed on the basis of further spectral-timing analyses,
even on the same sets of data (Zdziarski et al. 2021; De Marco
et al. 2021; Axelsson & Veledina 2021).

3. Observations and data reduction

In this paper we focus on the spectral analysis of the source in
the high luminosity hard state, i.e., from ~ MJD 58190 until ~
MIJD 58300. With the aim of modeling broadband X-ray spec-
tra, we included data collected by Swift/XRT, NuSTAR, NICER
and the Burst Alert Telescope (BAT) onboard Swift. In order
to obtain broad-band spectra from observations close in time,
we selected only XRT, NuSTAR and NICER observations which
were quasi-simultaneous, i.e., taken not more than one day apart
from each other. Furthermore, in order to avoid any discrepancy
between BAT and NuSTAR due to the spectral variability of the
source, we extracted BAT spectra exactly over the duration of
each NuSTAR observation. These criteria led us to narrow down
the list of the available NuSTAR data to eight epochs. We note
that this set of NuSTAR observations has been already analyzed
and described by Buisson et al. (2019). In the following, we will
refer to these observations as epochs and we will label them with
numbers from 1 to 8 in chronological order. It is worth noticing
that NICER observations cover five out of eight epochs and that
the BAT spectrum in epoch 6 has been extracted in a longer time
interval, due to the low number of visits performed by Swift dur-
ing the NuSTAR observation. Details on the selected epochs are
reported in Table 1.

3.1. XRT

The 2018 outburst of the source was monitored regularly by
the XRT telescope on board Swift from MJD 58191 (2018,
March 14) until MJD 58428 (2018, November 6), with a total
of 75 observations performed in Window Timing (WT) mode.
The XRT data were first reprocessed with the task XRTPIPELINE,
included in the software package HEASOFT (v. 6.26.1). The
source extraction procedure from the cleaned event files was per-
formed with DS9. Since all of the observations had a high count-
rate, i.e., always well above the limit for the pile-up correction in
WT (100 ct/s), we used an annulus region centered on the source
coordinates to extract spectra not affected by pile-up. The outer
radius was always chosen as ~47”, while the inner radius of the
annulus was selected based on the registered count-rate in accor-
dance with the Swift/XRT guidelines'. In particular, we used a
~18" inner radius for epoch 1, a ~24” inner radius for epochs 2,
3,5, 6 and a ~28” inner radius for epochs 4, 7, and 8. Each spec-
trum was re-binned with GRPPHA in order to have 150 counts per
bin, allowing the use of the y? statistics.

3.2. NuSTAR

Data were reduced using the standard NUSTARDAS task, incor-
porated in HEASOFT (v. 6.26.1). We extracted high scien-
tific products (light curves and spectra) using a circular
area of 100” radius centered at RA =18:20:22.0702, and
Dec=+7:10:58.331, as source region. In order to take into
account any background non-uniformity on the detector, we
extracted the background spectra using four circles of ~50” radii
in different positions with negligible contamination from the

! https://heasarc.gsfc.nasa.gov/lheasoft/ftools/
headas/xrtgrblc.html
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Table 1. List of the XRT, NuSTAR, and NICER observations of the
source used in this work.

XRT
Start Time
(UTC)

2018-03-14
2018-03-19
2018-03-24
2018-04-04
2018-04-15
2018-05-04

Epoch ObsID Exposure

MID) ks

581919 1.0
58196.8 0.98
58201.1 0.98
582122 1.0
582233 1.7
58240.6 1.0

00010627001
00010627008
00010627013
00088657001
00010627038
00010627055
00088657004 2018-05-18 582559 1.9
00088657006 2018-06-28 58297.3 1.8

NuSTAR & BAT
90401309002 2018-03-14 58191.9
90401309004 2018-03-21 58198.0
90401309008 2018-03-24 58201.5 3.0
90401309012 2018-04-04 582122 12.3
90401309013 2018-04-16 58225.0 1.8
90401309016 2018-05-03 58241.8 13.7
90401309019 2018-05-17 58255.6 9.4
90401309021 2018-06-28 58297.2 21.4
NICER
2018-03-13
2018-03-24
2018-04-04
2018-04-16
2018-05-03

0NN kW=

11.8
2.8

0NN AW~

1200120103
1200120109
1200120120
1200120130
1200120143

58191.0
58201.0
58212.0
58224.1
58241.2

10.7
13.0
6.5
10.6
4.0

AN N W=

Notes. ("BAT survey data were extracted with the same exposure of
each NuSTAR observation, with the exception of epoch 6, for which a
longer (lasting ~1 day) time interval was used to increase the statistics.

source. We then used NUPRODUCTS to build spectra and light
curves. We used data from both the two hard X-ray imaging
telescopes on board NuSTAR: the focal plane mirror (FPM) A
and B. The extracted spectra were grouped using the optimal
binning recipe by Kaastra & Bleeker (2016) in order to have a
grouping that reflects the spectral resolution of the instrument in
a given energy range and avoid any oversampling issues. We did
not sum the two spectra, but rather fitted them together by leav-
ing a floating cross-normalization constant as suggested by the
NuSTAR team for bright sources?.

3.3. BAT

Data from the BAT survey were also retrieved from the HEASARC
public archive. The downloaded data were processed using
BAT-IMAGER software (Segreto et al. 2010). This code, dedicated
to the processing of coded mask instrument data, computes all-
sky maps and, for each detected source, produces light curves
and spectra. Light curves in Crab units were extracted in three
energy bands, 15-40keV, 40-80keV, 80-150keV, with one-day
binning time (Fig. 1). Spectra were extracted in the range 15—
195 keV, with logarithmic binning (for a total of 49 bins) and the
official BAT spectral redistribution matrix was used.

2 On the FAQ page, issue 19: https://heasarc.gsfc.nasa.gov/
docs/nustar/nustar_faq.html
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3.4. NICER

NICER covered the 2018 outburst of MAXI J1820 with almost
daily cadence, resulting in hundreds of individual observa-
tions (ObsIDs 1200120101-1200120312). In this work we
analyzed a sample of the NICER observations which satis-
fied the requirement of being quasi-simultaneous (i.e., taken
within a day) with respect to the NuSTAR data. The data
were reduced using NICER-DAS 2019-05-21 v006. We selected
good time intervals using NIMAKETIME and then applied them
to the data via NIEXTRACT-EVENTS, selecting events with PI
channel between 25 and 1200 (0.25-12.0keV). In order to
fix the distortions due to the NICER calibration uncertain-
ties, we re-normalized the spectra by using the residuals of
a power-law fit to the Crab nebula (Ludlam et al. 2018).
We used the public files nixtiaveonaxis20170601v002.arf
and nixtiref20170601v001.rmf as ancillary response file
and redistribution matrix file respectively, retrievable from the
NICER website®. As a background spectrum we used the public
background file nixtiback20190807.pi, also available in the
HEASARC archive.

4. Spectral analysis

The XRT and BAT light curves and the related hardness ratios
are shown in Fig. 1, while in Fig. 2 the XRT hardness inten-
sity diagram (HID) of the whole 2018 outburst is shown. We
used the (absorbed) 0.5-10keV flux as an indicator of the inten-
sity of the source. In order to estimate the flux, we fitted each
XRT spectrum separately in the energy bands 0.5-2keV and
2-10keV with a simple power-law model (POWER in XSPEC).
We note that a power-law model, although not an appropriate
choice to describe adequately the spectrum in the whole XRT
energy range, approximates satisfactorily its shape in the two
energy bands considered. We associated an error equal to 10%
of the estimated value to each of these fluxes.

According to their hardness ratio and their timing proper-
ties (e.g., De Marco et al. 2021), during epoch 1 the system was
in the canonical HS, while it remained in HIMS from epochs 2
to epoch 8. The latter occurred during a short episode of re-
hardening, as better highlighted in the BAT light curve (see
Fig. 1). In the following we report on the spectral analysis of
these epochs.

The NuSTAR data usually range from 3-79 keV. However,
a remarkable (and unexpected) mismatch between FPMA and
FPMB data is sometimes observed below 4 keV, likely due to a
known instrumental issue (Madsen et al. 2020). This mismatch
was visible in our data. Therefore, we decided not to include
data below 4 keV, which are already covered by XRT. Similarly,
the NICER data below 4 keV were also ignored as they showed
a soft excess, which could be related to a further Comptoniza-
tion or a quasi-thermal component (see Fig. 6, Zdziarski et al.
2021), and several lines, both sharp instrumental features (Wang
et al. 2020) and broad physical lines. A proper investigation of
these features goes beyond the purposes of this manuscript and
will be reported elsewhere. Moreover, the BAT data showed an
unexpected mismatch with NuSTAR below 30keV, possibly due
to high systematics in this energy range for extremely bright
sources. We therefore ignored BAT data below 30keV so that the
final broadband spectra covered the range 0.8—-10keV for XRT,
4-78keV for NuSTAR, 4-10keV for NICER, and 30-190keV
for BAT.

3 See https://heasarc.gsfc.nasa.gov/docs/nicer/
proposals/nicer_tools.html
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Each spectrum was analyzed using the TBABS model in order
to take into account the effect of interstellar absorption, with the
photoelectric cross sections from Verner et al. (1996) and the ele-
ment abundances from Wilms et al. (2000). A CONSTANT com-
ponent was also used to serve as cross-calibration constant. To

account for differences in the calibration of NuSTAR and NICER
(see also Zdziarski et al. 2021) we included a cross-calibration
function which reads CONST x E!, with AT the discrepancy in
photon index between the data sets (Ingram et al. 2017; Ursini
et al. 2020). The value of A" was left free to vary for NICER,
while it was fixed to O for all the other instruments included in
the broadband spectrum. Finally, as each data set was showing
apparent systematics, we applied a 1% systematic error to the
analyzed spectra.

4.1. Basic ingredients of the JED-SAD spectral model

The eight X-ray observations were analyzed with the JED-SAD
model by applying it to the data in the form of a XSPEC table.
The following key parameters are used in the model (but see
Marecel et al. 2018a, for a full description):

— transition radius R; between the JED and the SAD, in units
of gravitational radii Rg = GM /c2;

— mass accretion rate at the transition radius R; or inner mass
accretion rate M;,, here expressed in units of Eddington mass
accretion rates Mpaq = Lgqd/c;

— sonic Mach number mg of the accretion flow, defined as
the ratio of the mass weighted accretion speed to the sound
speed;

— ejection efficiency p*, which takes into account how effec-
tively the jet extracts angular momentum from the underly-
ing JED, then modifying its structure. Therefore in the JED,
the accretion rate M(R) scales with R according to the for-

mula M(R) = M, (ﬁ)p, with p the ejection efficiency;

— magnetization u (see Introduction);

— fraction b of the accretion power P, that is released in the
JED and ultimately powers the jets (i.e., b = 2Pje/ Pace);

— geometrical dilution factor w, corresponding to the fraction
of the cold photons emitted by the SAD which cool down
(through inverse Compton) the JED (we refer to Marcel et al.
2018a, and references therein for further discussion on this
topic). In the current version of the model, w assumes values
in the range 0-0.5;

— radius of the ISCO (R;sco), which coincides with the inner-
most radius of the JED?;

— normalization factor Kjgpsap, which determines how the
luminosity of the system scales with the distance Dypc (in
units of 1 kpc), following the formula

10 \?
Dy ) : (1)
pc

As explored in detail by Marcel et al. (2018b), the JED emis-
sion in the archetypal object GX 3394 is best described by set-
ting u between 0.1 and 1.0, » = 0.3, w = 0.2, and p = 0.01°.
In the following we fix y to 0.5 and adopt the same set of values
for b, w, and p in the case of MAXI J1820+070. Contrarily to
the works on GX 339-4, we leave mg free to vary in order to
investigate its correlation with the high energy cutoff, which can

Kiepsap = (

4 The ejection parameter is labeled & in Marcel et al. (2019). Here we
use p to avoid confusion with the ionization parameter of the reflection
model.

> However, the JED-SAD calculations have been performed in a New-
tonian potential, meaning that the value obtained or chosen for Risco
needs to be taken with a grain of salt.

6 This set of parameters, with the exception of w that was indeed found
through spectral constraints, is also consistent with a full magnetohy-
drodynamics accretion-ejection solution with aspect ratio € = H/R ~
0.1, as expected for a hot JED (Ferreira 1997; Petrucci et al. 2008).

A63, page 5 of 15



A&A 656, A63 (2021)

Table 2. Parameters used in the JED-SAD model.

Parameter Description Adopted
value(s)
R, (Rg) Transition radius (free)
M; (MEdd) Inner mass-accretion  (free)
rate
p Ejection efficiency 0.01 @
u Magnetization 0.5@
b Jet power 0.3@
w Dilution factor 0.2@
mg Sonic Mach number  (free)
Risco (Rg) ISCO 4,2
Dype (kpc)  Distance in kpc 30

Notes. “Parameter set to the same value found by Marcel et al. (2018b).
®1n agreement with Atri et al. (2020).

be better constrained in our work due to the NuSTAR and BAT
coverage at hard X-rays. The value of Rigco in MAXI J1820 is
not precisely known. While it has been reported that the ISCO
in MAXI J1820+070 could be even lower than 2 R (e.g., Kara
et al. 2019), it was recently found that the BH in the system is
likely to be slowly spinning (Fabian et al. 2020; Zhao et al. 2021;
Guan et al. 2021), with a. not higher than 0.5. We chose there-
fore to use an initial value of Risco = 4 Rg (corresponding to
a, = 0.55), approximately consistent with the estimates reported
in these works. The distance of the source was fixed at 3 kpc
according to Atri et al. (2020). We will allow more freedom in
Risco and Kjgpsap and discuss the dependence of our results on
the choice of these parameters in Sects. 4.4 and 4.5. A summary
of the parameters in the model and the values adopted in this
work is presented in Table 2.

4.2. The two reflection models

A first analysis without any reflection component results in
extremely poor fits and strong residuals in the iron line and
Compton hump regions. This was expected because reflection is
not taken into account in the JED-SAD model. We therefore used
areflection table component, which we label REFL for simplicity,
based on the XILLVER reflection model (Garcia et al. 2013). This
table was produced by simulating spectra for different combina-
tions of R;—M;, pairs, fitting them with a simple cutoff power-
law model, and finally injecting the corresponding spectral index
and high energy cutoff in the XILLVER table. More details on
this model are given in Barnier et al. (2021). The parameters
of this component are the iron abundance Ap, the disk ioniza-
tion parameter log &, and a normalization K. Since REFL does not
take into account the relativistic blurring effects, we applied the
convolution kernel KDBLUR, which smears the reflection spec-
trum according to the original calculations by Laor (1991). This
model considers four additional parameters: the emissivity e, the
inner and outer radius of the reflecting disk R;, and Ry, and the
inclination i. In order to reduce the number of degrees of free-
dom we set € to the reasonable value of 3 (see, e.g., Dauser et al.
2013; Xu et al. 2020) and i to 70° (consistent with the estimated
source inclination; see, e.g., Kajava et al. 2019). As the reflection
component is produced by the disk (SAD) surface reprocessing
the hard X-ray photons emitted by the corona (JED), within the
JED-SAD framework the inner radius of the reflection R;, should
coincide with the transition radius R; between JED and SAD. In
all spectral fits, R, and Ry, were therefore linked together.
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1: inner reflection
2: outer reflection
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. H
RISCO RJ Rin.2
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Fig. 3. Sketch representing the proposed two-reflection geometry under-
lying Model 2. From left to right: the black hole (in black), the inner
JED (violet) and the jets (lilac), the outer SAD (from red to yellow).

The first model we applied, Model 1, reads:

Model 1 :TBABS X (ATABLE(JEDSAD)
+ KDBLUR X ATABLE(REFL)). 2)

It is noteworthy that two reflection components were already
suggested by Kara et al. (2019) on the basis of a reverberation
time lag study with NICER data. Thereafter a number of authors
used a double-reflection model in the spectral analysis of the
same NuSTAR observations presented here (Buisson et al. 2019;
Chakraborty et al. 2020; Zdziarski et al. 2021). They all found a
low ionization reflection component and a highly ionized inner
reflection component, which both contribute to the observed iron
line profile providing respectively a narrow core and a broad
base. Therefore, we also tested a second model, Model 2, where
a second REFL component has been added:

Model 2 :TBABS X (ATABLE(JEDSAD)
+ KDBLUR X ATABLE(REFL) + KDBLUR X ATABLE(REFL)). (3)

When Model 2 is applied, we use the subscripts “1” and “2” to
refer to the parameters of the inner and outer reflection compo-
nents, respectively. The purpose of this model is to reproduce
a physical scenario where reflection comes from two distinct
regions, characterized by different ionization parameters and
therefore presumably placed at different distances from the illu-
minating corona (the JED here). Therefore, we linked Ri, 1 to R;
and Roy, to Riy 2 in order to place the two reflection regions at
separate but neighboring regions’, as shown in Fig. 3. The outer
radius of the remote reflection is instead left free to vary. The
normalization and ionization parameters were left free as well
in both reflection components, so that we have two different nor-
malization and ionization values: K1, K3, &1, and &,. All the other
parameters (the inclination, the iron abundance, and the emissiv-
ity) were linked between the two reflection components.

4.3. Spectral fits with Risco = 4 Rg

Based on the fit results described below, we can divide our obser-
vations in three groups or phases. Phase 1 corresponds to epoch
1; phase 2 includes observations from epoch 2 to epoch 6; and
phase 3, which corresponds only to epochs 7 and 8. The group-
ing of these epochs is consistent with the XRT HID (Fig. 2),
where an analogous clustering of observations in three regions

7 This is only a working assumption as it cannot be excluded that
regions may not be exactly adjacent to each other.
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Table 3. Fit results for all epochs.

Spectral analysis in the case of Risco = 4 Rg

Epochs 1 2 3 4

Ny x10%2cm™2  0.560 + 0.020 0.190 + 0.020 0.192f8:8};‘ 0.150 = 0.020

R, R 56.8j}:‘1) 35.9’:?:2 44.8t8§ 43.9’:}:(1)

M, Mgaa 0.838f8:88§ 1.760 + 0.080 2.360f8:8§8 2.120j8:8§’8
0.017 0.020 0.020

mg 13017016 1.250%5 050 1.243 £0.001  1.2507 ;57

Afe 2'9t83¢ 2.2f81% 3)

Rin1 Rg =R,

Rinp Rg (300)

Rnut 1 RG 104 :Rin,Z

Rout,2 RG (104)

i ° (70)

log & 2.22ﬁ8:£ (3.50) 3.71j8:8§ 3.69f8:(1’§‘

log & <1.70 <1.65 2.07j8:§%

K (x1076)  42,0%170 3.37)9 3.6105 3.0109

K> (x10™) 232.0°33% 0.6%03 13+05

P% (d.o.f.) 1.01(746) 1.03(755) 1.00(1036) 0.99(1029)

Epochs 5 6 7 8

Ny x10%2cm™2  0.13 +0.01 0.11 +£0.01 0.15+0.02 0.15+0.02

R; R 47.83:‘1‘ 45.8’:}:? 33.6j8:g 33.3’:(1):%

My Mg 1561007 1.257002 1007003 106002

mg 1.25ﬁ8:8§ (1.25) >1.49 >1.49

Are 3.0 3.4f8:i

Rin1 Rg =R,

Rinp Rg (300)

Rout1 Rg =Rin2

Rout,Z RG (104)

i ° (70)

log & 3.81700¢ 3.807003 3.797003 3.48%0.03

log & 2.32j8:‘1)‘9‘ 3.04f8:% 2.99j8:‘1)§ (2.00)

K (x107%) 35+03 3.9j8:§ 3.6+04 2.7+0.6

K, (x107%) 0.70f8:§8 0.63’:8:?3 O.61f8:(1)§ 0.15’:8:?3

X% (d.o.f) 0.98(1146) 1.01(991) 1.12(794) 1.15(748)

Notes. Results obtained using Model 1 for epoch 1 and Model 2 for the remaining epochs. Quoted errors reflect 90% confidence level. The
parameters that were kept frozen during the fits are reported in parentheses.

can be observed. A similar subdivision was also proposed by De
Marco et al. (2021), with phases labeled “Rise,” “Plateau,” and
“Bright decline,” respectively. In the following, we treat these
phases separately. In all phases, we did not manage to constrain
the values of R;,» and R,y 2, as the fit was basically insensitive to
variations of these parameters. We therefore set R, to 300 Rg
and Ry to 10* Rg. We found values of Ap. always between 2
and 3 times the solar abundance?.

The final results are reported on Table 3, while the corre-
sponding best-fit models and residuals are shown in Figs. 4-5.

8 We caution the reader that the incompatibility between the best-fit
value of Age = 2.0-2.4 found for epoch 2 and the common value of
about 3 found for the other seven epochs, does not have a physical ori-
gin. For consistency we also tried fixing Ag. to a value of 3 in epoch 2,
but the fit, and particularly the iron line residuals, significantly wors-
ened. This may be due to systematics in NuSTAR between 8 and 11 keV
that interfere with a correct modeling of the iron line region.

Phase 1: The system in the hard state with one reflection
component. Epoch 1 is satisfactorily fitted with both Model 1
and Model 2, with y2 (d.o.f.) of 1.01(749) and 0.90(748), respec-
tively. In both cases the SAD is truncated far away from the BH
(i.e., with R; of ~60 R and ~150 R for Model 1 and Model 2,
respectively). However, with Model 2 the value obtained for
log & goes beyond the threshold of 4 (approximately 4.3). We
consider such a high value as unphysical for several reasons.
First of all, such a highly ionized medium at the edge of the
disk is hard to reconcile with it being truncated at 150 Rs. Sec-
ond, we note that with the very high value found for logéi,
the inner reflection component has almost no significant fluores-
cence line and basically serves as an additional continuum com-
ponent. Finally, the spectral shape of the reflection component
computed with XILLVER for log ¢ > 4 is unreliable at high ener-
gies”. According to these arguments, the presence of the second
reflection component is most likely spurious for epoch 1. Using

° ]. Garcia, priv. comm.
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Fig. 4. Energy spectra with the best-fit models: Model 1 for epoch 1 and Model 2 for epochs 2—4, and residuals. Data: XRT (blue), NICER
(green), NuSTAR (yellow-black), and BAT (red). Different line styles were adopted to distinguish between the different components: dot for JED,
dash-dot-dot-dot for SAD, dash-dot for inner REFL, dash for the outer REFL.

Model 1, log .flo is found in the range 2.0-2.4, which is instead
more plausible.

Phase 2: The outer reflection component arises. Epochs
from 2 to 6 are poorly fitted by Model 1, with y? values all
above 1.25 and, more importantly, evident unmodeled structures
between 6 and 10keV in the residuals. Instead, the application
of Model 2 results in good fits and quite flat residuals. The pic-
ture captured by the fits is similar for the epochs in this group.
The best-fit value of R; decreases significantly with respect
to the previous phase, attaining values in the range 35-50 R;.
Simultaneously, M;, evolves substantially, going from 1.8 Mgqq
(epoch 2) to 2.4 Mgyq (epoch 3), and then decreases again to 1.3
in epoch 6. Throughout this phase, mg retains a well-determined
value of about 1.25 for all the epochs, with the only exception of
epoch 6, where the parameter was basically unconstrained and
therefore fixed. In all epochs, &; is higher than & by at least
an order of magnitude. Interestingly, while & is quite stable, an
increasing trend can be observed in log &, which goes from an
upper limit of 1.7 in epoch 2, to 3 in epoch 6. The possibility of
this trend being related to an evolution of the inner radius of the
outer reflection will be explored in the Discussion (see Sect. 5).

Phase 3: The role of mg in the re-hardening. Model 1 also
gives an unacceptable fit for epoch 7, but is instead compatible

10 The subscript is removed here since in Model 1 there is no need to
distinguish between component 1 and component 2.
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with epoch 8, with a y? (d.o.f.) of 1.15 (750). Model 2 gives
a good fit to epoch 7 and an even better fit to epoch 8, with a
probability of improvement by chance of ~1073 with respect to
Model 1. We then conclude that a double reflection scenario is
also statistically preferred in phase 3. As in the previous phase,
R; decreases again to about 33-34 R, while Mj, is constrained
at ~1 Mggq. The most apparent evolution with respect to the
previous phase consists in a re-hardening of the spectrum, as
witnessed by the high energy cutoff of the BAT data moving
toward higher energies (see the BAT light curve, Fig. 1). Since
some level of degeneracy between R; and myg clearly exists (see
Fig. 6), this trend can be explained by an increase in both these
parameters. For example, epoch 7 can be fitted keeping mg fixed
to 1.3, in consistency with the previous phase, and with R; of 38—
39 R; or leaving my free, a case where mg attains a value of 1.5
and R; decreases to 33-34 R;. Both fits are acceptable, but keep-
ing myg fixed results in slightly unmodeled residuals in the iron
line region, contrarily to the case where myg is free. We therefore
conclude that the spectral hardening in this phase is not reflected
in the values of R;, which actually suggests that the inner edge
of the disk keeps moving inward, as expected during the transi-
tion to the SS, but seems to be instead produced by an increase
in mg, producing a more rarefied and hotter accretion flow in the
JED. Another interesting evolution can be found in the values
of &1 and &,. While epoch 7 has values compatible with epoch 6
(and phase 2 in general), in epoch 8 both values log & and log &
decrease significantly to values of ~3.5 and 2.0 (which was fixed
since it was left unconstrained by the fit), respectively.



A. Marino et al.: Tracking the evolution of the accretion flow in MAXI

FTT I | | I
g : : . PRttt B
E .............................
N ORTIRERITIE
>
o
= |
=)
59
m
0.4
2
= 0
_2 I
_4 .‘
| 0 100
3 T — '
— 10 b B
8 1 B
<z .
= E
=) 0.1 F
= E
= ;
001,
2
0}
-2
-4
| . 100
. Energy (keV)
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inner REFL, dash for the outer REFL.
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Fig. 6. JED solutions showing the impact of ms and R, on the high energy cutoff. Left panel: different JED solutions obtained keeping R; to 40
R for different values of mg. Right panel: different JED solutions are produced for different values of R;, here expressed as r; = R,;/R¢, and myg
fixed to 1.5. The plot is used to display how increasing both mg and increasing R, pushes the hard X-rays cutoff to higher energies.
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Fig. 7. Evolution of the best-fit parameters for R;, M;,, and mg over
the eight analyzed epochs. In all panels the triangles and bold lines are
used for fits performed with Risco at 4 Rg. The reported errors are likely
underestimated and an additional systematic error of about 10%-20%
has to be considered to account for the uncertainty on w and Kjgpsap
(see Sect. 4.5).

A summary of the evolution of the main parameters at play is
presented in Fig. 7. We also show the evolution of the reflection
components in Fig. 8.

Using the best-fit values found for R}, M,,, and myg, it is pos-
sible to produce diagrams for the main physical properties of the
corresponding hybrid JED-SAD configuration. These diagrams
are presented in Fig. 9 for epochs 1, 5, and 8, each chosen to
represent one of the three phases. In these plots the accretion
flow has been divided into 31 radial zones, 30 for the JED, one
for the SAD. The scale height H, the Thomson optical depth
77, the electron temperature k7, and the emitted spectrum were
calculated and plotted in Fig. 9 for each of these 31 regions (see
Appendix C in Ursini et al. 2020, for further details on how these
plots were produced). The plots show that the increase in M;, in
phase 2 corresponds to a geometrically thinner, optically thicker,
and colder JED with respect to phase 1. The evolution of the
accretion flow is also apparent from the softening of the spectra
emitted by the single rings forming the JED. The re-hardening
episode in phase 3 is witnessed by the slight increase in the spec-
tral high energy cutoff combined with an increase in both k7, and
TT.

4.4. Spectral fits with Risco = 2 Rg

In Sect. 4.3 we kept the innermost radius Risco frozen to 4 R,
corresponding to a moderately spinning black hole, as suggested
by recent spectral analysis (Fabian et al. 2020; Zhao et al. 2021;
Guan et al. 2021). In this section we replicated the previous fit-
ting procedure after setting Risco to 2 Rg, corresponding to a
rapidly spinning BH (a.. ~ 0.95).
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Fig. 8. Best-fit models for inner and outer reflection in epochs 2—7. Inner
reflection models have been multiplied by a factor of 10 for clarity.

In this new ensemble of fits, a subdivision in three phases
can again be identified. Furthermore, a double-reflection model
is still necessary to fit the epochs, with the exception of epoch 1,
for which Model 2 results again in oddly high values of log&;.
However, a lower Risco significantly affects the values obtained
for R;, Mi,, and myg. In this case as well, R; decreases through
the three phases, but starts from almost 44 R to then decrease
to ~20-30 R and finally to ~15-20 R in phase 2 and 3, respec-
tively. The trend is significant, since the discrepancy between
these best-fit values is larger than their errors. A different trend
is observed in M;,, which remained very stable throughout the
eight epochs analyzed, with only a slight increase in phase 3.
The stability in M, is compensated by mg evolving blatantly,
going from mg ~ 1.1 in phase 1 to mg ~ 0.75 and finally ris-
ing again in phase 3 up to 1.5. If we impose the same myg for
all the epochs, in conformity with the analysis performed on
GX 339-4 (Marcel et al. 2018b), the best fits found by XSPEC
are strongly reflection-dominated. This happens because for mg
values beyond 1, the JED model is characterized by a rather
high electron temperature. The subsequent high energy cutoff
is not compatible with the spectral curvature well traced by
the BAT data in our spectra, which indicate a cutoff at about
100 keV. The only way for the JED-SAD model to reproduce such
spectral curvature would be to decrease R; and simultaneously
increase the temperature of the inner edge of the SAD. How-
ever, a hotter SAD should also be visible in the XRT band,
which does not show any sign of such a strong disk component.
Since the JED-SAD is not suitable, the best solution to describe
the broadband spectrum consists in tuning up the inner (highly
ionized) reflection component. Such reflection-dominated spec-
tra are challenging to explain, especially in the framework of the
proposed JED-SAD geometry. Similarly high reflection fractions
have been explained in the past, for example as a large covering
fraction of the disk due to the presence of clouds of colder matter
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Fig. 9. JED-SAD solutions for epochs 1, 5, and 8, used to represent phases 1, 2, and 3, respectively, calculated using the best-fit parameters for R,
M;,, and mg reported in Table 3. The following values were adopted: for phase 1 R, = 57 Rg, My = 0.8 Mgaq, and mg = 1.3; for phase 2 R, = 44
R, My, = 1.7 Mggq, and mg = 1.3; and for phase 3R, = 33 Rg, M, = 1.1 Mggq, and mg = 1.5. In all panels, the radial distribution is divided
in 31 portions (annuli), 30 for the JED and one for the SAD. Top and middle panels: how the actual shape z = H/R of the disk evolves with R.
The distribution of the Thomson optical depth (7, top) and the electron temperature (kT,, middle) are color-coded (see color bars at right). In the
same plots, the event horizon of the BH is represented by a half black circle. The total emitted spectrum is shown in the bottom panels as a solid
black line. The contribution from each of the 31 considered annuli is highlighted with a dotted line for the SAD region and dashed lines for the
JED regions. The sections of the plot corresponding to the energy ranges that are not covered by XRT, NICER, NuSTAR, and BAT data are shown

with a gray background.

(Malzac & Celotti 2002), as a compact corona close to the BH
emitting anisotropically due to light bending (Miniutti et al.
2003), or as being due to a mildly relativistic motion of the
corona toward the disk (Beloborodov 1999). Unfortunately all
of these scenarios are hard to reconcile with the proposed JED-
SAD geometry. We conclude that with Rigco = 2 Rg the role
played by M;, in driving the evolution of the accretion flow
toward intermediate states is somehow replaced by an evolution
in mg.

4.5. Exploring the effect of the other JED-SAD parameters

In order to reduce the number of degrees of freedom, so far
we kept some parameters fixed in both Models 1 and 2. In the
following we explore in more detail their impact on the results
obtained.

As shown by Marcel et al. (2018b), Fig. 10, p (which was
labeled £ by these authors) has little to no effect on the JED-SAD
spectral shape. Similarly, the choice of fixing i to 0.5 should
have a negligible impact, especially since the high energy cut-
off is basically insensitive to this parameter (see Fig. 6, Marcel
et al. 2018b). On the contrary, the jet power b is expected to
influence the JED shape at both hard and soft X-rays. Broadly
speaking, by increasing b more power is funneled in the jets,
making the underlying JED rather cold, while with a lower b, the

JED results hotter. This effect would shift the position of the high
energy cutoff and therefore act as mg. However, b is a function of
the aspect ratio €, which for a typical JED should be about 0.2—
0.3. As shown by Petrucci et al. (2010), Appendix A, we need
b values around 0.3-0.5 to obtain such aspect ratios, as higher
values would produce disks that are geometrically too thin to be
consistent with the expected JED geometry. We therefore do not
explore the effect of varying b further.

Potential biases could be ascribed to the dilution factor w
and to the parameter Kjgpsap, Which is solely related to the dis-
tance. We recall w being a parameter regulating the amount of
SAD photons penetrating the JED and thereby cooling it. In the
current model, it ranges between O (the unlikely case where no
photons from the SAD are intercepted by the JED) and 0.3 (when
up to 30% of the photons can be intercepted). In order to check
the effect of w, we analyzed epoch 5 again, but keeping w fixed
first to 0 and then to 0.3. As expected, when we put w to zero,
the cooling effect played by the SAD is replaced by lowering Ry,
which attains a value of 27-31 R, while also M;, and mg drop
to values of about 1.1 Mggq and 1.0, respectively. Increasing w to
0.3 only moderately impacts the outcomes of the fits (i.e., with
R; and mg compatible with the results obtained with w = 0.2
and a 15% increase in Mi,). The distance of MAXI J1820 is
well constrained between 2.7 and 3.3 kpc (Atri et al. 2020). In
the previous sections we froze w to 0.2 and Kjgpsap to 11.11,
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corresponding to a distance of 3 kpc. We then computed again
the best fits for epoch 5 freezing Kjgpsap first to 13.7 (2.7 kpc),
and then to 9.2 (3.3kpc). Analogously to w, variations in
Kjepsap do not affect the overall physical scenario which was
identified in this phase phase with Kjgpsap = 11.11, but they
result in a slight fluctuation of the best-fit values of M;, and R;.
For example, R; goes from ~41 R; at d = 2.7kpc to ~48 Rg
at d = 3.3kpc, a range comparable with the estimated errors
(about 2-5 R;). On the other hand, M;, oscillates between ~1.58
and ~1.70 Mggq (for the lower and higher edge of the distance
range, respectively), which is higher than the range of variability
associated with the errors. These results point out that some cau-
tion must be taken when considering the best-fit values obtained
for R; and M;, as face values.

5. Discussion

In the previous section we applied the physical model JED-
SAD to fit the XRT+NICER+NuSTAR+BAT observations of the
source MAXI J1820+070 in HS and HIMS. We included either
one (Model 1) or two (Model 2) reflection components. In
the latest model, which is more complex, the two reflection
spectra originate from different but neighboring regions of the
SAD disk. In all the epochs analyzed, with the exception of
epoch 1 (the only one in full hard state), we found that only
a two-reflection solution gives acceptable fits. In the follow-
ing we discuss the main results obtained in this work and their
interpretation.

To fit our spectra we considered both a moderately (Risco =
4 Rg) and rapidly (Risco = 2 Rg) spinning BH. We note that in
the case of a rapidly spinning BH the evolution of the system is
mainly driven by variations in the sonic Mach number mg. This
solution is different with respect to the modeling of GX 3394,
in which mg was fixed to 1.5 and the interplay between R; and
M, was sufficient to describe the data (Marcel et al. 2019). We
observed that this trend is statistically significant, since imposing
constant values of myg results in unphysical reflection-dominated
scenario. A change in mg arises from a change in the torque due
to the jet (through the toroidal magnetic field). We see no clear
reason for the jet torque to change on long timescales (>days),
even if it is possible in principle. Although we discard this possi-
bility here, one should nevertheless keep it in mind and look for
traces of any correlation between these rapid accretion (increase
in mg) events and any jet signature.

On the contrary, in the fits performed keeping Risco equal
to 4 Rg, the mg values are (almost) constant and the interplay
between R; and M, again plays the main role. We therefore con-
sider the fits performed in the moderately spinning BH scenario
more physically reliable. This evidence is in line with the esti-
mation of the spin value obtained by Fabian et al. (2020) and
Guan et al. (2021), among others. Nevertheless, even in the case
Risco = 4Rg, a (slight) increase in myg is observed going from
phase 2 to phase 3 (i.e., from 1.25 to 1.50). Imposing mgs to
1.5 in epoch 6, in continuity with epoch 7, results in a signif-
icantly worst fit where the reflection dominates over the direct
JED emission. While this is slightly different with respect to the
results obtained by Marcel et al. (2019, 2020), it is noteworthy
that these authors did not have data above 40keV and, more
importantly, they did not directly perform spectral fits on the
data. In future applications of the JED-SAD model, the inclusion
of high energy NuSTAR and especially BAT data might therefore
be necessary to highlight the role, if any, of mg in shaping the
spectra of BHTs in hard state and, particularly, their high energy
cutoff.
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5.1. The geometry of the accretion flow

The geometry of the accretion flow in the HS of MAXI J1820
has been inspiring a vivacious debate since its discovery. Several
authors have proposed that, when in HS, the hot corona of MAXI
J1820 contracts, while the accretion disk remains stable at the
ISCO. This scenario was proposed first by Kara et al. (2019) and
recently supported by Wang et al. (2021), based on NICER X-ray
spectral and timing analysis. These results were also corrobo-
rated by modeling the reflection component in NuSTAR spec-
tra, adopting two lamppost corona models (Buisson et al. 2019;
You et al. 2021). However, Zdziarski et al. (2021) proposed that
the truncated disk scenario can still explain the HS and HIMS
of MAXI J1820. According to their spectral analysis performed
with NuSTAR data on our epochs 1, 2, 3, and 4, the disk never
extends down to the ISCO. A scenario where the disk is not only
truncated, but also the inner edge of the disk approaches the BH
throughout the hard state is also suggested by the spectral evolu-
tion of the quasi-thermal component responsible for the thermal
reverberation lags (De Marco et al. 2021) and the evolution of
the characteristic variability frequencies observed in the iron line
(Axelsson & Veledina 2021). It is noteworthy that a trend for an
approaching truncated inner disk is also qualitatively suggested
by Type C QPOs (Buisson et al. 2019).

Regardless of the choice for Risco and of the uncertainty in
Kjepsap, all the fits performed by us show that the accretion disk
in MAXI J1820+070 is truncated in hard state and its inner edge
moves inward during the transition to the intermediate state. For
Risco = 4Rg, we found R; to be about 50-60 R in phase 1,
35-45 R in phase 2, and 30-35 R in phase 3. A bit of cau-
tion is required in taking these measurements at face value since
the exact estimates of the truncation radius are instead critically
dependent on our choices for Risco and Kjgpsap. Our spectral
analysis was performed on a data set which includes the data set
of Zdziarski et al. (2021) and reaches a similar conclusion on
the geometry. However, our work includes four more observa-
tions and provides a coherent picture of the spectral evolution
of the system, using a physical model. The calculated transition
radii R; are consistent with the lower limits on the truncation
radius estimated by De Marco et al. (2021) by analyzing the
quasi-thermal spectral component arising from the disk due to
X-ray irradiation from the corona (see in particular their Fig. 9).

Finally, a multi-zone corona was invoked on the basis of
both spectral (Zdziarski et al. 2021) and temporal (Dzietak et al.
2021) behavior of the system in the same observations. We high-
light that the JED model is also a multi-zone model, as it takes
into account the single contribution for each ring of matter that
composes the JED, each with variable temperature and opti-
cal depth. Therefore, our approach is in line with other works,
where a single uniform plasma cloud was proven insufficient to
adequately describe the spectrum of black hole X-ray binaries
(Nowak et al. 2011; Basak et al. 2017). Moreover a multi-zone
model can naturally produce a spectral shape that is not exactly
a power law. In the energy range of the iron line this can have
a direct impact on the broadness of the line, and could explain
the absence of extreme red wings that would require an accretion
disk down to the ISCO.

5.2. The nature of the second reflection component

In Kara et al. (2019) the line profile revealed by the NICER
data was clearly evolving across the HS and HIMS state, with
a shrinking narrow core and a constant broad blurred base. This
has been interpreted by invoking either a disk reaching the ISCO
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Fig. 10. Sketches representing two possible scenarios that might generate the double-reflection component used to model X-rays data of MAXI
J1820+070 in hard state. In particular, in panel a we show that a sudden jump in the scale height of the disk might shadow part of the reflection
coming from the intermediate regions. In panel b we show that the contribution from the on-the-other-side-of-the-BH JED could particularly
illuminate the outer regions of the disk, leading to a boost in the outer reflection component.

in hard state, or a contracting lamppost corona, which produces
two reflection components, one stable (the broad inner one) and
one variable (the narrow outer one). In this geometry, the top
of this corona would mainly illuminate a distant region of the
disk, which produces the narrow line, contrarily to the bottom
of the corona, which would instead illuminate an inner region of
the disk, where a strongly blurred line arises. Using two reflec-
tion components was also required in the spectral analyses by
Buisson et al. 2019; Chakraborty et al. 2020; Zdziarski et al.
2021. In our modeling, the broad component in the iron line is
also stable and changes very slightly from epoch 2 to 7 (see
Fig. 8). However, the disk does not reach the ISCO and the
broadening of the line profile is possibly due to the combina-
tion of two effects. First, a significant role is played by the
underlying continuum. Previous papers reporting a highly ion-
ized disk reaching close to the ISCO in the hard state consider
a single Comptonization continuum, while a multi-zone Comp-
tonization, as considered in the JED-SAD model, is more phys-
ically motivated. Furthermore, as a consequence of the high
ionization parameter estimated for the plasma in the inner disk
(logé, ~ 3.7-3.8), photons in the iron line tend to suffer mul-
tiple Compton scatterings leading to a further broadening of the
line profile (Matt et al. 1996). In the JED-SAD configuration
the corona does not have a lamppost geometry and an explana-
tion analogous to Kara et al. (2019) cannot hold. An alternative
possibility could be the inadequacy of our reflection models in
dealing with real-life reflection spectra. We note that the reflec-
tion spectrum observed in accretion disks always results from the
continuum of reflection spectra emitted at different radii. Using
only one reflection component could just be an oversimplified
approximation in this case. Nevertheless, given the high inclina-
tion of the system, some effects could also create an imbalance
in the contributions from the different parts of the disk, lowering
the contribution from the intermediate regions or increasing that
from the outer regions. We suggest two mechanisms potentially
responsible for such an imbalance, sketched in Fig. 10.

One possibility could be that the disk, since viewed at such
high inclination, might create a “shadow” zone where part of
the reflection incoming between R;,; and R;, is obscured (see
Fig. 10, panel a). As highlighted by the Figure, a jump in
the scale height of the disk, located sufficiently far away from
its inner edge, could in principle generate such self-shielding
effect. A disk flared in the outer region was also put forward
by Zdziarski et al. (2021) and Axelsson & Veledina (2021) in
order to explain the presence of the outer reflection component
and the variability associated to the iron line. However, it is not
obvious whether a sudden puffing up of the disk could happen
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201 — Epoch 6
—— Epoch 7

Epoch 8

10
0l
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Fig. 11. Contour plots for the parameter R;,, when left free and not tied
toR J.

or not in a classical Shakura-Sunyaev disk, like the SAD. A
jump could arise from a transition in the mechanism contribut-
ing mainly to the opacity in the disk. In the outer regions of a
Shakura-Sunyaev disk, the opacity is expected to be mainly due
to free-free absorption, while Thomson scattering dominates the
opacity in the inner regions of the disk (see Egs. (2.16) and (2.19)
of Shakura & Sunyaev 1973). The geometrical thickness of the
disk scales with the radius R following a (slightly) different rela-
tion; it is proportional to R=2!/?0 in the inner Thomson scattering-
dominated, regions and to R~/ in the outer regions. At the
boundary between these two zones (i.e., at a radius Rjump) a jump
is expected. We calculated Rjyy, according to our results for M,
and assuming the same value for @ in both equations. We found
Rijump between 3x 10* R and 7x 10* R in all the epochs consid-
ered. In our fits the location of the outer reflector R;,» was kept
frozen to 300 Rg. When the parameter is thawed, it is completely
unconstrained, as shown in Fig. 11. Notwithstanding the uncer-
tainty on Rj,,, a boundary at beyond 10* R is likely located
too far away to produce an extra reflection component. How-
ever, a crucial role might be played by irradiation from the inner
regions of the disk to the outer regions, an ingredient neglected
in Shakura-Sunyaev disks. Beyond some boundary radius, we
expect that the upper layers of the disk should be heated up by
the impinging photons coming from the inner regions, leading to
evaporation and to a larger effective scale height.

This effect would be efficient only where thermal winds are
launched and unfortunately this region is also located beyond
10°—10° R, where the sound speed of the plasma overcomes
the Keplerian speed (see, e.g., Higginbottom et al. 2017).
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This argument would exclude that the optical winds detected
in MAXI J1820 in HS (Muioz-Darias et al. 2019; Sanchez-
Sierras & Muiioz-Darias 2020) could play the role of shadowing
reflection from intermediate regions. However, the presence of a
large-scale vertical magnetic field make real-life accretion disks
more layered and puffed up (Zhu & Stone 2018; Jacquemin-Ide
et al. 2021). It is therefore possible that the boundary radius at
which the disk is geometrically thickened by irradiation may be
located even closer and reasonably impacts the reflection spec-
trum observed from the disk at high inclinations. In order to
confirm this, irradiation must be properly taken into account in
models of magnetized disks around BHs!!'. However, this is far
beyond the scope of the present paper.

An alternative scenario is sketched in Fig. 10, panel b. In
principle, the radiation from the JEDs on the two different sides
of the BH with respect to our line of sight could illuminate
two differently located regions of the SAD, originating the two
reflection components. Photons coming from the other-side-of-
the-BH JED may not be able to impinge on the SAD before
Rin 2, producing an excess in the reflection component coming
from this radius. The picture presented here is likely oversimpli-
fied, as it may require a finely tuned light bending of the radia-
tion coming from the other side of the BH, and it does not take
into account any possible occultation from the jet, expected to
be optically thin.

In addition, it is unclear how the evolution, mainly in ion-
ization, of the outer reflection component fits within the pro-
posed scenarios (see Fig. 8). This trend could be explained with
an approaching of R;,», which was instead kept frozen to the
assumed value of 300 Rg. As shown in Fig. 11, Rj,, remains
essentially unconstrained by the fit, so that an approaching trend
may be hidden here. If we consider the irradiation from the
inner disk as being responsible for the puffing up of the outer
disk and the subsequent self-shielding effect, the fading in X-ray
luminosity of the system during epochs 2 to 8 could be some-
how correlated to the observed variability in the outer reflec-
tion. However, this cannot be confirmed without a proper mag-
netohydrodynamic modeling of magnetized disks that takes into
account how irradiation impacts the scale height of disks.

6. Conclusions

In this paper we reported on the spectral study of the BH
transient MAXI J1820+070 in HS exploiting the JED-SAD
accretion-ejection paradigm. This is the second object the model
has been applied to, and the first time that Compton reflection is
taken into account in detail. We investigated the spectral behav-
ior of the system in eight epochs, spanning roughly 100 days,
during which the system was always in HS and HIMS. Due to the
uncertainty on the spin of the BH, we considered two possible
values for Risco, 4 Rg (a. = 0.55) and 2 R (a. = 0.95), respec-
tively. In the first case only two parameters, R; and M., drive the
largest changes in the spectral modeling: R; decreases through-
out the period, while M, first increases, during the rise, and then
decreases, during the plateau and the decline (see De Marco et al.
2021, for the definition of these phases). For a rapidly rotating
BH, M;, remains quite constant, while a decrease in the sonic
Mach number myg is observed and seems to drive the overall
evolution of the accretion flow. This scenario is unlikely and sug-
gests that the BH in MAXI J1820 is spinning rather moderately,
as also found by Fabian et al. (2020) and Guan et al. (2021).
The geometry of the system consists in a truncated disk (i.e., R,

1" As done for example in Zhu et al. (2020) for young stellar objects.
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never goes below 15 Rg) with the inner radius decreasing during
the monitored period, in agreement with Zdziarski et al. (2021)
and De Marco et al. (2021), among others. In order to success-
fully describe the spectra, two reflection components have to be
taken into account for all the epochs considered (except for the
first one): one component is highly ionized and originates from
the edge of the SAD, while the other is less ionized and presum-
ably originates from an outer region of the disk. While the inner
reflection component is stable, the outer reflection component
evolves in a way that is compatible with a scenario where the
region responsible for such a component is approaching the BH.
A self-shielding effect, due to both the high viewing angle and
a flared outer disk, might offer a viable explanation for such a
phenomenon.

It is worth noticing that the exact M;,—R; values estimated
here depend on the choice of Rsco, the uncertainty on the dis-
tance of the system, and some simplifying assumptions on the
dilution factor w and the jet power fraction b. However, we
argued that these assumption do not affect the main conclusions
provided by this work (the truncated disk geometry and the dou-
ble reflection component), but only provide additional uncer-
tainty on the best-fit values presented here. Further investigations
are necessary to obtain more reliable and precise measurements
of the truncation radius and the inner mass-accretion rate. One
possibility would be to check if the obtained R; and M;, values
can be used to fit the radio observations of this system, as suc-
cessfully done by Marcel et al. (2019) for GX 339-4. Results
discussing the jet behavior and brightness using the JED-SAD
model for MAXIT J1820 will be presented in a forthcoming pub-
lication.
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