arXiv:2006.12829v2 [astro-ph.HE] 12 Jan 2021

DRAFT VERSION JANUARY 13, 2021
Typeset using [ATEX twocolumn style in AASTeX63
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ANDRZEJ A. ZDZIARSKI,' BARBARA DE MARCO,> MICHAL SZANECKI,' ANDRZEJ NIEDZWIECKI,> AND ALEX MARKOWITZ'

! Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, Bartycka 18, PL-00-716 Warszawa, Poland; aaz @ camk.edu.pl

2Departamemf de Fisica, EEBE, Universitat Politécnica de Catalunya, Av. Eduard Maristany 16, E-08019 Barcelona, Spain; barbara.de.marco@upc.edu
3 Faculty of Physics and Applied Informatics, E6dZ University, Pomorska 149/153, PL-90-236 £6d%, Poland; andrzej.niedzwiecki@uni.lodz.pl

ABSTRACT

The accreting black-hole binary XTE J1752-223 was observed in a stable hard state for 25 d by RXTE, yield-
ing a 3-140keV spectrum of unprecedented statistical quality. Its published model required a single Comp-
tonization spectrum reflecting from a disk close to the innermost stable circular orbit. We studied that model
as well as a number of other single-Comptonization models (yielding similarly low inner radii), but found they
violate a number of basic physical constraints, e.g., their compactness is much above the maximum allowed by
pair equilibrium. We also studied the contemporaneous 0.55-6 keV spectrum from the Swift/XRT and found it
well fitted by an absorbed power law and a disk blackbody with the innermost temperature of 0.1 keV. The nor-
malization of the disk blackbody corresponds to an inner radius of 220 gravitational radii and its temperature,
to irradiation of the truncated disk by a hot inner flow. We have also developed a Comptonization/reflection
model including the disk irradiation and intrinsic dissipation, but found that it does not yield any satisfactory
fits. On the other hand, we found that the <10keV band from RXTE is much better fitted by a reflection from
a disk with the inner radius 2100 gravitational radii, which model then underpredicts the spectrum at >10keV
by <10%. We argue that the most plausible explanation of the above results is inhomogeneity of the source,
with the local spectra hardening with the decreasing radius. Our results support the presence of a complex

Comptonization region and a large disk truncation radius in this source.

1. INTRODUCTION

Broad-band, ~1-300keV, X-ray spectra of black hole
(BH) binaries in the (low) hard state (LHS) are often suc-
cessfully fitted by the sum of three components: blackbody
emission from a disk, Comptonization in a hot plasma (some-
times approximated by a power law with an exponential high-
energy cutoff), and a reflected spectrum from the plasma ir-
radiating the disk (e.g., Dove et al. 1997; Zdziarski et al.
1998; Done et al. 2007 and references therein). When data at
<3keV are not available, the disk component is usually not
detectable, and the spectra can be well fitted by Comptoniza-
tion and reflection alone (e.g., Garcia et al. 2015; Dzietak
et al. 2019). This is, in particular, the case for the RXTE
spectrum from the BH X-ray binary XTE J1752-223 studied
by Garcia et al. (2018), hereafter G18.

Still, the usual exposure time used to make an X-ray spec-
trum is several thousands of seconds (and often more), which
is much longer than the dominant variability time scale in the
LHS of the order of a second (corresponding to the peak of
the variability power per logarithm of frequency). The to-
tal root-mean-square (rms) variability in the LHS is typically
~30-40% (Muiioz-Darias et al. 2011). This means that the
fitted X-ray spectra are averaged over many cycles of strong
variability. It could be a spectrum of a constant shape varying
in its amplitude but rms spectra in this state often decrease
with the energy in the X-ray regime, thus inducing significant
spectral variability, see, e.g., Gierlinski & Zdziarski (2005);
Stiele & Yu (2015). This could still correspond to a single
Comptonizing region with a variable input of soft seed pho-

tons (presumably from the disk), resulting in a pivoting spec-
trum (Zdziarski et al. 2002; Gierliniski & Zdziarski 2005).

Further constraints on the structure of the sources are ob-
tained from combined spectral/timing analysis. Revnivtsev
et al. (1999) showed that X-ray spectra corresponding to dif-
ferent Fourier-frequency ranges of the variability of Cyg X-
1 in its LHS become harder with the increasing frequency.
Axelsson & Done (2018) performed similar calculations,
but fitted the power spectrum with three Lorentzian com-
ponents, and obtained the X-ray spectra corresponding to
each. Similarly, they found that the X-ray spectra harden
with the increasing Lorentzian peak frequency. This tech-
nique was later used by Mahmoud & Done (2018) and Mah-
moud et al. (2019) to develop detailed models of accretion
flows fitting simultaneously observational constraints from
the spectra, variability and time lags, and showing that there
have to be more than one Comptonization component, which
also agrees with the spectral/timing analysis of Yamada et al.
(2013). In this framework, the hard X-ray lags are interpreted
as due to the local spectra becoming harder (Kotov et al.
2001). Therefore, even if a good spectral fit can be found to a
time-averaged X-ray spectrum with a single-Comptonization
and reflection model, such a model appears to be not physi-
cally consistent with combined spectral/timing results.

Here, we consider the case of the LHS of the X-ray bi-
nary XTE J1752-223. It is a transient accreting BH binary,
and it has had only one outburst so far, in 20092010 (Sha-
poshnikov et al. 2010). The BH nature of the system is in-
ferred from the overall similarity of its properties to known
BH systems. The distance, d, and binary parameters of
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the source remain relatively uncertain. Shaposhnikov et al.
(2010) estimated d ~ 3.5 4+ 0.4kpc and the BH mass of
M =~ 9.6 £ 0.9M using a correlation method. (We note,
however, that the same method yielded M = 7.9£1.0Mg, for
Cyg X-1, much below the current dynamical estimate.) Then,
Ratti et al. (2012) estimated d ~ 9.1 + 4.5kpc based on the
flux of the soft-to-hard transition, and 3.5kpc < d < 8kpc
including also constraints on the emission of the donor, with
some preference for ~8 kpc based on the radio/X-ray corre-
lation and consideration of the orbital period. A rough con-
straint on d? /M can also be set from the remarkable similar-
ity of the X-ray hardness-count rate diagram for XTE J1752—
223 to that of GX 339-4, shown in fig. 1 of G18. The dis-
tance to GX 3394 was estimated in Zdziarski et al. (2019)
as 8—12 kpc, approximately correlated with the BH mass esti-
mate within 4-11M,, which favors a large distance for XTE
J1752-223. That hardness-count rate shape is also charac-
teristic of low-inclination BH transients (Mufioz-Darias et al.
2013), which implies 7 < 60°. The binary inclination is then
limited to 7 < 80° (Ratti et al. 2012), while that of the jet to
i < 49° (Miller-Jones et al. 2011).

A remarkable feature of XTE J1752-223 is that, during the
rise, it was observed for 25 d by RXTE in a stable LHS, with
an almost constant flux and hardness (G18). Still, the source
was highly variable on short time scales, with a ~ 48%
rms variability in the &/ = 2-15 keV energy range and the
0.002-128 Hz frequency range measured during the first 4 d
of the RXTE observations (Mufioz-Darias et al. 2010; here-
after MD10). G18 has obtained the average spectra from the
PCA (3—45keV) and HEXTE (20-140keV) for all of these
observations. This resulted in highly accurate spectra with a
300 ks exposure and very large count numbers, ~ 10% and
~ 107 for the PCA and HEXTE, respectively. In spite of
the relatively low energy resolution of the PCA, the accuracy
of the calibration and the very high count numbers allow for
detailed spectral fits, as shown by G18.

G18 fitted thermal Comptonization and relativistically
broadened reflection using the xillver and relxill
models (Garcia et al. 2013; Dauser et al. 2016). They found
extreme relativistic broadening, with their overall best fits
corresponding to the disk inner radius, R;,, very close to the
radius of the innermost stable circular orbit (ISCO), Risco,
and the primary source forming a ‘lamppost’ (a static point
source on the BH rotation axis) very close to the BH horizon
radius, Ryor. This result can be considered to be one of the
best existing arguments for the disk reaching the immediate
vicinity of the ISCO in the luminous LHS.

The question whether the disk in accreting BH binaries
reaches the ISCO already in the luminous LHS (at 2 0.01
of the Eddington luminosity, Lgqq) or only in the soft state
has, however, been the subject of an intense ongoing debate.
Results similar to those of G18 have been obtained in many
other studies (e.g., Reis et al. 2008, 2010; Garcia et al. 2015,
2019). On the other hand, spectral fits obtaining significantly
truncated disks in the luminous LHS have been obtained as
well (e.g., Plant et al. 2015; Basak & Zdziarski 2016; Basak
et al. 2017; Dzietak et al. 2019). Significant truncation is also

implied by the measured relatively long reverberation lags of
soft X-rays responding to variable hard X-rays (De Marco
et al. 2015, 2017; Mahmoud et al. 2019), modelling of type
C QPOs as precession of the inner hot disk (e.g., Ingram et al.
2016), and accounting for the re-emission of the X-rays ab-
sorbed by the disk (Zdziarski & De Marco 2020).

Given the above arguments in favor of an inhomogeneous
accretion flow in the LHS of BHXRBs, and the X-ray tim-
ing characteristics of the source (MD10), here we reconsider
the RXTE data from XTE J1752-223, with the aim of testing
this scenario. Crucially, we also study data from the X-ray
Telescope (XRT; Burrows et al. 2000) onboard Neil Gehrels
Swift. The XRT performed 10 short observations of XTE
J1752-223 during the first 9 days of the RXTE observations.
These data, not considered in G18, extend the spectral cover-
age down to ~0.5 keV, allowing us to constrain the presence
of a disk blackbody component.

2. OBSERVATIONS

Details about the RXTE observations and their data reduc-
tion are given in G18. They combined the 57 individual
pointings taken during MJD 55130-55155 using the method
of Garcia et al. (2015), which accounts for changes in the
hardness ratio, slightly decreasing during these observations,
see fig. 1 in G18. Then they applied the calibration correc-
tions of Garcia et al. (2014, 2016b) to the resulting average
spectra from the PCA and HEXTE, respectively, aimed at
improving the quality of the spectra. We use the same com-
bined and corrected PCA and HEXTE spectral data as G18.
The PCA data include a 0.1% systematic error, and none is
added to the HEXTE data.

We analyzed the XRT observations carried out during MJID
55130-55138 in the Windowed Timing mode, with the total
exposure of 9376s. The data were reduced following stan-
dard procedures (xrtpipeline within HEASOFT v.6.25).
Source counts were extracted from a circular region with ra-
dius of 47" centered on the source. The background counts
were extracted from an annular region centered on the source.
We selected only single-pixel events (grade=0). Ancillary
response files were generated using the xrtmkarf task, and
the response file swxwt0s6-20090101v015.rmf was
used. The spectra were summed into a single spectrum us-
ing the FTOOL addspec, which also creates an appropriate
ancillary response file for the summed spectrum. The spec-
trum has been rebinned requiring the minimum number of
channels per bin of 3 and a signal to noise ratio of 50, and
a 1% systematic error has been added. We have also looked
for a possible contribution of a scattering halo, but found it
negligible.

3. FITS TO THE X-RAY SPECTRA OF XTE J1752-223

We study the spectra using the X-ray fitting package
XSPEC (Arnaud 1996). The reported fit uncertainties are for
90% confidence, Ax? ~ 2.71.

As in G18, the overall slope of the PCA data is corrected
using the model jscrab (Steiner et al. 2010), which mul-
tiplies the spectrum by a power law with a residual index
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Table 1. The results of the spectral fit of the XRT spectrum in the
0.55-6 keV range (107 channels) assuming k7, = 30keV with
jscrabxtbabsxthcomp (diskbb).
Nu r fsc kTin Naisxob X?,
10*'em™2 keV 10°

6.5705 1527003 0.247012 0.1170:02 0.9752 94/96

difference, AI' = 0.01 (where I' is defined by the photon
number flux o< £~T) and a normalization factor of 1.097, to
achieve an agreement with the standard Crab results, see G18
for details. The same model is applied to the HEXTE and
XRT data with free AT and the relative normalization. This
allows to partially correct for differences between the spec-
tral calibration of the three instruments. As found in G18, the
PCA data still suffer from some calibration problems at high-
est detector energies, which are corrected by adding two nar-
row Gaussian lines at 29.8 and 43.4 keV. Similarly, as found
by MD10, fitting the ~1.5-2.5keV XRT data requires an ad-
dition of two instrumental lines, at ~1.7 and ~2.3 keV. These
lines have negligible effect on the fit parameters.

We account for the ISM absorption using the tbabs
model (Wilms et al. 2000). We have found that both the fitted
value of the H column density as well the actual absorption
of low-energy parts of the spectra depend sensitively on the
assumed abundances. The fitted absorption is much stronger
for the abundances of Wilms et al. (2000) compared to those
of Anders & Grevesse (1989). This is especially the case for
the XRT data, whose fitting yields unrealistically strong disk
blackbody components when using the former abundances.
Also, the total HI and Hy column density in the direction of
XTE J1752-223 is! Ny =~ 6.0 x 102! em—2 (Willingale et al.
2013), whereas fitting with the former abundances yields al-
most twice that value. Therefore, we use here the abundances
of Anders & Grevesse (1989), except when noted otherwise.

3.1. The XRT spectrum

We first consider the XRT spectrum. We fit it in the
0.55-6 keV range with the thermal Comptonization model
of Zdziarski et al. (2020), thcomp. This is a convolution
model, allowing for Comptonization of a fraction of photons
from any form of the seed spectrum. We assume the seed
photons have a disk blackbody spectrum (diskbb; Mitsuda
et al. 1984). (Adding diskbb to an absorbed power law
model has the probability of 10~ of being by chance.) As
stated above, we account for the spectral differences between
the instruments using the jscrab model, where we fix AT’
at 0.077 and the normalization at 0.83 as found in our over-
all best-fit model below for the joint XRT/PCA/HEXTE data
(which assume a power-law irradiation profile), see Section
3.2

We obtain a very good fit, whose parameters are given in
Table 1. It shows the XRT spectrum can be self-consistently

! https://www.swift.ac.uk/analysis/nhtot/index.php
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Figure 1. (a) The XRT spectrum fitted in the 0.55-6 keV with ther-
mal Comptonization of a fraction of disk blackbody photons (and
absorbed in the ISM). The upper and lower panels show the un-

folded spectrum and the data/model ratio. In addition, the data
require two Gaussian lines to account for instrumental artifacts,
shown by the doted curves. (b) The corresponding unabsorbed
model. The red dots and blue dashes show the unscattered part of
the disk blackbody and the Comptonization, respectively, and the
solid black curve shows the sum. (c) The 1, 2 and 30 confidence
contours for Naisxw» and £7iy.

accounted for by Compton scattering of a relatively small
fraction of the disk blackbody photons. Figures la, b show
the unfolded spectrum with the absorbed model and the
data/model ratio, and the unabsorbed model components, re-
spectively. Since the two parameters of the disk blackbody
are anticorrelated, we show their confidence contours on Fig-
ure lc. We see that the power-law-like component domi-
nates down to ~1keV, while the thermal disk has a rather
low temperature. The fitted value of Ny is consistent with
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that of the Galactic column density. We have also tested
the effect of switching to the abundances of Wilms et al.
(2000). Then, N =~ 9.515% x 102! em™2, fi. ~ 0.1170 55,
kT, =~ 0.10 &+ 0.01keV, and the Ng;sxpp 1S significantly
larger, ~ 3.05-3 x 10°.

We note our value of kT;, is different from that of MD10,
kT, ~ 0.313 £ 0.007 ke V. They used the sum of disk black-
body and a power law, and we thus fitted the XRT data with
that model. We obtain kT}, =~ 0.107053 keV, very sim-
ilar to that of the Comptonization model described above.
They also used the average of the first three XRT obser-
vations only. We repeated this procedure, and also found
kT < 0.12keV. This also confirms that the obtained low
value of kT3, is not an artifact of the summing of the indi-
vidual XRT spectra. We argue that the value given in MD10
might to be a typo considering that their di skbb normaliza-
tion (= 1.0 x 10%) at kT, ~ 0.3keV yields a disk black-
body flux (oc T}*) ~100 times higher than that of the data
(whichis ~10~% ergecm~2s~1). This discrepancy disappears
for kT;, =~ 0.1keV.

As we discuss in Section 4.2, the fitted disk blackbody nor-
malization implies the disk inner radius of ~ 10?R,. If the
abundances of Wilms et al. (2000) are used, even larger val-
ues are implied. Either is completely incompatible with the
inner radius of < 2R, found in G18. Furthermore, the low
inner disk temperature we find implies a large truncation ra-
dius as well (Section 4.2). Below, we include the RXTE data
in our study, considering possible ways to reconcile them
with the findings based on the XRT data.

3.2. Analysis of joint spectra

We repeat the analysis of G18 for their model 3.A of the
joint PCA/HEXTE spectrum, which is one of their two best
models (the other assumes the disk inner radius exactly at
the ISCO, R;i, = Risco). It assumes a lamppost above
a rotating BH with the dimensionless spin of a, = 0.998
(for which Risco =~ 1.237R, and Ry, ~ 1.063Rg, where
Ry, = GM/c?). The incident spectrum is from thermal
Comptonization, using the model nthcomp. Their model
also includes thermal Comptonization of a fraction of the re-
flected emission by the electrons in the lamppost, using the
simplcut model of Steiner et al. (2017) and a weak contri-
bution of static reflection from remote parts of the disk (us-
ing xillverCp), as given in the XSPEC notation in Table
2 as Model 1. We used two relxilllpCp components to
describe the primary and reflected emission separately, re-
spectively, see the first and second components in Table 2.
We note here that relxilllpCp gives the electron tem-
perature, kT, in the observer’s frame?, i.e., redshifted with
respect to that in the lamppost by 1 + z, which is given by

_ (H/R,)* + a
thes ¢ (H/R,)” +a? —2H/R,’

(D

2 http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/

We thus set the temperature of the scattering electrons in
simplcut to (1 + z)kT., while the observer’s frame kT,
was used in G18 (J. Garcia 2020, private communication).
G18 assumed the abundances of Wilms et al. (2000), which
we also assume in this model. With the current version
(1.3.5) of the relxill family of codes, we find an excel-
lent fit with this model, even better than that reported in G18,
with x2 ~ 101/90, compared to their 117/89. We obtain
lower relativistic blurring than G18, with our best-fit lamp-
post height at H = 2.8875 23Ry, (vs. 1.17Ryor ~ 1.24R,
in G18), Rin ~ 2.137015Risco (vs. 1.8Risco in G18),
i & 2542°, and Ny ~ 1.06 7002 x 1022 cm~2. However, our
new fit has some self-consistency problems. First, 0.4070 55
of the disk-reflected emission directed toward the observer
undergo subsequent scattering in the primary Comptonizing
source, which is approximated as a point source. As shown
by Dovciak & Done (2016), much fewer reflected photons
would go back to the lamppost, especially given the fitted low
disk inclination. Second, the fitted reflection fraction (de-
fined as in Dauser et al. 2016) is Ry ~ 0.5010 09, while the
value predicted by the lamppost model is ~2.08 (as obtained
by setting fixReflFrac =2 in the model), i.e., about four
times more.

Thus, we modify Model 1 by setting the reflection fraction
equal the lamppost value. Since the PCA data are for >3 keV
only, the fitted Galactic absorption column may be not fully
correct as well. Therefore, we also impose Ny = 6.540.5 X
102' cm™2 and switch back to the abundances of Anders &
Grevesse (1989), based on the fitting the XRT data. However,
we have found we are then unable to obtain a good fit, with
the best found x2 of only ~ 174/91.

Then, we switched to the reflkerr_lp model of
NiedZwiecki et al. (2019), shown as Model 2 in Ta-
ble 2, where the static reflection component hreflect
(Niedzwiecki et al. 2019; combining xillver and
ireflect, Magdziarz & Zdziarski 1995) accounts for
reflection from remote parts of the disk, assumed to be
close to neutral. The reflkerr_lp has some advan-
tages over relxil11pCp: it includes the emission of the
bottom lamppost, it models the incident Comptonization
photon using the compps model of Poutanen & Svens-
son (1996) (which is significantly more accurate than the
nthcomp model used in re1xil111pCp), and it uses a cor-
rect relativistic treatment of Compton reflection at energies
2 10keV, while re1xil11pCp uses a non-relativistic treat-
ment (Garcia & Kallman 2010). At low inclination angles,
the gravitationally focused emission from the bottom lamp-
post enhances the direct emission (NiedZzwiecki & Zdziarski
2018), which then reduces the fractional reflection, which
is equivalent to artificially reducing the reflection fraction
from its physical value when only the top lamp emission
is included (as in relxill1lpCp). This effect apparently
prevented finding a good fit with the above relxilllpCp
model at the physical reflection normalization. Furthermore,
we find that the fit with reflkerr_lp no longer requires
any scattering of the reflected emission. This has been tested
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Table 2. The list of main broad-band models in Section 3.2. All of the models begin with jscrabxtbabs, and include instrumental lines for

the PCA and XRT data (not shown).

# | XSPEC structure

Description

+xi11llverCp)
(reflkerr_lp+hreflect)
(diskbb+reflkerr_lp+hreflect)
(diskbb+reflkerr+hreflect)
(reflkerr_lpbb+hreflect)

whn W N

1|(relxilllpCp+simplcut (relxilllpCp) | PCA/HEXTE, following 3.A of G18, reflection < lamppost

PCA/HEXTE, bottom lamp, reflection = lamppost

XRT/PCA/HEXTE, bottom lamp, reflection = lamppost, additional disk blackbody
XRT/PCA/HEXTE, coronal model with a power-law profile + disk blackbody
XRT/PCA/HEXTE, bottom lamp, reflection = lamppost, quasi-thermal disk emission

NOTE—AII of the lamppost models with satisfactory fits violate et pair equilibrium, have most of the photons emitted by the lamppost

trapped by the BH, and do not fully account for the re-emission of the irradiating flux. The coronal model has an extremely steep irradiation

profile. Thus, neither model can be considered physical.

using the thcomp model (instead of simplcut), which is
compatible with compps (see Zdziarski et al. 2020) used
as the incident spectrum in reflkerr_lp. The incident
Comptonization spectrum includes only the scattered pho-
tons, since it is emitted by electron scattering in the lamppost.
Since the reflkerr_1p model gives both k7; and kTeeq
in the lamppost frame whereas hreflect has parameters
almost equal to those in the observer’s frame, we account
for the gravitational redshift of the direct lamppost emission
by setting the electron and seed temperatures in hreflect
equal to kT, /(1+ 2), kTyeea/(1+ z). We obtain an excellent
fit with x2 ~ 102/91, and H ~ 1.717019R, ~ 1.61Rp,
Rin ~ 318702 Risco ~ 3.93R,, Ny ~ 6.6703 x
10%! cm~2 (compatible with the constraint from the XRT
spectrum). In this model, the bottom lamp is fully visible,
while it is likely to be partially obscured by the fast flow be-
low R;,. We have tested it, and found that the 90% con-
fidence range of the fraction of the bottom-lamp emission
being visible is § > 0.58.

Similarly to the previous models for the PCA/HEXTE
spectrum, the reflecting medium is found to be strongly ion-
ized, with log;, & ~ 3.497515 where the ionization param-
eter is defined as

€ = 4nFy/n, )

where F};, is the irradiating flux measured at the source in the
0.1-1000 keV photon energy range (J. Garcia 2020, private
communication) and 7 is the electron density. For our fitted
spectra, this energy range contains most of the bolometric
flux, and we hereafter neglect the small inaccuracy resulting
from not accounting for the flux beyond this range.
However, we find a number of issues with this model.
The gravitational focusing of the bottom lamppost implies a
strongly fine-tuned (and very low) inclination, ¢ ~ 9.7 tg;j*;’.
Then, 72% of the primary photons are captured by the BH.
Thus, this model has the radiative efficiency more than three
times lower than that of models with negligible photon cap-
ture by the BH. This needs to be compensated by increasing
the accretion rate, M, by a factor of 23, which, as can be
inferred from fig. 1 of G18, would make the M in the LHS
higher than that in the following soft state (which effect was
pointed out by NiedZzwiecki et al. 2016). In the soft state,

most of the X-ray flux is from the intrinsic emission from
the disk extending to the ISCO, which is much less affected
by the photon trapping than the emission of the lamppost.
The electron temperature is k7T, ~ 1741'%; keV, for which
the Comptonization spectrum peaks around the threshold for
e® pair production, 511keV. The compactness parameter in
the lamppost frame for the the fitted height and including all
photons is £ ~ 2.1 x 10*, and that for only photons above the
threshold for pair production is /(> 511keV) ~ 2.7 x 103.
Here, the compactness parameter is defined by

LilltrUT o H— Rhor
- T 5

p = ZntrfT
Dmec?’ 2

3)

where Lipt,, o and mec? are the lamppost luminosity in the
its frame, the Thomson cross section and the electron rest en-
ergy, respectively, while the lamppost size, D, has been esti-
mated based on its distance to the horizon. As shown, e.g., in
fig. 1 of Fabian et al. (2015) (see also Zdziarski 1985; Stern
et al. 1995), we expect runaway et pair production at the
above kT, for ¢ 2 10, i.e., our fit strongly violates the pair
equilibrium. Finally, our model has a rather high Fe abun-
dance, Zp. ~ 5.3:1):2, also unlikely to be real. We note that
similar problems occur for the original model of G18 as well
as for our other lamppost models in this section.

Still, given that the model provides a good phenomeno-
logical description of the broad-band model, we apply it to
the joint XRT, PCA and HEXTE data, see Model 3 in Table
2. Since these data extend down to 0.55 keV, disk blackbody
photons and the seed photons for Comptonization become
important. We account for the former using the diskbb
model, in which the innermost disk temperature, k7i,, is
given in the observer’s frame. Disk photons undergoing
Comptonization in the lamppost are blueshifted, for which
we take account by assuming the seed photon temperature of
Tseed = (1 4+ 2)Tin. Most of those photons are from close to
the disk inner edge, and we therefore assume the seed pho-
tons have a blackbody distribution. As for the PCA/HEXTE
model, we find a good fit with similar parameters (and thus
the same problems as discussed above) at X2 ~ 204/192,
and Ry, ~ 3.4 = 0.3Rrsco. The parameters of the disk
blackbody are similar to those of the model for the XRT
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Figure 2. The XRT, PCA and HEXTE spectra as fitted in the
0.55-140keV with a disk blackbody and relativistic coronal reflec-
tion, Model 4 in Table 2, shown as the unfolded spectra and the
data/model ratios. The green, black and red symbols correspond to
the XRT, PCA and HEXTE data, respectively. The dotted curves in
the upper panel show the model components: the disk blackbody,
the sum of the incident and relativistically reflected spectra, and the
remote reflection. In addition, two lines account for each of the XRT
and PCA instrumental residuals at ~1.7, 2.3 keV, and =30, 44 keV,
respectively.

alone, kT, ~ 0.117007keV, Nasgwn ~ 515 x 10°. We
note that this component is introduced purely phenomeno-
logically, and we do not yet address the issue whether the
inner disk irradiated by a luminous lamppost can keep such a
low inner temperature (see Section 3.3 below). The XRT and
PCA data appear to be in a relatively good agreement in the
overlapping range of 3—-6keV (after correcting for the slope
and normalization differences with jscrab).

We have also fitted the joint XRT, PCA, HEXTE spec-
tra by a coronal model with a phenomenological power-
law radial irradiation profile, see Model 4 in Table 2 and
Figure 2. However, this model, while yielding the lowest
X2 among the considered models to the XRT/PCA/HEXTE
data, ~ 198/192, requires an extremely steep profile, x
R™9, ¢ =~ 15.0779, as well as the disk extending to the
ISCO, R;, ~ 1.007%% Rigc0, and a very high inclination,
1= 784_“%0. Such a steep irradiation profile is unphysical
(NiedZwiecki et al. 2016), and the high inclination unlikely.

The reflection component is relatively weak, R = 0.2670 05,

O.leg:gi for the relativistic and remote reflection, respec-
tively. Hereafter, the reflection fraction, R, is defined as
the ratio of the flux locally emitted by the primary source
toward the reflector to that away from it, e.g., R = 1 for
an isotropic source above a slab. The scattering plasma has
the parameters of I' ~ 1.51, kT, ~ 661“3) keV, kT;, =~
0.1210-0% keV. The bolometric unabsorbed flux of this model

is~ 3 x 1078 ergcm~2s~!, and the flux in the Comptoniza-

tion component is Fo ~ 2.0 x 10 8 ergem =251,

3.3. Quasi-thermal disk emission

The above fits neglect quasi-thermal radiation of the disk
due to both re-emission of the power absorbed within the

disk and the emission from the likely viscous dissipation
(with the flux Fjyiss). The latter effect is neglected in the
reflkerr_1p (and relxilllpCp) model. The former
is also effectively neglected because the spectrum below 10
keV is modelled using xillver (Garcia & Kallman 2010;
Garcia et al. 2013; G18), which assumes the reflector den-
sity of n = 105 cm™3. At the ionization parameter fitted
to the XRT/PCA/HEXTE data of log;, & =~ 3.417002, the
flux irradiating the disk is (Equation 2) Fj,, = &n/(4m) ~
2.170:3 x 10" ergem—2 1. This is several orders of mag-
nitude below the flux irradiating parts of the disk close to the
ISCO estimated (following the method of Zdziarski & De
Marco 2020) using the possible ranges of the distance and
the BH mass of XTE J1752-223. As required by the Stefan-
Boltzmann law, the re-emission of the absorbed power occurs
at energies higher than those of a blackbody at the effective
temperature of the irradiated medium, Teg,

0Ty = (1 — a)Fir + (1 — fo) Faiss, 4

where a is the albedo for backscattering, f. < 1 is the frac-
tion of the internal dissipation power transferred at R > Ry,
to a corona or a lamppost (Svensson & Zdziarski 1994), and
o is the Stefan-Boltzmann constant. Neglecting Fy;ss and
scaling the albedo to a = 0.5 typical for reflection from ion-
ized media, we have kT,g ~ 18+ 1[(1—a)/0.5]'/*eV using
the above Fi;,. Consequently, a quasi-thermal re-emission at
this Teg can only marginally affect the fitted energy range of
0.55-140keV.

The above effects are approximately taken into account in
the high-density version of the static reflionx radiative
transfer code (Ross et al. 1999; Ross & Fabian 2007; Tom-
sick et al. 2018), which, when convolved with a code from
the relconv family (Dauser et al. 2010, 2013), can describe
relativistic reflection/reprocessing spectra in either coronal or
lamppost geometry. However, that version of reflionx
is not publicly available. Therefore, in order to account for
these effects in the disk-lamppost geometry, we have devel-
oped a new model, reflkerr_lpbb, described in detail in
Appendix A. The irradiating flux at each disk radius is cal-
culated exactly in the lamppost geometry, with the free pa-
rameters being M and d. The intrinsic, dissipative, flux is
calculated using the GR disk model of Novikov & Thorne
(1973) scaled by (1 — f.) (to account for the reduction of
the disk emission due to the transfer of energy away from
the disk). That model assumes a zero-stress inner boundary
condition at the ISCO. The disk accretion rate is calculated
from the lamppost luminosity and the accretion efficiency.
Then, the disk emission is approximated as a diluted black-
body integrated over the disk surface (and taking into ac-
count GR effects) at the color temperatures of T¢,) = KT,
where £ =~ 1.3-1.7 (Davis et al. 2005) is the color correction
factor. While using a diluted blackbody is only a rough ap-
proximation to the actual reflection spectra, it does reproduce
their overall shape, see, e.g., fig. 1 in Zdziarski & De Marco
(2020).

Model 5 in Table 2 includes reflkerr_lpbb. We as-
sume the lowest plausible values of the distance of d = 4 kpc
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and k = 1.3, and the highest plausible BH mass in a low-
mass X-ray binary, M = 15Mg. We first allow free f.
and a (which parameter here corresponds to the fraction of
the incident flux re-emitted below 0.1 keV, see Appendix A).
In this model, we have no diskbb component, since its
role is now taken over by the diluted blackbody disk emis-
sion. In the assumed geometry, a fraction of this emission
is then Comptonized in the lamppost, resulting in the inci-
dent spectrum. However, taking it into account fully self-
consistently would require a convolution version of Comp-
tonization in reflkerr_lpbb, which is at present not
available. Therefore, we allow the seed photon temperature
for Comptonization to be free. We have obtained a relatively
good fit, with x2 =~ 205/192 and the remaining parameters
almost identical to those in the lamppost model without the
blackbody component, but the obtained albedo parameter is
a =~ 1.00_¢.19. However, the actual albedo parameter of the
fitted spectrum can be calculated by averaging the reflected
spectra over cos i, which yields @ ~ 0.56, almost indepen-
dent of the radius. Then, the fit of the model with the fixed
a = 0.56 becomes much worse, with x2 ~ 237/193. This
is due to pronounced residuals in the XRT energy range re-
lated to the predicted (but not present) quasi-thermal com-
ponent. Its incident spectrum has even higher electron tem-
perature, kT, ~ 300keV and the compactness parameter is
¢ =~ 4.9 x 10*, which strongly violate the pair equilibrium.
In addition, 7 times more photons falls into the BH than es-
capes, which would then imply the hard-state luminosity to
be larger than the soft-state one.

Summarizing, we have been able to find good phenomeno-
logical models for the broad-band spectrum, either including
a diskbb component or without it but including some in-
trinsic disk emission. However, those models are unambigu-
ously unphysical. They strongly violate the e* pair equi-
librium, have an implausibly low radiative efficiency due to
photon trapping by the BH, and either include an ad hoc
disk blackbody component at a very low kTj, or, in the
model with intrinsic disk emission and re-radiation, require
the albedo parameter to be close to unity, while the actual
value is close to a half.

In addition, all of the models show the reflection compo-
nent to be weak, weaker than ~1/4 of that corresponding
to a lamppost illuminating a surrounding disk. In the orig-
inal model of G18, this problem was solved by assuming
that 83% of the reflection is then upscattered by hot elec-
trons in the lamppost, which is clearly geometrically impos-
sible (Dov¢iak & Done 2016). In our variant of the lamppost
model, this is solved by invoking the gravitationally focused
emission of the bottom lamp, which then works only if the
inclination is within a narrow range around =~ 10°, requir-
ing fine tuning. The observed reflection can be weak in the
coronal geometry, as indeed found in our coronal model, but
that broad-band model requires an extreme irradiation pro-
file, ¢ ~ 15.07]", which cannot be physical. A likely so-
lution to the above problems is an inhomogeneity of the pri-
mary X-ray source, as we discuss below.
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Figure 3. The power spectra of the PCA observations during MJD
55130-55132 fitted with four broad and two narrow Lorentzian
components.

3.4. Inhomogeneity of the X-ray source

The applicability of models with a single-component
Comptonization reflecting from a surrounding disk to XTE
J1752-223 is also at odds with results from its X-ray vari-
ability studies, which support an inhomogeneous structure.
MD10 studied time variability of the first three days of the
same PCA data we consider here. They found a com-
plex power spectrum, whose fitting required several sepa-
rate Lorentzian components. We have obtained the indi-
vidual power spectra for the entire PCA observation con-
sidered here. We have found they can be grouped into
three epochs, each corresponding to periods during which the
source was stationary, namely MJD 55130-55132, 55133-
55148, 55149-55155. Figure 3 shows the first one. The
spectrum has indeed a complex shape, which fitting requires
six Lorentzian components. We consider it highly unlikely
that this complexity is generated in a lamppost irradiating a
surrounding disk. MD10 also found pronounced time lags
of hard X-rays vs. soft ones, dependent on the Fourier fre-
quency as f%7, which also argue for the primary source be-
ing extended in the equatorial plane.

MD10 pointed out the remarkable similarity of the LHS of
this source to that of Cyg X-1. For that object, we know well
that the Fourier-resolved spectra do strongly depend on the
frequency and the primary source appears to be composed of
three main Comptonization components (Axelsson & Done
2018; Mahmoud & Done 2018). In particular, Mahmoud
& Done (2018) show the dominance of the hardest spectral
component at =>10keV.

Given the likely inhomogeneity of the source, we have
tried to fit different parts of the broad-band spectrum with
simple models. In this way, we have found we could fit the
part of the PCA spectrum at <10keV with very simple mod-
els. This range is crucial for precise determination of the
relativistic broadening of the reflection, as it includes the in-
trinsically narrow Fe K lines as well as their wings, and the
Fe K edge. The range above 10 keV includes the reflection
hump, which is very broad, and thus weakly affected by rel-
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Table 3. The results of the spectral fit of the PCA
spectrum in the 4.1-10.1 keV range (15 channels) with
jscrabxtbabsxreflkerr.

10*2¢m 2 Ry CI:EXS

14707 1587501 760757, 012705 068 6/10

NoTE—i = 30°, kT, = 68keV, kT, = 0.2keV,
& =1lergems ! and Zr. = 1 are assumed, and N gives the
reflkerr flux at 1 keV. The upper limit of infinity on R;,

corresponds to the absence of the relativistic broadening.

ativistic effects, as well as much more difficult to distinguish
from the primary continuum. We also stress that the 3.3—
10.1 keV energy range still contains most of the PCA counts,
with 6.4 x 107 of out the total of 1.0 x 10® in 17 channels.

If this source is indeed similar to Cyg X-1, this part of the
spectrum is likely to be dominated by the outer Comptoniz-
ing regions, producing a softer spectrum. Indeed, we find
we can achieve a very good fit to those data with a model
with a broken-power law incident spectrum and reflection
from a static neutral medium at the solar abundances using
an absorbed bexrav model (Magdziarz & Zdziarski 1995)
and a narrow Gaussian line at 6.40 keV (as fitted if allowed
free), obtaining x2 ~ 7/10. The power law breaks from
[~ 1.7475 00 below 3.8703keV to T' ~ 1.56150; above
it. The reflection is weak, R =~ 0.22%5-07. In this model,
the disk inclination has been fixed at 30°. However, we can
achieve equally good fits at any inclination (Ax? < 0.35 for
1 < 87°).

While this model does not include the re-emission of ab-
sorbed photons, with the Fe K line added with a free nor-
malization, equally good reflection fits can be obtained with
either the reflection model xillver or hreflect. How-
ever, the best-fit break energy of the incident spectrum in pre-
vious fits hints at a soft excess component dominating below
3.8 keV. Therefore, we performed the fits with xi11ver and
hreflect focusing on the energy range 4.1-10.1keV (15
bins containing 5.4 x 107 counts), thus excluding this com-
ponent. Since neutral reflection contributes only weakly be-
low 4 keV, this confirms that the Fe Ke line is added to the
bexrav model properly. We then consider models taking
into account relativistic blurring (using either re1xi1l1 and
reflkerr), butsince the data are very well fitted with static
reflection, they give only a slight improvement of the fit. In
particular, reflkerr (NiedZwiecki et al. 2019) in the coro-
nal geometry gives Ri, > 90R, at x2 =~ 5.7/10, see Table
3 and Figures 4a, b. Figure 4a shows the full energy range of
3-140keV, where we see a weak soft excess present below
4keV and an excess at ¥ 2 10keV, which might be associ-
ated with inner, thus harder, Comptonization regions.

Using the abundances of Wilms et al. (2000) for the ISM
absorption yields very similar results (except for higher best-
fit values of Ny). We have also tested a number of other
simple models fitted to the 4-10 keV range, but none gave a
reasonable fit. For example, an absorbed power law fit yields
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Figure 4. (a) The PCA spectrum fitted in the 4.1-10.1keV range
with slightly relativistically broadened neutral reflection of a ther-
mal Comptonization incident spectrum. The upper panel shows
the unfolded spectra in black and the model in red. The bottom
panel shows the data-to-model ratio including also the HEXTE data,
where we see the presence of a weak excess below 4 keV and of ad-
ditional Comptonization components above 10 keV. (b) The corre-
sponding unabsorbed model. The blue dotted and red dashed curves
show the incident thermal Comptonization and the reflected spec-
trum, respectively, and the solid curve is the sum.
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Figure 5. The ratio of the 4.1-10.1 keV PCA data to a fit with power
-2 -1
S

data/mode
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law and a nearly neutral (¢ = 1ergcm ) reflection absorbed

by Ng = 7 x 10** cm™2.

X2 ~ 264/12, and an addition of a Gaussian line (narrow at
6.40 keV at the best fit) yields x2 =~ 25/9.

Still, an important problem with the models fitted to the
<10.1keV range is that they require the presence of ab-
sorption significantly stronger than that fitted to the XRT

data. E.g., the bexrav model yields Ny ~ 1.33752% x
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Figure 6. (a) The 4.1-10.1 keV PCA residuals (shown as ra-
tios) seen after removing the relativistic reflection from the coro-
nal model (#4) to the XRT/PCA/HEXTE data (which yield Ny =
7.0f8'§ x 102 cm™?). (b) The components of the model in the
same range. The red, blue and green curves show the incident con-
tinuum (a power law in this range), the relativistic reflection and
the remote, static reflection, respectively. The black curve shows
the sum. We see that the relativistic reflection is blurred so strongly
that it effectively becomes another continuum component.

1022cm~2, and similar values are obtained in the 4.1-
10.1keV models. This is twice as much as the XRT fit of
~ 6.570% x 102! cm~2. This could be due to either an in-
trinsic absorption occurring after the end of the Neil Gehrels
Swift observations and dominating the average spectrum or
a complexity of the intrinsic spectrum, e.g., the presence of
another spectral component in addition to the nearly-static
reflection. Figure 5 shows the ratio of the 4.1-10.1 keV PCA
data to a model with a power law and a static, nearly-neutral,
reflection absorbed by Ny = 7.0 x 10?! cm~—2. We have
chosen such a model since all of the models fitting the broad-
band data in Section 3.2 include static reflection in addition to
the relativistic one. The shown residuals can be interpreted as
an additional weak Fe K edge and either a moderately broad-
ened and redshifted Fe K line, or a hardening of the spectrum
below ~5keV (in addition to a broad Fe K edge). The large
fitted value of Ny may also be an effect of fitting the emission
of an inhomogeneous source by a single model. As we see
in Figure 4a, the presence of a harder contribution is required
above 10keV. However, it will also contribute below 10keV,
implying that the actual 4-10keV spectrum is concave.

On the other hand, the broad-band fits in Sections 3.2—
3.3 show rather different components. Figure 6a shows the
data/model ratio resulting from removing the relativistic re-
flection from the coronal broad-band model, #4 in Table 2.
While we see a hardening below ~5keV, we do not see any
edge. Figure 6b shows the model components, where we see
that the relativistic reflection plays here the role of another
continuum component, with hardening both below ~5keV
and above ~9 keV. Similar decomposition is seen in the other
broad-band models of Section 3.2. We note that the x? con-
tributions to the 4.1-10.1 keV of those models (Section 3.2)
is ~15, while the very simple model of nonrelativistic re-
flection and absorption to the same range yields x2 =~ 6.
Thus, while those models do provide relatively good overall
description of the broad-band spectrum with 2 ~ 1, they do
not account well for the details of the 4-10 keV range, which
contains the Fe K line and edge, crucial for reflection.

Interpretation of these results is not obvious. It is highly
remarkable that such simple reflection models fit the data at
<10.1keV very well. But if the absorption column is in-
deed as measured by the XRT, these models require that the
incident continuum is curved in a way emulating the extra
absorption. On the other hand, highly relativistic models fit
relatively well the full broad-band data. However, their pa-
rameters are clearly unphysical, as discussed in Sections 3.2—
3.3.

4. MUTUAL CONNECTION OF DISK BLACKBODY,
COMPTONIZATION AND REPROCESSING

4.1. The Formalism

We discuss here a way in which the disk blackbody, reflec-
tion and primary (Comptonization) spectral components can
be connected in a self-consistent way. Namely, a fraction,
fse, of the blackbody emission (with the luminosity Lgisx)
is Compton upscattered to form the primary component with
the luminosity L¢ (though a part of the Comptonization com-
ponent may be from upscattering of synchrotron photons).
The same fraction of the reflection spectrum is Comptonized
in the hot medium, which main effect is to reduce the ob-
served normalization of that spectrum by a factor 1 — f;..
Thus, the actual reflection relative fraction can be estimated
as Ro =R/(1 — feo).

The reflection component originates from irradiation of
the cold medium by the primary radiation. That reflection
and the associated emission line spectrum, fitted to the X-
ray data, contain only a fraction of the irradiating flux. The
remainder of it is absorbed and reemitted as a reprocessed
spectrum, roughly resembling a disk blackbody when inte-
grated over the disk surface (Zdziarski & De Marco 2020).
The relative reflection fraction, R, and the backscattering
albedo, a (= 0.3-0.7 for typical LHS spectra; Zdziarski &
De Marco 2020), determine the amount of the quasi-thermal
re-emission contributing to the disk blackbody. This contri-
bution can be approximately estimated from the total irradi-
ating luminosity of

Lirr ~ RLc/(l - fsc); LC = 47Td2F07 (5)
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where F( is the observed flux in the Comptonization compo-
nent. Note that L¢ estimated here from F( is not necessarily
the total luminosity emitted by the Comptonizing plasma. In
a disk-corona geometry, L¢ is is only the luminosity emitted
outward. The remaining contribution to the disk blackbody
emission is from the internal dissipation. The contribution
to the disk blackbody emission at the disk inner edge due to
irradiation has the color temperature Ti, j,r, Which is given
by

o ( Tinire 4 . (1=a)Liyy . 2(1—a)Rd*Fc (6)
K ~ " 27xRZ T T RZ(1—fso)
4 _ 4 4
T’in - jjin,irr + ,‘Tin,diss’ (7)

where Ti, is the inner color temperature fitted in the disk
blackbody component, T, giss 1S that due to the intrinsic dis-
sipation,  is the color correction, and an irradiation profile
o< R73 (as in the disk blackbody) is assumed to relate the
irradiating flux to L, (Zdziarski & De Marco 2020). Note
that since Ty iy < i, 1s required, this gives a lower limit
on R;,/d based on the value of Tj, and independently of the
fitted disk blackbody normalization.

For the blackbody emission of the disk, we use here
the diskbb model, which does not include the zero-stress
boundary condition at the inner radius. Its dimensionless nor-
malization, Ng;isxp, 1S related to the disk inner radius as

Rin = xk2dNy2,, cos™ /%, (8)

where z = 10%cm/1kpe ~ 3.24 x 1078, Note that this
gives a constraint on R;, /d based on the normalization and 4
only, and independent of the fitted £7;,,. This constraint can
be compared to Ri, /R, from reflection spectral fitting.
Equation (8) can be inserted in Equation (6), yielding
oTh o~ 2(1 — a)RFc cosi .
' 22(1 — foe) Nazswob
Notably, this estimate is independent of d, M and . It then
constrains Ty giss via Equation (7) and since Tiy, iy < Ty, it
serves as a self-consistency check of a fitted model.

The observed energy-integrated flux and the luminosity in
the disk blackbody are

€))

— 9 (Rin)2 . (Tm\? S 9.2 4
Faisk = 2 (f) o (f) cos® = 22° Naisxoo071;y,, (10)
R 27d? Faie _ 4 .2 72 Naiskbb
Ldlsk = T osi — 47T0'1—‘1nx d “cosi ? (11)
respectively. The mass accretion rate is’

o 8T RS, 0T, diss 12
T (0 - f)R'GM’ 1

where Tiy, qiss 1S given by Equations (7) and (9). Then, M is
related to the bolometric luminosity,

Lbol ~ 47Td2FC + 27rd2@ —

cost

= dnd?Fo + ArD?oTho? Nase — )2, (13)

cost

3 Note that if the zero-stress inner boundary term were included in the disk

blackbody model, a factor of 3 would appear in the denominator.

where € is the accretion efficiency.

Five quantities obtained (with uncertainties) from fitting a
given set of observations are F¢, R, fsc, Tin and Ngiskpp-
Then, the quantities estimated within some either theoreti-
cal or observational uncertainty ranges are a, K, €, i, d, fes
while M is an inferred source parameter. The above equa-
tions allow us to constrain the source parameters and check
their self-consistency.

Then, the fitted values of R and f,. constrain the flow ge-
ometry. The effective solid angle that the disk subtends as
seen by the hot flow is 27R, and the solid angle that the
Comptonizing region subtends as seen by the disk is 27 fy..
Given the inhomogeneity of the source, those quantities cor-
respond to average values describing the accretion flow.

4.2. Constraints on the Hard State of XTE J1752-223

We use the value of R ~ 0.1275-0! from Table 3, fi. ~
0.247013, kTi, ~ 0.11 4 0.02keV, Ngsamo ~ 0.9758 x
10 from Table 1, and Fg ~ 2.0 x 1078 ergecm=257!,
which is the Comptonization flux of the broad-band
XRT/PCA/HEXTE model shown in Figure 2. However, we
set the lower limit on f. equal to zero, accounting for uncer-
tainties in the geometry and the effect of Compton scattering
on the reflection spectrum. Then, the above value of R is to
be considered tentative given the caveat regarding the value
of Ny given in Table 3; however, that R is the lowest of
all of the considered models, which is conservative choice,
minimizing the efffect of the thermal re-emission of a part
of the irradiating flux. We assume ¢ = 30°, but the results
depend relatively weakly on that within the likely range of
< 60°. We consider k = 1.5 £ 0.2 (Davis et al. 2005),
a = 0.5%0.2 (Zdziarski & De Marco 2020), M = 10£5Mg
and d = 6 + 2kpc as likely allowed ranges. We calcu-
late the uncertainty ranges of the derived parameters from
the extrema of the above parameters, which is a conservative
approach, yielding larger uncertainties than those from the
propagation of errors.

We first consider constraints on the radius. Our fits yield
three independent constraints,

B 290, (14)
Rin ~ 100 2 g4 10M
R, 100t40 (1%) 6 kpc M®’ (15)
Rin +50 (1-a\1/2 2 4 10Mg
R7g2130—30(0_.g) (1H5) 6 kpc MO' (]6)

The first one, Equation (14), follows from the reflection fit
to the 4.1-10.1 keV PCA data, Table 3. While it should be
considered tentative, it agrees relatively well with the other
two. The next constraint, Equation (15), follows solely from
the normalization of the disk blackbody fit, Table 1, and it
yields R;, /Ry 2 20 for k 2 1.3,d 2 4kpe, M < 15Mg,.
The final constraint, Equation (16), is due to the irradiation,
see Equations (6-7), and is determined by the reflection frac-
tion, the irradiating flux, and the inner temperature and the
scattered fraction of the disk blackbody.

Then, Equation (9) yields a constraint on kT3, ;,» indepen-
dent of d, M and k. We obtain kT, 5 =~ 0.1370052 keV,
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while we require it to be < kTj, ~ 0.11 £ 0.02keV. Within
these uncertainties, no constraint on f. is found. Independent
of that value, the irradiation requires a large truncation ra-
dius, Rin/ Ry 2 30, as implied by Equation (16) for x 2 1.3,
d 2z 4kpe, M < 15Me.

We then consider the constraints on M. The
bolometric luminosity from Equation (13) is Ly, =~
9.5723(d/6kpc)?10°" ergs~!. This corresponds to (0.06—
0.08)(d/6kpc)?(M/10Mg) ' Lggq (at the H fraction of
X =0.7), and to the actual accretion rate of

M =~ (1.0-1.3)(d/6 kpc)?(¢/0.1) " 1108gs™ L. (17)

On the other hand, the maximum M from Equation
(12) at the maximum possible kTi, qiss ~ 0.13keV is
2.7(k/1.5)%(d/6 kpc)3(M/10Mg) 11019 gs~1.  This, in
principle, allows for e < 0.1. However, given that the PCA
count rate in this LHS is quite close (G18) to that of the fol-
lowing soft state, where we expect ¢ = 0.1 and M higher
than in the LHS, values of ¢ < 0.1 in the LHS are ruled
out. Thus, this luminous LHS accretion flow appears to have
€ ~ 0.1, in agreement with the theoretical prediction of Yuan
& Narayan (2014), see their fig. 2.

These considerations show that a large disk truncation ra-
dius in XTE J1752-223 is implied by three independent con-
straints. One is given by the tentative result of the fit to
the PCA spectrum at <10keV (Section 3.4), indicating that
the reflection component present in XTE J1752-223 is only
weakly blurred by relativistic effects. This estimate of the
truncation radius is then in agreement with the XRT data,
which were not studied in G18. Indeed, the normalization
of the disk blackbody model fitted to the XRT data yields
Rin/R; 2 20 (Equation 15). Moreover, the fitted inner
temperature of the same model is so low that irradiation of
the disk by the primary source has to be weak, requiring
Rin/ R, 2 30 (Equation 16), which constraint is independent
of the previous one. Thus, all three constraints taken together
rule out models with the disc extending to the vicinity of the
ISCO.

5. SUMMARY AND DISCUSSION

In Section 3.1, we fitted the 0.55-6 keV spectrum of XTE
J1752-223 from the XRT covering the first 9 days of the
RXTE observations. This spectrum can be fitted by a disk
blackbody and either a power law or thermal Comptoniza-
tion. In either case, we obtained a large normalization of
the disk blackbody with, Ngiskbp ~ 109, and a very low in-
ner temperature of ~0.1keV. This normalization implies a
large disk truncation radius, Ry, 2 20R, (where the limit
depends on the uncertain color correction, BH mass and the
distance, see Section 4.2). The obtained temperature is one
of the lowest measured in luminous hard states of accreting
BH binaries.

We then studied the 3-140keV spectra from RXTE, first
those data alone and then jointly with the XRT data (Sec-
tion 3.2). We can find well-fitting models in either case.
The models require the disk to extend relatively close to the

BH, Ry, ~ 3Risco, i.e., much less than the R;, required
by the XRT fits. However, all of the lamppost models have
the luminosity measured in the lamppost frame exceeding the
threshold for e* pair equilibirum by factors > 102, leading
to runaway pair production. In addition, most of the emitted
photons are captured by the BH, implying the mass accre-
tion rate in that hard state exceeding that in the following
soft state, which is unlikely. Also, the observed flux in the
disk-reflected photons is significantly lower than the one im-
plied by the lamppost geometry. A possible solution to this
problem is the presence of a gravitationally focused emission
from the bottom lamp; this, however, requires the inclination
to be in a narrow range around 10°. We also tested a coronal-
like model with a power-law irradiation profile, finding the
best fit with an extremely steep index of ¢ & 15.07 ], which
is not physical. Thus, while we can find phenomenological
models of the broad-band spectrum, they violate a number of
physical constraints.

Then, we considered the effects of the intrinsic disk dissi-
pation and quasi-thermal re-emission of the absorbed part of
the irradiating flux. To account for that, we have developed
anew XSPEC lamppost model, reflkerr_lpbb, described
in Appendix A. We found that imposing a correct value of the
backscattering albedo prevents a satisfactory fit to the joint
data, as well as the obtained model with a high x? violates
the pair equilibrium in an extreme way and requires most of
the emitted photons to be captured by the BH.

These results strongly suggest that the X-ray source in
XTE J1752-223 is inhomogeneous, in agreement with the
independent timing results obtained by MD10, and in agree-
ment with recent results for other accreting BH binaries (e.g.,
Mahmoud et al. 2019). We considered this possibility in
Section 3.4. We found that the spectrum from the PCA at
<10.1keV (containing 64% of the total of 108 counts) is
very well fitted with almost static Compton reflection, with
the disk inner radius constrained to R;, 2 100R,. The re-
flecting medium is weakly ionized and at the Fe abundance
close to the solar value. In particular, the X2 of the best fit
to the 4.1-10.1keV range is three times lower than the y?
contributions to that band of the best-fit broad-band mod-
els of Section 3.2. This energy range is crucial to precisely
constrain the relativistic broadening since it contains the in-
trinsically sharp Fe K lines and edges. The <10.1keV fit
underpredicts the observed spectrum at higher energies up
to the maximum of 10%. This appears to be due to the in-
homogeneity of the accretion flow, which emission becomes
harder with the decreasing radius, as evidenced, e.g., by the
observed hard X-ray lags. However, our models for the en-
ergy range <10.1keV require the absorbing column density
to be about twice the value determined from the XRT fit. This
is an important caveat, to which we have found no qualitative
solution.

Our finding that the apparent relativistic effects strongly
increase when spectra at >10keV are included in fits ap-
pears to be due to the upward spectral curvature at those ener-
gies. This results in either the fitted reflection being stronger
and/or the fitted incident continuum being harder than those
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implied by the data at <10keV. In the case of the broad-
band fits of Section 3.2-3.3, both of these effects are present.
Since the <10keV data show only weak Fe K line and edge,
the stronger reflection component implied by the upturn at
10 keV when fitted as a reflection hump needs to be heavily
blurred in order to resemble another continuum component.
Then, the included remote reflection accounts for the narrow
Fe K line present in the data. This is clearly seen in Figure 6b,
where we see that the reflection spectrum in one of those fits
is virtually featurless. Also, it is significantly stronger than
the reflection implied by the fit for <10keV. We argue this
is a signature of a more complex, spectrally inhomogeneous,
primary continuum, as also suggested by timing results of
these and other sources.

We note that Nowak et al. (2011) found that the spectra of
Cyg X-1 also show spectral upturns above 10keV stronger
than those expected from the presence of their fitted reflec-
tion. Then, the effect we have found may explain the dis-
crepancy between the results of Basak & Zdziarski (2016),
who fitted the XMM-Newton spectra of the LHS of GX 339—
4 below 10 keV finding only weak relativistic broadening of
reflection, and those of Garcia et al. (2015); Wang-Ji et al.
(2018), who fitted broad-band data finding much stronger
relativistic effects. However, while we have found a good
agreement between the truncation radii from both the nor-
malization of the disk blackbody and reflection fits, Basak &
Zdziarski (2016) found that imposing those two fit radii to
be equal led to an unlikely behavior of the inner radius (de-
creasing with the increasing spectral hardness) for seven LHS
observations of GX 339-4. As we have pointed out, the disk
blackbody model remains approximately valid in the pres-
ence of irradiation, which only increases the inner temper-
ature with respect to the case with intrinsic disk dissipation
only. Thus, irradiation alone does not explain that result. It
may be explained by the presence of a soft X-ray excess in
addition to the disk blackbody in GX 3394 with the fitted
model not including the former. On the other hand, the XRT
data for XTE J1752-223 do not show any soft excess.

The spectrum irradiating the disk implied by the 4.1-
10.1keV fits when extrapolated to higher energies accounts
for only ~90% of the spectrum at ~50 keV, thus showing that
an additional, harder, spectral component is required. With-
out detailed studies of the timing properties of XTE J1752—
223 (which is beyond the scope of this paper), the spectral
shapes of the two components cannot be reliably constrained.

In Section 4, we developed a formalism to self-consistently
connect the parameters of the disk blackbody, Comptoniza-

tion, reflection/reprocessing and the mass accretion rate.
Based on it, we have found that both the disk blackbody
normalization and the bolometric flux of the incident spec-
trum when constrained to yield the irradiation temperature of
~0.1keV imply Ri, 2 20R,. Thus, the strong truncation is
implied in two independent ways and in agreement with the
result for the spectrum at energies <10.1 keV.

The disk at R > Ri, 2 20R, and the hot flow only at
R < R;, would imply small values of R and fs.. The mod-
erate values found from the fits imply that there is an over-
lap between the disk and the hot flow, allowing then their
stronger mutual interaction (Poutanen et al. 2018).

The methods developed in this work can also be applied to
the LHS of other accreting BH binaries. The evidence for the
disk being close to the ISCO at 21% of Lgqq appears to be
exclusively based on results of broad-band spectral fitting.
It would be highly interesting to see whether constraining
the fitted energy band to <10keV systematically leads to an
increase of the truncation radius.

An interesting issue is also possible inhomogeneity of the
X-ray sources in AGNs, in particular in radio-quiet Seyfert
galaxies, which have X-ray spectra often similar to those in
the LHS of accreting BH binaries. The approach developed
in this work can be applied to those sources.

6. MAIN CONCLUSIONS

Broad band fits assuming a single Comptonization region
imply small truncation radii, but yield unphysical results
from other points of view. The irradiation model developed
by us, which still assumes a single Comptonization region,
yields unsatisfactory fits. On the other hand, our analysis of
the 4-10 keV spectrum suggests an inhomogeneity of the X-
ray source. We conclude that such a solution may solve these
discrepancies.
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APPENDIX

A. LAMPPOST WITH QUASI-THERMAL EMISSION

Our new lamppost model, reflker r_lpbb*, extends the
reflkerr_lp model (NiedZwiecki et al. 2019) by account-

4 http://users.camk.edu.pl/mitsza/reflkerr

ing for two effects. One is the re-emission of the irradiating
flux absorbed by the disk taking place as quasi-thermal emis-
sion satisfying the Stefan-Boltzmann law. The other is the
intrinsic disk emission, due to the viscous dissipation.

We consider two X-ray sources (lamps) symmetrically lo-
cated at the height H at each side of the disk truncated at
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Ri,. The luminosity of each lamp measured at infinity is
L. We assume that the lamps are cooled by thermal Comp-
tonization and the spectrum of the emitted radiation is de-
scribed by compps (with Ti, Tyeeq, I' as free parameters
of the spectrum) for the spherical geometry, so their intrin-
sic emission is isotropic. We use the GR transfer functions
of our reflkerr_lp model to find the directly observed
flux, Fops, and the flux irradiating the disk at the distance
R, Fir(R). The local reflection spectrum for a given Fi,, is
given by the hreflect model, which uses either xillver
or xillverCp at E < 10keV, which assume the reflector
density of n = 10'® cm~3. The above features are identical
to those in reflkerr_lp, except that in order to determine
the amplitude of the irradiating flux we need to specify the
distance to the source, d, and the BH mass, M, which are
therefore free parameters of reflkerr_lpbb.

As follows from Equation (2), F},, at typical values of the
ionization parameter of £ ~ 103 ergcms™! has values char-
acteristic to active galactic nuclei, but much lower than those
expected in accreting BH binaries. Therefore, a major part
of the absorbed flux in the model is re-emitted below 0.1 keV
(which is the minimum energy at which xillver spectra
are calculated in XSPEC), whereas it is, in reality, re-emitted
at higher energies in BH binaries (e.g., Zdziarski & De Marco
2020). In order to account for this, we assume that the part
of the irradiating flux falling below 0.1keV in xillver
is thermalized and re-emitted as a local diluted blackbody
radiation with the effective temperature given by Equation
(4). (This is similar to the approach of Poutanen et al.
2018 except that they used a fixed blackbody temperature
of 50eV.) Here, we call the fraction of the incident flux re-
emitted above 0.1 keV the albedo parameter, a. This is larger
than the exact albedo (which corresponds to the backscat-
tering only) since spectra from xillver, xillverCp at
£~ 10%ergems~! and ' < 2 are dominated by backscatter-
ing at £ 2 0.2-1keV only (see Garcia et al. 2016a) as well
as they contain the Fe K complex at ~6—7 keV. However,
this approach is conservative in the sense it underestimates
the average energy at which the absorbed flux is re-emitted,
since the actual re-emitted spectra shift to higher energies
with the increase of n (and thus with the corresponding in-
crease of Fi;; Garcia et al. 2016a). Therefore, departures
from models neglecting re-emission, e.g., reflkerr_lp,
are minimized. Further, we can achieve the conservation of
energy. The model has a as a free parameter. After fitting,
we can check whether the used value was correct. For that,
we need to average the hreflect spectra for the best-fit
parameters over the viewing angle, in order to determine the
total luminosity emitted by the disk.

Similarly as in reflkerr_lp, we allow to scale F},, by
R, in which case both the reflected and the thermally re-
emitted components are self-consistently scaled by the same
factor. However, the results presented in this paper corre-
spond to the actual values predicted for the lamppost geome-
try,i.e. R = 1.

In reflkerr_lpbb, L; is determined by the total ob-
served flux in the Comptonization component, corrected by

the light-bending factor (i.e. light-bending reduction of the
direct radiation from the top lamp and enhancement of radi-
ation from the bottom lamp, if it is visible), and the distance,
d. We determine the accretion rate, M, at which the accre-
tion flow is able to power the two lamps, using the relation
(fe€1 + €2)Mc? = 2Ly, where €; and e are the efficiencies
of the accretion flow at R > R;, and R < Rj,, respectively,
and the fraction of the power dissipated at R > R;,, which is
transfered outside the disk, f, is a free parameter. Follow-
ing Thorne (1974), we find the accretion efficiencies, ¢; =
1 —&(Rin)/(mc?) and €3 = [E(Rin) — E(Risco)]/(me?),
where £(R) is the energy of a particle with the rest-mass
m at the circular orbit at R. For R;, = Risco we have
€2 = 0, whereas ¢; is the efficiency of an untruncated disk,
e.g., €1 =~ 0.057 fora = 0 and €; = 0.32 for a = 0.998.

We use the formula of Page & Thorne (1974) for the lo-
cal energy release per unit area of the disk accreting at M,
Fyiss. The effective temperature of the sum of the ther-
mally radiated part of the locally dissipated energy and the
thermalized fraction of the locally irradiating flux is given
by Equation (4). For illustration purposes, we also define
UTélﬁ“ diss — (1 - fC)FdiSS and O'Te4ff irr — (1 - a)FiI‘I" cf.
Equaﬁon ). ’

We approximate the local spectrum of the quasi-thermal
emission by a diluted blackbody,

B = kB, (kTeq), (A1)

where B, is the Planck function, Kk = T¢o1/Ter is the spectral
hardening factor and 7T, is locally observed color tempera-
ture. For the angular distribution of local disk emission we
e 1+6
- pH pdb
IV(/J‘) - 33+26HBD )
where I, is the specific intensity in the disk rest frame,
u = cosf, 0 is the angle with respect to the normal to the
disk measured in the disk rest frame, 5# = 0 is for a locally
isotropic emission and §,, = 2.06 is for the classical scat-
tering limit. [, is then convolved with the disk-to-observer
transfer functions of the reflkerr model to find the ob-
served spectrum of the quasi-thermal emission.

Example temperature profiles are shown in Figure 7 and
the corresponding observed spectra for a model with an un-
truncated disk are shown in Figure 8. Note that Ty;ss(R)
strongly differs from i, (R) at R < 10R,. As a result,
the relative contributions of the quasi-thermal emissions due
to irradiation and due to internal dissipation will strongly de-
pend on the inclination, ¢, as can be seen in Figure 8.

Figures 9 and 10 show spectra for the disk truncated at
Ri, = 100R, for 6 = 0 and 1, which allows us to illus-
trate the effect of the bottom lamp. Here ¢ is the attenuation
factor of the bottom lamp; § = 1 means that the region at
R < Ry, is fully transparent, for § = 0 the bottom lamp is
fully obscured, see also fig. A2 in NiedZwiecki et al. (2019).
For § = 1, the direct Comptonization component is enhanced
by the (gravitationally focused) emission of the bottom lamp,
while the reflection as well as the thermalized re-emission re-
main almost the same as for § = 0. However, this is seen as

(A2)
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Figure 7. Temperature profiles for a disk around the black-hole
with a,. = 0.998 and M = 9.6Mg, illuminated by a source with
(top) L1 = 1.6 x 10%®ergs™ at H = 2R, and (bottom) L, =
5.7 x 1057 ergs™" at H = 30R,. The red curves show kTug diss
for fo = 0.5 and the green curves show kT.g irr. At large R, both
profiles are o R3/4 (the black lines).

a decrease of the amplitudes of the latter two components, as
in all our plots the primary component has the same normal-
ization at 1 keV. This effect is angle-dependent, because the
contribution from the bottom lamp strongly depends on .
We then compare the features of our model with those of
the high-density version of the ref1ionx code (Ross et al.
1999; Ross & Fabian 2007; Tomsick et al. 2018), to which
a relativistic convolution model of the relconv family
(Dauser et al. 2010, 2013) can be applied. The reflionx
model gives the reflection and reprocessing spectrum for a
single value of the illuminating flux, which follows from
the fitted values of £ and n. It can also include a contri-
bution from a single value intrinsic dissipation. Thus, this
spectrum consists of a quasi-thermal component correspond-
ing to a single value of the effective temperature, while our
model takes account of the distribution of T,g in the disk.
On the other hand, re f11ionx spectra are obtained in a self-
consistent way, though more approximately than the spectra
from the xillver models (which, however, can be used at
this time only up to n = 10 cm~3). This is a major advan-
tage of the high-density reflionx model. These spectra

EF(E) [keV cm2s-1]

EF(E) [keV cm-25-1]

) Y R § T L
<0.1 1 10 100
E [keV]

Figure 8. Spectral components in the lamppost geometry ob-
served at « = 9° and d = 3.5 kpc, for M = 9.6Mp, Rin =
Risco, ax = 0.998, ¢ = 0.5, k = 1.7, 6, = 0, fc = 0.5,
log,0& = 3.5, kTscea = 0.1keV, kT = 140keV and (top) L =
1.6x10%® ergs™!, H = 2R, and (bottom) L; = 5.7x 103" ergs~!,
H = 30R,. The corresponding disk temperature profiles are shown
in Figure 7 above. Thermal Comptonization is shown in black, re-
flection in blue, the diluted blackbody emission due to irradiation in
green and due to internal dissipation in red. The last two compo-
nents are shown separately for illustration only; the actual emission
would form a single diluted blackbody. The solid curves show the
spectral components observed at i = 9° and the dashed curves show
spectra for ¢ = 45°. The Comptonization components are the same
for both 1.

EF(E) [keV cm2s-1]
0.1

0.01

g E |
0

Il
100

10
E [keV]
Figure 9. Similar to Figure 8 (top) but for Rin, = 100Rg, 6 = 0.
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Figure 10. Similar to Figure 8 (top) but for Ry, = 100Rg, § = 1,
Ly =1.1x10%ergs™! fori = 9° and L = 4.7 x 107 ergs™*
for ¢ = 45°. Contribution to the direct component from the bottom
lamp is stronger than that from the top lamp by a factor of 13 for
© = 9° and by a factor 2.4 for ¢ = 45°, which reduces L; compared
to models with either Ri, = Risco or § = 0.

are then convolved with relativistic effects for a given geom-
etry, either assuming a phenomenological irradiation profile

approximating a corona or a lamppost. Thus, the range of the
radius from which the reflection/reprocessing takes place is
taken into account only in the relativistic effects, but not in
the intrinsic emission.

Finally, we comment on our parametrization of the lamp-
post power. It assumes that the total accretion efficiency is
that of the standard GR disk models, and that efficiency is di-
vided into powering the intrinsic disk emission and the lamp-
post. Therefore, the actual disk emission is weaker than that
of the standard model (Novikov & Thorne 1973). On the
other hand, models of jets usually assume the jet power, P,
to be independent of the disk dissipation and express it in
units of Mc2, where M is obtained from the observed disk
emission, usually assuming a large efficiency, e.g., ¢ = 0.4
(Zamaninasab et al. 2014). The distribution of P;/M c? esti-
mated using different methods based on observations exceeds
unity, e.g., Pjanka et al. (2017). However, the actual M can
be underestimated in this procedure if a part of the power
from the disk dissipation is transferred to the jet and/or the
disk is truncated, in which cases the accretion efficiency will
be lower.
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