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ABSTRACT

The observed evolution of the broad-band spectral energy distribution (SED) in NS X-ray
Nova Aql X-1 during the rise phase of a bright Fast-Rise-Exponential-Decay-type outburst in
2013 can be understood in the framework of thermal emission from non-stationary accretion
disc with radial temperature distribution transforming from a single-temperature blackbody
emitting ring into the multicolour irradiated accretion disc. SED evolution during the hard
to soft X-ray state transition looks unusual, as it cannot be reproduced by the standard disc
irradiation model with a single irradiation parameter for NUV, Optical and NIR spectral
bands. NIR (NUV) band is correlated with soft (hard) X-ray flux changes during the state
transition interval, respectively. In our interpretation, at the moment of X-ray state transition
UV-emitting parts of the accretion disc are screened from direct X-ray illumination from the
central source and are heated primarily by hard X-rays (E > 10keV), scattered in the hot
corona or wind possibly formed above the optically thick outer accretion flow; the outer edge
of multicolour disc, which emits in Optical-NIR, can be heated primarily by direct X-ray
illumination. We point out that future simultaneous multiwavelength observations of X-ray
Nova systems during the fast X-ray state transition interval are of great importance, as it can
serve as ‘X-ray tomograph’ to study physical conditions in outer regions of accretion flow. This
can provide an effective tool to directly test the energy-dependent X-ray heating efficiency,
vertical structure and accretion flow geometry in transient low-mass X-ray binaries.

Key words: accretion, accretion discs —methods: observational —binaries: close — stars: neu-
tron — X-rays: binaries.

1 INTRODUCTION importance for the physics of extreme states of matter. The major-

X-ray Novae (XN), also called as Soft X-ray Transients (SXT), are
low-mass X-ray binaries (LMXB) showing transient accretion ac-
tivity. During the accretion outburst the luminosity of the system
in the X-ray spectral range, where the main energy release hap-
pens, rises up to 10° times with respect to quiescence level. The
observational studies of X-ray Nova systems are of fundamental
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ity (~75 per cent) of XN systems contain a black hole candidate as
a primary star (Corral-Santana et al. 2016).

Despite many existing studies of multiwavelength light curves
of outbursts in various transient LMXBs (see e.g. Chen, Shrader
& Livio 1997; Esin et al. 2000; Maitra & Bailyn 2008; Gierliniski,
Done & Page 2009; Degenaar et al. 2014; Nakahira et al. 2014;
Grebenev et al. 2016 and many other studies) definitely there is
a lack of a detailed analysis focused on the beginning parts of
XN outbursts (covering the stage of initial flux rise from the qui-
escent state to the outburst maximum). A substantial attention
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is payed to the analysis of decaying parts of FRED-type events
(see e.g. Suleimanov, Lipunova & Shakura 2008; Lipunova &
Malanchev 2017), which can be well reproduced in theoretical mod-
els of XN outbursts (Dubus, Hameury & Lasota 2001). The outburst
rise phase in XN is much less studied, due to a lack of a good quality
multiwavelength observational data during this time interval. The
fast rise stage in XN has usually a much poorer coverage by multi-
wavelength observations, mainly because of relatively late detection
of a new outburst by currently on-orbit X-ray monitors (e.g. MAXI,
SWIFT/BAT). The existing studies covering the outburst rise phase
in XN are concentrated primarily on measurement and interpre-
tation of possible time delays between IR-Optical-UV and X-ray
light curves (see e.g. Hameury et al. 1997; Shahbaz et al. 1998;
Bisnovatyi-Kogan & Giovannelli 2017). For the development of a
better model of accretion flow during XN outbursts, it is important
to compare the spectral evolution predicted by the common theory
of non-stationary disc accretion and the observed spectral energy
distribution (SED) evolution during outburst rise phase in real X-ray
Nova systems.

In this work, we perform a detailed study of the broad-band SED
evolution during the outburst rise phase in the famous NS X-ray
Nova system Aql X-1 — the most prolific SXT known to-date. We
present a multiwavelength observational data for the initial rising
phase of bright outburst in 2013, carried out during the monitoring
campaign of Aql X-1 at Swift orbital observatory and a few 1m
class ground-based optical telescopes. Our main aim here is to
qualitatively compare the observed broad-band SED evolution in
this prototypical NS X-ray Nova system to theoretical expectations
for the model of non-stationary accretion disc, which is developed
during the outburst rise phase.

The article is organized as follows. In Section 2, we describe Aql
X-1 system, its orbital and accretion disc parameters and interstellar
extinction to the source. In Section 3, our observational data and
its reduction are described. We present multiband light curves for
the rising part of Agql X-1 outburst in Section 4; the derived SED
measurements, as well as adopted spectral models — in Section 5.
In Section 5.3, we discuss the ‘X-ray tomograph’ effect, working
at the moment of X-ray state transition in Aql X-1, as a promis-
ing observational tool for direct testing of the energy-dependent
X-ray heating efficiency and vertical structure of the outer accre-
tion disc in XN systems. Our interpretation for the observed Aql X-1
broad-band SED evolution during outburst rise phase is presented
in Section 6. In the last section our conclusions are drawn.

2 AQL X-1

Aql X-1 is a transient X-ray binary system in which a compact
object accretes matter from an accretion disc which is supplied
by the Roche lobe filling low-mass companion. With more than
40 outbursts observed in the X-ray and/or optical bands since its
discovery in 1965 (Friedman, Byram & Chubb 1967), Aql X-1 is
the most prolific X-ray transient known to date (about 25 outbursts
were detected in the 19962016 epoch). Observations of type I X-
ray bursts (Koyama et al. 1981) and coherent millisecond X-ray
pulsations (Casella et al. 2008; Troyer & Cackett 2017) lead to
a surely identification of the compact object in this system as a
neutron star. Aql X-1 X-ray spectral and timing behaviour classify
it as an atoll source (Reig et al. 2000).

The optical counterpart of Agl X-1 is known to be an evolved
K4 =+ 2 spectral type star (Mata Sanchez et al. 2017), with a qui-
escent magnitude of 21.6 £ 0.1 mag in the V band (Chevalier
et al. 1999). An interloper star located only 0.48 arcsec east
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Table 1. Aql X-1 system parameters.

Parameter Value Reference

Py (d) 0.7895138(10) Mata Sanchez et al. (2017)

To (MID) 55809.895(5) Mata Sénchez et al. (2017)

i 423, Mata Sanchez et al. (2017)

m M@) >12~14 Kiziltan et al. (2013),
Koyama et al. (1981)

q 0.3910.14 Mata Sanchez et al. (2017)

D (kpc) 5.0409 Galloway et al. (2008)

Ny (cm™2) 3.6 x 102! See Section 2

Ep _ vy (mag) 0.65 See Section 2

of the true counterpart heavily complicates the studies in the
quiescent state (Chevalier et al. 1999; Hynes & Robinson 2012).
In the recent high angular resolution near-infrared spectroscopy ob-
servations (Mata Sdnchez et al. 2017), the first dynamical solution
for Aqgl X-1 was obtained.

Despite its frequent outbursts, there are few reported radio detec-
tions of Aql X-1, likely owing to the faintness of atoll sources in the
radio band (Migliari & Fender 2006). The available observations
suggest that the radio emission is being activated by both transitions
from a hard state to a soft state and by the reverse transition at lower
X-ray luminosity. The maximum radio flux density 0.68%%% mJy
(8.4GHz) was detected at the moment of state transition during
Aql X-1 outburst in 2009 November (Miller-Jones et al. 2010). In
all available multiwavelength observations, the radio spectrum was
flat or inverted, with flux density scaling as F, o v<° (Tudose
et al. 2009). There is evidence for quenching of the radio emis-
sion at X-ray fluxes above 5 x 107° erg s~'em™2 (Ly 2 0.1Lggq)
(Miller-Jones et al. 2010).

2.1 Orbital and accretion disc parameters of Aql X-1

Orbital parameters of Aql X-1 are well defined by previous extensive
observational studies of this X-ray Nova system. In Table 1, we
provide a best estimates for system parameters (orbital period Py,
primary mass in solar units m;, mass ratio g = my/m;, system
inclination i), distance to the source D and ephemeris for the time of
the minimum of the outburst light curve T; (phase zero corresponds
to inferior conjunction of the secondary star), which we will use
throughout this paper.

By using the Agl X-1 binary system orbital parameters, we de-
rived the characteristic accretion disc radii and the Roche lobe sizes
for the primary and secondary star in the binary system, in the
following way. First, with reasonable assumption of LMXB eccen-
tricity e = 0, the major semi-axis in the binary system a can be
estimated from the Kepler’s law as

Po \ ¥
a=352x10"m"1+¢) (Thb) ~31x10"em. (1)

The effective radius of the Roche lobe of the primary (R, ;) and the
secondary (R;) stars in the close binary system can be obtained
from Eggleton (1983). The compact object Roche lobe radius in
Aql X-1 system was estimated as

R;, 0.49

= ~ (0.46. 2
a 0.6 + ¢?3In(1 + q~'/3) 2)

For R;,, one need to replace ¢ — ¢~! in the formula above:

Ri2 0230, 3)
a
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Due to the angular momentum conservation of accreting matter,
the disc radius cannot be smaller than the circularization radius
(see numerical simulation in Lubow & Shu 1975 and their analytic
approximation in Gilfanov & Arefiev 2005, 3 per cent accurate for
0.03 < ¢ <10):

0.24
R _ 0,074 <1+2q> ~0.13. @)
a q

The maximal outer radius of the accretion disc in LMXB can be
estimated by the tidal truncation radius (see numerical simulation
in Paczynski 1977 and their analytic approximation in Gilfanov &
Arefiev 2005, 3 per cent accurate for 0.06 < g < 10 range):

Riia 0.270 0.239
a

=0.1124 — + —— ~ 0.43. 5
1+q (1+¢)? )

2.2 Extinction to Agl X-1 in X-rays and NUV-NIR

Extinction in the X-ray spectral range in the direction to Galactic
LMXBs is caused by photoionization effect in the interstellar gas
on the line of sight (if internal extinction in the vicinity of the
source is negligible). With reasonable assumption of solar chemical
abundance, value of X-ray extinction to the source depends only
on the hydrogen column density (Ny) parameter. Extinction in the
NUV-NIR spectral range in the Galaxy is caused by absorption
on the interstellar dust grains. We adopted standard extinction law
(Cardelli, Clayton & Mathis 1989) with fixed Ry = 3.1. Then value
of NUV-NIR extinction depends only on colour excess (Ep_y)
parameter. Below in this section we obtain best estimates for Ny
and Eg _ y for Aql X-1.

First, we estimated maximum Ny in the direction to Aql X-1 by
using the common Leiden/Argentine/Bonn (LAB) Survey of Galac-
tic H 1 (Kalberla et al. 2005) and H 1 map of Dickey & Lockman
(1990) (DL). nH routine from rrooLs library (Blackburn 1995,
http://heasarc.gsfc.nasa.gov/ftools/) was used. Note that these maps
have limited resolution of approximately 0.5 deg and 1 deg, respec-
tively. We obtained the following estimates for hydrogen column
density: ny ~2.48 x 10*! atoms cm~2 (LAB) and ny ~ 3.43 x 10?!
atoms cm™2 (DL). As we see the substantial dispersion between two
estimates and taking into account the possibility of internal extinc-
tion in the source, we decided to adopt as best Ny the value obtained
from spectral fits during the outburst stage in Aql X-1. Sakurai et al.
(2012) obtained the following Ny estimate from the best fit to the
Aql X-1 soft-state X-ray spectrum in outburst observed by Suzaku:

,, atoms
NH = 3.63:()‘01 x 10 - (6)
cm
Note that this value well agrees with hydrogen column den-
sity within Galaxy in the direction of Aql X-1 estimated from
Dickey & Lockman (1990).

Then, we estimated the colour excess Ep _ y coefficient in the di-
rection to Aql X-1 by using the recalibrated Galaxy extinction maps
based on dust emission measured by COBE/DIRBE and IRAS/ISSA
(Schlafly & Finkbeiner 2011): E5 _ y &~ 0.65™2. On the other hand
Ep_y can be estimated using common Ny—Ay relation between
V-band optical extinction and the hydrogen column density. Using
for Ny /Ay a classical estimate from Predehl & Schmitt (1995) for
the usual extinction law with parameter Ry =Ay/Ep _ v = 3.1, from
(6) one can obtain the following estimate for Aql X-1 colour excess:

Ep_y ~ 0.65™, (7

which coincides with both Galaxy extinction derived from dust
emission map (Schlafly & Finkbeiner 2011). It is worth noting that

in Chevalier et al. (1999) the close value of colour excess for Aql
X-1 has been measured from optical spectroscopy of the optical
counterpart during the SXT quiescence state: Eg _ y = 0.5 & 0.1™*
for both Aql X-1 optical counterpart and its close interloper
star (authors assume that both stars are reddened by the same
amount) from joint spectral models fitting. Note that Thorstensen,
Charles & Bowyer (1978) mentions that a nearby (1.4 arcmin) BS V
star lies at a distance 10 kpc, well above the Galactic dust layer, has
an optical reddening Eg _ y &~ 0.73™%,

In this work, we adopt (6) and (7), as a best estimates for inter-
stellar extinction in the direction to Aql X-1.

3 OBSERVATIONS AND DATA REDUCTION

3.1 MAXI

We downloaded daily- and orbit-averaged light curves of Aql
X-1 from MAXI Archive official website.! For counts-to-flux
conversion, the Crab spectrum was assumed in the efficiency cor-
rection for each band. Fluxes in Crab units for MAXI instru-
ment were obtained using standard conversions: 1 Crab approxi-
mately equals to 3.6 phs~' cm™2 in the total 2-20keV band and
1.87, 1.24, 0.40 ph s~'em™? for 2-4, 4-10, 10-20keV band, re-
spectively. In order to obtain more accurate luminosities from
instrumental count rates in the 2-10keV band, we derived ap-
propriate conversion factor by using an overlapping series of
XRT/Swift 2-10 keV flux measurements in the time interval 56456—
56461 MJD (#£3 d around state transition during outburst rise). The
derived count rate-flux conversion factor appeared to be close
(only +15 percent correction) to standard conversion (1 Crab(2—
10keV) =3.11countscm2s~! =2.156 x 10~% erg s~em™2).

3.2 Swift

Swift observatory (Gehrels et al. 2004) provides possibility to get
the simultaneous broad-band view from optical to hard X-rays,
that is crucial for XN studies. In this work, we used observations
covering the rising phase of Aql X-1 outburst — between 56450 and
56462 MIJD (altogether 12 snapshot observations). Tables 2 and 3
provide a journal of observations carried out by XRT and UVOT
instruments, respectively. Below we review Swift data reduction in
detail.

3.2.1 SwifXRT

XRT observed Aql X-1 both in Windowed Timing (WT) mode,
while the transient was bright, and Photon Counting (PC) mode,
for low count rate snapshots. The data were processed using tools
and packages available in FTOOLS/HEASOFT 6.14. Initial cleaning of
events has been done using XRTPIPELINE with standard parameters.
The following analysis was performed as described in Evans et al.
(2009). In particular, for the PC mode data, radius of the circular
aperture for the source extraction was depending on the count rate
ranging from 5 to 30 pixels (Evans et al. 2009); for the WT mode
data, radius of the source extraction region was 25 pixels. Back-
ground was extracted from the annulus region with the inner (outer)
radius of 60 (110) pixels in both PC/WT observational modes. In

!'See http://maxi.riken.jp/top/
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Table 2. Swift/XRT observations of Aql X-1 during outburst rise in 2013.

Obs Id Tstart Exposure Fx.05-10 kT Photon
(MJD) (ks) (10 ergs—' em™2?) (keV) index
Hard state
00035323003 56451.5371 0.85 0.34340021 0.6704 13793
00035323004 56452.4042 0.80 0.506-0.010 0.7240.05 1.4820.06
00035323005 56453.6179 1.00 093140013 0.8210,05 1444004
00035323006 56454.6236 0.95 1.55240.016 1.0710.05 1.5920.04
00035323007 56456.8132 1.49 3.565£0.025 1214006 1.5310.03
00035323009_1 56457.0971 0.37 377640043 162007 1862007
00035323009_2 56457.6291 0.54 4.87550.045 1.650.00 169004
00035323009_3 56457.9627 0.80 591640041 1502006 1612003
Soft state
00035323008_1 56458.8272 1.07 17.10040.100 0.80-0.01 1.660.02
00035323008_2 56458.9693 0.36 17.660+0.144 0.7620.02 160003
00035323010 56459.5475 1.54 25.29340.092 0924001 1544002
00035323011 56460.2154 1.48 27.10240 125 106001 1.670.02

Table 3. Swift/UVOT observations of Aql X-1 during outburst rise in 2013.

Obs ID/filter Tstart Exposure Magnitude
(MID) (s)

00035323003

B 56451.5425 211.4 18.60+0.12
U 56451.5399 211.4 19.47 +0.31
Uvw1 56451.5349 423.0 19.53+0.26
Uvw2 56451.5451 116.3 19.63+0.46
00035323004

B 56452.4109 155.5 18.6440.14
U 56452.4084 205.5 18.66+0.17
UVW1 56452.4036 411.2 19.27 4021
00035323005

B 56453.6216 118.9 18.5540.15
U 56453.6201 118.9 18.544020
Vv 56453.6287 4.0 17224072
UvVw1 56453.6173 238.9 19.58.40.35
Uvw2 56453.6231 478.1 20.52.40.45
00035323006

B 56454.6258 71.5 18.31+0.16
UvM2 56454.6314 222.6 20.0940.56
U 56454.6248 71.5 18.58.10.25
1% 56454.6305 71.5 17.2540.16
UvVw1 56454.6230 154.3 19.36+0.37
00035323007

U 56456.8125 1469.9 17.76+0.04
00035323009

Uvw2 56457.0964 362.4 20.38.+0.48
Uvw2 56457.6286 521.1 19.0540.15
Uvw2 56457.9620 810.1 19.1340.12
00035323008

UvM2 56458.8265 1051.7 19.3340.15
UuvMm2 56458.9686 365.0 19.80+0.36
00035323010

UVW1 56459.5468 1513.4 17.68£0.04
00035323011

U 56460.2147 1463.7 16.4840.03

the case of pile up, central region of the source was excluded to
ensure the final count rate below 0.5 and 100 counts s~! for the
PC and WT modes, correspondingly. The obtained spectra were
grouped to have at least 20 counts bin~! using the FrooLs grppha.
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To avoid any problems caused by the calibration uncertainties at
low energies,” we restricted our spectral analysis to the 0.5-10keV.

In this work, we used Swift/XRT observations obtained during
the outburst rise phase only (9 pointing observations containing 12
snapshots). The standard spectral analysis of the XRT data was per-
formed. We successfully fitted (with x,” ~ 1) object X-ray spectrum
in each snapshot by phenomenological phabs * (diskbb + power-
law) model in xspec package. The interstellar absorption parameter
was fixed to the standard Aql X-1 value (see Table 1). Finally, we
derived 0.5-10keV fluxes for all available Swift/XRT snapshot ob-
servations, and present them in Table 2, together with best-fitting
parameters for adopted spectral models. Errors reported in Table 2
are purely statistical and correspond to 1o confidence level. How-
ever, ARF calibration uncertainties for the Swift/XRT instrument
can reach 10 per cent® but was not included into our analysis.

3.2.2 Swift/BAT

Swift/BAT detector provided a hard X-ray measurements of the
outburst light curve. We downloaded daily- and orbit-averaged
light curves of Agql X-1 from Swift/BAT Hard X-ray Tran-
sient Monitor archive website.* For counts-to-flux conversion,
it was assumed that 1 Crab equals to 0.220 counts s~' cm™>
in the 15-50 band. The 15-50keV BAT fluxes and were de-
rived from BAT count rate using standard conversion: 1 Crab(15—
50keV) =0.22phs~'ecm™2 =1.345 x 108 erg s~! cm™2.

3.2.3 SwifvuvoTr

The Swift/UVOT observation log is shown in Table 3. UVOT expo-
sures were taken in six filters (V, B, U, UVW1, UVW2 and UVM?2)
for the first four observations and with the ‘filter-of-the-day’ subse-
quently. Errors reported in Table 3 are purely statistical and corre-
spond to 1o confidence level.

For the data reduction images initially preprocessed at the Swift
Data Center at the Goddard Space Flight Center were used. Subse-
quent analysis has been done following procedure described at the

2 http://www.swift.ac.uk/analysis/xrt/digest_cal.php
3 Swift Helpdesk private communication.
4 http://swift.gsfc.nasa.gov/results/transients/index.html
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Table 4. Average flux levels for Aql X-1 in quiescence (with interloper
star) were measured at the time interval of XN quiescence in 2012 (UVOT
data) and the pre-outburst interval in 2013 (RTT150 and SMARTS data).

Filter Aeff FWHM Fy o Ref. Aql X-1¢
(A) (A) Jy) in quiescence
Swift!tUVOT
w2 1928 657 738 [1] 24.1640.86
M2 2246 497 766 [1] 23.0°
w1 2600 693 904 [1] 22.47 1026
U 3465 785 1419 [1] 21.504025
B 4392 975 4093 [1] 20.03 1020
\% 5468 769 3631 [1] 18.3940.12
RTT150, SMARTS
g 4714 1379 3631 [2] 20.0210.07
v 6182 1382 3631 [2] 18.8810.05
i’ 7592 1535 3631 [2] 18.2610.05
7 9003 1370 3631 [2] 17.9040.18
R 6410 1576 3064 [3,4] 18.3510.08
J 12 600 2000 1603 [5] 16.9310.17

Notes. [1] Poole et al. (2008), [2] Fukugita et al. (1996), [3] Schlegel,
Finkbeiner & Davis (1998), [4] Bessell, Castelli & Plez (1998), [5] Campins,
Rieke & Lebofsky (1985).

“Aql X-1 quiescent flux with interloper star (see text): UVOT — sum of
all available data (photometry within 5” aperture) for time intervals 2012
March 15 to 2012 November 15 and 2013 September 15 to 2013 November
15. RTT150, SMARTS — sum of all available data (PSF photometry, see
Section 3.3) for pre-outburst interval 2013 April 27 to 2013 May 27.

b Agl X-1 quiescent flux in UVOT M2 band was derived from interpolation
between W2 and W1 values.

web-page of UK Swift Science Data Centre.’ Namely, photometry
was performed with uvotsource procedure with source aper-
tures of radius 5 and 10 arcsec for the background for all filters.
Finally, spectral files for fitting in xspec were produced with the
uvot2pha procedure.

It can be noted that a 5arcsec aperture contains flux from the
group of faint stars, located nearby to Aql X-1 counterpart. By
applying the background subtraction procedure we were able to
eliminate the contamination from nearby stars and Agl X-1 quies-
cent light (see Section 3.3 for detail).

3.3 Ground-based optical data

The Aql X-1 optical counterpart lies in a crowded field with
four nearby interloper stars separated from Aql X-1 star only by
0.48, 2.6, 2.4 and 1.3 arcsec, respectively (Chevalier et al. 1999;
Hynes & Robinson 2012), which may produce contamina-
tion. The 0.48arcsec interloper star is substantially brighter
(V = 19.4™%) than Aql X-1 optical counterpart in the quiescence
state (V = 21.6™*). Once an outburst begins, photons from Aql
X-1 became dominant. In order to obtain a correct flux for Agql X-1
counterpart in outburst, we subtracted an average flux levels mea-
sured during the time interval of X-ray Nova quiescence in 2012
and the pre-outburst time interval in 2013 (see Table 4). The optical
data reduction procedure is described below.

In 2013 April-November, the following small-size ground-based
optical telescopes have participated in the multiwavelength moni-
toring campaign of Agl X-1:

3 http://www.swift.ac.uk/analysis/uvot/index.php

(i) RTT150 - the joint Russian-Turkish 1.5 m Telescope
(30°19'59.9"E, 36°49'31.0"N, 2538.6 m above sea level, TUBITAK
National Observatory, Turkey) equipped with the TFOSC focal in-
strument for direct imaging and spectral observations. The object
was observed in g/, ¥/, i’, 7 bands.

(i) AZT33IK 1.6 m telescope (100°55'13”E, 51°37'18.10"N,
2000 m above sea level, Sayan Observatory, Russia). For direct
imaging and fast photometry, a sSCMOS Andor camera was used.
The object was observed in R band.

(iii) ZEISS1000 1 m telescope (41°26'30"E, +43°39'12"N,
2070 m above sea level, Special Astrophysical Observatory,
Russia). The object was observed in R band, monitoring obser-
vations started after the outburst maximum in 2013 (data from this
telescope is not discussed in this work).

(iv) SMARTS 1.3 m telescope at Cerro Tololo (Chile). Aql X-1
was monitored in R and J bands at the regular basis. We used a
publicly available® SMARTS light curves in our analysis. The pho-
tometric reduction procedure were performed by Yale SMARTS
XRB team, following closely the reduction steps described in
Buxton et al. (2012).

As it was emphasized in previous optical variability studies of
Aqgl X-1 (see e.g. Welsh, Robinson & Young 2000), the use of
point-spread functions to extract the source counts (instead of or-
dinary aperture photometry) is crucial to obtain reliable optical
flux measurements for Aql X-1 optical counterpart. For the photo-
metric observations carried out at RTT150, AZT33IK, ZEISS1000
telescopes, we extracted instrumental magnitudes for Agql X-1 and
few local comparison stars (see below) using the DAOPHOT routine
(Stetson 1987) in the Interactive Data Language. We used two itera-
tions of the point-spread function fitting routine; a third iteration did
not improve the precision of the photometry. Photometric fluxes of
Aql X-1instandard R, g', ¥/, 7', 7 bands (see Table 4) were obtained
from instrumental counts by using the following secondary stan-
dards located nearby in the Aql X-1 field: (i) «; = 287.8073766°,
81 = 0.5811534°; (ii) ay = 287.8032941°, §, = 0.5781298°;
(iii) a3 = 287.8179977°, 85 = 0.5759676°; (iv) o4 = 287.8082571°,
84 = 0.5778305° and (v) s = 287.8204860°, §, = 0.5873818°.
These local comparison stars are invariable (within statistical uncer-
tainties) during the whole time interval of Aql X-1 monitoring ob-
servations and have visual R magnitudes in the range 15™% =177,
Their R, g, ¥, i’, 7 fluxes in the standard (see Table 4) photometric
system were derived by observation of the Aql X-1 field and primary
standard stars (Landolt 1992; Smith et al. 2002) during observation
in 2013 November in one of nights with photometric atmospheric
conditions. We conservatively estimated the final accuracy of abso-
lute photometric calibration for RTT150, AZT33IK, ZEISS1000 and
SMARTS telescopes as 3 per cent.

In this paper, RTT150 g'r'i’7 flux measurements for Aql X-1 are
presented in AB photometric system, all other (UVOT, R, J) flux
measurements are presented in Vega system. The adopted effective
wavelength, bandwidth and photometric zero-points for all used
filters/instruments are shown in Table 4.

4 OUTBURST RISE IN AQL X-1

New outburst in the Aql X-1 X-ray Nova system was detected 2013
June 3 (Meshcheryakov et al. 2013) during the campaign of opti-
cal monitoring observations of the object, started in 2013 April at

6 www.astro.yale.edu/smarts/xrb/home.php
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Figure 1. Swift/UVOT light curve during outburst rise in Aql X-1. The grey
shaded band marks the time interval of hard/soft X-ray state transition. The
state transition midpoint is shown by doted vertical line. Dot—dashed vertical
lines correspond to time moments of broad-band SED measurements (see
Section 5.1).

1.5 m Russian-Turkish telescope RTT150. In Figs 1 and 2 (right-
hand panels), all available NUV, Optical and NIR light curves ob-
tained during the rising phase of Aql X-1 outburst at Swift/UVOT,
RTT150, AZT33IK and SMARTS instruments are shown. In Fig. 2
(left-hand panels), we present the available pre-outburst Optical—
NIR light curves from ground-based telescopes. The horizontal
dashed lines mark the measured background level (which is domi-
nated by the close interloper star (see Section 3.3).

In order to measure the broad-band NUV-NIR spectral evolution
during outburst rise time interval in Aql X-1, we chose four char-
acteristic time moments, where observations from two instruments
SwifttUVOT-RTT150 or Swift/lUVOT-SMARTS) were carried out
quasi-simultaneously (within the time interval Az < 0.17). These
time moments are marked in Figs 1-3 by vertical dot—dashed lines
(the corresponding broad-band NUV-NIR SEDs will be discussed
in the Section 5.1 below).

After the outburst detection in optical g, ¥/, i, Z bands, the ac-
cretion activity of the source was soon confirmed by Swift/XRT
follow-up observations (Degenaar & Wijnands 2013). The X-ray
outburst happened to be among the brightest in soft X-rays among
all Aql X-1 accretion events observed by MAXI or RXTE/ASM
All Sky Monitors since 1997 (Glingor, Giiver & Eksi 2014). The
overall morphology of this outburst in soft X-rays is characterized
by a fast (~107) rise and a long (~50¢) decay. This type of curves
are often observed in XN (Chen et al. 1997) and called FRED
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Figure 2. Optical-NIR light curves during the Aql X-1 quiescence (left-hand panels) and rise phase (right-hand panels) of major outburst in 2013 from
RTT150, AZT33IK and SMARTS telescopes. The derived Aql X-1 quiescent fluxes in g, r, i, z, R and J bands are shown by horizontal dashed lines. The grey
shaded band marks the time interval of hard/soft X-ray state transition. Dot—dashed vertical lines correspond to time moments of UVOT snapshot observations.
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Figure 3. Orbit-averaged MAXI (2-10keV) and Swift/BAT (15-50keV)
light curves are shown together with Swift/XRT light curve (in the 2-10keV
band). The midpoint and duration of hard/soft X-ray state transition are
shown by doted vertical line and grey shaded band. Dot—dashed vertical
lines correspond to time moments of broad-band SED measurements.

(Fast-Rise-Exponential-Decay). The FRED-type light curves in
SXT are well qualitatively reproduced by standard Disc Instability
Model, if effects of accretion disc evaporation and irradiation by the
central source are taken into account (Dubus et al. 2001). The orbit-
averaged light curves from MAXI (2 — 10keV) and Swift/BAT
(15 — 50keV) for the Aql X-1 outburst rise phase are shown in
Fig. 3. In the same figure, we show all available X-ray pointing
measurements (in the same soft energy range 2—-10keV), carried
out by Swift/XRT telescope during this interval.

The remarkable drop (~5 times decrease at a time-scale <1%)
of hard X-ray flux, when the soft X-ray brightness is still rising,
corresponds to the time moment of hard/soft X-ray state transition.
InFig. 4, the (15-50 keV)/(2-10 ke V) X-ray colour evolution during
the interval of state transition is shown. From this data, one can
measure the midpoint and duration of state transition, by fitting the
X-ray colour evolution by the appropriate low-parametric model.
We chose the following function

c(t) = po+ p1 X |:erf<t_p2>—1:|, (8)
p3

where erf(x) is the error function in its standard form erf(x) =
% Iy e~°dg, and po, p1, pa, ps are free parameters. The state
transition itself we defined as a time interval, where the majority
(99.7 per cent) of colour change take place (according to our best fit,
see dashed line in Fig. 4). We obtained the state transition midpoint
and duration for the Aql X-1 outburst rise in 2013:

T)s = pr» = 56458.425(MJD),

ATys = —= x ps = 1.073(day), 9)

4
NG
and show them in Figs 1-4 by doted vertical line and grey shaded
band, respectively. It is worth noted that the interval of fast changes
in hard and soft X-ray fluxes during state transition is even smaller
than the value AT/, defined above. One can estimate from Fig. 3
that fast increase (decrease) of soft(hard) X-ray flux begins about the

-
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Figure 4. X-ray colour (15-50/2—-10keV) evolution around the hard/soft
X-ray state transition interval during the rising part of Aql X-1 outburst. The
grey shaded band shows the estimated time interval of state transition, the
midpoint is shown by doted vertical line. The best-fitting model to X-ray
colour evolution during state transition is shown by dashed line.

transition midpoint 73/s. Thus, we can estimate the actual duration
of fast changes in hard (soft) X-ray fluxes during state transition as
~ATys/2, respectively. We defined a convenient time variable ¢,
measured with respect to the state transition midpoint: t =T — Ty, s.

In our Swift/XRT observations, we are able to measure ac-
curately only the soft fraction Fxgs_jo of the total X-ray flux
Fx. The bolometric (0.5-100keV) and hard (10-100keV) X-ray
flux can be estimated as: Fx = fio - Fx.05-10 and Fx j0-100 =
(foor — 1) - Fx,05-10, Where fi,,] means a bolometric correction co-
efficient. Note, that the bolometric correction is substantial for the
spectrum in the hard X-ray state. To estimate f;,,; we used results
from Sakurai et al. (2012), who analysed broad-band X-ray obser-
vations in the hard and soft X-ray states during Aql X-1 outburst
in 2008 September—October, carried out by Suzaku observatory.
By using their best-fitting models in Tables 2 and 3 (with fixed
Nu = 0.36 x 102 cm™2), we calculated 0.5-10, 2-10, 15-50keV
and ‘bolometric’ 0.5-100 keV unabsorbed fluxes for the typical soft
and hard X-ray state spectra. The estimated bolometric corrections
are £ = 1.96 and £ = 1.08 for observational data points be-
fore and after X-ray state transition, respectively. In addition, we
derived the F ;s5.50/Fx2-10 ratio: 0.89 and 0.036 in the hard and
soft state, respectively. As can be seen in Fig. 4, these values are
well compared to the observed BAT/MAXI X-ray colours before
and after state transition.

5 MODELLING THE BROAD-BAND SED
EVOLUTION DURING OUTBURST RISE IN
AQL X-1

5.1 SED measurements

There are two time moments before X-ray state transition midpoint
and two time moments after, when we are able to measure a quasi-
simultaneous (within <0.1¢) broad-band SED of the source. Below
we describe derived SED measurements and the fitting procedure

MNRAS 473, 3987-4002 (2018)
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Figure 5. SED measurements (i) (left-hand panel), (ii) (central panel) and (iii) (right-hand panel), carried out at time moments ¢ = —6.029, —0.46 and +1.8¢
(with respect the middle of X-ray state transition). Best-fitting spectral models are shown by solid (blackbody), dashed (non-irradiated disc) and long dashed
(disc with irradiation, C = 2.9 x 1073) lines. Absorbed and unabsorbed curves for each model are shown by thick and thin lines, respectively. All model
curves are smoothed with top-hat window AX/A = 0.25 for better visual comparison with observations (see text). Note that best-fitting accretion rate for the
non-irradiated disc model is always higher than M o for the model with irradiation, and irradiated models show UV deficiency with respect to best-fitting

models without irradiation.

in detail. Broad-band SED measurements during the outburst rise
in Aql X-1:

(i) t &~ —6.02%. At this time moment, Swift/XRT and UVOT
observations were carried out quasi-simultaneously with SMARTS
telescope (t = —6.08¢), and we combined these data to construct
broad-band SED. Additionally, as can be noted (see Figs 1 and 2),
the subsequent Swift/UVOT observation at ¢ = —4.80¢ shows the
same (within uncertainties) NUV fluxes. Thus, we included this
Swift/'UVOT observation and RTT150 observation carried out in
between at t = —5.35¢ into the combined SED. The derived SED is
shown in Fig. 5 (left-hand panel), where all the ‘non-simultaneous’
data points from R77750 and the second Swift/UVOT observation
are shown by open symbols.

(i) #~ —0.46¢. This time moment immediately before state tran-
sition, when Swift/UVOT W2-band observation at t = —0.46 was
carried out quasi-simultaneously with RTT150 (t = —0.429). As
the previous Swift/UVOT observation at t = —0.79¢ shows the
same (within uncertainties) W2 flux, we decided to include it into
the combined SED. The resulting SED is shown in Fig. 5 (central
panel), the ‘non-simultaneous’ Swift/UVOT data point is shown by
open symbol.

(iii) # &~ 40.55¢. This is the most interesting SED measurement,
we obtained it immediately after hard/soft X-ray state transition, the
time moment of Swift/UVOT M2-band observation was carried out
quasi-simultaneously with RTT150 (t = 4+0.56%). As the previous
Swift/lUVOT observation at t = 4+0.41¢ shows the same (within
uncertainties) M2 flux, we decided to include it into the combined
SED. The resulting SED is shown in Fig. 5 (central panel), where
the ‘non-simultaneous’ Swift/UVOT data point is shown by open
symbol.

(iv) t ~ +1.80%. This is the final SED measurement we obtained
near the outburst maximum in X-rays (see Fig. 3). The Swift/UVOT
U-band observation was carried out quasi-simultaneously with
SMARTS (¢t = +1.91%). The resulting SED is shown in Fig. 5 (right-
hand panel).

The SED fitting procedure was performed in xspEc package (Ar-
naud 1996), which provides a framework to compare various the-
oretical spectral models with observed spectra (primarily in the

MNRAS 473, 3987-4002 (2018)

X-ray domain). xspEC can be successfully used to fit spectral data
from IR/Optical/UV observations (Arnaud 2010). We converted all
NUY, Optical and NIR photometric measurements into pha-files
using procedure flx2xsp from rrooLs package. For all filters, re-
sponses were defined by flat transmission curves with parameters
Lerr and AL (FWHM) (see Table 4). We note that the observed fluxes
contain Aql X-1 counterpart and nearby 0.48 arcsec interloper star
for ground-based Optical-NIR observations, and all nearby stars
within 5 arcsec aperture for Swift/UVOT observations. In order to
investigate the spectral evolution of Aql X-1 counterpart in out-
burst, we subtracted the corresponding flux levels measured during
the time interval of Aql X-1 quiescence (see Table 4).

The interstellar extinction in photometric filters was calculated
by using REDDEN model in xspec. This model utilize Cardelli
et al. (1989) extinction law from far-IR to far-UV as a function of
wavelength and of the parameter Ejp _ . For all spectral fits below,
we adopted the fixed colour excess value Ep _ y = 0.65™%, as a best
estimate for Aql X-1 (see Section 2).

5.2 Adopted spectral models

We tried to fit Aql X-1 NUV-NIR SEDs by two low-parametric
spectral models:

(A) Absorbed blackbody emission (REDDEN x BBODYRAD),
(B) Absorbed emission from multicolour disc with possible X-ray
irradiation (REDDEN x* DISKIR).

Our choice of spectral models (A) and (B) is physically motivated.
The simplified analytical picture of the non-stationary disc accre-
tion during outburst rise phase in X-ray binaries was proposed in
the work of Lyubarskij & Shakura (1987). The accretion disc de-
velopment from the initial ring of matter can be divided into three
characteristic stages:

I — Formation of the disc from the initial ring of matter (‘torque’
formation stage).

II — Quasi-stationary accretion with increasing accretion rate. At
this stage a radially constant accretion rate is established in the inner
regions of accretion disc. Near outer radii of the disc no changes
from the initial mass distribution are expected and a transition zone
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is developed at intermediate radii. The region of quasi-stationary
solution continuously expands as the transition zone moves out-
ward.

III — The accretion attenuation phase after the outburst maximum.

We are interested in stage 5.2, which could be potentially observed
by our broad-band observations of outburst rise in Agl X-1 sys-
tem. During this stage the mass distribution in the outer regions
of the disc transforms from initial distribution (at the pre-outburst
quiescence) into the stationary accretion disc (near the outburst
maximum). Accordingly, the spectral evolution in the NUV-NIR
range (which corresponds to emission from the outer parts of the
disc) should transform from a single-temperature blackbody emit-
ting ring into the multicolour (irradiated or non-irradiated) accretion
disc emission. The initial ring of matter in the Lyubarskij & Shakura
(1987) analytical model can be in reality a manifestation of the ac-
cretion disc with a surface density profile, highly concentrated to
some outer radius — like ¥ oc R4, which is supposed to form
in the disc during the X-ray Nova quiescence (see Lasota 2001).
The present numerical models of XN outbursts also show that the
single-temperature emission remains at early stages of SXT out-
burst (see e.g. fig. 5 in Dubus et al. 2001). Note that, alternatively,
a single blackbody model may correspond to the emission from
the X-ray heated surface of companion star (if X-ray irradiation
is strong enough) or a hot point, where a stream from L1-point
meet the accretion disc. At the end of stage 5.2, the multicolour
disc model corresponds to emission from the standard (Shakura &
Sunyaev 1973) steady-state optically thick accretion disc with pos-
sible X-ray irradiation. The multicolour disc emission is expected
to be established about the moment of the outburst maximum, the
radial mass distribution in the disc at that moment does not de-
pended on initial mass distribution in pre-outburst quiescence, see
e.g. Lipunova (2015).

Thus, we expect that Model 5.2 should well describe NUV-NIR
observations at the beginning of XN outburst (thermal emission
from almost isothermal disc ring), and Model 5.2 should appear
closer to the outburst maximum, when the automodel solution with
constant mass accretion rate along the radius in the outer disc is
established. As we will show in the Section 6.1, the observed spec-
tral evolution during outburst rise in Aql X-1 qualitatively agrees
with this theoretical picture. Below we describe the chosen spectral
models and their parameters in detail.

Model (A). The adopted BBODYRAD blackbody model in xspEC
has two parameters: temperature 7, and normalization Kj,. The
normalization parameter is connected to the projected emitting area
Sy (cm?) in the following way:

D2
4 x 10-10

where Ds is the source distance in units (5 kpc).

Model (B). In order to model the irradiated accretion disc SED,
we adopted the popular DISKIR” model in xspEc (without the in-
ner disc coronal emission component, see Appendix A for details).
The adopted model has three parameters: Ty, kv, logrout and fo, (if
irradiation is turned off — f,,, = 0). For a given X-ray luminosity
illuminating the disc, these DISKIR parameters can be readily con-
verted (see Appendix A — equations A4, A7 and A12) into physical
parameters of the outer accretion disc—mass accretion rate M ous
disc outer radius R, and the irradiation parameter C.

Spp = x Kpp, (10)

7 https://heasarc.gsfc.nasa.gov/xanadu/xspec/models/diskir.html

The disc outer radius in the Model 5.2 can be constrained by the
tidal truncation radius R,y < R4, Which can be transformed into
the following constraint on the DISKIR model parameter:

logrout < 5.07 — logDs (11)

for the adopted Aql X-1 orbital parameters (see Section 2) and using
equation (A4). By taking into account uncertainty in the source
distance, we get the following constraint: logrout < 5.15. No other
constraints on the disc model parameters were applied during the
fitting procedure.

Let us discuss the physical meaning of parameter C in the
Model 5.2. The irradiation parameter contains information about
geometry of the irradiated disc surface (disc height radial profile
H(R), disc albedo a, and thermalization fraction ny, for X-ray
photons:

dH H
C= <dR - R) (I = @ou) - 12)

Assuming that the effective disc height, which intercepts X-rays (it
can be the height of hot atmosphere or wind outflow formed above
the outer disc, rather that photospheric disc height — see Jimenez-
Garate, Raymond & Liedahl 2002) is a power-law function of radius
H « R" [e.g. n = 9/8 for the outer zone of standard Shakura—
Sunyaev accretion disc (Shakura & Sunyaev 1973), n = 9/7 for
isothermal disc model of Vrtilek et al. 1990], one can obtain the
following expression:

H
C= (}’l - 1)}(1 - anul)nlh~ (13)

Note that in the DISKIR model, which we adopt for spectral fitting
in XSPEC, the limiting case H/R = const is assumed. In reality,
% o R"~!isexpected to be a slow function of radiusn — 1 = % = %
for the stationary accretion disc and the exact form of disc height
radial profile H(R) make sense for FUV part of disc spectrum. The
far-UV spectral range A < 2000 A is difficult to observe (the FUV
observational data are currently absent for most XN) and is very
model-dependent to fit due to a strong extinction in this spectral
range. We conclude that for NIR-Optical-NUV spectral range the
DISKIR model with C = constg seems to be an adequate choice for
steady-state irradiated accretion disc model.

Further details about the standard irradiated disc Model 5.2 can

be found in Appendix A.

5.3 ‘X-ray tomograph’ at the moment of hard/soft X-ray state
transition in Aql X-1

The most remarkable moment at X-ray Nova outburst rise light
curve is a hard/soft X-ray state transition. During the short-time in-
terval ATy, the fast changes in the structure of the inner accretion
flow (optically thin geometrically thick RIAF — optically thick ge-
ometrically thin standard Shakura—Sunyaev disc) are accompanied
by a drastic softening of the X-ray spectrum: the amount of X-ray
photons with £ > 10keV radically goes down. The temperature
structure in the photosphere layers of the outer disc, which emit
the observed NUV-Optical-NIR spectrum, can change substan-
tially during the state transition interval, as it is directly governed
by X-ray illumination (reprocessing time in the disc and its hot
atmosphere for X-ray photons T, << ATy, S€€ Trepr €Stimates
in Cominsky, London & Klein 1987; Mescheryakov, Revnivtsev &
Filippova 2011b). The fast evolution of the X-ray spectrum at the
moment of state transition, can serve as ‘X-ray tomograph’ to reveal
the vertical structure and energy-depended X-ray heating efficiency
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of the outer accretion flow in XN. By using Aql X-1 SED mea-
surements (ii)—(iii), carried out at the edges of hard/soft X-ray state
transition interval, we will qualitatively test X-ray heating models
for the outer accretion disc. Our methodology is outlined below.

It is worth noting that duration of X-ray state transition interval
ATy is short with respect to viscous time-scale at the outer radii of
accretion disc. Indeed, for the standard (Shakura & Sunyaev 1973)
accretion disc, the mass distribution at radius R changes at a viscous
time-scale

2 (H\ 7 1
Tvis = ) (14)
3a R QK(Rd)

where Qg = \/GM,/R3 is the Keplerian frequency, M, is the mass
of the primary and « is the dimensionless viscosity parameter (see
e.g. Frank, King & Raine 2002; Gilfanov & Arefiev 2005). By
adopting « = 0.2 (King, Pringle & Livio 2007), H/R = 0.1-
0.2 (de Jong, van Paradijs & Augusteijn 1996; Jimenez-Garate,
Raymond & Liedahl 2002) and common neutron star mass
M, = 1.4Mp we obtain 7. = 3.5-14¢ > ATy, for the Agl
X-1 outer disc radius estimate Ry = R;q. Thus, the mass distri-
bution [surface density radial profile X, (R), accretion rate radial
profile M ou(R)] in the outer disc should experience only a mini-
mal changes during interval ATy, /. For the following analysis, we
make a reasonable assumption that at the beginning of X-ray state
transition, the outer accretion flow can be well approximated by
Shakura—Sunyaev disc with constant accretion rate; M outs Rout Pa-
rameters of Model 5.2 (and Ti,xev and logrout parameters of the
corresponding DISKIR model in xspEc, respectively) are expected
not to vary during the X-ray state transition interval.

Holding this assumption, radial temperature profile of the outer
(R > Ry,) accretion disc during X-ray state transition interval can
be expressed by the following equation:

3 GMlMoul
87 R3

where G is the gravitation constant, ogp is the Stefan—Boltzmann
constant and M, is the compact object mass. In order to take into
account changes in spectrum and emission diagram of the X-ray
central point source, one can write the following general expression
for disc irradiation heating flux at radius R:

USBT4 = + Qirra (15)

‘1030 C\J{ULX,Udv
47 R?

where Ly, means luminosity spectral density of the cen-
tral X-ray source (normalized as fooo L,dv=1Ly), C, is the
frequency-dependent irradiation parameter, ¢, is the frequency-
dependent emission diagram of the X-ray source (normalized as
f 472¢,(2)d2 = 1). Luminosity spectral density is connected to the
observed X-ray flux spectral density Fy,, as:

Qirr = 5 (16)

LX v
47 D?
where {4, is the emission diagram of the central X-ray source in
the direction to observer on Earth. From (16) and (17), one can get
the following expression for disc irradiating flux:

Q~—D—2/m 5\ Fydv (18)
irr — R2 o UC@J, X, .

By simultaneous broad-band observations during X-ray state tran-
sition interval, we are interested to measure a time evolution of the
term in brackets above. For application to our observations of state

FXA,IJ = C@,lm (17)
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transition in NS SXT Aql X-1, we will further simplify the equation
(18) in the following way.

It is worth noting that compact object in the system Aql X-1 is
a neutron star (it is justified by observed Type I X-ray bursts and
coherent X-ray pulsations in this source, see Section 2). During the
soft X-ray state, the emission from the NS boundary layer should
provide a significant fraction of the total X-ray luminosity. It is
convenient to suppose that emission diagram of the Agl X-1 cen-
tral X-ray source during the whole state transition interval can be
considered as ~ isotropic:

&
v

Note that this assumption probably is not the case for BH XN,
where the central source emission in the soft X-ray state is more
anisotropic, according to thin disc emission diagram.

In application to broad-band observations of Aql X-1, presented
in this work, in Section 6.2 we will consider the following qualitative
choices for X-ray heating of the disc during state transition inter-
val: heating by bolometric, soft and hard X-ray flux with constant
irradiation parameter.

~ 1. 19)

(i) Fixed C model. Accretion disc is effectively heated by bolo-
metric X-ray flux with constant irradiation parameter C, the irradi-
ation heating Q;,(R) can be expressed as

DZ
Qirr =C- FFX (20)
This model was presented as Model 5.2 in the previous Section 5.2.

(i) Fixed C; model. In the case of disc irradiation solely by soft
(0.5-10keV) X-rays, the heating flux can be expressed by

DZ
Oir = Cs - FFX,O.S—IO- 21
The determination of model with ‘soft’ irradiation parameter
Cs = const is justified in the case of direct illumination of the
outer accretion disc by X-ray photons from the central source. Then
soft X-rays with energies ~2-+-10keV may play a primary role in
the heating of the outer disc surface (see e.g. Suleimanov, Meyer &
Meyer-Hofmeister 1999).

(iii) ‘Fixed Gy’ model. Disc heating solely by hard (10-100 keV)

X-rays — in this case we get

DZ
OQir = Cp, - FFXJO—IOO- (22)
If direct illumination of the disc surface is not possible for some
reasons (e.g. due to concave disc height profile H oc R<! or disc self-
screening effect, see Dubus et al. 1999), then the hard (E 2 10keV)
X-rays, effectively scattered in the optically thin layers above the
disc, may play a primary role in the disc irradiation heating (see e.g.
Mescheryakov, Shakura & Suleimanov 2011a).

From parameters of DISKIR model (which we use for Agl X-1
SED fitting in XSPEC), one can easily derive the corresponding value
of C, as well as C; or Cy, (by using equations A12 and A13 with
replacement Fy — Fyx o5-10 or Fx — Fx 10-100, respectively).

6 RESULTS

Four broad-band SED measurements (i)—(iv) were obtained during
the Agl X-1 outburst rise phase (see Section 5.1) and were fitted
by two spectral models 5.2 and 5.2, described in the Section 5.2
above. The best-fitting parameters for blackbody Model 5.2 and
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Table 5. Aql X-1 SEDs best fits with REDDEN%xBBODYRAD (Model 5.2) and REDDEN=*DISKIR (Model 5.2) spectral models with fixed interstellar

absorption Ep _ vy = 0.65™%.

#SED 1 ¢b  Ix® A:r Tud Ky X2 B: kTw®  logrout  fou® X Mo Rou’ d
(d) LEqd (eV) 10' (d.o.f) (keV) (1073 (d.of) Mggq Rid 1073
) —6.02 0.81 0.017 1141007 80412 1.01(11) 1914004 4854008 0.0 217(11) 0504904 0.617513 0
1491004  4.731005 0.18 1.27(11)  0.184002 0464005 2.9+03
0.9610.03 4.68+0.04 1.08 1.06 (11) 0.03110004 041004 49106
(ii) —0.46 0.90 0.20 1.10 178 117 (4) 2.78 5.15 0.0¢ 10.4 (4)
2057010 5.041001 007708 043(3)  0.664021 0941908 0.617033
(i)  +0.55 0.13 033 0811003 7947 276 (4) 3.19 5.15 0.0¢ 89.2 (4)
2.058 5.15 0011  20.6(4)
0.71 5.15 9.4 10.9 (3)
(v)  +1.80 071 0.50 1.072003 6645 038 (1) 3.96 5.13 0.0¢ 31.2(1)
2.05¢ 5121000 0321002 0.03 (1) 0.66 1141005 1.111008

Notes. Statistical errors on best-fit DISKIR model parameters and derived parameters are shown only if best-fitting model had goodness of the fit sz < 5. Al

reported errors on parameters correspond to 1o confidence level.
“Time with respect to X-ray state transition midpoint, t = 7" — Tjs.
bOrbital phase ¢ calculated from Agl X-1 ephemeris (see Table 1).

“Estimated bolometric 0.5-100keV X-ray luminosity in Eddington units (see text, Section 6).

dBest-fitting parameters of REDDEN*BBODYRAD model with fixed Ez _ y = 0.65™2.

“Best-fitting parameters of REDDEN*DISKIR model with fixed Eg _ y = 0.65™2&.

S Physical parameters M out, Rout, C of the irradiated disc Model 5.2 are derived from best-fitting DISKIR model parameters (see Appendix A).

$DISKIR parameters being fixed during the model fitting procedure.

multicolour disc Model 5.2 with (fy, > 0) and without irradiation
(four = 0) are presented in Table 5. The first three columns in Table 5
contain: time 7 with respect to state transition midpoint, orbital phase
¢ calculated from Aql X-1 ephemeris (see Table 1) and bolometric

X-ray luminosity in Eddington units calculated in the following

. Lx _ 47DFxos 10fhl . o
Way: 7o = T S gl where the value of Eddington limit is

taken for pure hydrogen composition and 1.4 M NS.

All best-fitting spectral models, together with SED data points,
are shown in Figs 5 and 6 by solid (blackbody), dashed (multicolour
disc) and long dashed (multicolour disc with irradiation) lines. Both
absorbed and unabsorbed curves for each model are shown (in Fig. 6
only one unabsorbed curve is shown for clarity). All spectral curves
are smoothed with top-hat window AX/A = 0.25 for better visual
comparison with SED measurements, obtained in the broad-band
filters having relative bandwidth in the range AXL/A = 0.14-+-0.34
(see Table 4). The smoothing is primarily important on absorbed
model curves in the NUV range, where model flux changes sharply
with v. We note that we derived smoothed model curves only for
visualization purposes in Figs 5 and 6; all x> values presented in
Table 5 were obtained in the xspec fitting framework. Below we
discuss the derived results in detail.

6.1 Broad-band SED evolution during outburst rise in Aql X-1

First, we will consider SED measurements carried out during the
Aql X-1 outburst rise in the hard X-ray state — (i), (ii) and SED
obtained near the outburst maximum (iv). An interesting spectral
evolution during the state transition interval [SEDs (ii)—(iii)] will
be discussed in the next Section 6.2.

A first SED (i) was obtained from combination of quasi-
simultaneous Swift/UVOT, SMARTS and RTT150 data (see Sec-
tion 5.1) around a time moment t = —6.05%. As can be seen from
Table 5 and Fig. 5 (left-hand panel), the blackbody model gives a
substantially better fit than a multicolour disc model without irradi-
ation. The best-fitting blackbody model with T, = 1.14 4 0.07 eV
and K, = (8.0 £ 1.2) x 10'" gives a goodness of the fit
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Figure 6. SED measurement (iii) at the time moment r = 0.55¢ (with
respect the middle of X-ray state transition). Best-fitting blackbody and
non-irradiated disc spectral models with fixed interstellar absorption
Ep_y = 0.65™¢ are shown by thick solid and short dashed lines, re-
spectively. Unabsorbed blackbody model is shown by thin line. Thin long
dashed lines show absorbed irradiated disc models with fixed irradiation
parameter during X-ray state transition interval: C; = 1.2 x 10~ (upper
curve), C = 6.1 x 10~ (middle curve) and C, = 1.25 x 1073 (lower curve)
— see description of these models in Section 6.2. All model curves are
smoothed with top-hat window AX/A = 0.25 for better visual comparison
with observations.

x> =101 and best-fitting multicolour disc without irradiation
gives x2 =2.17 (11 degrees of freedom), which rejects a later
model with a p-value = 0.013. With inclusion of X-ray irradia-
tion, the multicolour disc model fit can be improved significantly.

MNRAS 473, 39874002 (2018)
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For example, for Model 5.2 parameters C = (2.9 & 0.3) x 1073,
% =0.18 £0.02, % = 0.46 £ 0.05 (which corresponds to
best-fitting DISKIR model with fixed fo, = 107*, see Table 5)
the goodness of the fit reaches x> = 1.27 (11 degrees of freedom).
Note that C =2.9 x 1073 > % A 2.4 x 107 (see equation
A9), thus the optical flux from the disc outer radius in this model is
expected to be dominated by X-ray reprocessing. There is apparent
degeneracy between irradiation parameter and accretion rate in the
irradiated disc Model 5.2: by increasing C and decreasing Moy,
one can obtain a slightly better fit to the data: e.g. C =4.9 x 1073,
Mom ~ 0.031M Edd> Rout & 0.41Rig, (Which corresponds to best-
fitting DISKIR model with fixed f,,, = 1073, see Table 5) with the
goodness of the fit x> = 1.1 (11 degrees of freedom). At this point
one can conclude that both irradiated disc Model 5.2 and single
blackbody Model 5.2 provide equally acceptable fits to the SED (i).

The interesting question remains, whether X-ray reprocessing
or viscous dissipation mechanism dominates in the Agl X-1 optical
emission at the time moment t = —6.05¢. For the X-ray reprocessing
mechanism, one may expect the direct Optical-IR/X-ray flux cor-
relation in the optical V band as Fo, o F " (van Paradijs & Mc-
Clintock 1994) and Fir o Fy' 025 in the IR filters (Revnivtsev, Zolo-
tukhin & Meshcheryakov 2012). Fortunately, the observed X-ray
light curve around the time moment ¢t = —6.05¢ provides opportu-
nity to test this hypothesis. As can be seen in Fig. 3, Swift/XRT 0.5—
10keV X-ray flux (see Table 2) monotonically rises during the time
interval 56451.5-54454.6 MJD, and existing Swift/XRT flux mea-
surements can be well fitted by exponential law log,,(Fx 0.5-10) =
(0.218 £0.004) - t 4+ (=7.98 £ 0.02), where t =T — Ty, s (ind). As-
suming that Fx s5_10(f) approximation is valid for the whole time
interval, we estimated NUV/Optical/NIR-X-ray flux correlation in
the form

log,o(Fpana) = @ - log,o(Fx,05-10) + b, (23)

where ‘band’ corresponds to RTTI150 ¢, ¥, ', 7 or Swift/UVOT
W2, W1, U, B, V filter (respectively). The available observations in
the time interval 56451.5-54454.6 MJD are well fitted by the re-
lation (23). Best-fitting correlation coefficients ays, null-hypothesis
(Fvana = const) probability P(>|ayw|), as well as 0.025 and 0.975
percentiles are shown in Table 6.

As can be seen from Table 6, observational data for all filters
except ¢’ band are consistent with null-hypothesis of constant flux
Fyang = const during the considering time interval. The derived
value of correlation coefficient for ¢’ band (ap = 0.2671 4 0.047)
is substantially lower than expected for Optical-X-ray correlation
Fopr ¢ FY 05 (van Paradijs & McClintock 1994). Correlation be-
tween g’ band and X-rays is consistent with value a = 0.25, which
is expected if this spectral band lies in the Rayleigh—Jeans part of
the disc spectrum (it is definitely not the case for blue g’ band). Note
that ay¢ estimates for other RTT150 filters (¥, ', Z') are well below
the 0.25-0.5 interval expected for disc X-ray reprocessing.

Therefore, the lack of optical orbital variability and absence of
expected Optical/X-ray correlation around t = —6.05¢ suggest that
the SED (i) most probably is emitted by accretion flow without
significant irradiation and with ~ blackbody spectrum in the NUV-
NIR spectral range. We note that blackbody emission from disc
ring heated by viscous dissipation is expected at early stages of
non-stationary disc accretion during X-ray Nova outburst rise (see
Section 5.2). The relative width of the blackbody emitting disc ring
at radius R can be estimated as
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Table 6. Estimates of correlation coefficients between NUV/Optical/NIR
fluxes and 0.5-10keV X-ray flux, measured during Aql X-1 early outburst
rise in the hard X-ray state (time interval 56451.5-54454.6 MID).

Band apf P(>|apt|) a0.025-00.975
@™ @™
Swift/UVOT
w2 —0.7912+0.600 0.19 —1.966-0.384
w1 0.0174 10268 0.95 —0.508-0.543
U 0.3665+0.222 0.10 —0.070-0.803
B 0.1567+0.133 0.24 —0.104-0.417
\%4 —0.0623 41 411 0.96 —2.828-2.703
RTT150
g 0.267110.047 <5x 107 0.176-0.358
7 0.0608+0.049 0.21 —0.035-0.157
i 0.0657 +0.046 0.15 —0.024-0.156
7 0.0618 40,055 0.26 ~0.045-0.169

Note. Relations are fit by the power law, log;o(Fpand) =a -
log;o(Fx,0.5-10) + b, where Fyana corresponds to flux in g', v/, i, 7 RTT150
or W2, W1, U, B, V Swift/lUVOT filter, respectively, Fx o.5-10—-Swift/XRT
interpolated X-ray flux (see text). We have derived best-fitting parameter
apr and null-hypothesis (Fpang = const) probability P(>|ap¢|) by using the
linear regression statistical model (weighted least squares) implemented
in the Statsmodels module (see https://github.com/statsmodels/statsmodels)
for pyTHON. All errors correspond to one standard deviation. In the last
column — derived P = 0.025 and P = 0.975 percentiles for correlation
coefficient are shown.

(24)

AR o Sbb _ Kbb D5 g
R 7R2cos(i) 4 x10""cos(i) \ R

(see equation 10). By supposing a disc ring is located at a tidal
radius R &~ Ryq and adopting Ds = 1, i = 42° for Aql X-1 (see
Table 1), we get the following estimate: A—RR ~ 0.15.

The next SED measurement (ii) was obtained just before
hard/soft X-ray state transition at t = —0.43¢. Neither blackbody
( Xf = 11.7, 4degrees of freedom), nor multicolour disc without
irradiation (x* = 11.0, 4 degrees of freedom) provide an accept-
able fit for this SED measurement, but it can be well described
(x2 = 0.43, 3 degrees of freedom) by the irradiated multicolour disc
Model 5.2 with reliable parameters: M ou/Mpaa = 0.66 £ 0.21,
Rout/Riiga = 0.94 £ 0.08 and C = 675 x 107,

The final SED measurement (iv) was carried out at a time moment
t = +1.87 near the X-ray outburst maximum. As can be seen from
Table 5, the multicolour disc without irradiation is statistically un-
acceptable model for this SED. Both irradiated multicolour disc or
single-temperature blackbody models provide good fit to the SED
data points. We note that there are only three flux measurements (J,
R, U bands) combined in this SED, and NUV flux (M2/W2 bands
at ~2000 A) measurement is not available at this time moment.
We expect a degeneracy between physical parameters M and C in
the Model 5.2. Therefore, we decided to fix a mass accretion rate
during the fit, to the reasonable value estimated for the SED (ii) (at
t = —0.46%). The Model 5.2 with fixed My = 0.66 Mgqq provides
an acceptable fit with x> = 0.03 (1 degrees of freedom) with a best-
fitting parameters C = (1.1 £ 0.1) x 1073 and % =1.14£0.05
(see Table 5 and Fig. 5 right-hand panel). From numerical simu-
lation of outbursts in XN (see e.g. fig. 5 in Dubus et al. 2001) it
is expected that multicolour disc SED is already established at the
moment of outburst maximum. Therefore, we also may prefer the
irradiated multicolour disc as a best model for the SED (iv).

In sum, we make a conclusion that the observed SED evolu-
tion (i), (ii), (iv) during outburst rise in Aql X-1 can be well
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understood as thermal emission from non-stationary accre-
tion disc flow with radial temperature distribution transforming
from ~ single-temperature blackbody emitting ring (heated pri-
marily by viscous dissipation) at early stages of outburst into the
multicolour irradiated accretion disc measured close to the X-ray
outburst maximum.

6.2 Evolution of the broad-band SED during the hard/soft
X-ray state transition in Aql X-1

X-ray state transition interval during outburst rise in Aql X-1 is
covered by two SED measurements (ii) and (iii) at time moments
t = —0.46¢ and +0.559, luckily carried out quasi-simultaneously
(within time interval <0.05%) by Swift/UVOT and RTTI150 tele-
scopes (see Section 5.1). As it was discussed above in Section 6.1,
the SED (ii) (at the start of X-ray state transition) can be well fitted
by Model 5.2 with reasonable physical parameters of the irradi-
ated accretion disc: mass accretion rate M oy / Mpgga = 0.66 £ 0.21,
outer radius Roy/Riga = 0.94 £ 0.08 and irradiation parameter
C= 61“2‘ x 107*. By having in mind theoretical considerations pre-
sented in Section 5.3, one may expect that this irradiated disc model
can also provide a good approximation to SED (iii) measured at the
end of X-ray state transition interval. Let us consider, what we see
in reality.

Asitis shown in Table 5, surprisingly, multicolour disc Model 5.2
with or without irradiation does not provide an acceptable fit to
the SED (iii) for any choice of model parameters. For example,
best non-irradiated disc model has x* = 89.2 (4 degrees of free-
dom), this model is shown in Fig. 6 by short dashed line (only
absorbed model is shown). Allowing irradiation in the Model 5.2
only slightly improves a goodness of the fit. For the fixed DISKIR
temperature parameter 73, = 2.05 keV [which corresponds to fixed
Mow = 0.66 - Mpqq as for SED (ii)] best fit shows goodness value
x2 = 20.59 (4 degrees of freedom). Making T;, (and M ou respec-
tively) also a free parameter, gives a best-fitting with x> = 10.9
(3 degrees of freedom), see Table 5. Thus, we can conclude that mul-
ticolour disc Model 5.2 is unacceptable for SED (iii). From the other
hand, a single-temperature blackbody Model 5.2 gives a much better
fit to SED (iii) with best-fitting parameters: 7;, = 0.81 £ 0.03 eV,
Ky = (79 £ 7) x 101 (x? = 2.76, 4 degrees of freedom). Best-
fitting absorbed and unabsorbed blackbody models are shown in
Fig. 6 by thick and thin solid lines, respectively. Note, if we ex-
clude the second Swift/UVOT data point (which was carried out
not fully simultaneously with RTT150 observation, see Section 5.1)
from consideration, then the best-fitting blackbody Model 5.2 with
Ty, = 0.76 £0.03eV and K, = (91 £ 9) x 10'! became fully sta-
tistically acceptable with the goodness of the fit equal to x> = 0.83
(3 degrees of freedom). One can conclude that at the end of X-ray
state transition in SXT Aql X-1, the blackbody like SED in the
NUV-NIR spectral range (2000-9000 A) is established.

Ascan be seenin Figs 1 and 2, fluxes in different NUV-NIR bands
clearly show a different rise rates during the hard/soft X-ray state
transition interval. The measured flux ratio between observation (iii)
and (ii) rises with increasing filter effective wavelength: 0.86 £ 0.15
(W2/M2 band, A ~ 2000 A), 132 £ 0.05 (¢’ band, A =
4715 A), 1.39 & 0.06 (# band, Ay = 6182 A), 1.43 & 0.06 (7
band, A = 7592 A) and 1.51 £ 0.07 (2 band, A = 9003 A).

(i) Fixed C model. In order to better understand the NUV-NIR
spectral evolution during X-ray state transition, we calculated ex-
pected SED for the time moment ¢ = +0.55¢ according to model of
irradiated disc heated by bolometric X-ray flux, with physical pa-
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rameters Moy = 0.66 - Mg, Row = 0.94 - Rjgand C = 6.1 x 1074,
which correspond to DISKIR model parameters: k7;, = 2.05keV,
logrout = 5.04, fou = 0.69 x 107 at t = —0.46¢ [a best-fitting
model for SED (ii), see above] and kT;, = 2.05 keV, logrout = 5.04,
Jou = 1.14 x 10~* at r = 4+0.55%. Note that for fixed irradiation pa-
rameter C (see equation A13), we rescale f,,, parameter of DISKIR
model as

Fx(4+0.55%)

dy __ — "
Jou(H0.555) = fou( =046 77

(25)
where Fx(—0.46%) and Fx(+0.55¢) correspond to bolometric 0.5—
100keV X-ray flux estimated at the beginning and at the end of X-
ray transition interval, respectively. The derived model SED (with
applied interstellar absorption Ez _ y = 0.65™%) for the time mo-
ment ¢ = +0.55¢ is shown in Fig. 6 by long dashed (middle) line.
As can be seen from this figure, at the time moment ¢ = 0.55¢ the
irradiated disc model (with constant M, Roui, C over the state tran-
sition interval) underestimate/overestimate the observed flux in the
NIR/NUYV spectral bands, respectively.

X-ray spectrum of Agl X-1 changes drastically during the state
transition, and this spectral evolution may also influence irradiation
heating in the outer parts of accretion disc (see Section 5.3). It is
straightforward to suppose that irradiation heating at different radii
of the disc can be sensitive to X-ray photons in different energy
ranges, rather than to ‘bolometric’ X-ray flux. In this case, indeed,
the irradiated disc model with a fixed ‘bolometric’ irradiation pa-
rameter C (see above) may not be approximate the observed SED
evolution during the X-ray state transition interval, as we see in ob-
servations. In order to test this option, we calculated two additional
SED models for the time moment ¢ = +0.55%:

(i) Fixed C, model. Irradiated disc model with M, = 0.66 -
Meqd, Row = 0.94 - Ryq, heated by soft 0.5-10keV X-rays with
fixed ‘soft’ irradiation parameter C; = 1.2 X 103, The correspond-
ing DISKIR model has parameters: kT3, = 2.05 keV, logrout = 5.04,
four = 0.69 x 107 at t = —0.467 and f,, = 2.06 x 10~* at
t = +0.55%, respectively. Note that for fixed C; (see equation A13),
the DISKIR parameter f,; was rescaled according to equation (25)
with appropriate replacement: Fy — Fx5_19. The derived absorbed
model SED at t = +0.55¢ is shown in Fig. 6 by long dashed (upper)
line.

(i) Fixed C), model. Irradiated disc model with M, = 0.66 -
M Edds Rowt = 0.94 - Ryq4, heated by hard 10-100keV X-rays
with fixed ‘hard’ irradiation parameter C, = 1.25 X 1073, The
corresponding DISKIR model has parameters: k7, = 2.05keV,
logrout = 5.04, fou = 0.69 x 107 at t = —0.467 and
four = 0.172 x 10~* at t = 40.55¢, respectively. For C, = const,
the DISKIR parameter f;,, was rescaled according to equation (25)
with replacement Fx — Fy 10-100. The derived absorbed model SED
at t = +0.55¢ is shown in Fig. 6 by long dashed (lower) line.

From Fig. 6 one can see that the observed Agl X-1 flux evolution
in the NIR (~Z' band) can be described by accretion disc heated
by soft X-ray photons (‘fixed Cs” model, see above) and the flux
evolution in the NUV (W2/M2 band) can be described by the ac-
cretion disc heated by hard X-ray photons (‘fixed C,” model). Note
that ~1¢ later (at the time moment ¢ = 1.8%), Aql X-1 brightness
in all measured NUV-NIR filters increase significantly, with the
biggest relative flux rise detected in the NUV. Thus, the relative
rise of NUV brightness in the time interval t = 0.55-1.8 makes
the form of observed SED similar to our expectations for irradiated
disc model.
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We think that the observed Aql X-1 broad-band spectral evolution
during the X-ray state transition can be understood if one considers
a different mechanism of X-ray heating for NUV- and NIR-emitting
regions of the disc. Let us suppose that NUV-emitting regions in
the disc are heated primarily by scattered (in the hot corona or wind
formed above the optically thick accretion flow, see e.g. Mesch-
eryakov et al. 2011a) hard (£ > 10keV) X-ray photons, due to:

(i) possible screening of NUV-emitting disc regions from direct
X-ray photons from the central source around the moment of X-ray
state transition or/and

(i) possible photoabsorption of soft X-ray photons for these re-
gions predominantly in the atmosphere layers of the disc, far above
the thermalization depth.

7 CONCLUSIONS

We studied a time evolution of the broad-band (NUV-Optical—-
NIR) SED in NS X-ray Nova Aql X-1 during the rise phase of a
bright FRED-type outburst in 2013. By using quasi-simultaneous
observations from Swift orbital observatory and RTT150, AZT33IK,
SMARTS 1-m class optical telescopes, we show that evolution of
broad-band SED can be understood in the framework of thermal
emission from non-stationary accretion disc, which radial temper-
ature distribution transforms from a single blackbody emitting ring
at early stages of outburst into the standard multicolour irradiated
accretion disc, with irradiation parameter C ~ 6 x 10~*, measured
at the end of hard X-ray state and near the outburst maximum.

By using photometric observations, carried out exactly at the
edges of X-ray hard/soft state transition interval, we find an inter-
esting effect: a small decrease in NUV flux during this time interval
is accompanied by flux rise in NIR-Optical bands. The NUV flux
decrease correlates with the hard X-rays £ > 10keV drop during
the X-ray state transition, and the Optical-NIR flux rise correlates
with the soft X-rays rise during the same time interval. In our in-
terpretation, at the moment of X-ray state transition in Aql X-1 the
UV-emitting parts of the accretion disc are screened from direct
X-ray photons from the central source and heated primarily by hard
X-rays, effectively scattered in the hot corona or wind formed above
the optically thick accretion flow. At the same time, the outer and
colder regions of accretion disc, emit in the Optical-NIR and are
primarily heated by direct X-ray illumination.

We point out that simultaneous multiwavelength observations
during the fast X-ray state transition interval in provide an effective
tool to directly test the energy-dependent X-ray heating efficiency,
vertical structure and accretion flow geometry in the outer regions
of accretion disc in XN.
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APPENDIX A: MEASURING PHYSICAL
PARAMETERS OF IRRADIATED ACCRETION
DISC BY USING DISKIR SPECTRAL MODEL

Gierliniski et al. (2009) build a simple model for Optical/UV
emission from the stationary M (R) = const multicolour disc self-
irradiated by inner parts of the disc and coronal emission in black
hole binaries. The model DISKIR became publicly available among
other additive models in xspec package. We adopted this model to
fit NUV-Optical-NIR SED of NS X-ray Nova Aql X-1.

The DISKIR model has nine parameters:

(i) Tinkev(keV), innermost temperature of the unilluminated disc
in units (keV),
(ii) y, asymptotic power-law photon index,

(iii) T¢yev, electron temperature (high-energy rollover) in units
(keV),

(iv) L./Ly, ratio of luminosity in the Compton tail to that of the
unilluminated disc,

(V) fin, fraction of luminosity in the Compton tail which is ther-
malized in the inner disc,

(vi) 7y, radius of the Compton illuminated disc in terms of the
inner disc radius,

(vii) fou, fraction of bolometric flux which is thermalized in the
outer disc,

(viii) logrout,log 10 of the outer disc radius in terms of the inner
disc radius,

(ix) Normalization parameter (as in diskbb model):

2
—10 Rin .
K=4x10 — | cos(i), (Al)
Ds
where R;, is the inner disc radius in (cm), Ds is the distance in units
5kpc, i is the system inclination.

Among all parameters of the model, we are interested only in four
of them (which define disc SED in the NUV-NIR spectral range): K,
Tinxev, logrout and f,,. Other parameters were fixed to their default
values: y = 1.7, kT yev = 100, fiy =0.1, riy = 1.2 and L. /L4 =0 —
irradiation of the inner disc and coronal emission are turned off. By
using equations from Gierliniski et al. (2009) (see their section 3)
parameters K, T, kev, logrout, fo, can be converted into the physical
parameters we are interested.

Inner disc radius (R;,). The inner disc radius can be expressed
from (A1) as follows:

172

Rin =5 x 10* Ds(cm). (A2)

cos(i)

Note that the choice of normalization parameter K (and Ry, itself)
is somewhat arbitrary as long as we are interested only in the outer
disc emission. Hereafter we fixed normalization parameter to the
value K = 400, which corresponds to the inner disc radius:

Rin = 10° x _Ds (cm). (A3)
" J/cos(i)

Outer disc radius (R,,). The outer disc radius can be expressed
as Roy = 10787 R, where logrout is a parameter in DISKIR model.
By using (A3) we have

Ds
Row = 10° | —=— ] 10"¢"" (cm). A4
out < «/W) (cm) (A4)
Mass accretion rate in the outer disc (M o). DISKIR is a model
for stationary accretion disc (mass accretion rate is constant with
radius M = constg). In DISKIR model, the temperature of unillu-
minated disc from R;, to R,y is described the following formula:

—3/4
T.(R) =T, R (AS5)
VIS - m Rm 9

where R;, depends on normalization parameter K [see formula (A2)]
and inner radius temperature Tj, (in units keV — Tj,kev). At the
same time, photospheric temperature at the outer radii (R > Ry,) of
the unilluminated accretion disc can be expressed (see Shakura &
Sunyaev 1973) as

_ 3GM Moy

to= A6
vis 87 R3 ’ (A6)
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where G is the gravitation constant, ogp is the Stefan—Boltzmann
constant and M, is the compact object mass. By using equations
(A3, A5 and A6) we can connect the mass accretion rate in the
outer parts of the disc with the Ti, kv parameter of the DISKIR
model:
M out

— =238 x
Mgqa

D;

107274 ox ——3
KV (cos(i))3/?

(gs™), (A7)
where m 4 is the compact object mass in units (1.4 M), and Ed-
dington accretion rate (for standard 10 per cent radiative efficiency)
is defined as Mpgq = 1.95 x 10"8m,4 gs~' (see Menou et al. 2000).

Irradiation parameter (C). Let us consider the case, the outer
parts of accretion disc are irradiated by the central source of isotropic
X-ray luminosity Lx (see e.g. Shakura & Sunyaev 1973; Dubus
et al. 2001; Mescheryakov et al. 2011a). The temperature of the
illuminated disc at radius R > R;, can be defined as

s 3GM Mgy, Lx

ol ="rw ¢ ar
where C is a disc irradiation parameter. Note that for a given Ly and
M out 10 the equation above, one can estimate a characteristic irradi-
ation parameter C;, when irradiation heating exceeds gravitation
heating at a given radius R in the disc:

—1 . .
R M ou/M

Cerit 3.1 x 107 m 4 x o/ MEeaa @)
10'%cm Lx/Lgaa

where the value of Eddington luminosity corresponds to a pure
hydrogen composition Lggg = 1.75 x 10%m, 4 ergs~!, and Edding-
ton accretion rate Mpqq was obtained using standard 10 per cent
radiative efficiency.

Temperature at outer radii of the illuminated disc in the DISKIR
model is expressed by the formula:

-3 )
T*R) =T, <R> + fout <R> . (A10)
" Rin Rin

(A8)
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As can be noted, the f,,, parameter in the DISKIR model corre-
sponds to self-illumination of the accretion disc (outer part of the
disc is irradiated by the disc luminosity Ly = 4mwosp Rizn Tiﬁ). Note
that in the self-irradiated DISKIR model, the characteristic value
of illumination parameter fo, crit, When irradiation heating exceeds
gravitation heating at a given radius R, can be expressed (by using

equation A3) as

Fouteric = 1074 _R 71>< Ds (A11)
out,crit — 1010 cm \/m .

We would like to use a DISKIR model for a more general case,
when the outer parts of the disc are illuminated by the central
source of arbitrary X-ray luminosity. Then the irradiation param-
eter C [from formula (A8) above] is connected to DISKIR model
parameter f,,, in the following way:

C = fu- ol

Lx
where X-ray luminosity of the central source (in case of isotropic
emission diagram) can be expressed as: Ly = 4w D*Fy, Fy corre-
sponds to the bolometric X-ray flux, D is the distance to the source.
By using (A3), we finally obtain

4320 x 107 fouTyy
— X. f t%in,keV . (A12)
cos(i) Fy
By using equation (A7) we get:
oo 1817 % 107 four [ Mo mfm/cos(i). AL3)

Fx Mg D}
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