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A B S T R A C T 

Black hole accretion discs can produce powerful outflowing plasma (disc winds), seen as blue-shifted absorption lines in stellar 
and supermassive systems. These winds in quasars have an essential role in controlling galaxy formation across cosmic time, 
but there is no consensus on how these are physically launched. A single unique observation of a stellar-mass black hole GRO 

J1655 −40 was used to argue that magnetic driving was the only viable mechanism and moti v ated unified models of magnetic 
winds in both binaries and quasars. The alternative, X-ray heating (thermal-radiative wind), was ruled out for the low observed 

luminosity by the high wind density estimated from an absorption line of a metastable level of Fe XXII . Here, we reanalyse 
these data using a photoionization code that includes cascades from radiative excitation as well as collisions in populating the 
metastable level. The cascade reduces the inferred wind density by more than an order of magnitude. The derived column is 
also optically thick, so the source is intrinsically more luminous than observed. We show that a thermal-radiative wind model 
calculated from a radiation hydrodynamic simulation matches well with the data. We revisit the previous magnetic wind solution 

and show that this is also optically thick, leading to a larger source luminosity. Ho we ver, unlike the thermal-radiati ve wind, it 
struggles to reproduce the o v erall ion population at the required density. These results remo v e the requirement for a magnetic 
wind in these data and remo v e the basis of the self-similar unified magnetic wind models extrapolated to quasar outflows. 

Key words: accretion, accretion discs – black hole physics – line: formation – radiative transfer – X-rays: binaries – X-rays: 
individual: GRO J1655 −40. 
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 I N T RO D U C T I O N  

lack hole accretion flows are generically able to launch winds. 
hese are seen in active galactic nuclei (AGNs), where the mass,
omentum, and energy carried by the wind impact the host galaxy, 

ontrolling star formation via AGN feedback (Crenshaw, Kraemer & 

eorge 2003 ; Laha et al. 2021 ). If this wind is magnetic, then it
an also contribute to (or even dominate) the angular momentum 

ransport process in the disc. A small amount of material accelerated 
long the field lines can carry most of the angular momentum 

utwards, enabling accretion by allowing the rest of the material 
o f all inw ards (Blandford & Payne 1982 ). Such magnetic winds are
cale free, so should be present in the much brighter Galactic binary
ystems as well as in AGNs. 

Winds are seen as blue-shifted absorption features in the Galactic 
inaries (Ueda et al. 2004 ; Miller et al. 2006a , b ; Miller et al.
016 ). Ho we ver , unlike A GN, where there are multiple other wind
aunching mechanisms due to their lower disc temperatures, the 
nly competing process in binaries is thermal winds, driven by 
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-ray heating of gas in the photosphere of the outer disc, or
hermal-radiative winds, where radiation pressure gives an additional 
omponent to the outwards acceleration. The launch radius of thermal 
inds is determined by the spectrum of the illuminating radiation. 
his heats the photosphere to an equilibrium temperature, T IC,7 , 
roduced by Compton heating/cooling and given in units of 10 7 K.
his is independent of radius, while the escape velocity due to
ravity decreases as v esc = 5 × 10 2 T 0 . 5 IC , 7 km s −1 . This means the
rradiated gas is unbound for radii abo v e R IC = 6 × 10 5 / T IC,7 R g . This
ependence of the wind properties (launch radius/velocity) on the 
ompton temperature mean that thermal winds respond structurally 

o changes in the illuminating spectrum, in addition to the predicted
hange in ionization. 

Observationally, winds are only seen in a very specific subset of
bjects. These all at fairly high inclination angles and have soft (disc-
ominated) spectra, with T IC,7 ∼ 1 (Ponti et al. 2012 ). They have long
rbital periods, i.e. large discs as required for the thermal winds at
hese irradiating temperatures, and the wind velocity is of order 100–
000 km s −1 (D ́ıaz Trigo & Boirin 2016 ), again as predicted by the
hermal wind models. This suggests that thermal driving is the main

echanism that produces the observed winds in X-ray binaries. 
None the less, radiation driving should also modify the resulting 

hermal wind structure for L / L Edd > 0.1–0.2. This is confirmed by
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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ecent radiation hydrodynamics simulations (Tomaru et al. 2019 ;
igginbottom et al. 2020 ). These show that including radiation
riving in the thermal wind calculations (thermal-radiative winds) is
mportant to get a detailed match to the observations, otherwise the
inds seen at high inclination are slower than observed (see also e.g.
uketic et al. 2010 ; Higginbottom et al. 2014 ). The radiation force

s not just from electron scattering as the wind is not completely
onized close to the disc surface in the disc-dominated soft states, so
here is some remaining bound–free (edges) and bound–bound (line)
pacity. All three components add together to the total radiation
orce that helps unbind the material when thermal heating alone is
nsufficient. Results from these simulations can even match in detail
o the observed absorption lines from He and H-like Fe in typical
bjects (e.g. H1743 −322 in Tomaru et al. 2020a and GX 13 + 1 in
omaru et al. 2020b ). 
The simulations also confirm that thermal winds should become

nvisible when the source makes a transition to the hard state, with
 IC,7 ∼ 10. The wind may be launched quite efficiently (though this
epends on details of the inner disc geometry) but it is faster, so
s less dense. This, together with the harder spectral illumination,
eans that it is completely ionized so there is no radiation force

rom bound–bound and bound–free, and these states are typically
een at L / L Edd < 0.1 so electron scattering is not important either
Tomaru et al. 2019 ). 

Despite these successes of the thermal-radiative wind models, an
lternative mechanism, magnetic driving, is still considered because
f a single observation of a very unusual wind in GRO J1655 −40. The
igh-quality X-ray grating spectrum by Chandra of GRO J1655 −40
uring its 2005 outburst shows absorption lines from unusually low
onization states, including a density sensitive metastable absorption
ine ( λ11.92 of B-like Fe XXII ). This gives a wind density of (4.0–
.3) × 10 13 cm 

−3 (Miller et al. 2008 , re vised do wn from the original
laim of 5.6 × 10 15 cm 

−3 in Miller et al. 2006a ). This gives a direct
stimate of the launch radius when combined with the observed
uminosity, L ∼ 0.04 L Edd , and ionization parameter ξ = L /( nR 

2 )
10 5 erg cm s −1 (Miller et al. 2006a ), where n is the number of

ensities for hydrogen and R is the radius from the source. (In this
aper, we use both R and r to show radii. For the model of thermal
inds in Section 4 , we use R . For the model of magnetic winds in
ection 5 , we use r . In Section 5 , r d shows the radius along the disc
id-plane and r 0 shows the inner radius of this object taken from
ukumura et al. 2017 .) The resulting radius is more than a factor
f 10 smaller than expected for a thermal wind, requiring magnetic
aunching (Miller et al. 2006a , 2008 ). By extension, this supported
 unified model of magnetic winds across the mass scale, including
oth stellar and supermassive black holes (Fukumura et al. 2017 ,
ereafter F17 ). 
Ho we ver, the density derived above assumed that the metastable

evel is populated only by collisional (electron impact) excitation but
hotoexcitation can also be important (Mauche, Liedahl & Fournier
003 , 2004 ). Electrons in the ground level can be photoexcited to
pper levels, and de-excite via a radiative cascade that can populate
he metastable level. This process is not included in the standard
hotoionization code used to analyse X-ray data ( XSTAR ; Kallman &
autista 2001 ). Here instead, we use the photoionization code pion

Miller et al. 2015 ; Mehdipour, Kaastra & Kallman 2016 ; Mao et al.
017 ) in the X-ray spectral analysis code SPEX (v3.05; Kaastra et al.
018 ) to include these processes and re-assess the density of the
hotoionized wind in GRO J1655 −40 in a self-consistent way. This
ignificantly reduces the inferred density, bringing the launch radius
ack into the range of thermal-radiative winds. Additionally, the
erived column density from this code implies that the wind is
NRAS 518, 1789–1801 (2023) 
ptically thick so that the intrinsic luminosity is much larger than
he observed luminosity. 

We show an explicit optically thick thermal-radiative wind model
hat gives a good overall match for the wind properties, aligning
his critical observation with all other data from binary winds for
hich the thermal-radiative wind simulations provide a good match

Higginbottom et al. 2019 , 2020 ; Tomaru et al. 2019 , 2020a , b ). 
Our result remo v es the requirement for magnetic winds in binaries.
e also show some specific magnetic wind models, based on the self-

imilar solutions of F17 and show that these also go optically thick,
nd cannot easily match even our new lower density, let alone the
riginal density which moti v ated the magnetic wind models in the
rst place. This challenges the plausibility of magnetic models to
xplain these data, and so by extension, the argument for self-similar
agnetic winds in AGNs. Instead, this opens the way to a quantitative
odel for AGN feedback using the known – but complex – physics of

ltraviolet (UV) line driving and dust driving in supermassive black
ole accretion flows. 

 OBSERVA  T I O NA L  DA  TA  

RO J1655 −40 is a well-studied Galactic low-mass X-ray binary
Hjellming & Rupen 1995 ; Orosz et al. 1997 ; Abramowicz &
lu ́zniak 2001 ), whose distance is d ∼ 3.2 kpc (Hjellming & Rupen
995 ), orbital period is 2.6 d (Greene, Bailyn & Orosz 2001 ), and
lack hole mass is M BH = 5.4 ± 0.3 M � while the companion star
as mass M s = 1.45 ± 0.35 M � (Beer & Podsiadlowski 2002 ). The
rbital period and the masses give an outer disc radius of R out =
 × 10 11 cm = 5 × 10 5 R g , where R g = GM BH / c 2 assuming that the
uter disc extends to 80 per cent of the Roche lobe radius. 
During the outburst in 2005, this object showed an unusual

ontinuum shape called a hyper-soft state (Neilsen et al. 2016 ). This is
ccompanied by unusual absorption line features from low-ionization
on species (e.g. Li-, Be-, and B-like Fe ions) observed with the
igh-energy grating (HEG) aboard the Chandra X-ray Observatory.
one of the other observations of black hole binaries shows these

bsorption lines (Miller et al. 2006a , 2008 ). 
We take these data (ObsID: 5461) on 2005 April 1 (i.e. Modified

ulian Date = 53461) from the Chandra Transmission Grating Data
atalog and Archive (TGCat; Huenemoerder et al. 2011 ). Similar to
revious works (Miller et al. 2008 ; Kallman et al. 2009 ), the positive
nd ne gativ e first-order HEG data were combined using CIAO v4.13
Fruscione et al. 2006 ). In addition, the spectral data and response
les are converted into SPEX formats using trafo . 

 P H OTO I O N I Z AT I O N  M O D E L L I N G  O F  T H E  

I G H - R E S O L U T I O N  X - R AY  SPECTRUM  

e reanalyse the Chandra /HEG spectrum using the photoionization
odel pion in SPEX (v3.05; Kaastra et al. 2018 ). Compared with

he alternative photoionization modelling using XSTAR (Kallman &
autista 2001 ), the advantage of pion is that it can track the
ultiple radiative decay pathways that can populate the metastable

evels (Mao et al. 2017 ). Additionally, it includes electron scat-
ering (Kastner 1993 ) as well as atomic absorption in determin-
ng the observed continuum flux, and calculates on the fly the
on populations in spectral fitting self-consistently from the full 
ED model. Fig. 1 shows our fitting to the Chandra /HEG spectrum.
We first explore the o v erall SED/absorber properties using the

handra /HEG data alone (black points in Fig. 2 a). We use a single
omptonization model as the continuum, with two pion absorbers
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Figure 1. Photoionization modelling to the Chandra grating spectrum of GRO J1655 −40. Results from two distinct spectral energy distributions (SEDs) are 
shown (o v erlapped) with barely visible differences. The bottom panel zooms in to show the Fe XXII and Fe XXIII absorption lines." The colours show absorption 
lines from ground (green) and metastable (orange) levels. A low-density model (pink) cannot produce the observed metastable absorption lines. 

Figure 2. Left: The spectral energy distributions SED-1 (blue) and SED-27 (purple) used in this work compared to that inferred by (Shidatsu, Done & Ueda 
2016 ) (green). The black curve is the observed Chandra grating spectrum corrected for Galactic absorption and smoothed to show the continuum level. The 
shaded area in grey corresponds to 0.01–0.5 keV where no observable data are available to constrain the SEDs. Right: This shows the metastable to ground level 
population ratios for Fe XXII for SED-1 (blue) and SED-2 (purple) compared to that for collisional ionized equilibrium (black) processes alone. The latter was 
calculated using CHIANTI v10.0.1 (Del Zanna et al. 2021 ). Increasing the intrinsic soft X-ray flux decreases the required density. It also increases the optical 
depth of the ground level transition at λ11.77 (2s 2 2p 2 P 1/2 ). This means the line is more saturated, so its observed equi v alent with does not increase linearly 
with the level population, so this also reduces the metastable ( λ11.92: 2s 2 2p 2 P 3/2 ) to ground level ratio from that given simply from the ratio of their observed 
equi v alent widths and oscillator strengths. 
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Table 1. Best-fitting parameters of Chandra HEG spectrum of GRO 

J1655 −40 observed on 2005 April 1. Expected C -statistics are calculated as 
described in Kaastra ( 2017 ). Frozen parameters are indicated with (f). All 
quoted errors refer to statistical uncertainties at the 68.3 per cent confidence 
level. 

Model SED 1 SED 2 

Statistics 
C stat 12 587.0 12 651.1 
C expt 2793 ± 75 2793 ± 75 
d.o.f. 2775 2776 

Galactic absorption 
N H (10 21 cm 

−2 ) 5.55 ± 0.07 5.61 ± 0.02 

Comptonization 

Norm (ph s −1 keV 

−1 ) 7 . 8 + 0 . 2 −2 . 6 × 10 46 24 . 0 + 1 . 1 −3 . 6 × 10 46 

T seed (keV) 0.192 ± 0.004 0.193 (f) 
T plasma (keV) 1.109 ± 0.003 1.111 ± 0.002 
τ 12.68 ± 0.07 12.60 ± 0.09 

pion #1 
N H (cm 

−2 ) 2 . 49 + 0 . 04 
−0 . 73 × 10 24 4 . 27 + 0 . 10 

−0 . 14 × 10 24 

log ξ (erg s −1 cm) 3.90 ± 0.01 4.09 ± 0.01 
f cov 0 . 77 + 0 . 01 

−0 . 10 0.92 ± 0.06 

v out (km s −1 ) −598 ± 16 −621 ± 10 

v mic (km s −1 ) 143 ± 7 145 ± 4 

pion #2 
N H (cm 

−2 ) (4.7 ± 0.4) × 10 23 (4.7 ± 0.3) × 10 23 

log ξ (erg s −1 cm) 3.38 ± 0.02 3.44 ± 0.15 
f cov 0.57 ± 0.02 0.59 ± 0.01 
n H (cm 

−3 ) (3.0 ± 0.5) × 10 12 (2.8 ± 0.4) × 10 12 

v out (km s −1 ) −310 ± 12 −323 ± 3 
v mic (km s −1 ) 93 ± 3 99 ± 2 
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artially co v ering the source (see also, Miller et al. 2008 ; Kallman
t al. 2009 ). 

Most of the observed absorption lines arise from the lower
onization zone, which has a line of sight hydrogen column density
f ∼5 × 10 23 cm 

−2 , co v ering 60 per cent of the source, similar to
revious analyses. The higher ionization zone contributes most to
he H- and He-like lines, especially Fe XXV and Fe XXVI . This zone
o v ers most of the source, is faster, and has column density that is
ptically thick to electron scattering, such that the intrinsic luminosity
t 1–10 keV is a factor ∼3 larger than the observed luminosity.
revious studies fit only to the ion columns, and did not include the
ffect of electron scattering in attenuating the illuminating flux. Thus
he derived intrinsic SED (dashed blue line in Fig. 2 a) is higher than
bserved (black) data. 
The low-ionization zone produces the Fe XXII λ11.92 metastable

ine. This is the first excited state above the ground, so can be
opulated by free electrons colliding with the ground state ion, raising
he outer electron to this le vel. Ho we ver, it can also be populated from
bo v e as a result of radiative cascades of electrons in higher excited
evels. The upper levels which can most efficiently radiatively decay
own to the metastable level are those with the 2s 2p 2 configuration.
hese are excited by photons with h ν ∼ 0.1 keV. Mauche et al. ( 2003 )
ay these are faint in their particular object, an accreting white dwarf,
o that this process can be neglected, but our object is a black hole
ccretion disc, which is likely bright at these energies. 

We cannot directly observe the SED at 0.1 keV due to interstellar
bsorption, which makes the grey-shaded area in Fig. 2 (a) unobserv-
ble. We cannot even uniquely know the 1–10 keV X-ray luminosity
ue to electron scattering in the optically thick absorber. Hence, we
onsider a range of different SED shapes and luminosities to span
 plausible range of ionising continua for our analysis. The green
ine in Fig. 2 (a) is an SED derived by Shidatsu et al. ( 2016 ), where
he optical and UV flux match the observ ed lev el, but the X-rays are
uch brighter due to their even higher assumed electron scattering

ptical depth of τ ∼ 3. We add components to our Comptonization
ontinuum to make it resemble the shape of the SED of Shidatsu
t al. ( 2016 ) below 0.1 keV. This is shown as the solid blue line in
ig. 2 (a), SED-1. 
There could be much more flux at 0.1 keV if the intrinsic

uminosity derived by Shidatsu et al. ( 2016 ) is correct. We match the
omptonized continuum to their 1–10 keV luminosity, and add the
aximum disc continuum that is allowed by the contemporaneous
V data from Swift /UV O T. This SED-2 is shown as the purple line

n Fig. 2 (a). Compared to SED-1, the 1–10 keV intrinsic flux of
ED-2 is higher, which is fa v oured by Neilsen et al. ( 2016 ), Shidatsu
t al. ( 2016 ), and Higginbottom et al. ( 2018 ). More importantly for
ur study, SED-2 has more than an order of magnitude more flux at
.1 keV relative to the 1–10 keV flux than SED-1. 
We fit the data with both SEDs. The high-ionization absorber

hould be closest to the source, so it filters the continuum seen by
he lower ionization absorber. The lower ionization absorber (where
he metastable lines are produced) is not optically thick, so the
ransmitted continuum that illuminates this zone must be around
he level of the observed continuum. SED-1 gives results that are
ery similar to the initial fits with just a single Comptonization
omponent as the SED, with an optical depth of ∼2 (column density
f ∼2.5 × 10 24 cm 

−2 ) so that the observed luminosity is a factor ∼3
maller than the intrinsic when the co v ering fraction is taken into
ccount. The higher luminosity of SED-2 requires a combination of
 higher column density and a higher co v ering fraction in order to
ufficiently attenuate the flux, but gives a similarly good fit to the
ata as the lines are highly saturated (Table 1 ). 
NRAS 518, 1789–1801 (2023) 
The main density diagnostic line is from the ratio of the Fe XXII

etastable line (11.92 Å) to the ground level resonance line (11.77
). The black line in Fig. 2 (b) shows the density derived from only

ollisional ionization. In this solution, the ground state line is not
trongly saturated, so the ratio of the observed equi v alent width
etween the metastable and ground state directly estimates the ratio
f level populations. The blue and magenta lines show the results
f SED-1 and SED-2, respecti vely. Radiati ve cascades from excited
tates in both SEDs shift the derived density to n H = (2.8 ± 0.9) ×
0 12 cm 

−3 , down by o v er an order of magnitude from those reported
reviously (Miller et al. 2008 ). These SEDs also shift the inferred
evel population ratio down from that directly measured from the
atio of equi v alent widths as the ground level line becomes optically
hick (optical depth τ ∼ 3.5–4 in both SEDs). 

The decrease in density, together with the increased intrinsic
uminosity, dramatically changes the inferred wind launch radius
o be ∼10 11 cm. By comparison, the Compton temperature for both
EDs is ∼6.4 × 10 6 K, giving a Compton radius R IC ∼ 8.4 × 10 11 cm.
hermal winds can be launched from 0.1 to 0.2 R IC (Woods
t al. 1996 ), clearly compatible with the new launch radius derived
bo v e. 

 A  SPECIFIC  T H E R M A L - R A D I AT I V E  W I N D  

O D E L  

e build a spectral model based on two-dimensional radiation
ydrodynamic calculations of a thermal-radiative wind to compare
o the observed spectrum by Chandra . We use the same radiation
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Figure 3. The inclination dependence of the hydrogen column density and 
Fe ion columns (top), and average velocity weighted by those ion columns 
(bottom) for the thermal-radiative wind model. Colours show Fe XXVI (red), 
XXV (green), XXIV (blue), XXIII (yellow), XXII (magenta), and XXI (cyan). 

h  

G
 

i  

a  

a  

2  

t  

t  

t  

T  

o
r  

a  

d  

(

t  

2  

s  

 

w  

o
i
(  

(  

l
s

o
m  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/2/1789/6821335 by U
niversity of D

urham
 user on 07 D

ecem
ber 2022
ydrodynamic simulation code as Tomaru et al. ( 2019 , 2020b ).
he code takes as input the broad-band X-ray continuum from the 
entral source, its luminosity and a disc size, and can calculate 
he dynamics of the gas ionized, heated, and accelerated by that 
adiation. This radiation heating/cooling includes the line process 
bound–bound), as well as bound–free, free–free, and Compton 
rocesses. The radiative acceleration includes bound–bound, bound–
ree, and electron scattering. These effects are pre-calculated by 
LOUDY (Ferland 2003 ) and converted to a look-up table as a
unction of ionization parameter ξ and temperature T for the radiation 
ydrodynamic simulation. 

The previous section has shown the difficulty in determining the 
ntrinsic SED shape and luminosity. We take a single spectrum which 
s roughly the geometric mean of SED-1 and SED-2 in the X-ray
andpass (shown in the left-hand panel in Fig. A1 ) with luminosity
 = 0.5 L Edd . The corresponding Compton temperature that is the
quilibrium temperature at highest ionization parameter is T IC = 

.6 × 10 6 K. The thermal equilibrium curve of photoionized gas 
rradiated by that SED is shown the right-hand panel of Fig. A1 . Our
imulation calculates the time evolution of gas on the disc surface 
hat is illuminated by this SED. 

In our simulation, we use a time-dependent boundary condition 
n the disc surface, where the pressure ionization parameter � = 

 c = L exp( −τ )/(4 πR 

2 cnkT ) takes a constant critical value in order
o set the base density of the wind. Here, τ is defined as the total
ptical depth of the wind and inner corona (atmosphere) along the 
ine of sight from the centre to the disc surface, and � c is set by
he first thermal instability point, where the photoionized plasma 
akes a transition from a hot to cooler phase. The value of � c 

epends on the shape of the irradiating spectrum (see Appendix A ).
e use the first instability point to set � c since the cold gas becomes

ptically thick quickly due to line and bound-free opacity and the 
eprocessed emission is also important. Ho we ver, we calculate this
oint assuming that the gas is optically thin, which means that the
pectral shape is not different by that attenuation. We will explore 
his effect in more detail using the realistic transmitted spectrum in a
uture work to show how different that is to the completely optically
hin thermal winds with different boundary conditions (Luketic et al. 
010 ; Dyda et al. 2017 ). 
Fig. 3 shows the ion column densities and av erage v elocity of

ach ion as a function of angle through the simulated wind structure
Fig. A3 ). At high inclination angle, the hydrogen column density 
s optically thick with N H ∼ 10 24 cm 

−2 . At inclination angle θ =
8–81 ◦ (cos θ = 0.15–0.2), the Fe XXII columns show the almost 
ame value as required for the ground state 11.77 Å line ( N xxii =
.9 ± 0.1 × 10 16 cm 

−2 ; Miller et al. 2008 ). The velocity at these
ngles is also the same as observed. 

We calculate transmitted spectra for the high inclination angle 
egion (75–85 ◦) of this wind using the XSTAR (Kallman & Bautista
001 ). In this calculation, we do not include any artificial turbulent
 elocity to giv e additional broadening of the lines. We build a
ultiplicative tabular model ( mtable ) in XSPEC and fit the data as
table ( RHDwind ) × ( ezdi s kbb + nthcomp ) with Galactic absorp- 

ion. The best-fitting parameter is 80 ◦ and this transmitted spectrum 

atches fairly well to the observed data in terms of the ion states
een (Fig. 4 ). One major exception is the absorption line from the
etastable level of Fe XXII , but this is due to our use of XSTAR ,
hich does not include the radiation cascade populating this level. 
dditional mismatches are in the Fe XXV line, which may indicate 

here is significant emission from the wind in this line, and in the Ne X
ine at 11.23 Å, which is probably due to the rather low abundance
f Neon assumed in XSTAR . (The default is 2.8 × 10 −5 relative to
ydrogen compared to e.g. 1.2 × 10 −4 reported in Lodders, Palme &
ail 2009 , which is default abundance of SPEX .) 
The density of our wind in the region where Fe XXII is produced

s similar (within a factor of 2) to that required from the pion
nalysis (see Fig. 5 ). The o v erall optical depth to electron scattering
long this sightline (cos θ = 0.15) is τ es ∼ 1.0 (Fig. 3 ), a factor of
 lower than that required to attenuate the intrinsic luminosity down
o the level observed. Both these order 2 mismatches are likely due
o the additional illumination of the outer disc by scattered flux in
he wind that is not included in our radiative hydrodynamics code.
his will increase the density of the wind and hence decrease the
bserved flux. None the less, even without scattering, the thermal- 
adiative wind simulation shows a good o v erall match to the observed
bsorption structure. The wind density (dotted grey line in Fig. 5 )
rops as ∼R 

−1 o v er an order of magnitude change in radius, from
0.1–1) R out = (0.05 − 0.5) R IC . 

This strongly contrasts with the expectations of optically thin 
hermal winds as n ∝ R 

−2 at high inclination angles (Luketic et al.
010 ). These are the result of the base wind density of n 0 ( R ) ∝ R 

−2 is
et by the thermal instability via � c with optically thin limit ( τ = 0).

Hence, the luminosity ionization parameter ξ = L / nR 

2 is constant,
hich is quite unlike the wind seen in these data. Instead, in
ur optically thick thermal-radiative wind, there is a wide range 
n ionization parameter in the wind, with high-ionization material 
Fe XXVII : black and XXVI : red) located at smaller radii while Fe XXII

magenta) peaks towards the outer disc radius. This gives a higher
ine-of-sight velocity (dashed line) for the higher ionization ion 
tates, as observed. 

Thus, the results of this single radiation hydrodynamic simulation 
f an optically thick thermal-radiative wind give a good overall 
atch to all the observed features, both the density derived from

he metastable level of Fe XXII and the range of ion species seen, and
MNRAS 518, 1789–1801 (2023) 

art/stac3210_f3.eps


1794 R. Tomaru, C. Done and J. Mao 

MNRAS 518, 1789–1801 (2023) 

Figure 4. The Chandra /HEG spectrum of GRO J1655 −40 (black) compared to the thermal-radiative wind model (magenta). We use the same energy range as 
Fukumura et al. ( 2017 ) for comparison easily. The model is calculated by radiation transfer via XSTAR though the best-fitting line of sight. The continuum shape 
is the only additional free parameter, but its value is within a factor of ∼4 of the observed luminosity. 

Figure 5. The radial properties of the optically thick thermal-radiative wind 
model. The hydrogen density (in units of 10 14 cm 

−3 ; grey dotted line) is 
almost constant abo v e the disc, then drops sharply beyond the outer disc 
radius of R = 4 × 10 11 cm (0.5 R IC ). The local ion column densities divided 
by the total iron column density (solid coloured lines) show that the species 
are stratified, with highly ionized ions produced at smaller radii and Fe XXII 

peaking at the outer disc radius, where the density is n = 1.0 × 10 12 cm 

−3 . 
The radial velocity (in units of light speed; black dashed line) is also stratified, 
being ∼300 km s −1 for Fe XXII and ∼500 km s −1 for Fe XXVI , close to that 
observed. 
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o their observed velocities. This shows that thermal-radiative winds
re not excluded by this unique observation of GRO J1655 −40, and
n fact given that there no real free parameters barring the inclination,
his proof of concept calculation gives strong evidence in fa v our of
n optically thick, thermal-radiative wind as the explanation of these
ata. Ho we ver, gi ven the interest in magnetic winds in the literature,
e revisit the magnetic wind solutions and compare the results of

hese models to our thermal-radiative wind solution. 

 T H E  F17  MAGNETI C  W I N D  M O D E L  F O R  

RO  J 1 6 5 5  −4 0  

urrent magnetic wind models use an ordered, large-scale field
hreading the disc and rotating with it, and assume self-similar
ehaviour (Fukumura et al. 2010 ; Chakravorty, Lee & Neilsen 2013 ).
n the models of F17 (based on previous work of Blandford &
ayne 1982 ; Contopoulos & Lovelace 1994 ), the field line geometry
equired is solved self-consistently with the assumed power-law
adial density profile of the wind at its streamline base on the disc
urface at radius r d such that n ( r d ) = n ( r 0 )( r d / r 0 ) −q , where r 0 is the
nner radius of the disc ( r 0 = 3.81 × 10 6 cm for GRO J1655 −40).
n this approach, the wind density can be arbitrarily high. 

F17 used an older version of XSTAR (v2.2.1bn21), but this did not
nclude the atomic data for the critical Fe XXII lines at 11.77 and

art/stac3210_f4.eps
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Figure 6. Our version of the MHD wind model of F17 , i.e. with density n ( r sp , 80 ◦) = 1.4 × 10 17 ( r sp / r 0 ) −1.2 cm 

−3 . The o v erall fit quality is similar to that 
shown in F17 across the range of ion states seen. 
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1.92 Å. We recompute the magnetic wind model F17 designed to 
t GRO J1655 −40 using updated version of XSTAR (v2.58e). 
We calculate an MHD wind solution for these data using the 

ensity profile of F17 where n ( r , θ ) = n 0 ( r / r 0 ) −1.2 exp[5( θ − π /2)].
17 state that they use n 0 = 9.3 × 10 17 , θ = 80 ◦, i.e. n ( r , 80 ◦) =
.9 × 10 17 ( r / r 0 ) −1.2 as the best fit for the broad-band spectrum of
handra /HEG but there were hidden o v erall scaling factors in their
odels. The actual density used is not easy to reco v er but may

e around n 0 = 3.5 × 10 17 cm 

−3 , so that the corresponding density
rofile at θ = 80 ◦ is n ( r , θ ) = 1.4 × 10 17 ( r / r 0 ) −1.2 (Fukumura, pri v ate
ommunication). The ionization parameter is then ξ = L /( nr 2 ) =
.4 × 10 7 ( r / r 0 ) −0.8 erg cm s −1 . 
We first calculate the absorption o v er the radial range of r 0 − 10 6 r 0 

t 80 ◦ as used in F17 , but note that this gives an outer disc radius
f 3.81 × 10 12 cm, almost an order of magnitude larger than the
xpected outer radius of the disc in this system of 4.4 × 10 11 cm. We
lso use the observed luminosity as the intrinsic luminosity as in F17
 L = 5.0 × 10 37 erg s −1 ). We split the column into 64 bins of equal
ogarithmic size in δr / r . The radial velocity along the line of sight
or a streamline is v r ( r , 80 ◦)/ c = 0.17( r / r 0 ) −0.5 ∼ cos 80 ◦( r / r 0 ) −0.5 ,
.e. the wind has slow radial outflow velocity in the equatorial plane
most of its velocity is in the azimuthal direction, at the Keplerian
elocity, v φ( r )], and is radially accelerated by magneto-centrifugal 
orces. Using these parameters, we solve for the radiation transfer 
long line of sight by chaining XSTAR . We calculate the transmitted
pectra in the rest frame of the each wind element and the previous
ransmitted spectrum is used as next input spectrum. 

Fig. 6 shows the resulting fit to the Chandra /HEG data, where the
odel has additionally been Gaussian smoothed to the instrument 

esolution using the gsmooth model in XSPEC . We mark the
ositions of the Fe XXII density diagnostic lines at 11.77 and 11.92 Å.
he older version of XSTAR used by F17 did not include these lines
o has no contribution from either of these lines. The newer XSTAR

ersion used in our calculation does include these absorption lines, 
ut only includes collisional processes to populate the metastable 
evel. The density in this MHD wind model is too small to make the
etastable line by only collisional processes despite the wind model 

eing moti v ated by this feature. 
The absorption lines seen at 11.937 and at 11.975 Å are instead

rom Fe XXI (these transitions were again not included in the version
f XSTAR used in F17 ). 
Fig. 7 shows the radial structure of the wind along the 80 ◦ of

he outer region of the wind, where the most of absorption lines
re created. The inner region is completely ionized so has no line
bsorption. The wind only starts to become observable for r / r 0 > 10 3 ,
here H-like iron (Fe XXVI , red line) is able to form, followed by
e-like (Fe XXV , green line). The Fe XXII (B-like, magenta line) that
roduces the density diagnostic line peaks at the outer edge, where the 
onization parameter is ξ = 2.4 × 10 7 (10 6 ) −0.8 ∼ 500 erg cm s −1 . The
ensity here is ∼10 10 cm 

−3 , which is too low to form the metastable
MNRAS 518, 1789–1801 (2023) 

art/stac3210_f6.eps


1796 R. Tomaru, C. Done and J. Mao 

M

Figure 7. The radial dependence of the local fractional ion column along the 
80 ◦ line of sight for our version of the magnetic wind model of F17 is shown 
in Fig. 6 . Colours show Fe XXVII (black), XXVI (red), XXV (green), XXIV 

(blue), XXIII (yellow), XXII (magenta), and XXI (cyan). Fe XXII and Fe XXI are 
produced close to the outer radius of the wind. The dashed line shows the 
ratio of the radial velocity to the speed of light and the dotted line shows the 
hydrogen density normalized by 10 14 cm 

−3 . This figure only shows the outer 
region of the wind, where most of absorption lines are created. 

l  

t
 

a  

i  

p  

i  

f  

l  

t  

v  

l  

ξ  

d  

m
 

r  

c  

d  

W  

3  

b  

3  

d  

c  

t  

5  

t  

p  

o  

5  

T  

3
 

a  

n  

t  

σ  

r  

e  

o  

s  

t  

g  

e  

i
 

o  

w  

s  

s  

(  

c  

w  

l  

h  

i
 

m  

p  

s  

b
t

 

o  

o  

e  

p  

m  

o  

t

6
T
P

W  

m  

G  

t  

w  

fi  

o  

w
 

i  

d  

r  

i  

i  

i  

o
 

r  

t  

b  

a  

d  

d
 

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/2/1789/6821335 by U
niversity of D

urham
 user on 07 D

ecem
ber 2022
e vel e ven at the density suggested by our pion analysis, let alone
he density required for only collisional excitation. 

Increasing the density is not in itself a good solution. We tried
 model with n ( r , 80 ◦) = 3 × 10 17 ( r / r 0 ) −1.2 but this dramatically
ncreases the low-ionization species such as Fe XXI , strongly o v er-
roducing the 11.937 and 11.975 Å absorption lines which are not
n the data, as well as predicting multiple other unseen transitions
rom Fe XXII and XVII to the right and left of the observed Fe XXII

ines at 11.427 and 11.491 Å (left, Fig. 8 ). The observed lack of
hese additional Fe XXII / XVIII lines (which were not included in the
ersion of XSTAR used by F17 ) clearly limit the contribution of the
ower ionization states of iron, and hence the amount of material with
� 500. The ionization parameter of this MHD wind monotonically
ecrease with radius, thus this lower limit of ionization parameter
ust be at the maximum radius of the wind. 
Using realistic outer radius R out = 4.4 × 10 11 cm as the maximum

adius of the wind, which is almost 10 time smaller than that of F17 ,
an give a wind with both higher ionization parameter and higher
ensity. Ho we ver, the density still lower than the observ ational v alue.
e show the spectrum at r = 10 5 r 0 (right in Fig. 8 ) with n ( r , 80 ◦) =
 × 10 17 ( r / r 0 ) −1.2 . This spectrum well describes the lower energy
and without lines from Fe XXI , but the density at r = 10 5 r 0 is
 × 10 11 cm 

−3 , which is still at least 10 times smaller than our derived
ensity with the radiative cascades, and 100 times smaller than for
ollisional ionization alone. We consider what condition can satisfy
he observed density n = 3 × 10 12 cm 

−3 , the ionization parameter
00 < ξ < 5000 (this upper limit is taken from pion analysis), and
he observed luminosity L = 5 × 10 37 erg s −3 using the same density
rofile as n ∝ ( r / r 0 ) −1.2 . These equation give us the strong constrain
f the radius where the Fe XXII is dominant, and it is required to be
.8 × 10 10 = 1.5 × 10 4 r 0 < r xxii < 1.8 × 10 11 cm = 4.7 × 10 4 r 0 .
his also gives us a boundary condition on the density at r = r 0 of
.1 × 10 17 < n 0,80 < 12 × 10 17 cm 

−3 . 
Such a large density means that the model is not self consistent

s this wind goes optically thick to electron scattering. This was
ot included in the models of F17 , though the optical depth in
heir original model is also high, with τes = σT 

∫ r out 

r 0 
n ( r, 80 ◦)d r =

T 

∫ r out 

r 0 
1 . 4 × 10 17 ( r/r 0 ) −1 . 2 d r = 1 . 7 Thus, even original model F17

equires exp (1.7) = 5.5 times larger luminosity. Fig. 9 shows the
NRAS 518, 1789–1801 (2023) 
ffect of this attenuation on the ionization parameter. At the edge
f the outer radius, the ionization parameter is 5.5 times smaller
o the ion calculations are not self consistent in F17 . Our limits on
he MHD inner wind density of 3 × 10 17 < n 0, 80 < 12 × 10 17 ,
ive corresponding optical depth of 3.4 < τ es < 13. This implies an
xtremely large intrinsic luminosity (1.5 × 10 39 < L < 2.2 × 10 43 )
s required. 

The only way(s) to reco v er a self-consistent solution with the
bserved density, ionization parameter, and the observed luminosity
ith the radial dependence n ∝ ( r / r 0 ) −1.2 is (are) that the intrinsic

ource luminosity is much larger and/or that the wind only starts from
ome radius r � r 0 . F or e xample, the column density in the observed
not completely ionized) ion species must be ≥5 × 10 23 cm 

−2 ,
orresponding to an optical depth of ≥0.3. This requires that the
ind only starts from a radius of 3 × 10 4 r 0 and that the intrinsic

uminosity is L obs exp ( τ ) = 7 × 10 37 erg s −1 . Alternatively, the wind
as optical depth 1(3) if it extends down to 5 × 10 3 r 0 (225 r 0 ), so the
ntrinsic luminosity is ∼10 38 (10 39 ) erg s −1 . 

Thus even the magnetic wind models have multiple issues with
atching the data from GRO J1655 −40. The type of solutions

roposed in F17 can give a good o v erall fit to the range of ion
tates seen for a line-of-sight density n LOS ( r ) = 1.4 × 10 17 ( r / r 0 ) −1.2 ,
ut this goes extremely optically thick for a wind extending from r 0 
o r out as predicted for self-similar winds. 

Thus even the MHD wind solutions require that the wind goes
ptically thick, so the source is intrinsically more luminous than
bserved. The previous MHD wind solutions did not include the
ffect of electron scattering on the ionising flux, so their ion
opulations are not self consistent. We show that including this
eans that the MHD winds have great difficulty in matching the

bserved density diagnostic lines, which is ironic as this feature was
he moti v ation for the magnetic wind solutions. 

 DI STI NGUI SHI NG  MAGNETI C  A N D  

H E R M A L  W I N D  M O D E L S  F RO M  LI NE  

ROFILES  IN  OPTI CALLY  THI N  W I N D S  

e have shown for the first time that the thermal-radiative wind
odels can plausibly fit the iconic Chandra /HEG data set for
RO J1655 −40, not just the broad range of ion species but even

he specific metastable level, which was used to rule out the thermal
ind models and moti v ate the MHD models. We also show for the
rst time that the MHD winds are not self-consistent in their neglect
f electron scattering and cannot match the specific metastable level,
hich was their initial moti v ator. 
Nonetheless, the thermal-radiative wind models also have some

ssues for these GRO J1655 −40 data. They only predict a column
ensity of τ ∼ 1, which is not enough to reduce the assumed X-
ay flux down to that observed, and the best-fitting inclination angle
s much higher than expected from the binary orbit. Plausibly, this
s due to our neglect of flux scattering in the wind giving an extra
rradiation source for the disc, but this is currently beyond the scope
f our codes. 
Hence it could be argued that both models (MHD and thermal-

adiati ve) gi ve some mismatch with observations, so it is important
o try to find a model-independent way to distinguish the difference
etween them. Future X-ray spectrometers such as XRISM /Resolve
nd Athena /XIFU will give much higher resolution data showing the
etailed line profile, so here we explore whether this can give a clean
iagnostic of the wind launching mechanism. 
Fig. 10 shows a simulation of the expected XRISM spectra from

he MHD (red) and thermal-radiative (black) wind models, assuming

art/stac3210_f7.eps
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Figure 8. The same figure as F17 for the 10–12.2 Å region but different initial density n = 3.0 × 10 17 ( R / R 0 ) −1.2 at 80 ◦. Colours show different outer radius 
with 10 6 R 0 (green) and 10 5 R 0 (cyan). 

Figure 9. The radial distribution of ionization parameter ξ for the MHD wind 
model. Colours show optically thin limit (black) and with an attenuation factor 
exp( −τ ) (red). 
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Figure 10. The simulation of observation by the microcalorimeter of XRISM 

with 30 ks for the thermal-radiative wind model (black) and the MHD wind 
model (red). 

 

o
t  

c  

t  

(  

o
t

7

W  

l  

T  

r  

o
m  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/2/1789/6821335 by U
niversity of D

urham
 user on 07 D

ecem
ber 2022
he same exposure time as the that of Chandra /HEG (30 ks). We pick
he Fe XXVI K α1, 2 line region as this doublet is in a relatively clean
art of the spectrum. 
The MHD wind (red) shows a strong blue wing as in these models

e XXVI is produced o v er a large range in radii, and hence spans a
arge range in velocity as the MHD wind velocity is ∝ r −1/2 . Higher
elocity material also has higher velocity range in a given d log r
egment, so the lines are broader as well as more blueshifted, so are
ess deep for constant column. Thus the blue wing on MHD winds
s a generic feature. 

By contrast, the thermal-radiative wind model gives an Fe XXVI 

ine which is relatively narrow and symmetric as the wind velocity 
roduced by thermal heating is relatively constant (Fig. 5 ). This
onstant velocity is a fairly generic feature of thermal winds, unless
he wind launch radius is of order the disc size (Tomaru et al. 2020a ).
he low-velocity shear means that the resonance lines are very 
ptically thick, so much weaker lines can contribute to the spectrum. 
he thermal-radiative wind predicts a noticeable contribution from 

he Cr XXIV K β1,2 . Interestingly, the third-order Chandra spectrum, 
hich is the best resolution so far, has tentative evidence for a feature

t this energy, though it was interpreted by Miller et al. ( 2015 ) as
vidence for a separate velocity component in Fe XXVI K α1,2 . 
Given that the wind in GRO J1655 −40 appears to be more
ptically thick than our thermal-radiative wind simulation, we expect 
hat the line profile in the GRO J1655 −40 data would be more
omplex than that shown here. However, the line of sight through
he wind in GX 13 + 1 is probably comparable to this simulation
Tomaru et al. 2020b ), so an observation by XRISM /Resolve of
ptically thin winds will distinguish between the models and reveal 
he wind driving mechanism. 

 SUMMARY  

e revisit the origin of the density sensitive Fe XXII metastable
ine in the iconic Chandra grating spectrum of GRO J1655 −40.
his was previously used to rule out an X-ray heated (thermal-

adiative) wind in these data, which left magnetic driving as the
nly viable mechanism. Since magnetic winds should scale with 
ass and mass accretion rate, this moti v ated unified models of
agnetic winds that spanned both binaries and quasars ( F17 ). We
MNRAS 518, 1789–1801 (2023) 
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eanalysed the data using a photoionization code ( PION in the SPEX

ackage) which includes the contribution of radiative cascades as
ell as collisions in populating the metastable level. This reduces the

nferred wind density by more than an order of magnitude, removing
he requirement for magnetic winds. The derived column is also
ptically thick, so the source is intrinsically more luminous than
bserved. We use our state-of-the-art radiation hydrodynamics code
o calculate the thermal-radiative wind expected in this source. Our
pecific simulation goes (marginally) optically thick, and gives a
ood o v erall match to all the observed features, both the density
erived from the metastable level of Fe XXII , and the range of ion
pecies seen, and their observed velocities. This shows that thermal-
adiative winds are not excluded by this unique observation of GRO
1655 −40. In fact, given that there no real free parameters barring the
nclination, this proof of concept calculation gives strong evidence in
a v our of an optically thick, thermal-radiative wind as the explanation
f these data, though we caution that such extreme winds are very
ard to fully simulate. 
There could still be magnetic winds in addition to the thermal-

adiative wind, and a strong magnetic field might also suppress
he thermal wind (Waters & Proga 2018 ). Hence we also study the

HD wind used in F17 to fit these data. We show that this model
lso implies that the wind is optically thick, so that the intrinsic
uminosity is substantially larger than observed. This means the
revious solutions of F17 were not self consistent as the effect of
lectron scattering reducing the illuminating flux throughout the wind
as not included. We include this and show that unlike the thermal-

adiative wind, the MHD wind requires additional free parameters of
he wind size scale in order to match the ion species seen, even with
ur lower revised density for Fe XXII . 
Thus not only does the thermal-radiative wind give a good fit to

RO J1655 −40, the MHD wind does not. This not only remo v es
he r equir ement for magnetic driving, but strongly disfavours it
s being the origin of the wind seen in this unique observation,
hough we also show how future observations using high resolution
alorimeter data from XRISM/Resolve and Athena/XIFU can easily
istinguish thermal-radiative and MHD driving. This means there is
o ‘special’ magnetic field structure, which has self-similarity across
he entire mass scale as considered in previous work ( F17 ). Instead,
t seems most likely that all the wind features seen in both the stellar
nd supermassive black holes can be explained by radiation (either
rom its energy which powers thermal winds via heating and/or its
omentum powering UV line and dust driven winds). While the

hysics of these winds are comple x, the y can be directly calculated
rom the observed properties, unlike the magnetic winds which
epend on an assumed magnetic field configuration. This provides
oti v ation to tackle the complex astrophysics of radiative winds

e.g. Proga & Kallman 2004 ; Dorodnitsyn, Kallman & Proga 2016 ;
omura & Ohsuga 2017 ; Matthews et al. 2020 ; Naddaf, Czerny &
zczerba 2021 ; Ogawa et al. 2022 and references therein), to make
uantitative models of AGN feedback for galaxy formation (e.g.
omura, Omukai & Ohsuga 2021 ; Quera-Bofarull et al. 2021 ). 
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Figure A2. The mass-loss rate at each spherical shells The colours show 

0.01 ≤ R / R IC ≤ 0.038 (red), 0.038 ≤ R / R IC ≤ 0.14 (green), 0.14 ≤ R / R IC ≤
0.58 (blue), and total mass-loss rate at outer boundary (black). It is clear that 
the simulation has converged after the initial transients. 
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PPENDIX:  R A D I AT I O N  H Y D RO DY NA M I C  

IMULATION  

We calculate density , velocity , and temperature distribution of the 
ind in a 2D (axisymmetric) radiation hydrodynamic simulation, 
hich is the same code as Tomaru et al. ( 2019 , 2020b ), but we re vie w

t here for completeness. The code requires the SED, its luminosity, 
nd the disc outer radius as input parameters. We take the SED from
he simultaneous RXTE observation (OBSID:91702-01-19-00) (left 
n Fig. A1 ). Using photoionization code CLOUDY , we also calculate
igure A1. The broadband X-ray continuum (left) and thermal equilibrium 

urve of photoionized plasma irradiated by that (right). 
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he thermal equilibrium curve of photoionized plasma irradiated by 
hat SED (right in Fig. A1 ). 

Using CLOUDY and this SED as the input parameter, we calculate 
adiation heating/cooling and the force multiplier, which is the ratio 
f ef fecti ve optical depth to that of electron scattering as functions of
and T in optically thin limit. The radiative heating/cooling includes 
ompton process, free–free, bound–free, free–bound, bound–bound, 
nd force multiplier includes bound–bound and bound–free. We 
un radiation hydrodynamic simulation by solving the equations in 
omaru et al. ( 2019 ). We use spherical polar coordinates, and set the
omputational domain in R direction as R in = 0.01 R IC and R out =
 R IC . The radial grid spacing is logarithmic, calculated by 

 i = R in ( R out /R in ) 
i/N R , (0 ≤ i ≤ N R ) (A1) 

here N R = 120 is the number of radial grid points. 
We set the polar angular grid to follow the scale height of the disc
odel assuming irradiation Cunningham ( 1976 ), with N θ = 240 as

he number of grid points defined on the angle from the mid-plane
j = π/ 2 − θN θ −j , (0 ≤ j ≤ N θ ) 

j = 

{ 

arctan 
{
f d ( R j /R out ) 2 / 7 

}
, ( 0 ≤ j ≤ N R ) 

arcsin 
{ 

1 . 0 −sin ( αN R 
) 

N θ −N R 
( j −N R ) + sin ( αN R ) 

} 

, ( N R < j ≤ N θ ) 

(A2)

here f d = 1 . 5 × 10 −3 
(

L 
L Edd 

)1 / 7 (
M c 

M �

)−1 / 7 (
R out 
R g 

)2 / 7 
is the shape 

H/R) of the irradiated disc from Cunningham ( 1976 ), as recast in
imura & Done ( 2019 ). 
We use outflow boundary conditions for both the inner and outer

oundary in the R direction, where the material freely can leave
he simulation grid but cannot enter. In θ direction, we use the
xially symmetric boundary at the rotational axis of the accretion 
isc at θ = 0 and reflecting boundary at θN θ . At each time step,
e update the density at disc surface at i = j as derived from the

ritical value of the pressure ionization parameter. The complex 
hape of the heating/cooling equilibrium curve shown in Fig. A1 has
MNRAS 518, 1789–1801 (2023) 
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M

Figure A3. The distributions of density (left) temperature (right) obtained from our radiation hydrodynamic simulation. The white line in left shows the Mach 
1 surface. The white dashed line in the right shows the inclination angle of 75 ◦ and 85 ◦. The region between these angles is used for the plotting Fig. A5 . 
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ultiple instability regions. The first one reached by the radiation
oing into the photosphere from abo v e is at the end of the warm
table branch, at log � c ∼ 0.9 and log T = 5.6. This corresponds
o a standard ionization parameter of ξ c ∼ 200, so the material
lready has substantial soft X-ray opacity, shadowing the regions
elow, whereas the heating/cooling curves are calculated assuming
nattenuated radiation. Thus we use the first instability to determine
he base density of the corona ρbc = μm p L /( ξ c R 

2 )exp ( −τ ), where τ
s the integrated optical depth through the wind along a line of sight
rom the centre to the disc surface, which means the boundary of the
isc surface is time dependent (see also Tomaru et al. 2019 ). 
We also assume there is further attenuation of the direct irradiation

n an inner static corona region, with τ 0 = exp[2(1 − ( α/ αc ) 2 )], where
c = H c / R ia and R ia is the radius of inner corona given by 

 ia /R IC = 0 . 021 
[ T IC , 8 ( L/L Edd ) 

� H , min 0 . 1 

] 1 / 2 
(A3) 

Begelman & McKee 1983 ) and H c = [2 R 

3 / R IC ] 1/2 is its scale height.
he � H,min = 190 (log � H,min = 2.27) is the pressure ionization
arameter where T = T IC /2 on thermal equilibrium curve (right in
ig. A1 ). This optical depth becomes smaller than unity when R is

arger than 0.06 R IC . 
As initial conditions in the disc region, R i ≥ R j , we set velocity

s v R = 0, v φ = v K and density as ρbc . In the non-disc region,
e assume very small density ρ = 1.0 × 10 −30 g cm 

−3 , and T 0 =
.1 × 10 7 ( R / R g ) −3/4 K. 
We run the simulation for about 3 sound crossing time 3 R IC / c IC =

.2 × 10 5 s. The mass-loss rate of the simulation is converged after

.5 sound crossing time (Fig. A2 ). The mass-loss rate is 1 . 24 ×
0 19 g s −1 = Ṁ wind / Ṁ a = 2 . 8. 
The analytic thermal wind models predict Ṁ wind / Ṁ a ∝

og [ R disc / (0 . 1 R IC )] for systems with the same T IC and L / L Edd (Woods
t al. 1996 ; Done et al. 2018 ). This scaling works to compare
he total mass loss rate to our previous simulation of the similar
ED and luminosity source GX13 + 1 (Tomaru et al. 2020b ), where
NRAS 518, 1789–1801 (2023) 
˙
 wind / Ṁ a ∼ 8 as the disc in GX13 + 1 has outer radius of 10 R IC 

ompared to 0.5 R IC in GRO J1655 −40. 
The thermal-radiative wind can in principle be launched from a

maller inner radius than 0.1 R IC , because of the strong radiation
orce, but due to the shadowing of the inner corona (equation A3 )
ut to R ∼ 0.1 R IC , the amount of this inner wind is small. This
maller launching radius by radiation force is also shown in Proga &
allman ( 2002 ), though there are several differences in assumptions
hich mean that their simulations are not directly comparable to
urs. 
We plot the final distribution of density and temperature (Fig. A3 ).

hese structures are similar to those in our previous simulation of
X 13 + 1 (Tomaru et al. 2020b ) except for detailed parameters such

s disc size (which also affects the simulation box size). The white
lank region at mid-plane is outside of our simulation box. Fig. A4
hows the distribution of radiation force (left), gas pressure force
middle), centrifugal force by v φ (right), all given as a ratio to the
ocal gravity. This shows that the wind is driven by radiation force
nd centrifugal force at disc surface, but that gas pressure forces
enerally dominates at larger radii in the wind. At R = 0.3 R IC , the
adiation force is larger than 0.5, which means the bound-bound and
ound-free are significant as well as free-free (electron scattering).
his is consistent with a previous simulation (Tomaru et al. 2019 )
hich also showed that electron scattering alone is not sufficient to
et the observed velocity. 

We also plot the wind properties in � − T space between 75 ◦

nd 85 ◦ with radius (Fig. A5 ). The wind is converged to the thermal
quilibrium curve at large radii, but the inner regions are slightly
elow this curve due to adiabatic cooling. In the analysis, we
alculate iron ion columns as N ion,Fe = 

∑ 

δN ion,Fe = 

∑ 

f ion,Fe ( ξ ,
 ) A Fe ρ/( μm p ) δR , where f ion,Fe ( ξ , T ) is ion fraction, which is also
alculated by CLOUDY , and A Fe = 3.3 × 10 −5 is the iron abundance
ith respect to hydrogen. We also calculate the average velocity
eighted by those ion columns as v R,ion = 

∑ 

δN ion,Fe v R / N ion,Fe . These
esults are given in Fig. 3 in the main paper. 

We test that the numerical grid has sufficient resolution by using a
maller ( N r , N θ ) = (90, 180), and larger ( N r , N θ ) = (240, 480) grids.

art/stac3210_fA3.eps
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Figure A4. The distribution of radiation force (left), gas pressure force (middle), and centrifugal force (right), all given as a ratio to the local gravitational force. 
The radiation force is almost zero at high inclination angle with R > R disc since the illumination is attenuated by disc structure. 

Figure A5. The black line shows the relation between pressure ionization 
parameter and temperature for the thermal equilibrium curve for optically 
thin material. The values for the wind material between 75 ◦ and 85 ◦ are 
colour coded by their radius. The higher ionized material is located at the 
inner radius ( ≤0.2 R IC , blue), the lower ionized material is located at the outer 
radius ( > 0.2 R IC , yellow). Both are below the thermal equilibrium curve due 
to adiabatic losses. 

In the smaller number case, the simulation is not well calculated at 
larger radius because the larger radius is sparse as grid is logarithmic. 
But the integral values (velocity and ion columns) are similar to the 
original simulation because these values are mainly set by the inner 
region. The higher resolution grid model gives the same result as 
original model. Thus, we conclude our simulation grid is sufficient 
to capture the wind properties. 

We checked also the impact of the inner boundary condition of the 
grid. The velocity structure of Fe XXVI at high inclination changes 
when the inner boundary condition is changed to inflo w/outflo w 

instead of just outflo w. Ho we ver, the mass-loss rate and ion columns 
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s
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re almost the same. So, the o v erall feature of the wind itself is not
o different. 
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