-
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk
provided by Apollo

Preprint typeset usingTgX style emulateapj v. 5/2/11

POWERFUL, ROTATING DISK WINDS FROM STELLAR-MASS BLACK HOLE

J. M. MILLER?Y, A. C. FaBIAN?, J. KaasTRA®*, T. KaLLMAN °, A. L. KING®"8, D. PRoGA®, J. RaymonD??, C. S. ReynoLDs*

ABSTRACT

We present an analysis of ionized X-ray disk winds obsernetthé Fe K band of four stellar-mass black
holes observed wittChandrag including 4U 163647, GRO J165540, H 1743322, and GRS 1913 05.
High-resolution photoionization grids were generatedriheo to model the datalhird-ordergratings spectra
were used to resolve complex absorption profiles into atafiects and multiple velocity components. The
Fe XXV line is found to be shaped by contributions from theeinbmbination line (in absorption), and the
Fe XXVI line is detected as a spin-orbit doublet. The dataieg2—3 absorption zones, depending on the
source. The fastest components have velocities appraachiexceeding @1c, increasing mass outflow
rates and wind kinetic power by orders of magnitude overrgsingle-zone models. The first-order spectra
require re-emission from the wind, broadened by a degreeigHaosely consistent with Keplerian orbital
velocities at the photoionization radius. This suggesis disk winds are rotating with the orbital velocity of
the underlying disk, and provides a new means of estimasingdhing radii — crucial to understanding wind
driving mechanisms. Some aspects of the wind velocitiesradiil correspond well to the broad-line region
(BLR) in active galactic nuclei, suggesting a physical caetion. We discuss these results in terms of prevalent
models for disk wind production and disk accretion itsetfd amplications for massive black holes in active
galactic nuclei.

Subject headingsaccretion disks — black hole physics — X-rays: binaries
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1. INTRODUCTION

X-ray disk winds from low-mass X-ray binaries (LMXBS)
are revealing new facets of compact object accretion. For in
stance, winds carry away a significant fraction of the maais th
is accreted onto the compact object. Estimates range from
few percent of the mass accretion rate in the the inner disk, t
several times the inflow rate (see, e.g., King et al. 2013)s Th

means that mass transfer even in LMXBs may be highly non- i
conservative in the very phase when the mass transfer rate i§€€duire a column oNy

atively easy. This readily-detected gas could arise vig irr
diation of the "torus" (e.g. Kriss et al. 1996; also see Lee
et al. 2001); it may not directly probe the physics of the in-
ner accretion disk. However, highly ionized components wit

élj_otentially different origins have emerged in deep expesur

he Chandra/HETG spectrum of MCG-6-30-15, for instance,
contains strong Fe XXV and Fe XXVI (He-like and H-like)
absorption lines. They are blue-shifted by 2000 km/s,
~ 3 x 10 cn?, and imply a kinetic

expected to be highest. This impacts binary evolution mod- POWer that is about 10% of the radiative luminosity (Young

els, and numerous specific predictions, including e.g. pire s
evolution of compact objects in LMXBs (for a review of spins,
see Miller & Miller 2014; for a review of black hole X-ray bi-

et al. 2005). The inferred launching radius iSSF0GM/c?,
putting this component within or interior to the broad (emis
sion) line region (BLR). These wind properties are remark-

naries, see Remillard & McClintock 2006; also see Fragos & ably similar to those measured in, e.g., GRO J1&EHMiller

McClintock 2015).

Winds in stellar-mass black holes, in particular, may pro-
vide insights into X-ray "warm absorbers" and faster outiow
from Seyfert-1 active galactic nuclei (AGN) and quasars.
Instrumental sensitivity curves and intrinsic spectras
make the study ofow-ionizationgas in warm absorbers rel-
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et al. 2006, 2008; Kallman et al. 2009; Neilsen & Homan
2012). Connections like this may underlie emerging rela-
tionships between the kinetic power of winds and accretion
power, that span the black hole mass scale (King et al. 2013).

Most importantly, perhaps, disk winds may reveal the fun-
damental physics of disk accretion, making contact with-sim
ulations in a way that continuum emission from the disk can-
not. Studies have shown that disk winds and jets in X-ray bi-
naries are anti-correlated (Miller et al. 2006b, 2008; bksil
& Lee 2009; King et al. 2012, Ponti et al. 2012). There is
actual evidence of absence: jets are truly quenched in disk—
dominated soft states (Russell et al. 2010), and winds &re no
absent owing only to ionization effects (Miller et al. 2012)
Viable explanations for this dichotomy include changes in
the inner accretion disk (perhaps related to the onset of an
advection-dominated accretion flow), and/or changes in-dom
inant magnetic field component above the disk (e.g. poloidal
or toroidal). More directly, some winds may be powered by
magnetic forces, which points to the underlying role of mag-
netic fields in mediating mass and angular momentum transfer
within the disk (Miller et al. 2006a, 2008).

Constraints on wind launching radii are central to under-
standing how the winds are driven, and how much mass and
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power they carry. This requires photoionization modelifig o is 20 times higher than prior versions, and it includes updiat
the absorbing gas. In most cases, the gas density is not knowratomic data important to the Fe K band. Last, we allow for
and radii must be deduced via< L/N¢ (whereL is the ion- (re-)emission from the wind, with gas parameters closely ti
izing luminosity,r is the launching radiud\ is the equiva-  to corresponding absorption properties.

lent hydrogen column density, agds the ionization param-
eter). This assumes thBlt= nr rather tharlN = ndr, and in 2. SOURCES AND OBSERVATIONS

this sense it is an upper limit. In rare cases, the gas density We require observations with extremely high sensitivity in
can be measured directly, and wind radii can be derived fromthe Fe K band in first-order HETG spectra; this also ensures
r =+/(L/nf). In the black hole GRO J16580, the ratio of  the best possible sensitivity in third-order spectra. Hore

Fe XXII lines at 11.87 A and 11.92 A gives a density of for a combination of astrophysical and pragmatic reasons,
n~ 10" cn 3. (Miller et al. 2006a, 2008). In the black hole HETG observations of stellar-mass black holes with strong

candidate MAXI J1305704, these line ratios imply a den- Signatures of disk winds are relatively rare. Disk winds ap-
sity of n ~ 10717 cni3 (though that wind may npo)t/ escape pear to be equatorial (Miller et al. 2006a,b; King et al. 2012

the system; Miller et al. 2014). It is likely reasonable te as also see Ponti et al. 2012), reducing the number of sources in
sume that other winds with numerous similarities to e.g. GRO WQ'Ch thgse outfl_owls cqnhbre] Oasé;\gd' C(:jy_gr:qu >|('1 has been
J1655-40 may be equally dense, but high line-of-sight col- Ol ser\ée extensively with the ’Sarr: |'t 'Sﬁ) .'%soa 9ﬁm'
umn densities have prevented the detection of Fe L-sheb lin plex absorpiion spectrum (see, e.g., Schulz et al. 2); ho

in brominent sources including 4U 163072. H 1743322 ever, this source and other high-mass X-ray binaries are not
ang GRS 1915105 9 ' ' considered as the massive companion wind contaminates any

signatures of a disk wind. Cir X-1 was also omitted from con-

Recent studies of a large population point toward an 4C sideration because its wind features (Brandt & Schulz 2000)

cretion disk wind origin for the BLR in AGN (Tremaine et . ! . .
are plausibly tied to its companion.

al. 2014). Assuming that Keplerian velocities domlnatze the IGR J1709%3624 displayed a particularly fast and power-
width of these optical and UV lines, radii of 0 GM/c® ~  disk wind (e.g. King et al. 2012), but its low flux does
are obtained. This range is commensurate with wind radii in- ot permit a deeper analysis. Modest sensitivity is alsaa ge
ferred in stellar-mass black holes, again pointing to a @A g5 feature of neutron star low-mass X-ray binaries; in the
tion. However, disk winds in black hole X-ray binaries have pest cases, blue-shifted absorption is sometimes detexted
not previously been detected in emission, preventing & simi yeda et al. 2004, Miller et al. 2011), but blue-shifts are ten
lar dynamical constraint on the launching radius. This com- iative in other sources and spectra (e.g. 4U 1820; see
plicates most attempts to understand the wind driving meCh'Xiang et al. 2009). The HETG spectra of MAXI 1134
anism and the total mass outflow rate, and hampers a cleaggnajn strong wind absorption features and even re-eomissi
association with stellar-mass disk winds and the broad line 5¢ long wavelengths (Miller et al. 2014), but the obsenvatio

region. _ , , did not deliver reliable high-resolution spectra in the FeeK
The best disk wind spectra have been modeled in an apion owing to a pointing offset.

proximate fashion. Some analyses have attempted a line-by=" The set of high-inclination black holes with very high flux
line treatment with Gaussian absorption functions (e.dleMi  eyels and multiple observations of disk winds is limited to
et al. 2006b, Kubota et al. 2007, Neilsen & Lee 2009, Ueda to\r sources: 4U 1638172, GRO J165540, H 1743-322,

et al. 2009). Other efforts have made use of single-zone ab-ynq GRS 1915105. Even among these, not every spectrum
sorption models generated with, €.9., XSTAR (e.g. Kallman pas excellent sensitivity. We selected the observatiorache

& Bautista 2001; Kallman et al. 2009) or Cloudy (e.g. Fer- soyrce wherein the lines were best defined (e.g. where the Fe
land et al. 1998). While this procedure is far more physycall xx\/ and Fe XXVI line fluxes divided by their respective er-
self-consistent than line-by-line fitting, and while it Haely rors is maximal; this is distinct from the highest column den
captured the broad characteristics of disk winds corretttly ity \which would still give lines with large errors at low Hu
has not yielded statistically acceptable fits. It is likehat orin a short expsoure). For GRO J1688, H 1743322, and
the spectra contain additional information that has yetdo b Grs 1915105 this was possible using’published measure-
exploited. Importantly, only one prior effort has included  ments (e.g. Miller et al. 2008; Miller et al. 2006b; Neilsen
emission from the wind (see Miller et al. 2014, concerning g | ee 2009, Ueda et al. 2009). For 4U 163172, we made
MAXI J1305-704), which must occur whenever there is ab- gimple fits to multiple spectra to determine the one with the
sorption. highest sensitivity. Table 1 lists the key properties ofsthe

_In this work, we re-examine the best disk wind absorp- gpservations, as well as an observation of GX-38¢hat is
tion spectra fromChandrdHETG observations of stellar-  ayamined later in this work.

mass black holes. Our analysis is restricted to the Fe K band, " previous work on the selected spectrum of GRO J+885

wherein the most highly ionized gas —likely originatingslo  giready points to a degree of complexity that is not captured
est to the black hole — is contained. If stellar-mass black py single-zone photonionization models. Miller et al. (8D0
hole outflows are similar to Seyfert warm absorbers, the) thi yaport that the best single-zone model for the Fe K band in
range also carries the bulk of the mass flux (Crenshaw & GRO 3165540 — model 1C in Table 3 of that work — only
Kraemer 2012). In order to best understand the atomic and, ieves a relatively poor fity2/v = 2.88. Kallman et al.

v?locity s@(rjuctuhreshprdesegt in the first-or:q%rdHIIE_G Srl’n.em’ (2009) and Neilsen & Homan (2012) find evidence of multiple
also consider the third-order spectra, which deliver thirees Vo0t comnonents in the spectra of GRO J1685

higher spectral resolution. Indeed, the third-order sjpeate The selected spectrum of H 17482 was not modeled

only a factor of a few lower in resolution than anticipated | i 4 ; ; ;
; photoionzation code that has an XSPEC implementa-
spectra fromAstro-H (Takahashi et al. 2010, 2014). We em- 5 bt Gaussian models for the lines find inconsisteng-blu

ploy a new version of the XSTAR photoionization package to gt for the Fe XXV and Fe XXVI lines(= 320+ 160 and
model both first- and third-order data; its spectral resotut 670+ 170 km/s, respectively: Miller et ‘Z\i(_ 2006b). This sig-
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nals that a single absorbing zone is not an adequate descripimaging information. The zeroth order image lands on the S3
tion of the spectrum. Indeed, within Miller et al. (2006k), i  chip, and a sufficiently high incident flux would cause frames
is noted that the observed Fe XXV and Fe XXVI lines can- from this chip to drop from the telemetry stream. In each of
not arise in exactly the same gas. A combination of zonesthe observations, then, a “gray” filter was applied aroured th
with different ionizations and velocities can certainlgate zeroth order position, so that only one in 10 or one in 20 inci-
this disparity, however. dent zeroth order photons is recorded. This enables trgckin
The shifts measured via single Gaussian models for the Feof the aimpoint and the construction of the wavelength grid i
XXV and Fe XXVI lines in the selected observation of GRS the dispersed spectra, while preventing frame loss.
1915+105 are also inconsistent (see Ueda et al. 2009). The Fe This mode is capable of handling incredibly bright sources
XXV line shows a red-shift, possibly indicating a contribu- without suffering photon pile-up. If imaging information
tion from the intercombination line. In contrast, the Fe XIXV  could be preserved, source and background regions could
line shows a blue-shift. This also signals a need for mudtipl be optimized to reduce background; however, background is
velocity components. negligble for compared to the source flux in these observa-
At the time of writing, the selected spectrum of tions. Aspects of this observational mode are also destribe
4U 16306-472 has not been described in detail using a pho-in detail in Miller et al. (2006b).
toionization code like XSTAR or Cloudy. However, it is in-

cluded in a study that finds no evidence of jet-based emission 4. ANALYSIS AND RESULTS
lines in this source (Neilsen et al. 2014; also see Diazerlrig 4.1. Spectral Fitting Procedure
etal. 2013).

All spectral fits were made using XSPEC version 12.8.1g
3. DATA REDUCTION (Arnaud et al. 1996). Fits to th€handraHETG data were
made using the Churazov weighting scheme (Churazov et al.
1996). This procedure weights channels by averaging the
counts in surrounding channels. Spectral regions with lsmal
errors are therefore weighted more strongly than regiotts wi
large errors. Minimization of the? fitting statistic then de-
pends more strongly upon well-defined lines than on rela-

ciated response files for gratings observations. We thezefo tVely noisy parts of the spectrum. The default weighting
downloaded first-order HEG spectra and their correspondingScneéme was used in fits made to RXTE/PCA spectra later in
response files through “tgcat”. thiswork. o .

At the time of writing, complete higher-order data are not __FOr dispersive spectrometers, it is natural to work in terms
provided through the “tgcat” facility, so full obserationgre ~ Of wavelength — every bin has the same size, in units of
obtained from theChandraarchive. Calibrated spectral files Wavelength. —However, the future of X-ray spectroscopic
are provided through the archive, but response files must bénStrumentation, particularly in the Fe K band, is the mi-
generated by the user. Response files for the third-ordi-red crocalorimeter. The natural unit for a calorimeter is egerg

tribution matrix files were generated using the tool “mkgtmf sincle every bin gaz the _samﬁ size inbunits.of enfergy. This
and these files were then used to help construct ancillary re-2Nalysis Is intended to give the very best view of accreting
sponse files using “fullgarf”. black holes as the field heads into the era of calorimetefs wit
In order to achieve the best possible sensitivity, the CIAQ AStro-HandAthena so we have chosen to present our analy-
tool “add_grating_orders” was used to combine opposing SIS and results in energy units. The data were analyzediin the
grating orders into a single spectrum. That is, the HEG native bins and the results do not depend on whether energy

and HEG-1 spectra were combined into a single first-order O Wavelength units are adopted.
spectrum, angthe HES and HEG-3 spectrawer% combined All fits to the first-order spectra of 4U 163872, GRO
into a single spectrum. The “add_grating_orders” tool also J1655440, H 1743322, and GRS 191805 were made

adds the ancillary response files to create a combined respon or:/er trl‘)? 5E1h0 IkeV range. clj:its to thhe third-ErdeLspgctra of
files. The gratings redistribution matrix files are effeetiy ~ these black holes were made over the 5-8 keV band, owing
the same for opposing orders. to a lack of signal and instrumental residuals above 8 keV.

We have relied on the HEG third-order data, as it provides Where other sources and instrumental spectra are condjdere

the highest possible spectral resolution. However, it ighvo  t€ fitting band is noted explicitly in the text.

noting that the HEG second-order provides spectral resolut T

that is twice as high as that available in first-order spectra 4.2. Initial Fits

Depending on the sensitivity of the data, that resolutiamiy To give a view of potential structure and complexity in

on the edge of being able to separate the components of théhe Fe K band, we fit each of the first-order spectra in the

Fe XXVI Ly-aline, for instance. Future work on these and 5-10 keV band with a phenomenological disk black body

other sources can make use of the HEG second-order spectrg:diskbb”; Mitsuda et al. 1984) plus power-law model, mod-

In contrast, the MEG second-order spectra are suppressed iified by Galactic absorption fixed at standard values. This

the HETG, in order to facilitate order sorting. was accomplished using the “tbabs” model with appropriate
All of the observations considered in this work were ob- cross sections and abundances (Wilms, Allen, McCray 2000).

tained by running the ACIS-S array in “continuous clocking” The power-law index was fixed to previously published val-

mode, in order to prevent photon pile-up. In this mode, imag- ues in each case, where simultaneous RXTE observations had

ing information along the narrow axis of the array is sacific = been made (GRO J16580: T = 3.5, Miller et al. 2008; GRS

in order to reduce the frame time from 3.2 s to just 2.85 ms. 1915+105: " = 3.0, Ueda et al. 2009; H 174322:T" = 2.4,

Since the ACIS chips are medium-resolution spectrometersMiller et al. 2006b).

accurate order sorting can still be achieved despite tleedbs Figure 1 shows the data/model ratios obtained when the

All Chandraspecific data reduction and processing tasks
were performed using CIAO version 4.6, and corresponding
calibration files. Since the HEG has more collecting area
than the MEG in the Fe K band, we have only made use of
HEG spectra in this work. Th€handra“tgcat” facility (tg-
cat.mit.edu) provides calibrated first-order spectra assba
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first-order spectra are fit with these fiducial continua. Blue-
shifted Fe XXV and Fe XXVI absorption lines are the hall-
marks of accretion disk winds in stellar-mass black holed, a
they dominate the ratios. However, on this relatively narro
wavelength range, at least some of the linesraresimple.
The Fe XXV line in the spectrum of H 174322 appears to

components at the highest possible resolution.

Figure 3 shows the first-order ratio spectra, plotted on top
of the higher-resolution third-order spectra. The asymie®t
and complexities of the first-order line profiles generatly-c
respond to individual lines in the third-order spectra.Hors,
the third-order spectra contain a measure of precise irdorm

be asymmetric, and the Fe XXVI line may show an extendedtion that can be utilized to better understand the disk wind i

blue wing. In 4U 1636472, the Fe XXV line shows some ev-

idence of complexity, and the Fe XX VI line again shows some

these black holes.
In view of these results, we proceeded to: (1) model the

possible structure. The Fe XXV absorption in the spectral ra third-order spectra in detail to obtain additional conistisson
tio from GRS 191%105 shows very clear structure, and the gas properties and velocities, and (2) combine third-oirder
Fe XXVI line again shows extension to high energy. The ra- formation and corresponding emission components to model

tio from GRO J165540 may show the most absorption struc-
ture, with different lines or velocity components potelhyia
contributing to both Fe XXV and Fe XXVI lines.

Beyond structure in the Fe XXV and Fe XX\dbsorption
lines, this quick comparison of first-order spectra revéfads
possibility ofemissiorlines. It was previously noted that the

the sensitive first-order spectra. Both steps necessitated
development and application of new photoionization models
and fitting procedures, as described below.

4.3. Photoionization grids and model implementation
A sensible physical description of these spectra requires

absence of strong, narrow emission lines indicates that thephotoionization modeling. We generated large grids of syn-
disk winds in these high inclination sources must be equa-thetic spectra using an update to a recent public versidmeof t

torial: if the gas were distributed in a more spherical man-

ner, gas above the line of sight would contribpteminent
emission (Miller et al. 2006a,b). However, for any plausibl

XSTAR package (version 2.2.1bn19; e.g. Bautista & Kallman
2001, Kallman et al. 2009). In order to take advantage of the
third-order HEG spectra, and in order to make optimal use of

geometry, some re-emission from gas outside of our line offirst-order spectra, two specific improvements were made:

sight should be detected. Close scrutiny of this narrow win-

e Prior versions of XSTAR only allowed for 10,000 spec-

dow around the Fe K region may indicate such emission, with tral bins; however, this is insufficient for comparison todh
a structure that may be broadly consistent between thesourcorder HETG spectra. For instance, this resolution blenes th
spectra. The putative emission is most prominent to thefred o Fe XXVI doublet into a single feature. The synthetic spectra

the strong absorption lines; the ratios are flatter abovev7 ke
The structure is at least qualitatively consistent, thdth the

in our grids were all generated using 200,000 spectral bins.
This reveals all of the lines in full detail and is suited te th

P-Cygni profiles expected from an accretion disk wind (e.g. resolution of the third-order spectra.

Dorodnitsyn & Kallman 2009, Dorodnitsyn 2010, Puebla et

al. 2011).

e Improved atomic data for He-like Fe XXV intercombi-
nation lines was included. Prior versions of XSTAR under-

Figure 2 shows the data/model ratios obtained from the estimated the strength of this feature, driving fits towalde

third-order spectra of 4U 163@72, H 1743322, GRO
J1655-40, and GRS 1918105. The spectra were fit with

velocity shifts and ionization parameters in order to model
the Fe XXV intercomination line in terms of Fe XXIV ab-

the same fiducial continuum models used to characterizesorption. Fits with the updated version of XSTAR used in

their corresponding first-order spectra. Particularly iRSG
1915+105 and GRO J165%10, it is apparant that the Fe XXV
line structure is indeed the result of multiple distincelithat
are blurred together at first-order resolution. This is kiss
tinct in 4U 1636-472, and unclear — if present at all — in the
third-order spectrum of H 174322.

this work correctly account for the intercombination lime i
the Fe XXV complex, and deliver more accurate gas param-
eters. Line wavelengths and oscillator strengths for the fin
struture components of the He-like and H-like ions in the up-
dated version of XSTAR were taken from the NIST database
(physics.nist.gov/PhysRefData/ASD/lines_form.htnQnly

Though often treated as a single line even at first-order HEGthe updates to the intercombination line data are important

resolution, the Fe XXVI line is actually a doublet owing to
spin-orbit coupling. The expected separation of the twedin
is about 002 keV (6.952 keV and 6.973 keV, in a roughly
1:2 ratio of oscillator strengths; see Verner, Verner, &&isd
1996). This splitting is revealed for the first time in GRO

J1655-40. Indeed, one line pair is evident just below 7 keV,

for our analysis.

Table 2 lists the critical input parameters used to gener-
ate XSTAR grids using the “xstar2xspec” functionality. The
XSPEC fitting package recognizes the grids as models and
can interpolate between grid points to find the gas parame-
ters that best correspond to the observed spectra. For each

and a second just above 7.0 keV, signaling an absorption zongource, the grids spanned a range ok 3og(¢) < 6 and

with an blue shift in excess of 0.61 The ratio of the line
fluxes is inconsistent with 1:2; this likely owes to saturati

21<log(N) < 23.8. All grids were generated assuming a gas
density ofn =10 g cni3, drawing upon the cases where the

To quickly assess the significance of the lines in the puta-density has been measured directly. Whenever possible, pa-

tive doublets in GRO J16580, we added Gaussian lines to
the continuum model. A velocity width of 300 km'swas

rameter values — especially disk temperature and sourde lum
nosity — were taken from values in the literature. Solar abun

assumed as per Miller et al. (2008). Dividing the Gaussian dances were used for all sources apart from GRS 1805,
line flux by its error gives one measure of line significance. wherein an enhanced iron abundance has sometimes been re-

In the lower-velocity pair, the lines are each significarthat

50 level; in the higher-velocity pair, the lines are each sig-

nificant at the 3 level. The spectra of 4U 163@72 and

ported (e.g. Lee et al. 2002; XSTAR takes abundances from
Grevesse, Noels, & Sauval 1996). A covering fraction of
Q/4m = 0.2 was used for GRO J16580 based on prior work

H 1743-322 show weaker evidence of having resolved the Fe (Miller et al. 2008); a value of 0.5 was used for the other

XXVI doublet. The splitting is not evident in GRS 194805,

sources, consistent with King et al. (2013).

but asymmetry is evident, again signaling multiple outflow  Though the observed spectra are best characterized by a
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combination of disk blackbody plus power-law models, the nificant velocity width). If the far side of the cylinder (\it
XSTAR grids were generated using only a simple blackbody respectto the central engine) contributes preferenfiatlgny
function with an equivalent temperature. This is a simpli- reason, the emission would have a net red-shift. Figuresl1 an
fication that introduces a degree of error and inconsistency 3 suggest that any emission is strongest to the red of the{blu
Model 1c in Table 3 of Miller et al. (2008) provides the most shifted) absorption components. Based on these expetatio
useful point of comparison, for evaluating the degree tacwhi  we bounded the emission components to have a red-shift be-
measurements are skewed by ignoring the power-law compoiween zero and the absolute value of the observed blue-shift
nent. The prior work uses a lower-resolution photoion@ati  in the same component (€.%mis < —1.0 X Vaps). Note that
grid, containing older atomic data. However, comparing val when these conditions were relaxed, emission components
ues of column density, ionization, velocity, mass outflora  were not found to be blue-shifted, and absorption companent
and kinetic power derived Miller et al. (2008) to those found were not found to be red-shifted. Rather, this step meraly pe
in the simplest fits later in this work, the maximal systemati mitted a degree of simplicity in constructing models.

error induced by ignoring a power-law component may be a A particular detail of the photoionization model implemen-
factor of ~2 in column density and ionization, but only 50% tation had to be determined via numerous fitting experiments
in radius, mass outflow rate, and kinetic power, since differ A priori, it is not clear if the photoionized emission spec-
values partly compensate for each other. The true level®nf sy trum from points around the wind cylinder might also be af-
tematic error is likely lower, since numerous factors cteghg fected by local or ambient wind absorption. Numerous trials
between the 2008 analysis and this paper, and some of thosgevealed that vastly improved fits are obtained when the-emis
must also contribute to the differences. sion spectrum is not obscured.

The “xstar2xspec” script produces three distinct files for Last, we allowed for a narrow Gaussian emission line at
potential inclusion in XSPEC modeling: a multiplicative ta 6.4 keV, consistent with emission from neutral or nearly-
ble model (“xout_mtable.fits”) that imprints absorptionton  neutral Fe, to describe any remaining illumination of dista
a continuum, an emission model that is the line spectrumor ambient cold gas. Reflection from the outer disk, for in-
emitted in all directions as a result of the initial absaspti  stance, might be one means by which such a feature could
(“xout_ain.fits”), and an emission component that represen be generated. It is unlikely that any such emission would be
the emission lines transmitted into the pencil beam throughclosely tied to the wind, and including this Gaussian allows
which the absorption is seen (“xout_aout.fits”). The lasheo  the XSTAR models to fit ionized wind features, as intended.
ponent is expected to be negligible, and was not included in For a single zone, then, the full continuum plus photoion-
our models. ization model was implemented into XSPEC in the following

It may be possible to construct geometries and viewing an-manner:
gles that would cause the observed re-emission from an ab-
sorbing wind to sample a different set of gas properties thantbabsx ((absx (gausstdiskbb+ powerlawy +emig.
probed by the bulk of the absorption. However, assuming that
the properties of the emitting gas are the same as the absorb- Models for the spectra requiring 2—-3 zones are imple-
ing gas permits a degree of simplicity. Thus, in all spectral mented as follows:
fits presented in this work, the equivalent neutral hydrogen
column density of the gad\j) and the ionization parameter tbabsx ((abg x abg x (gauss+diskbb+ powerlav) +emig +emis).

(&) were linked, creating distinct zones with characterigtis
properties for both the absorbing and emitting gas. Further fits explored potential broadening of the photoion-

The emission component carries a flux normalization pa-ized emission components, using smoothing functions to
rameter: K :thot,ss/dfpc, wheref = Q/4r is the covering ~ model velocity broadening of the line spectrum. Simple
fraction, Litag is the total luminosity of the source in units Gaussian broadening was explored using the “gsmooth”
of 10% erg s*, anddyp is the distance in units of kpc. A model, bounding the maximum smoothing to 0.2 keV (at

value of unity would indicate that each parameter has been® k€V) W'th an index ofx = 0 (smoothing is not a function of
estimated with excellent accuracy, but modest fractional e €Nergy):

rors in one or more parameters are likely, and can lead to
large deviations from unity. In particular, distances \vitthe
Milky Way are often particularly uncertain, and luminosity : . . . .
estimates can vary depending on the spectral model assume Broadening with a line function that includes Doppler

and the energy band over which the flux is measured. In our> dII:)tIS a?d illylnina:]iprr\] effects W"’lls .implerréeTttgad udsing ';]he
: ec ‘rdblur” function, which is a convolution model based on the
fits, then, the value of each emission component was IOOSer“diskline” function (Fabian et al. 1989). This function istn

bounded: L < K < 10. This range acknowledges plausible technicall ate f oring black hol H
uncertainties while demanding a minimum contribution from ‘€¢hnically appropriate for spinning black nholes. FHowever
Schwarzschild and Kerr metrics are very similar far from the

the emission component. . . ;
Basic assumptions about the gas geometry further informecPlack hole, and this analytic blurring model has the advantg

the manner in which the spectral models were constructed Of €asily extending to large radii. An outer radius of 19
The absorption lines are clearly blue-shifted; else thayico ~ Was fixed in all cases. An emissivity indexg# -3 was used
not be described as disk winds. The photoionized absorp-J o r in “rdblur’), appropriate for large distances from a
tion components were therefore bounded from below to havecorona (see, e.g., Wilkins & Fabian 2012). The inclination
either zero velocity shift, or a blue shift. The photoiomize Parameter within “rdblur” was constrained based on limits
emission lines are likely come from the full cylinder in whic derived for the inner disk, in order to allow for a flared wind
the disk wind arises; in this case, velocities should caacdl ~ 9e€ometry. The final model was implemented exactly as per

the emission should have zero net velocity shift (but a sig- 9smooth™

tbabsx ((absx (gausst+diskbb+ powerlaw) + gsmoothx emis.
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Two zones do not provide a significant improvement over a
tbabsx ((absx (gausstdiskbb+ powerlaw +rdblur x emis. single zone in fits to H 174322, though this is the least sen-
sitive spectrum in our sample.
For both GRO J165510 and GRS 19185105, it is partic-
ularly important to note the success of the improved, high-
4.4. Fits to the third-order spectra resolution XSTAR grids. In both cases, the Fe XXV inter-
. i ] combination and resonance lines are correctly modeled-in ab

Figures 4-7 show fits to the third-order spectra of GRO sorption (see Figures 4 and 5). In GRO J165Gin particu-
J1655-40, GRS 1915105, 4U 1636472, and H 1743322, lar, the model correctly reproduces the 20 eV spin-orbit-spl
approximately ordered from most complex to least complex. ting of the Fe XXVI line. Similar structure is likely present
Each spectrum is shown with the best-fit model given in Ta- i, the spectrum of GRS 193805 as well, as the Fe XXVI
bles 3—7 (models 1655-3a, 1915-3a, 1630-3a, 1743-3a). Thgine is asymmetric, but the splitting is likely partly obsed
spectra were “unfolded” in a manner that removes the in- py yelocity components that overlap. Evidence of complex
strumental effective area curve, without falsely imprigtthe atomic structure in the third-order spectra of 4U 16802
model upon the data (e.g. the XSPEC command “setplotarea’ang H 1743322 (see Figures 6 and 7) is less clear than in
was used, rather than plotting an unfolded spectrum, whichGro 3165540 and GRS 1916105, but hints of the Fe XXV
serves to multiply by the ratio residuals). In this repréaen  jntercombination line in absorption line are evident in 4U
tion, it is especially clear that the Fe XXV and Fe XXVl lines  1630-472, and structure may be evident in the Fe XXV lines
contain appreciable substructure, hinted at in the firdeor G hoth sources.
spectra. _ _ o It must be noted that the ratio of Fe XXV intercombination

Table 3—7 give the continuum and photoionization compo- anq resonance lines shows evidence of saturation, camisiste
nent parameters for the fits made to each source, guided byyith the gas properties that emerge from the fits (see below).
the constraints detailed above. Errors @onfidence levels)  pqrweak lines, the intercombination line is only about 1696 a
are given for the best-fit model in each table. Error assessrong as the resonance line, based on a ratio of their @scill
ment was extremely time intensive, so errors are not givenyor strengths. The fact that the intercombination line appe
for inferior models. However, thg? fit statisic is quoted for  tg be a few times stronger than this expectation is simply the
every model, so that the improvements obtained from addingresult of saturated line absorption, providing a valualole-c
components or complexity can be assessed. _ straint on the Fe XXV column density.

GRO J165540 can be taken as an example (see Figure 4 |n summary, the third-order spectra have limited sensitiv-
and Table 3). Model 1655-3a achieves the best ovarall  ity; however, they have verified the need for improved atomic
value (¢*/v = 1135/1098 = 1033); it includes 3 photoioniza- ~ data and higher resolution grids. The spectra establisitia-st
tion components, all blurred by Gaussian functions. Model tical basis for multiple absorption zones (or, velocity g
1655-3b details the effect of removing one photoionization nents) even at the highest possible spectral resolutioareTh
component (one paired absorption/emission zone), and fit-are even weak hints of photoionized emission that might be
ting again. The fit is clearly only marginally worse without broadened. These are the general lessons that we carry for-
a third photoionization component. Similarly, model 1655- ward in subsequent modeling of the more sensitive firstiorde
3c removed the blurring functions that acted upon the pho-spectra (see below). In the case of GRO J1@85 the third-
toionized emission, and again only a marginally worse fit order spectrum makes the presence of a highly ionized, high-
is achieved. From this, we can gather that only two com- velocity zone clear; this component explains curvaturehen t
ponents are strongly required in the third-order spectrfim o blue side of the first-order Fe XXVI line profile (see Fig-
GRO J165540, and that blurring is also not a strong require- ures 1-3), so we carry forward the velocity measured from
ment at this sensitivity. However, model 1655-3d removes the third-order absorption spectrum in subsequent fitseo th
another paired absorption/emission zone, and the fit is sig-first-order spectrum.
nificantly worse §?/v = 1172/1109 = 1058). Comparing ' .
1655-3d to all of th/e others,wit is clear that the second zone 4.5. Fits to the first-order spectra
latches onto a highly ionized, high-velocity componenthwi New fits to the first-order spectra of GRO J1688, GRS
v/c=-0.0118(5). In Figure 4, the Fe XXVI doublet is evi- 1915+105,4U 1636472, and H 1743322 are detailed in Ta-
dent at lower velocity, closer to its rest-frame energy,v@o bles 7-10, and the best-fit model for each spectrum is shown
7.0 keV, another doublet split by 20 eV is evident, and this is in Figures 8-12. The best-fit model for each source is listed
the second, higher-velocity component found by the fit. first in these tables, with the suffix “-1a”. Models listed be-

Models for the third-order spectrum of GRS 19185 low the best-fit case explore the effects of removing différe
achieve qualitatively similar results (see Figure 5 andl@ab model components in order to demonstrate the statistieal re
4). The overall best-fit model includes three photoioniza- quirement for different levels of complexity. Here againl f
tion zones, each blurred with a Gaussian function; however,errors are given for every component of the best-fit model for
the improvement over a model including only two zones and each first-order spectrum, but errors were not calculated fo
no blurring is only marginal at this sensitivity. At least as inferior models (though the resultant fit statistic is giyen

measured in the third-order spectrum of GRS b, the Figures 8 and 9 may be compared directly in order to appre-
disk wind is considerably slower than that launched in GRO ciate the improvement achieved by allowing for multiple ve-
J1655-40. locity components and corresponding photoionized entissio

The sensitivity in the third-order spectra of 4U 16302 Figure 8 shows the first-order spectrum of GRO J1@H} fit
(see Figure 6 and Table 5) and H 17822 (see Figure 7 and  with the best-fit model published in Miller et al. (2008). Tha
Table 6) is lower than that achieved in GRO J1658 and model includes only one absorption zone, and no photoion-
GRS 1915105. In the case of 4U 1630342, two photoion-  ized emission. Although it captures the general charadter o
ization zones are only modestly preferred over a single zonethe Fe K absorption lines, the data/model ratio clearlykesta
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lishes the need for a better approach. In a statistical sémse  emission components paired to each of these absorption com-
model is also quite poor?/v = 1555498 = 3180 (note that ~ ponents are not required to be red-shifted.
the fitting band is not exactly the same as that considered in Comparing models 1630-1a and 1630-1b, broadening of
Miller et al. 2008). In strong contrast, the best-fit modehfr ~ the photoionized emission components is required at.fe 5
Table 7 (model 1655-1a) is shown in Figure 9; it achieves level of confidence, via an F-test. The requirement for pho-
a vastly improved fit: y2/v = 634/475 = 1315. The latter ~ toionized emission is also lower; comparing 1630-1c with
model is far more complex, but the statistical improvement 1630-1a shows that the addition of emission components is
(over 19) is large enough to justify this complexity. only significant at the @ level of confidence. However, this
This best-fit model for the first-order of GRO J168® re-  likely under-predicts the actual significance of these comp
quires three paired photoioinized absorption/emissiaregsp ~ Nents, as broadening may be important to evaluating the ac-
and blurred emission. The velocity of the most blue-shifted tion of emission within the fit. There are different ways to
absorption component is fixed t/c = 11.8 x 1073, based evaluate the improvement achleved by consu_j_erlng two zones
on fits to the third-order spectrum. The three componentsfather than just one; depending on the specific models com-
follow a sequence such that column density and the absorp®ared, the improvement can be as low as Bowever, based
tion outflow velocity are anti-correlated. The photoionize ©n the broad similarities in the properties of the composient
emission components are not found to be red-shifted, consisS€en in GRO J16580, GRS 1915105, and 4U 1636472, it
tent with expectations, but broadening of these componentds likely that the emission components are real and stem from
is strongly required (compare 1655-1a and 1655-1b; amF-test,he same geometric 90n5|derat|0ns. Moreover, the observa-
indicates the improvement is significant at more tham)1& tion of 4U 1636-472 did not register the same high flux level
is notable that the two slower components require the maxi-2S recorded in GRO J16580 and GRS 1916105; stacking
mum allowed broadeningr(= 0.2 keV), whereas the fastest OPservations of 4U 163872 woud likely serve to boost the -
and most ionized component requires the least broadenings'gn'f'cance of the emission, but lies beyond the scope sf thi
(0 =0.03+£0.01 keV). Broadening is actually more important Paper. o _
than the addition of a third photoionization zone, in a stati The first-order spectrum of H 174322 is likely the sim-
cal sense, though the third component is nominally significa Plest of those considered, likely owing only to the fact that
at more than the .Bo level of confidence (compare 1655-1a j[he column density of 'ghe wind in this source is Iower_than
and 1655-1d). in the other three. In Figure 1, the Fe XXV and XXVI lines
Fits to the first-order spectrum of GRS 191B5 are de- proflles appear to be asymmetric. A superposition of Fe XXV
tailed in Table 8, and the best-fit model for the spectrum is intercombination and resonance lines from a single absgrbi
shown in Figure 10. Similar to 1655-1a, the best fit model — component would create a composite line at first-order res-
1915-1a — requires three photoionization absorption/giois ~ 0lution that is asymmetric in the opposite sense (stronger i
pairings. None of the blue-shifted absorption componerats a2 false “blue” wing). The sense of the observed asymmetry,
found to flow as quickly as the fastest component in GRO and the explicit blue wing in the observed Fe XXVl line pro-
J1655-40. Indeed, the component with the highest column file signal multiple photoionization/velcity componentshe
density has a small outflow velocity/c = 0.2%1 x 102 = 0obseved disk wind.

. . . Model 1743-1a in Table 10 includes two paired photoion-
30
?nogg% ilt()wi/z Se)zd ;g;nhs'?r:ﬁ;: t\(l) eggg ﬁoargg)ogigt i;Sisarlrfgafhe ization components. The fit achieved with this model is shown

; = - in Figure 12. The lower velocity absorption componentis out
eroeoditg (%ﬂée 7‘” outflow velocity 9fc=8.0+02x 10°= flowing at approximately 30& 90 km/s, the second compo-
m/s). nent has a blue-shift of 2108 km/s. The lower-velocity

In the first-order spectrum of GRS 19485, there is absorption component carries a lower column density and
again evidence that the photoionized emission pairs for thea lower ionization parameter than the high velocity compo-

stronger absorption must be broadened. Model 1915-1b req, o "The high velocity, column density, and ionizationr t
moves Gaussian smoothing functions from the fit, comparing ge .ond component signal that it carries more mass flux, and
1](915'}%'[0 1915-1a, Er?aczer_prr]\g is required ?tfth?ﬁlllevel transmits more kinetic power. The higher velocity compo-
of confidence via an -lest. 1he requirement for tNree 2ones,, o ; js not strongly required via an F-test comparing 1743-1
rather than just two, is also strong: model 1915-1d consider and 1743-1d. However, a fit to the Fe XXVI complex with
only two zones, and 1915-1a is superior at more than &he 5 two Gaussians suggests that the higher-velocity compamnent

level of confidence. L . : !
- . . signficant at the @ level of confidence. This spectrum is con-
in l':I'IEElelt(e) ghea?]zstt-ﬁédlfer Ss,fﬁetcrt;g?e?f fgs%)??gizsasrﬁgﬁaa”qegi _ sistent with broadening of the re-emission spectrum, bist it
’ ( ) 9 not statistically required at this low sensitivity.

ure 11. In constrast to GRO J1658) and GRS 1918105,
the spectrum of 4U 163@72 requires only two paired pho- i L .
toionization absorption and emission components. However 4.6. Radius-focused Photoionization Modeling

the same general trend is recovered: the component with Some of the (re-) emission components found in the prior
the highest column density has a lower blue-shift and is lessfits require significant blurring, up te ~ 0.2 keV. At an en-
highly ionized, and while the second component has a lowerergy of 6.7 keV, this translates to a speed @3, or the Ke-
column density, it is more highly ionized and has a higher pierian orbital velocity at ~ 1000 GM/c?. Prior photoion-
bI.ue—shlft. T.hese broad S|m|Iar|t|e$ betwen the black hole ;tion modeling of GRO J16580 found similar launching
winds may signal common properties and common launch-raji “and indeed similar radii are implied for several o th
ing radii and mechanisms. The slower absorption componentcomponents reported in this work. However, it is important
in 4U 1636-472 has a velocity of/c=-0.9+£0.2x10°= " that all components be modeled as carefully as possiblé in al

—270+ 60 km/s), and the second absorption component hasaspects, in order to derive the most accurate dynamicatinfo
a velocity ofv/c =-7.0138 x 10 = -210099 km/s). The  mation.
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At low resolution, and/or low sensitivity, Gaussian func- andL,yq are covering fraction and radiated luminosity given
tions may be sufficient to describe the emission line profile in Table 2, the ionization parametewas measured using the

expected at ~ 1000 GM/c?. However, the line profile should ~ XSTAR grids, » is the mean atomic weight and= 1.23 was
actually be asymmetric, primarily owing to Doppler shifts. assumedm, is the mass outflow rate, ands the measured
Gravitational red-shifts may also be detectable, but thisly ~ Plue-shift of each component). Eddington-scaled quastiti
require exquisite data. In order to better explore the tgbili are tabulated assuming an accretion efficiency ef0.1 in

of the data to reveal the launching radius through Dopplerthe simple equatiohag = 7Mc?. In all cases, a luminosity
broadening of its re-emitted spectrum, we replaced the Gausuncertainty of 50% was included to estimate outflow parame-
sian functions in fits to the first-order spectra with the ‘rdb ters, to account for uncertainties in source mass, distamck
function (Fabian et al. 1989). continuum model.

The “rdblur” model has important advantages over more These calculations assumed a volume filling factor of unity,
recent models, though it has lower resolution. Models suchand in that respect they represent a kind of upper limit. The
as “kerrconv” (Brenneman & Reynolds 2006) and “relconv” wind may be clumpy, but there is no evidence of strong short-
(Dauser et al. 2012) only extend outte= 400 GM/c? and term variations that would suggest clumping. Indeed, the
] :1OOOGI\/Vc2 respectively. In contrast, “rdblur” is analytic relative stability of the absorption lines in GRO J1688
(meaning that i'E runs quickl :it is based (’)n “diskline” e has even been utilized to constrain the parameters of the bi-

9 q Y ' nary system (Zhang et al. 2012; however, see Madej et al.

etal. 1989) and can extend outte 10° GM/c?, andbeyond.  2014). Where variability has been observed in wind aborp-
The “rdblur” model assumes a Schwarzschild black hole, buttion spectra, it appears to be more closely tied to changes in

differences between the Schwarzshild and Kerr metrics arethe incident ionizing flux (e.g. Miller et al. 2006b) and/or

negligible at the radii of interest. For simplicity, we as®d  changes in large-scale geometry (Ueda et al. 2009, Neitsen e
a “standard” single power-law emissivity profile dfx r=>. al. 2012a,b), not tied to clumpiness. In contrast, the ciamp
The local gas will emit isotropically, in an? fashion. We ness of the companion wind in Cygnus X-1 is partly indicated
have modeled the absorption zones assuming a constant detpy the distribution of strong X-ray flux dips with orbital pf&
sity, which again argues for @? emissivity. In strict terms,  (e.g. Wen et al. 1999).

though, the wind may havera? density profile, requiring an The most ionized components in the wind do not neces-
overallr emissivity with radius. However, much of the ab- Sarily carry the greatest mass flux, but they do account for
sorption occurs in the inner portion of a gas with a fallingde ~ the greatest part of the kinetic luminosity of the wind from
sity profile. Overally = is a reasonable estimate, intermediate €ach black hole. The mass outflow rates do not exceed the in-
between two reasonable possibilities. This profile is foimd ~ ferreéd mass inflow rate, butin some cases the ratio appreache
simulations of re-emission from a central source (Wilkins & Mwind/Macer ~ 0.3 (e.g. zone 2 for 1915-r2 in Table 12). In

Fabian 2012). Last, a hard lower limit of SOOGM was en- total, the total mass flux and kinetic power carrried by the
forced in the fits. ' wind from each black hole generally exceed prior estimates

The results of fits to the first-order spectra with “rdblurz re  (€-9- King et al. 2013) by an order of magnitude, or more.
placing Gaussian blurring functions are given in Table h1. | T1iS OWes to the higher-velocity components detected in our
a statistical sense, the best fits with this model are corbpara ”?Od?"”g of the spectra, since the mass flux goesaasd the
to those with the Gaussian funtions (see Tables 7-10). Mod-Kinetic power goes as. _
els with -r1 appended constrain the radius of all paired ab- _©Onacomponenent-by-componentbasis, Table 12 compares
sorption/emission zones to be the same. These models coulf® radius derived from photoionization modelingnor =
be considered a column density-weighted average. Models,/(L/n¢), to the radius derived from broadening of the emis-
with —r2 appended allow each photoionized emission zonesion line spectrum. The radii derived from modeling the emis
to have an independent best-fit radius. Only the spectra ofsion lines are generally slightly smaller than those derive
GRO J165540 and GRS 191£1L05 have the sensitivity re-  from photoionization modeling, but the two measures gen-
quired to make such fits. It is important to note that Table erally agree to within a factor of a few. Especially in view of
11 only gives the & errors on every fit parameter, including the numerous uncertainties and issues related to modakng t
inner radii (in keeping with other errors in this work). The gas, this level of agreement is encouraging. It is condisten
range of radii covered bys3confidence limits is generally a  with a scenario wherein the wind retains much of the rotation
few times larger than thesllimits. of the underlying disk, meaning that broadened (re-)emmissi

The radius-focused models in Table 11 are the most phys-spectra can be used to estimate radii. If this is correch the
ical fits presented in this work. Figure 13 shows the relative the winds are very close to the local escape speed.
importance of absorption and emission in the spectra, and ev  This is merely an initial attempt at such modeling, and some
idence of disk-like P-Cygni profiles, based on the models in inconsistencies remain. Factoring in errors, the mosttanbs
Table 11. In Figure 13, the photoionization components weretial discrepancy exists for “zone 1” in 1915-r2, whepgo: =

removed from the total model for each spectrum, leaving the 17 000+ 3000GM/¢*, whereasy,, = 12005%9GM/c. This
ratio to the direct continuum emission. The total model in- component is among the slowest detected in our sampte (
cluding photoionization components is then plotted thfoug —0,001c), and it also has a fairly modest ionization (l6g=
each ratio, to show the interplay of absorption and emission 410+ 0.05). The photoionization radius of this component
; " ; could be brought into closer agreement with its dynamical ra
4.7. Launching Radii and Outflow Properties dius by model?ng with a highegr]gas density. y

Table 12 lists the estimated mass outflow rates and kinetic None of the components described by Tables 11 and 12, nor
luminosities for the best models in Table 11. In all cases, th indeed those detailed in Tables 3—10, can be driven through
mass outflow rate was calculated Wiing = QumpvL/¢, and  radiation pressure. The gas is simply too highly ionizedafor
the kinetic power was calculated vigi, = 0.5Mv? (where() force-muiltiplier effect (e.g. Proga 2003). Similarly, tbpti-
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cal depth to electron scattering is too low for even the com- body plus power-law continuum in the 5-8 keV band (giving
ponents with the highest column densities to be driven it tha x?/v = 353/337; the data were binned to require 20 counts
manner. This leaves only thermal driving and magnetic ®rce per bin). There is evidence of emission lines consisterit wit

as viable means of expelling the observed winds. 6.7 keV and 6.97 keV, corresponding to He-like Fe XXV and
Thermal winds can be driven from the Compton radius, H-like Fe XXVI.
given by Rc = (1.0 x 10'%) x (Mgn/Mg)/Tcs (WhereTeg is A significantly better fit to the spectrum of GX 338 is

the Compton temperature in units ofsj_K)), or perhaps from achieved if the XSTAR emission component used in fits to
0.1 Rc (Begelman et al. 1983, Woods et al. 1996). Approxi- GRO J165540 is included in the model (see Figure 14). The
mating the Compton temperature by the disk blackbody colorgas is consistent with ]N= 1.7 x 10?3 cm?, log(¢) = 4.6, and
temperature in Table 2, the smallest Compton radius inderre is blue-shifted by/c= 1700+ 300. The fit is improved at the
for any source iRc ~ 4.4 x 10'* cm. This corresponds to  4.7c level of confidence, as determined byRnest (?/v =

4% 10° GM/c? for GRO J165540, or about 3 10° GM/c” 323/334). The component normalization is measured to be
for the other sources. Even if a thermal wind can be driven K =0.05+0.01, which suggests the wind lines are significant
from 0.1R, this is still an order of magnitude larger than the atthe & level of confidence.
radii estimated in our spectral fits. Theoretical work orrthe
mal winds is ongoing, and recent work has found that such 5. DISCUSSION AND CONCLUSIONS
winds may be denser and faster than previously recognized \we have re-analyzed sensitive high-resolutihandra
(e.g. Higginbottom & Proga 2015), but the results of ouranal spectra of accretion disk winds in four stellar-mass black
ysis appear to confirm a role for magnetic driving. _ . holes. A combination of the resolution afforded by thirdier

The ratio of wind kinetic luminosity to radiated lumonsisyi  spectra and improved photoionization models enabled arbett
also given in Table 12, in units of 18 In this metric, the out-  characterization of the lines, and the detection of new &tom
flow from GRO J165540 stands out for having tapped into features. The Fe XXVI Lyx line, for instance, was revealed
the accretion luminosity most efficiently. Theoretical Wby as a pair in GRO J165%0, split by spin-orbit coupling in
Hopkins & Elvis (2010) has found that AGN can effectively the H-like atom. Information from the third-order spectra,
blow gas from host galaxies, if just 0.5% of the radiated lu- and a more serious examination of the fitting residuals left
minosity couples to drive the initial wind. All of the outflev by single-zone models, revealed the need for 2-3 zones in all
in our work are inferred to have a kinetic luminosity below cases. Some of the additional wind zones reveal gas moving at
0.5% of the radiated luminosity, but GRO J1688 is only  much higher speeds, leading to mass outflow rates and kinetic
a factor of a few below this level, and the most ionized com- Juminosities that are much higher than previously apptedia
ponents in GRS 193305 and the others are within an order  Our analysis also finds evidence of (re-)emission from the
of magnitude. Since radiative force cannot drive any ofeéhes photoionized winds. These emission spectra appear to be
flows, however, they may not serve as a guide to the down-proadened by the degree expected if the wind executes Kep-
stream power imparted to AGN winds, but rather only a guide |erian orbital motion at the photoionization radius. Twdén
to the power available to initiate an AGN outflow that is later pendent lines of evidence then point to small wind launching

affected by radiation. radii (fwing ~ 10® GM/c?). Such radii are inconsistent with
. L . thermal driving, and imply a role for magnetic processe® Th
4.8. Wind emission from low-inclination disks radii, velocity, and geometry of the winds we have analyzed
Our results suggest that (re-)emission from equatori& dis bear strong similarities to the BLR in AGN, and suggest a
winds is important, even in sources viewed at high inclovati  physical connection. In this section, we discuss thesdtsesu
where absorption lines are much stronger. If this is cofrect and implications in a broader context, and comment on how
then emission should be seen from the disk wind in sourcesthey can be tested in the future.
that are viewed at low or moderate angles, and any absorp- The inadequacy of a single absorption zone to fit the spec-
tion should be very weak. To test this, we examined archival trum of GRO J165540 has been noted previously. Kallman
HETG spectra of GX 33% and XTE J181%330 in disk— et al. (2009) found evidence of a highly ionized, high-vélpc
dominated high/soft states. Based on an absence of X-raycomponent in addition to a slower, less-ionized component.
dips, optical studies giving low K velocities and weak ellip Neilsen & Homan (2012) also found evidence of two com-
soidal variations, and the detection of a one-sided jet in GX ponents, and suggested that multiple processes may work in
339-4 (Gallo et al. 2004), this source is likely viewed at rel- tandem to drive the disk wind in GRO J1658). Our anal-
atively low inclination angle. Moderately complex X-ray-ab  ysis supports these results, but significantly extends tloem
sorption spectra have previously been detected in GX839 GRO J165540, and the other sources as well. The prior work
however, the observed lines do not vary with the continuum, had not considered re-emission from the wind.
and it is likely that such lines originate in the ISM (see,.e.g Warm absorbers in Seyfert-1 AGN are typically modeled
Juett et al. 2006, Pinto et al. 2013). using 2—3 components with different ionization parameters
The prime difficulty with this test is that GX 339 and and flow velocities (e.g. Kaspi et al. 2002). Our results
XTE J1817330 areverysoft in the high/soft state, delivering  strongly suggest that the same procedure yields an extellen
little sensitivity in the Fe K band compared to 4U 16332, description of disk winds in stellar-mass black holes. This
GRO J165540,H 1743322, and GRS 19H3.05. The spec-  similarity may be partly superficial, and a generic propefty
tra appear to generally lack the signal required to confirm or photoionized gas that spans at least a modest range in radius
reject emission from a disk wind. The most promising ev- Some recent simulations suggest that a relatively smosth di
idence of features that may be consistent with an equatorialribution of flow properties can give rise to spectra that are
wind seen in emission, is found in the most sensitive obser-typified by 2—3 distinct components (e.g. Giustini & Proga
vation of GX 339-4 (ObsID 4571; see Table 1). Figure 14 2003; Higginbottom & Proga 2015). Better traces of wind
shows the ratio of the data to a simple absorbed disk black-variations over time in future observations may be ablege di
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tinguish between smooth wind parameters, and distinct-phys really analogous to the BLR in AGN, then it should be seen as
ical zones. the dominant signature of the disk wind in sources viewed at
Early observations of Seyfert-1 warm absorbers preferen-lower inclinations. The necessary sensitivity is not comiypo
tially revealed gas with low or moderate ionization, sino&b  available in archival observations of low-inclination [ke
the intrinsic Seyfert-1 spectra and the effective area ef th mass black holes, but the expected wind emission signaure i
HETGS peak at low energy (see, e.g., Leet et al. 2001 con-detected at approximatly therSevel of confidence in the best
cerning MCG-6-30-15). However, as deep exposures wereChandrdHETG spectrum of GX 339 in the high/soft state
accumulated through subsequent observing cycles, thgyreal (see Figure 14). Prior fits to théhandrdHETG spectrum
and importance of more highly ionized components becameof MAXI J1305-704 also required re-emission (Miller et al.
clear. The strong Fe XXV and XXVI absorption lines de- 2014), and this may also support the picture and connections
tected by Young et al. (2005) in MCG-6-30-15, for instance, suggested by the present analysis.
reveal a component that cannot be driven by radiation force, It is possible that evidence of (re-)emission from stellar-
and which must originate in a region consistent with the BLR. mass black hole disk winds has previously been identified
In an analysis of NGC 4051, Krongold et al. (2007) also find as disk reflection. Ueda et al. (2009) requidistantreflec-
evidence of an ionized wind component that must originate in tion to fit the Chandraand RXTEspectra of GRS 191305
the BLR. Recent work on NGC 4051 by King et al. (2012) considered in this work. In the fits made by Ueda et al.
reaches a similar conclusion. The detection of Fe XXV and (2009), the narrowness of the Fe K emission line(s) required
Fe XXVI absorption lines of comparable relative strengths the inner edge of the reflecting gas to extend no cloger

in spectra of NGC 3783 and NGC 3516 (Kaspi et al. 2002, 400 GM/c®. This is a strange outcome given that the disk
Reeves et al. 2004, Turner et al. 2008) likely signals thelisu s expected to extend to the ISCO in soft states close to the
components are common in Seyfert warm absorbers, and gengddington limit (e.g. Esin et al. 1997). Indeed, Ueda et al.
erally consistent with originating within the BLR or closer  2009) report inner disk radii of 71-120 km, or 4.6-7.9 GM/c
the black hole. _ (for Mgy = 10.1 M; Steeghs et al. 2013). The column densi-
Tremaine et al. (2014) recently examined the spectra oftigs ghserved in the wind from GRS 1945 are high, and
20,000 AGN in the Sloan Digital Sky Survey Data Release perhaps not entirely different than the columns preseritén t

7 quasar catalog. In broad terms, this work strongly sug- gimosphere of an ionized accretion disk where reflection is
gests that the BLR is a disk wind, potentially resolving the expected.

long-standing uncertainty regarding the nature of the BLR. " The detection of multiple components in each spectrum —
Moreover, the specific results reported by Tremaine et al. some with much higher outflow speeds than identified before
(2014) bear close similarities to the results that have ga®r  _ 155 served to increase the mass outflow rate and kinetic
from this and other recent work on stellar-mass black hole yower for the winds in each systems over prior estimates (see
disk winds: Table 12; also see King et al. 2013). Apart from the small

. . _ ) launching radii now implied by two aspects of our model-
e First, Tremaine et al. (2014) find that the broad khe has ing, the I%lrger outflow r%tes al)'lso point ?o the need for mag-

a net gravitational redshift corresponding to Keplerialpitsr netic processes — not just thermal driving — to expel the wind
at only 16™* GM/c®. This range of BLR radii corresponds  (Miller et al. 2008; also see Woods 1996). The kinetic power
well to the radii that result from our modeling of both the in the winds does not represent a large fraction of the radia-
absorption and (re-)emission spectra from stellar-masskbl  tive Eddington limit, but the kinetic power of the wind in GRO
hole disk winds (see Table 12). J1655-40 represents the highest fraction of the observed rada-
tive luminosity,Ly /Lrag =~ 0.002. In this metric, it still stands
e Second, Tremaine et al. (2014) confirm that the BLR is out relative to the other winds in the sample.
obscured at high inclinations, suggesting that the BLR is If disk winds in stellar-mass black holes connect to the
equatorial. Prior work on disk winds in stellar-mass black BLR and the most ionized components of Seyfert-1 warm ab-
holes strongly suggests that they are equatorial (Millalet  sorbers, our results have consequences for AGN. For instanc
2006a,b; King et al. 2012; Ponti et al. 2012). The P-Cygni broadened re-emission from winds with particularly high co
profiles revealed in this analysis also require an equatoria umn densities, like the highly ionized component in MCG-6-
geometry (see Figure 13). 30-15 (Young et al. 2005), should also be detected. With the
imminent launch ofAstro-H more ionized outflows should
e Third, Tremaine et al. (2014) note that the line of sight flow be detected in Seyfert-1 AGN. If those flows are like stellar-
velocities in the SDSS sample are far below local Keplerian mass black hole disk winds, the total outflow rate and kinetic
velocities. The same is true of some absorption componentgower should increase by orders of magnitude over estimates
in stellar-mass black hole disk winds. Our results make based on low-ionization outflows detected in eatlyandra
it clear that this is a geometric effect, and that broadenedandXMM-Newtonexposures. AGN outflows will then come
emission components confirm the small launching radii closer to supplying the feedback needed to halt star forma-
implied by photoionization modeling of the wind absorption tion in host bulges. Current estimates based on the detsctio
lines. Simulations also suggest that geometry and viewingof low-ionization wind components find that warm absorbers
angle can lead to disparities between observed speeds anghay be unable to do supply the necessary feedback (see, e.g.,
full gas speeds (Giustini & Proga 2012). Blustin et al. 2005).
The high-velocity components that we have discovered
In essence, equatorial X-ray disk winds may be the BLR for(v/c ~ 0.01, and just below) begin to bridge the gap be-
stellar-mass black holes. tween fewx 100 km s outflows, and “ultra-fast outflows”
o ) ) . (or, UFOs; see Tombesi et al. 2010). Only one UFO has been
If (re-)emission from winds in stellar-mass black holes is detected in a high resolution gratings spectrum: compasnent
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found in the stellar-mass black hole IGR J176%624 have
velocities ofv/c=0.03 andv/c=0.05 (King et al. 2012). The
UFOs found in CCD spectra of AGN are generally of low sta-
tistical significance, and it is less certain what futureestia-
tions of putative UFOs will reveal. The/c ~ 0.08 outflow
claimed in theXMM-Newtonspectrum of PG 121143 was
not recovered in a more sensitive observation WISTAR
(Zoghbi et al. 2015); however, prior evidence of a strong out
flow in PDS 456 may be confirmed withuSTARNardini et

al. 2015). If UFOs originate even closer to the central eagin
than the components at the center of this work — if they are

launched fromfewx 100 GM/c? — then the central engine
may not be taken as a point source, and rotation of the wind
may imprinted on th@absorptionlines in Astro-Hspectra.

Going forward, several things can be done to improve upon
our approach, and to test our results:

We have only undertaken a cursory analysis of the extent
to which reflection could account for the emission-line flux
that appears to be dominated by the wind. Fits to the first-
order spectra of GRO J165580 and GRS 1915105 with the
relxill reflection model (Dauser et al. 2013) replacing wind
re-emission produce dramatically worse fits. Similarly fi
RXTE spectra taken simultaneously with th&dgandraob-
servations show reflection-like residuals, but fits with dvin
absorption and re-emission replacing putative reflectian p
duce vastly improved fits. More work is needed in this re-
gard. It is possible that reflection of very steep power-law
spectra from a highly ionized disk could account for some of
the flux that our models currently ascribe to re-emissiomfro
the wind, but new reflection models are required to test this.

Very deep observations witbhandrathat permit more sen-
sitive third-order HETG spectra can help to test our results
Deep observations of GRS 19485 and other transients in
very soft states can help to verify or falsify the picturetthas
emerged. Deep observations of transients viewed at lowv incl
nation, such as GX 339, are also important. Spectra dom-
inated by narrow emission lines in soft states would confirm
the picture that we have developed; tight limits on expected
line features would help to reject the same picture.

Astro-Hshould be able to undertake the best disk wind and
reflection spectroscopy, for both stellar-mass black hates
Seyfert-1 AGN (see, e.g., Miller et al. 2014, Kaastra et al.
2014). The resolution and sensitivity afforded by thetro-

H calorimeter may be able to detect red-shifts in X-ray wind
emission lines (as per the gravitational red-shifts founthée
BLR; Tremaine et al. 2014), if the winds are not outflow-
ing at very high speeds. Whereas dispersive spectrometers
offer progressively lower resolution with increasing eqer

a calorimeter offers progressively higher resolution wiith
creasing energy. Thu#stro-H should be very sensitive to
the fastest, most ionized wind components that carry thé mos
mass and kinetic power. The broad bandpasssifo-H, will
afford NuSTARlike sensitivity up to 50-100 keV, enabling
contributions from disk reflection to be measured simultane
ously. These capabilities should enable definitive testaiof
results.

JMM is grateful to Michael Nowak and Keith Arnaud for
helpful discussions and assistance with XSPEC and ISIS.
JMM acknowledges helpful discussions with Kayhan Gul-
tekin, Dipankar Maitra, and Mark Reynolds. We thank the
anonymous referee for comments that improved this work.
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FIG. 1.— The first-order spectra of H 174322, 4U 1636472, GRS 1915105, and GRO J16530 are each shown as a ratio to the best-fit continuum model,
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FIG. 2.— The third-order spectra of H 174322, 4U 1636472, GRS 1915105, and GRO J165%0 are each shown as a ratio to a simple continuum, as per
the prior figure. Third-order spectra have three times higbgolution than first-order spectra; the resolution oféhgpectra is only a factor of a few lower than
the spectra anticipated froistro-H In the most sensitive spectra, the Fe XXV complex is resblaéo distinct lines, with the intercombination line seen i
absorption (in addition to the resonance line). Especial@RO J165540, but also evident in other spectra, the Fe XXVI line is hesib as a doublet - for the
first time - owing spin-orbit coupling (analytical theoryeglicts a separation of just 0.02 keV, as observed). The dbigbévident just below 7.0 keV and just
above 7.0 keV in GRO J16580, clearly indicating a high velocity component. Vertitiaks indicate the theoretical separation for the pairs.
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FIG. 5.— The third-order spectrum of GRS J19185, fit with a three-zone model (1915-3a; see Table 4). Th&Xé complex (6.67-6.70 keV) is clearly
resolved, and the second-strongest line is the intercaatibm line. The Fe XXVI line shows structure, including d taithe blue indicating a high velocity
component.
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FIG. 6.— The third-order spectrum of 4U 163072, fit with a two-zone model (1630-3a; see Table 5). Thetspmowas rebinned for visual clarity, in the plot
above. The sensitivity of this spectrum is considerablg tean that seen in GRO J165® or GRS 1915105, but this spectrum clearly indicates the need for
two components in fits to the more sensitive first-order spatbf 4U 1636-472.
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FIG. 7.— The third-order spectrum of H 174322, fit with a two-zone model (1743-3a; see Table 6). Theita@hsof this spectrum is considerably less than
that seen in GRO J16580 or GRS 1915105, but the large blue-shift in the Fe XXVI line and asymmaétrthe Fe XXV complex are apparent. This spectrum
clearly indicates the need for two components in fits to theensensitive first-order spectrum of H 17822.
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FiG. 8.— The first-order spectrum of GRO J163® is shown here, fit with the best model for the Fe K band inevliit al. (2008). Emission components are
not included in the model, which is comprised of a single gitsan zone. This model was vastly superior to others cameidlin Miller et al. (2008), though it
was not an excellent description of the data. Using the plares in this paper, the overall fit achieved is markedly e¢x$ /v = 1555489 = 3180) than the
multiple-zone models including corresponding emissi@taited in Table 7 (model 1655-1a givgs/v = 624/475 = 1315).
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FIG. 9.— The first-order spectrum of GRO J163® is shown here, fit with model 1655-1a in Table 7. The modeuufes three absorption zones, and
corresponding emission lines from gas with the same priegerBlurring of the emission components by factors commiexte with Keplerian rotation at the
photoionization radius is required by the data. The fit iglyasiperior to the simple model published in Miller et alO@B) and shown in the prior figure.
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FIG. 10.— The first-order spectrum of GRS 19185 is shown here, fit with model 1915-1a in Table 8. The maodglies three absorption zones, and
corresponding emission lines from gas with the same priggerBlurring of the emission components by factors commetis with Keplerian rotation at the
photoionization radius is required by the data.
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FIG. 11.— The first-order spectrum of 4U 163072 is shown here, fit with model 1630-1a in Table 9. The modeludes three absorption zones, and
corresponding emission lines from gas with the same priggerBlurring of the emission components by factors commetis with Keplerian rotation at the

photoionization radius is required by the data.

15 F

£

G

>

()

X

”

0

<

=

3

= 0.05 }
@

N

©

E

<)

c

0.02 F

i)

§ 1

0.5

0.1

[

” T |
fi uI|N|“|

MJM,A..MMA uufs a.l.i.l.m .n ui.hu.i. ST PR Ter) MJ. im*lnh JmJ...HlJi..IHl LHUL b MI‘MI’I"II Illlhl |||||m

AUSEALLLLEE ¢+ I ""!"W RUN vv"

i Ut Gl A iy W?"I"HWTWT” "HUW‘!I 'T

6 6.5

7 7.5 8 8.5 9
Energy (keV)

FIG. 12.— The first-order spectrum of H 174®2 is shown here, fit with model 1743-1a in Table 10. The maugudes two absorption zones, and
corresponding emission lines from gas with the same priegeriThe two-component model is able to fit asymmetries inathgorption lines that cannot be
described with a single zone.
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F1G. 13.— The first-order spectra of H 17432, 4U 1636472, GRS 1915105, and GRO J165%0 are each shown as a ratio to the best-fit continuum
models from Table 11. To construct each ratio, the phota@hiabsorption and emission components were removed freitotidl spectral model. The model
with the photoionized components is then plotted throughrttiio, to illustrate the relative importance of absomptmd emission in the spectra. Evidence of
disk-like P-Cygni profiles is strong in GRO J165® and GRS 1918105, and tentative in 4U 163@72 and H 1743322.
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component used in fits to GRO J165® (see Tables 3, 7, 11). The inclusion of the wind comporgesiginificant at the & level of confidence. The spectrum
requires the emission component to be blue-shifted £y 700+ 300 km/s, consistent with a disk wind.

6.2 6.4 6.6 6.8 7 7.2 7.4 05
Energy (keV) 55



Source Observation  Duration

(10 s)

TABLE 1
SOURCES ANDOBSERVATION CHARACTERISTICS

Start Date

(YYYY-MM-DD)
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Selected Refesence

4U 16306472 13715 29.3 2012-01-20 Neilsen et al. 2014

GRO J165540 5461 65.6 2005-04-01 Miller et al. 2006, 2008; Kallmanle2@09
H 1743-322 3803 46.5 2003-05-01 Miller et al. 2006, 2012

GRS 1915105 7485 47.4 2007-08-14 Ueda et al. 2009, Neilsen & Lee 2009
GX 3394 4571 35.3 2004-10-28 -

NoTE. — The table above lists basic parameters for each of thenfiaim observations considered in this work, followed by @lsimbservation of GX 3391
that was searched for wind emission features. The colurah#hi& source nam&handraObsID, total raw exposure duration, start time, and up tedtpapers

that have also considered the given observation.

TABLE 2
XSTAR PHOTOIONIZATION GRID INPUT PARAMETERS

Source Luminosity kT log(n) Vturb Are f=Q/4rm
(108 ergs?l) (keV) kms1

4U 1630-472 1.1 1.5 14.0 400 1.0 05

GRO J165540 0.5 1.3 14.0 300 1.0 0.2

H 1743-322 2.0 1.2 14.0 400 1.0 05

GRS 1915105 8.0 1.9 14.0 400 20 05

NoTE. — The table above lists the critical input parameters usexldate grids of high-resolution XSTAR photoionziationdals. In each case, a blackbody
spectral input form was adopted, with temperatures basamotinuum fits to each spectrum with a disk blackbody modetas density of 184 cm was
assumed for all sources, based on the one case in this sarhpteiw such a direct measurement was possible (GRO 34655ee Miller et al. 2008). An
elevated Fe abundancegdwas assumed for GRS 19485 based on prior work on HETG spectra (Lee et al. 2002). Igetekt for details the covering factor

f.
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TABLE 3
FITS TO THE THIRD ORDER SPECTRUM OFGRO J165540

Model Notes Zonel  Zone?2 Zone 3 Continuumy?/v
Example 3 zones, emis. incl., blurring 1N N2 N3 kT (keV) 500500 =1
log(€y) 10g(€2) l0g(s)  Kaisk

Vabs1/C  Vaps2/C  Vabsz/C T

Vemist/C  Vemis2/C  Vemis3/C  Kpow

Temisl Oemis2 Oemis2
emisl KemisZ Kemisa
1655-3a 3 zones, emis. incl., blurring 22(4) 135 163 1.3* 11351098 = 1033

442(5) 4713 51(1) 400
-18(1) -75(5) -118(5) 3.5*
: . 20

12 34 22
0.19 33 012
0.1 023, 503
1655-3b 2 zones, emis. incl., blurring 46(5) 16(5) - 1.3% 9/m301 = 1033
48(1)  55(2) - 400(50)
-1.8(1) -114(5) - 3.5%
018 011 - 84(3)

0201 003(1) -
015(3)  5(2) -

1655-3c 2 zones, emis. incl., no blurring 46 57 - 1.3% 11441103 = 1197
4.8 49 - 309
-1.6 -115 - 3.5%
0 0 - 37
0.1* 2.7 —
1655-3d  1zone, emis. incl., noblurring 13 -— - 1.3% 117271109 = 1058
4.4 - - 340
-1.9 - - 3.5%
0 - - 87
0.1* - -

NOTE. — The table above details fits made to the third-order specwf GRO J165540 in the 5.0-8.0 keV band, using a high-resolution XSTAR-pho
toionization grid. The “example” model explains the paréenealues listed for subsequent models. Where “~" appéagscomponent was not included in
the model. Asterisks indicate that the parameter was frézehe indicated value in the model. Errors are quoted ordytfe best model(s). The hydrogen
equivalent column density, N, is given in units o£@m 2 for each absorption/emission zone. The ionization parantet L/nr?) for the emission/absorption
zone is quoted in log format for clarity. When emission comgats are included in a model, the values of N aridr each zone were fixed to same parameters
in the absorption component. Negative velocity shiftsdaté blue-shifts; positive velocity indicate red-shifiglocities are listed in units of 18. Values ofo
in a given model indicate the width of Gaussian blurring okamission component in units of keV, using the “gsmooth” m@au&SPEC. All instances of “K”
indicate the flux normalization of a given component. Plessethe text for additional details.
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TABLE 4
FITS TO THETHIRD ORDERSPECTRUM OFGRS 1915105

Model Notes Zone 1 Zone 2 Zone 3 Continuumy? /v
Example 3 zones, emis. incl., blurring 1N N2 N3 KT (keV) 500/500 =1
log(€1)  log(€2) log(s)  Kaisk
Vabsl/c Vasz/C VabsS/C
Vemis1/C  Vemis2/C  Vemis3/C  Kpow
Temisl Oemis2 Temis2
Kemis1 Kemis2 Kemis3
1915-3a 3 zones, emis. incl., blurring ~ * 2079 32 1.9(1) 10591094 = 0967
3.95(5) 60_¢5 4.27(5) 53(1)x
—0.3ﬁ°:g -0.303  -4(1) 3.0*
O.0+0.8 4(2) 00702 o4
0.2.01 0.04(4) Q00003
0.10'003 0102 0.4(2)
1915-3b 2 zones, emis. incl., blurring 1%? 57 — 1.9(2) 10671101 = 0969
3.94(7) 44(2) - 53(1)
-0.4%%%  -4(1) - 3.0
02 0.0*06 _ o
02905 0104 -
0.13(3) Q7(3) -
1915-3c 2 zones, emisincl., no blurring 46 57 — 1.9(2) 11171103 = 1197
4.8 4.68 - 53
-1.6 -33 - 3.0*
0 0 - 0.0
0.1 0.1 -
1915-3d 2 zones, no emis., no blurring .46 125 - 1.9 10931107 = 0988
3.89 455 - 54
-04 -29 - 3.0*
- - - 0
1915-3e  1zone, no emis., noblurring .60 - - 1.9 11071110 = 0992
3.9 - - 54
-0.7 - - 3.0*
- - - 0
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NOTE. — The table above details fits made to the third-order specof GRS 1915105 in the 5.0-8.0 keV band, using a high-resolution XSTAR-ph

toionization grid. The “example” model explains the partéenealues listed for subsequent models. Where

w »

appdélaescomponent was not included in

the model. Asterisks indicate that the parameter was fréa¢he indicated value in the model. Errors are quoted onytfe best model(s). The hydrogen
equivalent column density, N, is given in units o22@m™ for each absorption/emission zone. The ionization paranget L/nr2) for the emission/absorption
zone is quoted in log format for clarity. When emission comgrtts are included in a model, the values of N &rfidr each zone were fixed to same parameters
in the absorption component. Negative velocity shiftsdaté blue-shifts; positive velocity indicate red-shifiglocities are listed in units of 18. Values ofo

in a given model indicate the width of Gaussian blurring okarission component in units of keV, using the “gsmooth” mau&SPEC. All instances of “K”
indicate the flux normalization of a given component. Plessethe text for additional details.
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TABLE 5
FITS TO THE THIRD ORDER SPECTRUM OF4U 1630-472

Model Notes Zone 1 Zone 2 Zone 3 Continuumy?/v
Example 3 zones, emis. incl., Gauss. blurring 1 N N2 N3 kT (keV) 500/500 =1
log(€y)  log(§2)  log(€s)  Kaisk
Vabs1/C  Vabs2/C  Vabsz/C I’
Vemist/C  Vemis2/C  Vemis3/C  Kpow

Temisl Oemis2 Oemis2
Kemisl KemisZ Kemisa
1630-3a 2 zones, emis. incl., Gauss. blurring 380 271 — 1.45(5) 10611101 = 0963
430  4ap - 110(20)
-103) -703% - -
0282 07l - -
0.16(4) 002'%% -
0.1099%4  0.1(1) -
1630-3b 2 zones, emis. incl., no blurring 60 3 - 1.45 1a7n3 = 0963
4.7 35 - 105
-0.7 -8.0 - -
0.0 35 - -
0.1 0.1 —
1630-3c 1 zones, emis. incl., no blurring 60 - - 1.48 10888 = 0963
4.6 - - 92
_09 — — —
0.0 35 - -
0.1 — -

NoTE. — The table above details fits made to the third-order spectf 4U 1636-472 in the 5.0-8.0 keV band, using a high-resolution XSTABtpioniza-
tion grid. The “example” model explains the parameter \glisgged for subsequent models. Where “~" appears, the coemgavas not included in the model.
Asterisks indicate that the parameter was frozen to theateld value in the model. Errors are quoted only for the bestalis). The hydrogen equivalent
column density, N, is given in units of #cm for each absorption/emission zone. The ionization paran{et L/nr?) for the emission/absorption zone is
quoted in log format for clarity. When emission componemesiacluded in a model, the values of N afidor each zone were fixed to same parameters in the
absorption component. Negative velocity shifts indicdteekshifts; positive velocity indicate red-shifts. Veliies are listed in units of I§. Values ofo in
a given model indicate the width of Gaussian blurring of arissian component in units of keV, using the “gsmooth” moaeKSPEC. All instances of “K”
indicate the flux normalization of a given component. Plessethe text for additional details.
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TABLE 6
FITS TO THETHIRD ORDER SPECTRUM OFH 1743-322

Model Notes Zonel Zone?2 Zone3  Continuumy?/v
Example 3 zones, emis. incl., Gauss. blurring 1 N N> N3 kT (keV) 500500 =1
log(€1) 109(2)  109(€s)  Kaisk
Vaps1/C  Vaps2/C  Vapsz/C T
Vemist/C  Vemis2/C  Vemis3/C  Kpow
Temisl Oemis2 Oemis2
emisl emis2 KemisS
1743-3a 2 zones, emis. incl., Gauss. blurring_g 8 24’:26 - 0.8(1) 11121100 = 1011
4.7(2) 1 - 6000(3000)
0.0%01  -4(1) 2.4* -
0.0'01 0001 5.6(5) -
0.0+0.1 0.020.8% _
2210 228 -
1743-3b 2 zones, emis. incl., no blurring .38 25 - 0.81 11121102 = 1009
4.7 6.0 - 5900
0.0 -4.3 2.4* -
0.0 0.01 - 5.7
2.3 0.1 —
1743-3c 2 zones, no emis., no blurring 41 250 - 0.81 11171106 = 1010
45 6.0 - 5500
0.0 -4.3 - 2.4*
- - - 5.6
1743-3d  1zones, no emis., no blurring .35 - - 0.83 11241109 = 1014
54 — - 5100
-39 — - 2.4*
— — - 5.6
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NOTE. — The table above details fits made to the third-order specaf H 1743-322 in the 5.0-8.0 keV band, using a high-resolution XSTABRtptonization
grid. The “example” model explains the parameter valudedidor subsequent models. Where “~" appears, the compavesinot included in the model.
Asterisks indicate that the parameter was frozen to theateld value in the model. Errors are quoted only for the bestalfs). The hydrogen equivalent
column density, N, is given in units of #cm for each absorption/emission zone. The ionization paran{et L/nr?) for the emission/absorption zone is
quoted in log format for clarity. When emission componemtsiacluded in a model, the values of N afifor each zone were fixed to same parameters in the
absorption component. Negative velocity shifts indicdteetshifts; positive velocity indicate red-shifts. Veiibes are listed in units of I8. Values ofc in
a given model indicate the width of Gaussian blurring of arissioan component in units of keV, using the “gsmooth” modeKSPEC. All instances of “K”
indicate the flux normalization of a given component. Plessethe text for additional details.
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TABLE 7
FITS TO THEFIRSTORDER SPECTRUM OFGRO J165540

Model Notes Zonel Zone2 Zone3  Continuumy?/v
Example 3 zones, emis. incl., Gauss. blurring 1 N N2 N3 kT (keV) 500/500 =1
log(€y) l0g(2) log(€s)  Kaisk
Vabs1/C  Vaps2/C  Vapsa/C T
Vemisl/c Vemisz/c Vemis.’i/c Kpow
Temisl Oemis2 Temis2
emisl emis2 emis3
1655-1a 3 zones, emis. incl., Gauss. blurring 359 82793 42704 1.22(1) 634477 = 1329
4.72(4) 453(3) 495(5)  930(30)
-15(1) -6.4(4) -118+«+  3.5*
0+O,1 040+O‘1 040+O‘1 4t%0
0.25(5) 022(4) Q018(4) 0127211
0.10°%  25(5) 10, o.stg-?i1
1655-1Ib 3 zones, emis. incl., no blurring 58 28 32 1.25 928480 =1934
47 51 49 800
-13 -6.7 -11.8«  3.5*
0 0.0 0 0
- - - 0.12
0.1 5.0 0.1 0.5
1655-1c 3 zones, no emis., no blurring 19 40 0.3 1.27 9630/484 =1990
43 47 33 741
-2.3 -84 -11.8«  3.5*
- - - 0
- - - 0.12
— — — 1.8
1655-1d 2 zones, emis. incl., Gauss. blurring 54 - 4 4 1.22(1) 7372481 =1521
4.6 - 47 880
-22 - -11.8«  3.5*
0 - 0 0
0.24 - Q02 0.09
0.25 — 37 0.05
1655-1e 2 zones, emis. incl., no blurring 56 - .80 1.25(7) 737481 =1521
47 - 53 810
-1.7 - -11.8«  3.5*
0 - 0 0
- - - 0.12
0.1 — 62 2.0
1655-1f 2 zones, no emis., no blurring 35 - .83 1.27 995486 = 2043
45 - 48 740
2.7 - -11.8«  3.5*
- - - 0.001
- - - 0.3
— — — 3.7

NoTE. — The table above details fits made to the first-order spectiGRO J165540 in the 5.0-10.0 keV band, using a high-resolution XSTAR-ph

toionization grid. The “example” model explains the partéenealues listed for subsequent models. Where

appdélaescomponent was not included in

the model. Asterisks indicate that the parameter was fréa¢he indicated value in the model. Errors are quoted oniytfe best model(s). The hydrogen
equivalent column density, N, is given in units o£@m 2 for each absorption/emission zone. The ionization parantet L/nr?) for the emission/absorption
zone is quoted in log format for clarity. When emission comgats are included in a model, the values of N aridr each zone were fixed to same parameters
in the absorption component. Negative velocity shiftsdaté blue-shifts; positive velocity indicate red-shifiglocities are listed in units of 18. Values ofo

in a given model indicate the width of Gaussian blurring okarission component in units of keV, using the “gsmooth” mau&SPEC. All instances of “K”
indicate the flux normalization of a given component.
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TABLE 8
FITS TO THEFIRSTORDERSPECTRUM OFGRS 1915105

29

Model Notes Zone 1 Zone 2 Zone 3 Continuumy? /v
Example 3 zones, emis. incl., Gauss. blurring; N N2 N3 KT (keV) 500/500 =1
log(€1)  log(€2)  log(€s)  Kaisk
Vabsl/c Vasz/C VabsS/C
Vemis1/C  Vemis2/C  Vemis3/C  Kpow
Oemisl Oemis2 Oemis2
Kemis1 Kemis2 emis3
1915-1a 3 zones, emis. incl., Gauss. blurring  42(4) 160 0.7’:8‘% 1.90(2) 757476 = 1591
376(3) 50439% 382(4) 68(2)
-05(1) -17(3) -7.2(6) 3.0*
0.0"01 0.0*01 0.0*01 0.0*02
0.2990; 002(1) Q07(1) 011383
010002 028008 1794 12(4)
1915-1b 3 zones, emis. incl., no blurring 47 60 60 1.92 1003479 = 2095
39 45 6.0 66
0.0 -0.9 -65 3.0*
0.0 0.0 0.0 0.0
- - - 0.3
0.10 12 20 6.6
1915-1c 3 zones, no emis., no blurring 18 30 03 1.94 1040482 = 2153
4.0 32 6.0 63
-1.0 -19 -99 3.0*
- - - 0.0
- - - 0.3
- — — 7.2
1915-1d 2 zones, emis. incl., Gauss. blurring 44 60 - 1.91 2Db=1724
4.0 5.3 - 67
-0.6 -2.3 - 3.0*
0.0 00 - 0
0.10 002 - 0.27
0.10 08 — 5.2
1915-1e 2 zones, emis. incl., no blurring 43 49 - 1.92 7a83 = 2084
39 4.4 - 66
0.0 -1.0 - 3.0*
0.0 0.0 - 0
- - - 0.3
0.1 0.1 — 7.0
1915-1f 2 zones, no emis., no blurring .04 41 - 1.92 1208486 = 2475
39 4.8 - 66
0.0 -16 - 3.0*
- - - 0
- - - 0.3
- — — 7.0

NoTE. — The table above details fits made to the first-order specoiGRS 191%105 in the 5.0-10.0 keV band, using a high-resolution XSTAR-p

toionization grid. The “example” model explains the partéenealues listed for subsequent models. Where

“w »

appdélaescomponent was not included in

the model. Asterisks indicate that the parameter was frézehe indicated value in the model. Errors are quoted ordytfe best model(s). The hydrogen
equivalent column density, N, is given in units o£@m 2 for each absorption/emission zone. The ionization parantet L/nr?) for the emission/absorption
zone is quoted in log format for clarity. When emission comgats are included in a model, the values of N aridr each zone were fixed to same parameters
in the absorption component. Negative velocity shiftsdaté blue-shifts; positive velocity indicate red-shifiglocities are listed in units of 18. Values ofo

in a given model indicate the width of Gaussian blurring okarission component in units of keV, using the “gsmooth” mau&SPEC. All instances of “K”
indicate the flux normalization of a given component. Plessethe text for additional details.
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TABLE 9
FITS TO THEFIRSTORDER SPECTRUM OF4U 1630-472

Model Notes Zone 1 Zone2  Zone3 Continuumy?/v
Example 3 zones, emis. incl., Gauss. blurring 1 N N> N3 kT (keV) 500500 =1
log(€y)  log(€2) 10g(s)  Kaisk
Vaps1/C  Vabs2/C  Vabsz/C T
Vemisl/C VemisZ/C VemisS/C K pow

Oemisl Oemis2 Oemis2
emisl Kemisz emis3
1630-1a 2 zones, emis. incl., Gauss. blurring  22(2) ’jg 7 - 1.49(2) 518481 = 1074
4142) 4693 - 126(5)

-0.77%% -6 oé) - -
. _9[‘3 X
0.0%0- 0.0t0-1

0.29" 5:32 0.0%005  _ 0.200,08
011904 03(2) - Q9(4)
1630-1b 2 zones, emis. incl., no blurring .28 310 - 1.49 573483 =1185
4.0 46 — 127
0 0 — -
0.0 0.0 — -
- - - 0.2
0.1 01 — 1.2
1630-1c 2 zones, no emis., no blurring .66 202 - 151 528485 =1088
4.1 45 — 119
0.0 0.0 - -
- — - 0.2
— — — 1.4
1630-1d 1 zone, no emis., no blurring .22 - - 1.49 529488 = 1084
4.17 — - 126
_12 —_ — —

NoOTE. — The table above details fits made to the first-order spectidU 1636-472 in the 5.0-10.0 keV band, using a high-resolution XSTABtpioniza-
tion grid. The “example” model explains the parameter walisged for subsequent models. Where “~" appears, the coemtavas not included in the model.
Asterisks indicate that the parameter was frozen to theatelil value in the model. Errors are quoted only for the bestet(s). The hydrogen equivalent
column density, N, is given in units of #dcm™ for each absorption/emission zone. The ionization paran{et L/nr2) for the emission/absorption zone is
quoted in log format for clarity. When emission componemtsiacluded in a model, the values of N afifor each zone were fixed to same parameters in the
absorption component. Negative velocity shifts indicdteeshifts; positive velocity indicate red-shifts. Veiibes are listed in units of 8. Values ofo in
a given model indicate the width of Gaussian blurring of arissian component in units of keV, using the “gsmooth” moadeKSPEC. All instances of “K”
indicate the flux normalization of a given component. Plessethe text for additional details.
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TABLE 10
FITS TO THEFIRSTORDERSPECTRUM OFH 1743-322

Model Notes Zone 1 Zone 2 Zone 3 Continuumy?/v
Example 3 zones, emis. incl., Gauss. blurring ;1 N N> N3 kT (keV) 500500 =1
log(§y)  log(€2)  log(€s)  Kaisk
Vaps1/C  Vabs2/C  Vaps3/C T
Vemisl/C VemisZ/C Vemis.’i/c K pow

Temisl Oemis2 Oemis2
emisl Kemisz KemisS
1743-1a 2 zones, emis. incl., Gauss. blurring.1(6) 14jg - 1.10(2) 723478 = 1513
4.57(3) 6095 - 1090(50)
-1.03) -86(9) - 2.4*
50(20) 515 - 2.45(8)
008ﬁ%83 020001 - 02002
0.5:21 10, - 2.3(3)
1743-1b 2 zones, emis. incl., no blurring .75 132 — 1.10 728480 = 1518
4.58 60 - 1195
-1.0(3) -85 - 2.4%
0.0 0.0 - 2.8
- - - 0.2
0.12 068 - 2.1
1743-1c 2 zones, no emis., no blurring 75 132 - 1.10 739484 = 1527
4.58 60 - 1215
-1.0 -85 - 2.4*
- — - 2.8
- — - 0.2
- - — 2.1
1743-1d 1 zones, no emis., no blurring .06 - — 1.09 742487 =1579
4.59 - - 1225
-1.3 - - 2.4
- - - 2.8
- — - 0.2
— — - 2.3

NOTE. — The table above details fits made to the first-order speotfiH 1743-322 in the 5.0-10.0 keV band, using a high-resolution XSTABtpionization
grid. The “example” model explains the parameter valugedidor subsequent models. Where “-" appears, the compaevasninot included in the model.
Asterisks indicate that the parameter was frozen to theateldl value in the model. Errors are quoted only for the bestet(s). The hydrogen equivalent
column density, N, is given in units of ¥dcm for each absorption/emission zone. The ionization paran(et L/nr2) for the emission/absorption zone is
quoted in log format for clarity. When emission componemtsiacluded in a model, the values of N afifor each zone were fixed to same parameters in the
absorption component. Negative velocity shifts indicdteeshifts; positive velocity indicate red-shifts. Veibes are listed in units of 8. Values ofc in
a given model indicate the width of Gaussian blurring of arissian component in units of keV, using the “gsmooth” modeKSPEC. All instances of “K”
indicate the flux normalization of a given component. Plessethe text for additional details.
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TABLE 11
RADIUS-FOCUSEDFITS TO FIRSTORDER SPECTRA

Model Notes Zone 1 Zone 2 Zone 3 Continuumy?/v
Example 3 zones, emis. incl., Gauss. blurring ;1 N N> N3 kT (keV) 500500 =1
log(§1) log(&2) log(€s) Kaisk
Vabs1/C  Vaps2/C  Vaps3/C r
Rin,l Rin,z Rin,3 Kpow
91 92 93 e (keV)
Kemisl Kemisz Kemiss Kgauss
1655-r1 3 zones, emis. incl., linked blurring  49(2) .6(B) 8ﬁ§ 1.22(1) 710477 = 1490
4.59(3) 465(4) 50'93 940(10)
-2.2(1) -7.8(5) -11.8x 3.5x%
1600303 1600389 16003% 073
70-85 70-85 70-85 012(2)
0.10095  2.0(7) 104 2.4(4)
1655-r2 3 zones, emis. incl., indep. blurring  55(3) 37! 4.7(7) 122(1) 671475 = 1414
4.67(5) 462(2) 495(5) 920(20)
-2.0(2) -7.0(5) -11.8x 3.5x%
50000 110028  10,000.3090 0.0'0°
7073 703 7073 0.12(2)
0.10001  25(5) 104 2.0(4)
1915-r1 3 zones, emis. incl., linked blurring  40(7) 4(1) _ 1.90(1) 793477 =1662
4.10(5) 378(5) 59'01 68(2)
-1.0(1) -0.5(5) -9.4(2) 30x
2400890 2400699 2400800 0,001
60-80 60-80 60-80 014(3)
0.10992  20(2) 21(3) 30(5)
1915-r2 3 zones, emis. incl., indep. blurring tgo 4.2(5) 603 1.90(1) 787475 = 1646
4.10(5) 38(1) 59721 68(2)
-1.0(1) -0.5(5) -9.4(2) 30«
1200890 55001090 240¢8%0  0.0*01
60-80 60-80 60-80 014(3)
0.10003  2,0(2) 21(3) 26(6)
1630-r1 2 zones, emis. incl., linked blurring 31 5073 — 1.48(2) 519481 = 1079
4.12(2) 46(2) - 130(4)
-0.8(3) -6(2) - -
8003 8005 - :
65-80 65-80 - 0.17(3)
0.10905  0.1*2 - 0.9(4)
1743-r1 2 zones, emis. incl., linked blurring .166) 141_2, - 109(1) 725482 = 1509
4.57(3) 61 - 1250(80)
-1.0(3) -8.7(9) - 2.4*
11003390 11003190 2.8(1) -
60-80 60-80 - 020.0,03
0.7(6) 22 - 2.1(4)

NoTE. — In the table above, Gaussian blurring of the (re-) emis&iom the wind has been replaced with more physical reftévblurring using the “rdblur”

convolution function. Within “rdblur”, an emissivity prdé of r=3, and an outer outer radius offl(BM/c2 was assumed in all cases, for simplicity. Please see
the text for more details.
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Source, zone  Lrad/Ledd.  Mwind Mwindgdd  Lwind Lwind/Ledd Lwind/Lrad  Tphot Tblur

(108 g/s) (1G*erg/s) (10%) (107%) (GM/c?) (GMIc?)
1630-r1,zone 1  0.09 3(1) 0.2(1) 0.07(5) 0.006(4) .00B(5) 6100k 2200 8003%0
1630-r1, zone 2 0.09 6(3) 0.4(2) 9(6) 0.7(5) .8(®) 3300+ 1600 80Q§§§
1743-r1,zone1 0.15 2.1(8) 0.14(6) 0.09(6) 0.007(4) .008(4) 4900t 1700 11002100
1743-r1, zone 2 0.15 1.2(6) 0.08(4) 4(2) 0.3(2) 2(@) 1300+ 900 1000_2%@0
1655-r2, zone 1  0.06 0.32(8) 0.032(8)  0.06(2) 0.006(2) .01(Q) 310G+ 600 500490
1655-r2, zone 2 0.06 1.3(3) 0.13(3) 2.8(8) 0.32(8) .6(8) 33004+ 600 1100+ 200
1655-r2, zone 3 0.06 1.0(3) 0.1(3) 6(2) 0.006(2) .2(T) 2300+ 400 100001000
1915-r2, zone 1  0.61 24(6) 1.7(5) 1.1(3) 0.08(2) .01B(7) 1700043000 1200599
1915-r2, zone 2 0.61 26(22) 2(2) 83, 0.03(3) 0005(5) 23000+ 6000 550@%%%0
1915-r2, zone 3 0.61 5(2) 0.3(2) 19(7) 1.5(6) 2@) 2400+1300 2400550

NoTE. — Critical wind parameters are listed, using the data ind@mnd Table 11. Mass outflow rates were calculatedWjigag = QumpvL/€, and values
of wind kinetic luminosity vialying = 0.5MV2 (where(2 is the filling factor; .« is the mean atomic weight and= 1.23 is assumedny is the proton mass, is
the ionization parameter measured via XSTAR grids; aigithe measured blue-shift). In all cases, a volume fillingdaof unity is assumed. Two radii are

given; rpnot is the photoionization radius derived fran¥ /(L/n¢), andryy, is the radius derived from blurring of the photionized reigsion from the wind.
Luminosity uncertainties of 50% are assumed for all sourtas values of ynot are used to calculate the mass outflow rate and kinetic Iwsitino



