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ABSTRACT

X-ray disk winds are detected in spectrally soft, disk-dominated phases of stellar-mass black hole outbursts. In
contrast, compact, steady, relativistic jets are detected in spectrally hard states that are dominated by non-thermal
X-ray emission. Although these distinctive outflows appear to be almost mutually exclusive, it is possible that a disk
wind persists in hard states but cannot be detected via X-ray absorption lines owing to very high ionization. Here,
we present an analysis of a deep, 60 ks Chandra/HETGS observation of the black hole candidate H 1743−322
in the low/hard state. The spectrum shows no evidence of a disk wind, with tight limits, and within the range of
ionizing flux levels that were measured in prior Chandra observations wherein a wind was clearly detected. In
H 1743−322, at least, disk winds are actually diminished in the low/hard state, and disk winds and jets are likely
state dependent and anti-correlated. These results suggest that although the launching radii of winds and jets may
differ by orders of magnitude, they may both be tied to a fundamental property of the inner accretion flow, such as
the mass accretion rate and/or the magnetic field topology of the disk. We discuss these results in the context of
disk winds and jets in other stellar-mass black holes, and possible launching mechanisms for black hole outflows.
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1. INTRODUCTION

Recent Chandra/HETGS observations of stellar-mass black
holes and neutron stars have revealed disk winds through
blueshifted X-ray absorption lines (Miller et al. 2006a, 2006b,
2008; Kubota et al. 2007;Ueda et al. 2009; Neilsen & Lee 2009;
King et al. 2012a, 2012b; Ponti et al. 2012). Such winds are not
a negligible part of the accretion flow: estimates for the mass
outflow rate in winds range from a fraction of the accretion rate
through the disk to many times greater than the mass accretion
rate (ṁ) through the disk. A full understanding of disk accretion
now requires an understanding of such outflows and how they
are driven. More broadly, these winds may provide an important
grounding for tentative evidence of ionized winds from the inner
disk of active galactic nucleus (Tombesi et al. 2010; King et al.
2012a, 2012b).

Stellar-mass black hole disk winds appear to be state depen-
dent: they are detected in spectrally soft, disk-dominated states,
but are not clearly detected in the “low/hard” state (Miller et al.
2006b, 2008; Neilsen & Lee 2009; Blum et al. 2010; Ponti
et al. 2012; King et al. 2012a). In contrast, relativistic radio
jets are ubiquitous in the “low/hard” state (Fender et al. 2004),
but quenched in disk-dominated soft states (e.g., Russell et al.
2011). Thus, it is possible that winds and jets are anti-correlated,
but related.

An anti-correlation might offer rare clues to the mechanisms
that drive wind and jets. However, the nature of changes to
the accretion inflow geometry and radiative processes across
state transitions remains unclear (e.g., Esin et al. 1997; Reis
et al. 2010). Even the apparent absence of disk winds in the
“low/hard” state may only be an observational effect driven by

overionization of the gas. A wind might continue unabated, but
simply be impossible to detect through absorption lines owing
to a higher ionizing photon flux level.

Ponti et al. (2012) suggested that a higher ionizing flux could
not explain the lack of observable wind features in the hard state.
However, they did not consider whether the associated change in
spectral shape could provide the required change in ionization.
Neilsen & Homan (2012) carried out a more complete analysis
to show that the extremely dense wind seen in the soft state of
GRO J1655-40 by Miller et al. (2006a) could not also be present
in a harder state (likely an “intermediate” state) observed a few
days earlier, with the difference in absorption lines explained by
ionization alone. That extreme wind state has only been reported
in one other black hole binary observation, and the driving
mechanism may be different from that of the more normal winds
in which only Fe xxvi and perhaps Fe xxv are detectable.

In this Letter, we compare the Fe absorption lines seen
in the soft state of H1743-322 with the lack of absorption
lines in a true low/hard state. We find that the difference in
photoionization rate cannot account for the spectra, but that
the wind must be genuinely suppressed. We use a quantitative
approach to the difference in absorption line strengths to reach
a better understanding of disk winds based on analysis of a deep
Chandra HETGS observation of H 1743-322 in the low/hard
state, focusing on the physical parameters implied by the
apparent absence of the wind.

2. OBSERVATIONS AND DATA REDUCTION

During its 2003 outburst, H 1743−322 was observed si-
multaneously using the Chandra/HETGS and RXTE on four
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occasions (Miller et al. 2006b). All four of those observations
captured relatively soft flux states. Three could be roughly clas-
sified as “high/soft” states. The remaining observation (second
in the sequence) likely captured a harder (but still luminous)
“very high” state.

H 1743−322 was again observed with the Chandra/HETGS
and RXTE in 2010. The Chandra observation started on 2010
August 8 at 23:03:48 UT and was 60.5 ks in duration. RXTE
observed H 1743−322 simultaneously with Chandra, starting
on 2010 August 9 at 05:35:51 UT for a total duration of
6.1 ks. Rapid analysis of the RXTE observation confirmed that
H 1743−322 was in a “low/hard” state at the time of these
observations (Belloni et al. 2010).

The Chandra High Energy Transmission Gratings (HETG)
were used to disperse the incident flux onto the Advanced
CCD Imaging Spectrometer “spectroscopic array” (ACIS-S).
To prevent photon pile-up, the ACIS-S array was operated in
continuous clocking or “GRADED_CC” mode, which reduced
the frame time to 2.85 ms. For a discussion of this mode,
please see Miller et al. (2006b). All Chandra data reduction
was accomplished using CIAO version 4.4. Time-averaged first-
order HEG and MEG spectra were extracted from the Level-2
event file. Redistribution matrix files (rmfs) were generated
using the tool “mkgrmf”; ancillary response files (arfs) were
generated using “mkgarf.” The first-order HEG spectra and
responses were combined using “add_grating_orders.” The
spectra were grouped to require a minimum of 10 counts bin−1.

The standard RXTE pipeline spectral files and responses
for the Proportional Counter Array (PCA) and HEXTE were
downloaded from the HEASARC archive, and employed for
spectral fitting. A systematic error of 0.6% was added to the PCA
spectrum in quadrature. All spectral analyses were conducted
using XSPEC version 12.6.0. All errors quoted in this Letter are
1σ errors.

3. ANALYSIS AND RESULTS

The central questions in this Letter require estimates of
the ionizing flux and column density in each observation
of H 1743−322. This can be done through photoionization
modeling, but a simpler and more direct approach is to measure
the equivalent width of absorption lines since EW ∝ N when
the absorbing gas is on the linear part of the curve of growth.

3.1. The Spectral Continuum in the 2010 Low/Hard State

We fit the combined first-order Chandra/HEG and
RXTE/PCA spectra of H 1743−322 jointly. The HEG spectrum
was fit limited to the 1.2–9.0 keV band, owing to calibration
uncertainties and poor signal on either side of this range. The
PCA spectrum was fit in the 3.0–30.0 keV band, again owing to
calibration uncertainties on either side. In the joint fits, a simple
constant was allowed to float between the spectra to account for
differences in the flux calibrations.

A fit with a simple absorbed power-law model with Γ =
1.77 ± 0.01 does not give a formally acceptable fit (χ2/ν =
1.56), but it does characterize the flux well. It is likely that the
poor fit is driven by uncertainties in the cross-calibration of the
instruments. When each spectrum is permitted to derive its own
power-law index in a joint fit, a value of Γ = 1.93 ± 0.01 is
found for the HEG spectrum while Γ = 1.71 ± 0.01 is found
for the RXTE/PCA spectrum, and a much better fit is derived
(χ2/ν = 1.13). If the steeper index is assumed to be the right
time-averaged value for the lengthy Chandra observation, it
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Figure 1. Line spectra from two Chandra/HETGS observations of
H 1743−322. The data have been divided by a simple continuum and binned for
visual clarity. The observation in black was obtained in a disk-dominated phase;
it is listed as “Observation 1” in Miller et al. (2006b). A disk wind was detected
through the blueshifted Fe xxv and Fe xxvi absorption lines in that spectrum.
The deep low/hard state observation considered in this paper is shown in red. No
significant absorption lines are evident, and restrictive upper limits are obtained
through direct fits.

(A color version of this figure is available in the online journal.)

leads to a low value for the 8.8–30 keV ionizing flux (see below).
To be conservative, then, we simply adopt the power-law index
derived in the joint fit (Γ = 1.77) as an approximate value, and
derive the unabsorbed 8.8–30 keV flux based on that model.

3.2. Limits on Absorption Lines in the 2010 Hard State

To test for the presence of Fe xxv and Fe xxvi absorption
lines in the low/hard state spectrum of H 1743−322, we added
Gaussians at 1.850 Å and 1.780 Å (6.700 keV and 6.970 keV,
respectively; Verner et al. 1996). The range of line widths and
velocity shifts measured in the line detections reported in Miller
et al. (2006b) was sampled in order to ensure consistency and
conservative limits. We measure 90% confidence upper limits
of EW � 0.58 mÅ and EW � 0.42 mÅ for Fe xxv and Fe xxvi,
respectively. These limits are a factor of several lower than the
line detections reported in Miller et al. (2006b). Figure 1 shows
data/model ratio spectra from a prior Chandra observation and
the low/hard state considered here.

Larger potential velocity shifts were also examined, since one
means of increasing the ionization of a gas is to accelerate it. A
potential feature is apparent at 1.834 Å (6.760 keV). However,
this feature is merely noise: first, the feature is not significant
at even the 2σ level; second, it is unlikely that Fe xxv would
be observed in the absence of Fe xxvi (see, e.g., Kallman &
McCray 1982), especially if the gas is potentially more highly
ionized than when both were detected. There is no evidence for
an Fe xxvi line at a velocity shift required if the feature at the
6.760 keV line is identified with Fe xxv.

Limits on the line equivalent widths obtained with Chandra
(again, 0.58 mÅ and 0.42 mÅ for Fe xxv and Fe xxvi, respec-
tively) are tighter than those obtained in a prior Suzaku obser-
vation in the low/hard state (0.97 mÅ and 0.64 mÅ; Blum et al.
2010). Importantly, whereas the ionizing flux derived from the
Suzaku observation was higher than during the prior observa-
tions wherein a disk wind was detected, the ionizing flux derived
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Figure 2. Blueshifted Fe xxv and Fe xxvi lines are the primary tracers of disk
winds in stellar-mass black hole spectra. The figure above plots line equivalent
width (a proxy for the column density) vs. the ionizing flux, based on Chandra
observations of H 1743−322. Points corresponding to Fe xxvi were artificially
shifted upward in ionizing flux by 0.2 for visual clarity. Upper limits (90%
confidence) are characterized with arrows. Black points represent measurements
obtained in soft, disk-dominated states while red points signify measurements
made in the low/hard state. Line limits from a Suzaku low/hard state observation
(Blum et al. 2010) are also included (the higher flux pairing of points).

(A color version of this figure is available in the online journal.)

in the new Chandra observation is lower than two of the three
prior observations with detections.

3.3. Line Equivalent Widths versus Ionizing Flux

In order to ionize He-like Fe xxv, photons with E � 8.8 keV
are required (E � 9.3 keV is required for Fe xxvi; Verner et al.
1996). To characterize the ionizing flux in each observation
of H 1743−322, then, we derived the (unabsorbed) flux in
the 8.8–30.0 keV band, based on direct fits to the spectral
continuum. For plausible spectral indices, the 30–100 keV
photon flux represents �1% of the photoionization rate. Given
that some low/hard state spectra have a spectral break at
approximately 30 keV, and given that photons above 30 keV
are unimportant, the 8.8–30.0 keV band is a meaningful and
pragmatic range for characterizing the ionizing flux.

Spectral fits to Chandra and RXTE observations in bright
states are described in Miller et al. (2006b). These models were
used to calculate the unabsorbed 8.8–30 keV flux for each bright
phase observation. Where multiple RXTE observations were
made within a single Chandra exposure, their ionizing flux
values were averaged. The same procedure was used to calculate
the ionizing flux in the Suzaku low/hard state observation (Blum
et al. 2010). For the Chandra low/hard state observation that
is the focus of this Letter, the unabsorbed 8.8–30 keV flux was
calculated based on the fits in Section 3.1.

Figure 2 plots line equivalent widths versus the 8.8–30.0 keV
ionizing flux, based on Chandra detections and limits. The
Chandra upper limits in the “low/hard” state reported in this
work are lower than the ionizing flux levels in two of three prior
cases wherein a disk wind was detected (Miller et al. 2006b). It

is probable, then, that the wind is diminished or even quenched
in the “low/hard” state.

The strongest Fe xxvi line detected in the 2003 outburst
corresponded to NXXVI = 5.5±0.7×1017 cm−2 or NH = 1.8×
1023 cm−2, after accounting for the abundance of Fe (3 × 10−5

is typical of the literature) and ionization fraction (Fe xxvi/
Fe xxvii � 0.1; e.g., Kallman & McCray 1982). In simple terms,
then, the new observation implies NH � 0.86 × 1022 cm−2.
In the high ionization limit, e.g., when Fe xxv is not seen,
fXXVI ∝ nqrec/LXr2 (where fXXVI is the ionization fraction of
Fe xxvi, n is the number density, and qrec is the recombination
rate coefficient). Thus, if r stays the same, f ∝ n. Therefore,
reducing the density by a factor of ∼3 would reduce the total
column by a factor of ∼3, and the corresponding reduction in
ξ would reduce the ionization fraction (Fe xxvi/Fe) by ∼3, in
combination giving an order of magnitude reduction in NXXVI
(the observed quantity). This would require Ṁwind to be at least a
factor of ∼3 lower. Note that the strongest line detected in 2003
did not show a significant blueshift; if the outflow velocity is
tied to the ionizing luminosity, the low ionizing flux measured in
the deep low/hard state observation could imply an even lower
outflow rate since Ṁwind ∝ v, and a lower kinetic power since
Lwind ∝ v3.

If a strong wind did persist in the low/hard state, it would have
to originate very close to the black hole. The photoionization
models presented in Miller et al. (2006b) suggest ξ = 3–4 ×
105 erg cm s−1, but this could potentially be pushed lower, and
a reasonable lower bound would be ξ � 104. For a distance of
8.5 kpc (Steiner et al. 2012), the flux measured in the low/hard
state corresponds to L � 2 × 1037 erg s−1. If the low/hard
state wind is at least as ionized as before, and taking ξ = L/nr2,
(2 × 1037 erg s−1)/nr2 � 104 erg cm s−1. Assuming N = nr ,
then N � (2 × 1033 cm−1)/r . If the wind were undiminished,
N = 1023 cm−2. This would imply r = 1010 cm and n =
1013 cm−3. Such a small radius and high density are similar to
the magnetic wind detected in GRO J1655−40 (Miller et al.
2006a, 2008; Kallman et al. 2009, also see Neilsen & Homan
2012). Moreover, Luketic et al. (2010) have recently shown that
winds with n � 1012 cm−3 are difficult or impossible to drive
thermally.

4. DISCUSSION AND CONCLUSIONS

A dense, equatorial disk wind was previously detected
in Chandra/HETGS observations of H 1743−322 in disk-
dominated states (Miller et al. 2006b). This source is a strong
black hole candidate based on its X-ray properties (e.g., Homan
et al. 2005), but its mass has not yet been determined. Assuming
fiducial values of d = 8.5 kpc (Steiner et al. 2012; based on the
proximity of the source to the Galactic center) and M = 10 M�,
the photoionization models applied in Miller et al. (2006b) de-
scribe a wind with Ṁout = (3–4)×1017 g s−1 that may originate
within r � 102–103GM/c2 of the black hole.

The blueshifted Fe xxv and Fe xxvi absorption lines found
in the brighter, disk-dominated phases are not detected in this
deep observation. Importantly, the ionizing photon flux in this
“low/hard” state was found to be within the range measured
when a disk wind was previously detected. Using simple
arguments, we have shown that the mass outflow rate is likely
reduced by at least a factor of ∼3 in the low/hard state, compared
to the strongest prior line detections, and might be reduced
far more severely. If a wind with a column density like that
measured previously were to persist in the low/hard state, it
would have to be dense and originate close to the black hole,
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and would likely be driven magnetically (e.g., Miller et al. 2008;
Luketic et al. 2010).

A disk wind was absent in H 1743−322 during one of
the Chandra observations in 2003 (see the rightmost limits in
Figure 2). Based on photoionization modeling, Miller et al.
(2006b) concluded that the non-detection likely required a
geometric change (lower density, depth, or covering factor), not
merely higher ionization. Similarly, Neilsen & Homan (2012)
recently concluded that overionization could not account for
variability seen in the disk wind in GRO J1655−40. Stellar-
mass black hole winds may be thermally driven: radiation from
the central engine heats gas in the outer disk to the local escape
speed (see, e.g., Begelman et al. 1983; Woods et al. 1996; also
see Luketic et al. 2010). It is not clear that such winds should
be strongly variable. Geometric changes associated with state
transitions—such as the presence or absence of an inner disk
(e.g., Esin et al. 1997; also see Reis et al. 2010)—need not affect
the outer disk. The important parameter for wind detection is the
ionizing photon flux, which need not change drastically across
states.

Ueda et al. (2010) suggested a geometric change that might
explain variability in thermal winds: the development of a hot,
geometrically thick, optically thick (τ = 7–10) corona that can
“shield” the outer disk. This picture may be consistent with the
“very high” state and may be able to account for the prior non-
detection of a disk wind in H 1743−322 (Miller et al. 2006b).
However, this geometrical change is not consistent with the
“low/hard” state, which is of much greater interest since this is
the only state where jets are produced in a steady fashion (e.g.,
Fender et al. 2004). Black hole spectra in the “low/hard” state
require a relatively low optical depth and high temperature when
fit with Componization models (τ � 1–2, kTe = 30–120 keV;
see, e.g., Gierlinski et al. 1997; Torii et al. 2011). Moreover,
the outer disk must be irradiated in order to explain UV and
optical emission in the “low/hard” state (e.g., Rykoff et al.
2007; Reynolds & Miller 2012).

Magnetic driving may provide an alternative to thermal
driving and may be suited to the anti-correlation between winds
and jets when comparing “high/soft” and “low/hard” states.
For instance, the magnetic field configuration may change from
toroidal to poloidal in transitions from disk-dominated states
to the “low/hard” state. Disk winds might then be driven by
magnetic pressure generated in a thin disk (e.g., Proga 2003;
Ohsuga et al. 2009) while jets might be driven by magneto-
centrifugal acceleration along poloidal field lines (Blandford &
Payne 1982), perhaps aided by black hole spin (Blandford &
Znajek 1977). This change could be precipitated by a drop in
ṁ through the disk; poloidal fields may be easier to anchor
in thicker disks (Reynolds et al. 2006). Alternatively, it is
possible that poloidal fields could dominate on each side of
a state transition, and that ṁdisk modulates how much mass is
loaded onto poloidal field lines (e.g., Spruit 1996). Winds would
originate when the mass outflow rate is high, perhaps breaking
field lines or dragging them to make a small angle with respect to
the disk (Proga 2003). Jets would then originate when the mass
outflow rate is relatively low, consistent with the “low/hard”
state, allowing for more effective acceleration. This latter
scenario may be supported by recent work suggesting that black
hole winds and jets may be regulated in a common fashion
across the mass scale (King et al. 2012b).

The analysis of wind properties across state transitions
presented in this work may favor a magnetic wind component.
Stronger support for magnetically driven winds may derive from

photoionization modeling that is able to infer a small launching
radius and/or very high mass outflow rate (e.g., Miller et al.
2008), or perhaps from evidence of common regulation of the
kinetic power in winds and jets (e.g., King et al. 2012b). To
constrain the launching radius, the density of the gas must
be measured directly, since r2 = L/nξ . Currently, this has
only been possible for GRO J1655−40, via the detection of the
density-sensitive Fe xxii line pair (n = 1014 cm−3), and possibly
for NGC 4051 (King et al. 2012a). In contrast, the density of the
disk winds in H 1743−322 and GRS 1915+105 has not been
directly constrained (but estimates based on variability are given
in Neilsen et al. 2011, 2012). Trends in these sources may or
may not be consistent with thermal driving (Ponti et al. 2012;
King et al. 2012b). Observing stellar-mass black holes with low
line-of-sight column densities will facilitate radius and density
constraints through the detection of Fe xxii lines, and help to
better reveal wind launching mechanisms.
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edges support through the NASA Earth and Space Sciences
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Guest Observer program.
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