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Abstract. We present the results of six Suzaku observations of the recurrent black hole transient
4U 1630−472 during its decline from its most recent outburst in 2006. All observations show the
typical high/soft state spectral shape in the 2–50 keV band, roughly described by an optically
thick disk spectrum in the soft energy band plus a weak power-law tail.

The disk temperature decreases from 1.4 keV to 1.2 keV as the flux decreases by a factor 2,
consistent with a constant radius as expected for disk-dominated spectra. All the observations
reveal significant absorption lines from highly ionized (H-like and He-like) iron Kα at 7.0 keV
and 6.7 keV.

The energies of these absorption lines suggest a blue shift with an outflow velocity of
∼ 1000 km s−1. The H–like iron Kα equivalent width remains approximately constant at ∼ 30 eV
over all the observations, while that of the He–like Kα line increases from 7 eV to 20 eV. Thus
the ionization state of the material decreases, as expected from the decline in flux.

The data constrain the velocity dispersion of the absorber to 200–2000 km s−1, and the size
of the plasma as ∼ 1010 cm assuming a source distance of 10 kpc.
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1. Introduction
In recent years, a growing number of X-ray binaries have been found to exhibit absorp-

tion lines from highly ionized elements (e.g., Boirin et al. 2004 and references therein).
These systems range from microquasars including GRO J1655−40 (e.g., Ueda et al. 1998;
Yamaoka et al. 2001; Miller et al. 2006) to low-mass X-ray binaries including GX 13+1
(Ueda et al. 2004; Sidoli et al. 2002). These systems are viewed at high inclination angles.
The absorption features are therefore thought to originate in material that is associated
with and extends above the outer accretion disk. The recurrent black hole transient,
4U 1630−472, was observed 6 times with Suzaku (Mitsuda et al. 2006) from 2006 Febru-
ary 8 through March 23 during its most recent outburst as part of a program to study
discrete spectral structures as a function of the changing accretion conditions (Kubota
et al. 2006). We monitored the source during its decay from outburst, detecting signifi-
cant absorption lines from highly-ionized iron throughout the observations.

2. Continuum shape
Figure 1 shows the 2–50 keV HXD/PIN (Takahashi et al. 2006; Kokubun et al. 2006)

and XIS (Koyama et al. 2006) spectra of 4U 1630−472 divided by those of Crab spectra,
which has an approximately power-law spectrum with Γ = 2.1. This plot reveals several
noticeable features in the broad band source spectra. The source spectra are characterized
by a dominant soft thermal component in the XIS band, while the harder X-ray PIN
data clearly show a weak power-law tail. The dominant soft component is generally
observed from black hole binaries in the high/soft state (Tanaka & Lewin 1995), and
is believed to be emission from the optically thick standard accretion disk (Shakura
& Sunyaev 1973). In fact, this component is successfully reproduced with the multi-
color disk model (diskbb; Mitsuda et al. 1984; Makishima et al. 1986) modified by large
interstellar absorption of NH ∼ 8 × 1022 cm−2. For the two months observations, the
disk inner temperature, kTin, changed from 1.39 keV to 1.18 keV by keeping an apparent
inner radius constant at 25 km for an assumed distance of 10 kpc and inclination angle of
70◦. Corresponding disk bolometric luminosity, Ldisk, decreased from 2.8 × 1038 erg s−1

to 1.6 × 1038 erg s−1.

3. Iron absorption lines
The Crab ratios also reveal the presence of complex absorption structures in the iron

K band. Figure 2b shows an enlargement of the 6–9 keV XIS spectra. The most obvious
features are two narrow dips at 7.0 keV and 6.8 keV, and weaker absorption structures
are found at 7.8 keV and 8.2 keV. We thus fit the 2–9 keV data with the absorbed diskbb

model and 4 negative gaussians with fixed line width at σ = 10 eV. The time histories
of the individual absorption-line equivalent widths and their energies are plotted in the
left panel of figure 2. The time averaged center energies of the two strong absorption
lines are estimated to be 6.987 ± 0.005 keV and 6.714 ± 0.009 keV, which are consistent
with H-like and He-like iron Kα suggesting a blue shift velocity of 900± 200 km s−1 and
700 ± 400 km s−1, respectively. The energies of two weaker absorption lines are almost
consistent with H-like and He-like iron Kβ, though they can be contaminated by nickel
Kα. While the equivalent width of the H-like line was almost constant throughout the
observations, that of the He-like line increased by a factor of two between the first and
second observations, and then perhaps increased slightly more through the subsequent
observations. These imply that the ionization state of the absorbing gas decreased over
time, as expected from the declining source luminosity.
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Figure 1. (a) The ratio of 4U 1630−472 spectra to the Crab spectrum. Data are obtained with
the XIS023 and the HXD PIN. (b) The XIS 6–9 keV spectra concentrating the absorption line
structure. The data and the best fit models are shown.

We next fit the absorption lines with Voigt profile (e.g., Ueda et al. 2004) to estimate
the absorbing ion column density, Nion, under assumed velocity dispersion, b. Although
we cannot measure b from line profiles, its upper and lower bounds may be obtained. The
upper limit is set at b ∼ 2000 km s−1 by the upper limits on the line width, σ ∼ 30–40 eV
(§ 3.2). The lower limit is estimated to be ∼ 200 km s−1 by comparing the curve-of-growth
between Kα and Kβ. Here, the ion column density estimated from the equivalent width
of Kα with low velocity dispersion of < 200 km s−1 requires too high equivalent width
for the Kβ of the same ion. The top three panels of figure 2(right) show the time histories
of the ion column, the ratio of the He-like to H-like ions, and estimated blue shift, z,
assuming b = 500 km s−1 which is based on the (marginally) resolved line width in the
Chandra HETGS data of GX 13+1 Ueda et al. (2004). The column density of the H-like
iron, NFe XXVI, is almost constant at ∼ 1 × 1018 cm−2 while that of the He-like iron,
NFe XXV, increases significantly from the first to the second observation. The weighted
average blue shift is about z = (3.3 ± 0.7) × 10−3, corresponding to an outflow velocity
of 1000 ± 200 km s−1.

4. Physical parameters of the absorber
Through the analyses, we found that iron is always predominantly H–like, requiring

that the ionization parameter, ξ = L/nr2 (where n and r are the number density and
the distance of the absorbing material from the illuminating source), be very high. In
this section, we use the xstar photoionization code (version 2.1kn5; Kallman & Bautista
2001) to calculate the ionization balance of the line-producing material, to convert the
ion column densities into physical parameters including total column density, number
density, and location, for each observation. We calculate the relative ion populations
under illumination by a diskbb spectrum, and use this to predict a theoretical ratio of
NFe XXV to NFe XXVI. The observed ratio from the data then enables us to estimate the
ξ-parameter, and so convert the observed ion column densities of H-like and He-like irons
into a total column density, Ntot.

The inferred time histories of ξ and Ntot are also shown in the right panel of figure 2
assuming b = 500 km s−1, together with upper and lower bounds corresponding to b =
200 and 2000 km s−1. Assuming that b stays constant at 500 km s−1 then there is a
marginal decrease in Ntot as the luminosity decreases, from ∼ 1× 1023 cm−2 in the first
observation to ∼ 7 × 1022 cm−2 in the final dataset, as well as a marginal decrease in ξ
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Figure 2. Time histories of absorption line parameters. Left: Based on the negative gaussian
fit in the range of 6–10 keV. The first two panels show line center energies and equivalent width
of the two strongest lines. The bottom two panels show those of weaker absorption features.
Right: Based on the Voigt profile for b = 500 km s−1. Based on the ratio, ξ-parameter and Ntot

are shown in the next two panels. The best estimation of ξ and Ntot for b = 200 km s−1(dashed
line) and 2000 km s−1 (dash-dot line) are also shown in the same panels.

from ∼ 6×104 to ∼ 4×104. We can roughly estimate n and r of the absorbing plasma, by
using the definitions of Ntot = n̄∆R with a mean number density n̄ and a characteristic
thickness of the absorber ∆R.

Using ξ = L/n̄R2, the average distance of the absorber, R, is thus estimated as R ∼
3 × 1010 · (∆R/R) · D10

2 and ∼ 4 × 1010 · (∆R/R) · D10
2 cm, for the first and the last

observations, respectively. The densities are also estimated as n̄ ∼ 5× 1012 · (∆R/R)−1 ·
D10

−2 and ∼ 2×1012 ·(∆R/R)−1 ·D10
−2 atoms cm−3. Assuming ∆R/R ∼ 1 by following

the previous research, the values of R and n̄ are estimated to be on the order of R ∼
1010 · D10

2 cm and n̄ ∼ 1012 · D10
−2 atoms cm−3.

These parameters are almost consistent with those obtained in other binary systems
(e.g., Ueda et al. 1998; Kotani et al. 2000). This source joins the growing number of
galactic binaries with such absorption, showing that winds are probably a generic feature
of bright accretion disks.
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Thomas Maccarone: If the inclination angle of the system is such that most of the
wind comes towards the observer, how would that change the estimate of the fraction of
the accreted mass lost in the wind?

Aya Kubota: Outflow rate was estimated as ρvwind4πr2cf (cf is covering fraction of
the wind). And the estimation assumes cf = 0.1, which corresponds to angles of 10–15◦.
So the estimated loss rate of 0.3Macc can be a secure lower limit for constant ρ̇ being
independent of i for the covering fraction. But if the absorbing matter is mostly from a
very small angle ∆i � 10◦, it can make the outflow rate smaller. This consideration is
model dependent. But roughly a factor three decrease in Ṁflow can be expected based
on MHD.
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