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Low/Hard State Spectra of GRO J1655−40 Observed with Suzaku
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The Galactic black-hole binary GRO J1655−40 was observed with Suzaku on 2005
September 22–23. The source was detected over a wide and continuous energy range of
0.7–300 keV, with an intensity of ∼50 mCrab at 20 keV. At a distance of 3.2 kpc, the 0.7–
300 keV luminosity is ∼ 4.2 × 1036 erg s−1 (∼ 0.6 % of the Eddington luminosity for a 6
M⊙ black hole). The source was in a typical low/hard state, exhibiting a power-law shaped
continuum with a photon index of ∼ 1.6. The hard X-ray spectra obtained with the HXD
reveal a high-energy spectral cutoff, with an e-folding energy of ∼ 200 keV. The spectral
photon index above 10 keV is ∼ 0.3 harder than that in the softer energy band. This convex
shape is not reproduced with only the simple reflection emission, and suggests the existence
of an additional hard component.

§1. Introduction

On 2005 February 17, an X-ray brightening of GRO J1655−40 was detected
by the RXTE ASM,6) since then it remained active for more than half a year. X-
ray observations were carried out with XMM-Newton,2), 9) INTEGRAL,2) Swift,1)

Chandra,7) and RXTE,10) as the source evolved from the low/hard state into the
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high/soft state, and then back again. The present paper describes the Suzaku ob-
servation of GRO J1655 − 40 made on 2005 September 22–23, while the object was
in the decay phase of the low/hard state. We successfully detected the object over
an unprecedented wide energy range of 0.7–300 keV. The average 0.7–300 keV flux
was measured to be 3.6× 10−9 erg s−1 cm−2. The luminosity in the same band was
estimated to be 4.2 × 1036 erg s−1, which corresponds to ∼ 0.6 % of the Eddington
luminosity for a 6 M⊙ black hole, assuming a distance of 3.2 kpc. See Ref. 11) for
further detail analysis.

§2. Crab Ratio

Figure 1 (Left) shows wide-band energy spectra of GRO J1655−40 from 0.7
keV to 300 keV, obtained with the XIS and HXD (PIN and GSO), by averaging
all the data. We first converted them into so-called “Crab ratios”, whereby the
source spectrum is divided by a Crab spectrum. As shown in figure 1 (Right), the
calculated Crab ratio indicates that the object had an intensity of ∼ 50 mCrab at
20 keV. The Crab ratio exhibits a nearly constant logarithmic slope of ∼ 0.5 in
the 2–100 keV range. Considering that the Crab spectrum can be approximated
by a power law with a photon index of Γ ∼ 2.1, this implies that the spectrum of
GRO J1655−40 also takes a power-law shape, but with Γ ∼ 1.6. We hence conclude
that GRO J1655−40 was in the low/hard state during the Suzaku observation. In
detail, the slope in the 3–10 keV band is slightly flatter than that above 10 keV. The
strong drop in the Crab ratio below 1 keV is caused by a higher absorbing column
density toward GRO J1655−40 than that to the Crab.

Fig. 1. (Left) Background-subtracted wide-band (0.7–300 keV) energy spectra of GRO J1655−40,

obtained with the XIS, HXD-PIN (green) and HXD-GSO (blue). The spectra of the FI-CCDs

(black) and BI-CCD (red) are plotted separately. (Right) The same spectra divided by the cor-

responding spectra of the Crab Nebula. GSO data after artificially changing the normalization

of the blank-sky background by ±2% are also shown.

At energies above ∼ 100 keV, the Crab ratio in figure 1 (Right) exhibits a clear
turnover. Since the Crab spectrum is known to exhibit a single power-law shape
in the hard X-ray range up to 300 keV or more,4) the hint of turnover in the Crab



Low/Hard State Spectra of GRO J1655−40 Observed with Suzaku 3

ratio suggests an intrinsic high-energy cutoff in the GRO J1655−40 spectrum, as
is often observed from other black-hole binaries (BHBs) in the low/hard sate. In
the figure, the ratios are also plotted by artificially changing the GSO background
intensity by ±2%, which is estimated by the typical error.11) Thus, the presence of
turnover itself is unaffected by the GSO background uncertainty, although the cutoff
steepness varies. The e-folding energy of the cutoff is obtained as ∼ 200 keV.

§3. Spectral Model Fittings

We next jointly fitted the XIS and HXD (PIN and GSO) spectra shown in fig-
ure 1 (Left). Since the hard X-ray emission from BHBs in the low/hard state is
generally interpreted as resulting from thermal Comptonization of some soft pho-
tons by hot electrons with a temperature kTe, we decided to represent the hard
continuum with the “compps” model. This model is denoted as “diskbb+compps”.
In the fit, the temperature of the “diskbb” component was linked to that of the seed
photon distribution in the “compps” model. As presented in figure 2 (Left-top),
this “diskbb+compps” model provided a rather poor joint fit to the three spectra,
with χ2/ν = 2676/1505 (optical depth τ ∼ 2.1 and kTe ∼ 60 keV).This is because
the fit residuals for the HXD data are seen to rise toward higher energies, yielding
χ2/ν = 552/83 if the jointly determined model is compared with the HXD data
(10–300 keV) only. This again suggests that the continuum slope above 10 keV is
harder than that in the XIS band.

Fig. 2. (Left) Residuals relative to the spectral fits with “diskbb+compps” (top), “diskbb+compps+reflection”

(middle), and “diskbb+compps+compps” (bottom) models, from top to bottom. The colors are

the same as in figure 1. (Right) The best fit “diskbb+compps+compps” model.

The harder photon index indicated by the HXD suggests the presence of such
a spectral hump caused by reflection from an optically-thick accretion disk.3), 5) We
therefore added a reflection component to the thermal-Comptonization type contin-
uum, by freeing reflection amplitude Ω/2π and photo-ionization parameter ξ of the
“compps” model. We denote this model as “diskbb+compps+reflection”.However, as
shown in figure 2 (Left-middle), the result with this reflection model still reveals the
excess above ∼ 50 keV, [χ2/ν = 2554/1503 (0.7–300 keV), χ2/ν = 565/83 (10–300
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keV), τ ∼ 2.0, kTe ∼ 60 keV, Ω/2π ∼ 0.6, and ξ ∼ 0]. This is because the reflection
component cannot emit the significant flux above several ten keV, corresponding to
the reflection hump.

Following the above results, we finally included the additional thermal-Comptonization
“compps” model, instead of the reflection component. Here, we linked the kTe pa-
rameters of the two “compps” models. This model denoted as “diskbb+compps+compps”
has significantly improved to χ2/ν = 1722/1503 and 87/83, in the total (0.7–300 keV)
and the HXD (10–300 keV) band, respectively. The global 0.7–300 keV continuum is
now well reproduced, as shown in figure 2 (Left-bottom). The obtained parameters
are τ ∼ 0.4, τ ∼ 2.3, and kTe ∼ 70 keV. The contribution of each spectral component
is illustrated in figure 2 (Right).

§4. Discussion

We have presented the high-quality broad-band (0.7—300 keV) energy spectra
of the black hole candidate GRO J1655−40, obtained with Suzaku in a decay phase
of the 2005 outburst when the 0.7–300 keV luminosity was ∼ 4.2 × 1036 erg s−1,
which corresponds to ∼ 0.6 % of the Eddington luminosity for a 6 M⊙ black hole,
assuming the distance of 3.2 kpc. The spectrum has the harder spectral slope above
∼ 10 keV than that in the soft energy band, and is well represented with two thermal-
Comptonization components.

To explain the existence of the two Comptonization components with the differ-
ent optical depths, one possible spacial configuration is the elongation of the shape
of the hot thermal plasma along the accretion disk. Since GRO J1655−40 has the
inclination angle of 70◦ − 80◦, seed photons at the distance effectively come through
the longer pass in the hot plasma and tend to be Comptonized more times, com-
pared with those in the front. On the other hand, there is an another possibility that
the two different plasmas exist in terms of not only “space” but also “time” (e.g.,
shot8)). Cyg X-1 is the another BHB, of which the low/hard state was observed
with Suzaku, and has the different inclination angle of ∼ 30◦. Therefore, the future
comparison between GRO J1655−40 and Cyg X-1 will give us some solutions to the
above question.
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