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ABSTRACT
Excellent coverage of the entire 16 month 1996È1997 outburst cycle of GRO J1655[40 was provided

by the Rossi X-Ray T iming Explorer (RXT E). We present a full spectral analysis of these data, which
includes 52 Proportional Counter Array spectra from 2.5 to 20 keV and High Energy X-Ray Timing
Experiment spectra above 20 keV. We also include a nearly continuous All-Sky Monitor light curve with
several intensity measurements per day. The data are interpreted in the context of the multicolor black-
body disk/power-law model. The source exhibits two principal outburst states which we associate with
the very high and the high/soft states. During the very high state, the spectrum is often dominated by a
power-law component with photon index (!) D 2.3È2.7. The source exhibits intense hard Ñares on time-
scales of hours to days which are correlated with changes in both the Ðtted temperature and radius of
the inner accretion disk. During the high/soft state, the spectrum is dominated by the soft thermal emis-
sion from the accretion disk with spectral parameters that suggest approximately constant inner disk
radius and temperature. The power-law component is relatively weak with !D 2È3. During the last few
observations, the source undergoes a transition to the low/hard state. We Ðnd that a tight relationship
exists between the observed inner radius of the disk and the Ñux in the power-law component. During
intense hard Ñares, the inner disk radius is observed to decrease by as much as a factor of 3 on a time-
scale of days. The apparent decrease of the inner disk radius observed during the Ñares may be due to
the failure of the multicolor disk model caused by a steepening of the radial temperature proÐle in the
disk coupled with increased spectral hardening and not physical changes of the inner disk radius. The
distortion of the inner disk spectrum by the power-law Ñares indicates that the physical mechanism
responsible for producing the power-law emission is linked to the inner disk region. Assuming that our
spectral model is valid during periods of weak power-law emission, our most likely value for the inner
disk radius implies Such a low value for the black hole angular momentum is inconsistent witha

*
\ 0.7.

the relativistic frame dragging and the ““ diskoseismic ÏÏ models as interpretations for the 300 Hz X-ray
QPO seen during some of these RXT E observations.
Subject headings : black hole physics È stars : individual (GRO J1655[40) È X-rays : stars

1. INTRODUCTION

The X-ray Nova GRO J1655[40 was discovered 1994
July 27 (UT) by the Burst and Transient Source Experiment
(BATSE) on board the Compton Gamma Ray Observatory
(Zhang et al. 1994). The optical counterpart was discovered
soon thereafter by Bailyn et al. (1995). It was subsequently
found that GRO J1655[40 contained a black hole primary
with mass 7.02^ 0.22 (Orosz & Bailyn 1997 ; van derM

_Hooft et al. 1998), the most accurately measured mass for
any black hole candidate. GRO J1655[40 is one of only
eight black hole X-ray novae (BHXNs) with a dynamically
determined primary mass that exceeds 3 the maximumM

_
,

mass of a neutron star (Kalogera & Baym 1996 ; McClin-
tock 1998). GRO J1655[40 is one of a few Galactic X-ray
sources known to produce superluminal radio jets (Tingay
et al. 1995 ; Hjellming & Rupen 1995). The others are

GRS 1915]105, which is also suspected of being a black
hole (Mirabel & Rodriguez 1994, 1998), and possibly Cyg
X-3 (Mioduszewski et al. 1997 ; Newell, Garrett, & Spencer
1998). These sources, and a few other Galactic X-ray
sources that exhibit double-lobed radio structures (e.g., 1E
1740.7[2942 ; see Smith et al. 1997 and references therein),
are known collectively as the ““ microquasars,ÏÏ since they
have properties analogous to radio-loud active galactic
nuclei. GRO J1655[40 is also of intense current interest
because it has been proposed to be a rapidly rotating Kerr
black hole based on its spectral characteristics (Zhang, Cui,
& Chen 1997a) and on the frame dragging model for the
observed 300 Hz QPO (Cui, Zhang, & Chen 1998).

The X-ray behavior of BHXNs can be described in terms
of Ðve distinct, canonical spectral states characterized by
the presence or absence of a soft blackbody component at
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D1 keV and the properties of a power-law component at
higher energies above D10 keV. In order of increasing
luminosity, these states are the quiescient/o†, low/hard,
intermediate, high/soft, and very high states. The quiescient/
o† state is characterized by an X-ray luminosity several
orders of magnitude lower than the other states, and a
power-law spectrum with a photon index D2 (Narayan,
Barret, & McClintock 1997). The low/hard state consists of
a power-law component with photon index !D 1.4È1.9
with an exponential cuto† D100 keV and a weak thermal
component. Sources in the low/hard state exhibit strong
variability at frequencies (van der Klis 1995). The[10 Hz
high/soft state is dominated by a soft D1 keV blackbody
component due to a hot accretion disk (Tanaka & Shiba-
zaki 1996) and a power-law with !D 2.2È2.7. The high/soft
state has an X-ray luminosity comparedL X D 0.2È0.3 L Eddto for the low/hard state (Nowak 1995).L X [ 0.1 L EddSources in the high/soft state exhibit little temporal varia-
bility (van der Klis 1995). The intermediate state, as evi-
denced by its name, has properties in common with both
the low/hard and high/soft spectral states. The intermediate
state has been observed as a distinct spectral state in Nova
Muscae 1991 (Ebisawa et al. 1994), Cyg X-1 (Belloni et al.
1996), and GX 339[4 (Mendez & van der Klis 1997). The
very high state spectrum has a dominant power-law com-
ponent with photon index D2.5 and exhibits strong varia-
bility and high X-ray luminosity, (Ebisawa et al.L X D L Edd1994). Sources in the very high state exhibit quasi-periodic
oscillations (QPOs) near 3È10 Hz and at frequencies as high
as 300 Hz (van der Klis 1995 ; Remillard et al. 1998).
Thermal emission from the disk remains visible in the very
high state.

In this paper we present the spectral results for 52
pointed observations which cover the entire 16 month
1996È1997 outburst of GRO J1655[40 and employed all
the instruments aboard the Rossi X-Ray T iming Explorer
(RXT E) : namely, the All-Sky Monitor (ASM), the Pro-
portional Counter Array (PCA), and the High Energy
X-Ray Timing Experiment (HEXTE). Our results consist of
ASM light curves, 52 detailed PCA spectra from 2.5 to
20 keV, and HEXTE spectra above 20 keV when the hard
X-ray count rate was sufficient. The spectra were Ðtted
to a model including interstellar absorption, multicolor
blackbody disk, and power-law components. A timing
study based on these same RXT E observations of
GRO J1655[40 is presented in a companion paper
(Remillard et al. 1998).

The observations are discussed in ° 2, and the results of
the spectral Ðtting are presented in ° 3. Section 4 highlights
the correlations between the disk and power-law com-
ponents with a discussion of the limitations of the multi-
color disk model and the interpretation of the Ðtted inner
disk radius. Section 5 contains a discussion of the Zhang et
al. (1997a) corrections to the observed spectral parameters
due to general relativistic e†ects and an estimate of the
black hole angular momentum. The relation between the
observed spectral parameters and QPOs is discussed in ° 6
followed by a brief summary of our results.

The units used in this paper are wherer \R/r
g
, r

g
\

GM/c2, wherem\M/M
_

, l\ L /L Edd, L Edd\ 1.25] 1038
m ergs s~1 is the Eddington luminosity, and m5 \ M0 /M0 Edd,where m g s~1 is theM0 Edd \ L Edd/(0.1c2)\ 1.39] 1018
Eddington accretion rate, assuming an accretion efficiency
of 10%.

2. OBSERVATIONS AND REDUCTIONS

We present observations covering the entire 16 month
1996È1997 outburst of GRO J1655[40 obtained using the
ASM, PCA, and HEXTE instruments on board RXT E.
The ASM has three energy channels corresponding to 1.5È
3 keV, 3È5 keV, and 5È12 keV (Levine et al. 1996). The
PCA data were taken in the ““ Standard 2 ÏÏ format which
corresponds to 129 energy channels from 0 to 100 keV. The
PCA contains Ðve individual proportional counter units
(PCUs 0È4). The response matrix for each PCU was
obtained from the 1997 October 2 distribution of response
Ðles from Keith JahodaÏs ftp site on lheaftp.gsfc.nasa.gov.
The application of more recent response Ðles (1998 January)
to a few of our observations shows that the Ðtted param-
eters di†er by less than 5%.

The spectrum from each PCU was Ðtted individually
over the energy range 2.5È20 keV, including a systematic
error in the count rates of 1.5%. The good energy range was
decided by trial-and-error Ðtting of archival observations of
the Crab Nebula (1997 July 26 and 1997 March 22) and the
data set presented here. The lower limit of 2.5 keV was used
because of uncertainty in the response at lower energies,
and the upper limit of 20 keV was used because there are
systematic problems (at the level of a few percent) in the
response matrices and background subtraction near
25 keV. The PCA spectra were background subtracted
using the standard background model for bright sources,
which includes corrections for the instantaneous particle
Ñux, activation, and the cosmic X-ray background. We
found that PCUs 2 and 3 yielded reduced chi-squared (sl2)
values consistently higher than PCUs 0, 1, and 4 for Ðts to
archival observations of the Crab Nebula. In addition, we
found that PCU 4 gave consistently lower count rates
(D3%) than PCUs 0 and 1 at low energies Con-([6 keV).
sequently, only PCUs 0 and 1 were used for the spectral
Ðtting reported here and both PCUs were Ðtted simulta-
neously using XSPEC.

The standard HEXTE reduction software was used for
the extraction of the HEXTE data. We used the HEXTE
response matrices released 1997 March 20. Only the data
above 20 keV were used because of uncertainty in the
response at lower energies. The HEXTE modules were
alternatingly pointed every 32 s at source and background
positions, allowing background subtraction with high sensi-
tivity to time variations in the particle Ñux at di†erent posi-
tions in the spacecraft orbit. The HEXTE normalization is
allowed to Ñoat independent of the PCA normalization
since there is a D20% systematic o†set between the two
instruments in the normalization for the Crab nebula, part
of which is due to uncertainties in the dead time for the
HEXTE instrument. All of the normalizations reported here
were obtained from the PCA data.

3. ANALYSIS AND RESULTS

The total ASM light curve (2È12 keV) and the ASM spec-
tral hardness ratio, HR2, are plotted in Figures 1a and 1b.
The origin of time was chosen such that day zero corre-
sponds to the initial rise in the X-ray intensity in the ASM:
day 0 \ MJD 50198\ 1996 April 25 (UT) (Orosz et al.
1997) (MJD\ JD [2,400,000.5). The light curve exhibits
erratic Ñaring from approximately day 27 to day 147 and
again from day 175 to day D200. The Ñaring ceases shortly
before the gap in the data around day 220, which is when



0

50

100

150

200

250

300

350

(a)

0 50 100 150 200 250 300 350 400 450 500 550
0

0.5

1

1.5

MJD (50198+)

(b)

778 SOBCZAK ET AL. Vol. 520

FIG. 1.È(a) 2È12 keV ASM light curve (counts s~1) and (b) the ratio of the ASM count rates (5È12 keV)/(3È5 keV) for GRO J1655[40. The labels in the
top panel and the dashed vertical lines indicate di†erent outburst states (see text). The small, solid vertical lines in the top panel indicate the times of pointed
RXT E observations. The individual ASM dwells are plotted in (a) and the ratios of the 1 day averages are plotted in (b).

the source moved into the solar exclusion zone (SEZ). The
(5È12 keV)/(3È5 keV) ratio is roughly constant following
passage through the SEZ, except for a dip followed by a
sharp hardening of the spectrum near day 470. After day
470, the PCA data show (see below) that the source enters
the low/hard state ; it is then too faint to detect with the
ASM. The outburst of GRO J1655[40 evolves through a
succession of three of the canonical spectral states (very
high, high/soft, and low/hard), as indicated in Figure 1a.
The states are deÐned by the timing behavior and spectral
characteristics of each state. Sample spectra from each of
these states are plotted in Figure 2, along with the best-Ðt
models for each spectrum. Mendez, Belloni, & van der Klis
(1998) identiÐed three states during the decay of the out-
burst using some the of same observations presented here.

The PCA/HEXTE spectral data were Ðtted using XSPEC
to a model of interstellar absorption using the Wisconsin
cross sections (Morrison & McCammon 1983) plus a multi-
color blackbody accretion disk (Mitsuda et al. 1984 ; Maki-
shima et al. 1986) plus a power-law component. In addition,
a smeared Fe absorption edge or a Compton reÑection
component were applied in particular cases, as described
below. The hydrogen column density was Ðxed at
0.89] 1022 atoms per cm~2 (Zhang et al. 1997b).

The multicolor disk] power-law model is widely used
and well established (Tanaka & Lewin 1995 and references
therein ; Ebisawa et al. 1994). Some assumptions and limi-
tations of the model are discussed in ° 4 and Ðgure promi-
nently in our interpretation of the observed changes in the
inner disk radius. We attempted to use several alternative
models to Ðt the observed spectra. Combinations of disk

blackbody, power-law, thermal bremsstrahlung, and Com-
ptonization models resulted either in values of severalsl2times larger than the multicolor disk ] power-law model
or gave unphysical values for the Ðtted parameters.

The four principle quantities returned from the Ðts were
the power-law photon index (!), the power-law normal-
ization (K) in units of photons s~1 cm~2 keV~1 at 1 keV,
the color temperature of the inner accretion disk in(Tcol)keV, and the multicolor disk normalization parameter :

ARcol
km
B2NA D

10 kpc
B2

cos h , (1)

where is the inner disk radius in kilometers derivedRcolfrom the color temperature, D is the distance to the source
in kiloparsecs, and h is the inclination angle of the system.
The mass, inclination angle, and distance of
GRO J1655[40 are well determined : M \ 7.02^ 0.22

(Orosz & Bailyn 1997), andM
_

, h \ 69¡.5 ^ 0¡.1
D\ 3.2^ 0.2 kpc (Hjellming & Rupen 1995). Substituting
these values into equation (1) allows us to solve for inRcolunits of wherercol \ Rcol/rg, r

g
\ GM/c2\ 10.4 km.

The quantities and (usually referred to in theTcol rcolliterature as and are often taken to be the tem-Tin rin)perature and radius of the inner accretion disk. However,
corrections for spectral hardening must be made to the
observed spectral parameters and to determine the(Tcol rcol)e†ective temperature and radius of the inner disk and(TeffThese corrections compensate for the fact that electronreff).scattering dominates over absorption as a source of opacity
in the disk and a†ects the inner disk spectrum through
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FIG. 2.ÈRepresentative spectra from each of the observed spectral states of GRO J1655[40, along with the best-Ðt model for (a, b) the very high state,
(c, d) the high/soft state, and (e) the low/hard state. The individual components of the model are also shown. The 6 digit number in the upper left hand corner
of each panel identiÐes the date of the observation (see Table 1). See the text for details on the spectral models and Ðtting. Although error bars are plotted for
all the data, they are only large enough to be visible at the highest energies.

Comptonization of the emergent spectrum (Shakura &
Sunyaev 1973). Such a Comptonized spectrum may be
approximated by a diluted blackbody (Ebisawa et al. 1994) :

I(E)\
A 1

f 4
B
B(Tcol, E) , (2)

where is the Planck function, is the colorB(Tcol, E) Tcoltemperature, and f is the color correction or spectral hard-
ening factor. In this diluted blackbody spectrum, the spec-
tral shape is the same as a blackbody with temperature

where is the e†ective temperature (alsoTcol\ fTeff, Teff

called or and the normalization is smaller by theTpeak Tmax),factor 1/f 4. Since the normalization Ðt by the multicolor
disk model is proportional to (see eq. [1]), the actualrcol2
radius should be f 2 times larger than obtained from Ðtting
the multicolor disk model.

Shimura & Takahara (1995) have shown, using a numeri-
cal simulation which self-consistently solves for the vertical
structure and radiative transfer in the accretion disk, that
the spectral hardening factor can be approx-f \ (Tcol/Teff)imated by a constant f \ 1.7^ 0.2 for a

v
D 0.1,

1.4¹ m¹ 10, and where is the viscosity0.1¹m5 ¹ 10, a
vparameter. Therefore, the Ðtted values of and can beTcol rcol
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corrected approximately for spectral hardening by using the
following formulae :

Teff \
Tcol
f

\Tcol
1.7

, (3)

reff \ f 2rcol\ 2.9rcol , (4)

where and are the e†ective temperature and radiusTeff reffof the inner accretion disk. The model parameters, cor-
rected for spectral hardening, are listed in Table 1 and pre-
sented in Figures 3aÈ3d.

3.1. Very High State
In Figures 1a and 3d, we see that between days 27 and

147, and days 175 and 222, there are sudden Ñares during
which the power-law normalization increases by a factor of
10 in only a few days. These Ñares in the hard component
are accompanied by an increase in from D0.76 to 1.13TeffkeV (Fig. 3a) and a decrease in from D5.5 to 1.6 (Fig.reff3b). There is also an abrupt increase in ! from D2.3 to 2.7
(Fig. 3c). We identify this Ñaring behavior with the very high
state because of the strong power-law component with
!D 2.5 and the presence of strong QPOs from 7.3 to
22.4 Hz (Remillard et al. 1998). Figure 2a shows an example
of the spectrum during the Ñares. Between days 147 and 175
the power-law (hard) Ñares cease and the photon index
decreases to 2.0È2.2. During this time, the e†ective tem-
perature and radius of the inner disk become steady at

keV and Figure 2b shows a represen-Teff D 0.75 reff D 5.5 ;

tative spectrum. Nevertheless, we also identify these obser-
vations with the very high state because of the relatively
strong power-law component and the presence of QPOs
from 7.3 to 22.4 Hz, (Remillard et al. 1998). The only excep-
tions are days 154 and 161 at which time the source does
not exhibit QPOs. These two observations resemble the
high/soft state discussed in ° 3.2.

For four observations during the hard Ñares (days 98,
126, and 191 A and B), the Ðts were signiÐcantly improved
by adding a Compton reÑection component. The Compton
reÑection component was calculated using the ““ pexriv ÏÏ
model in XSPEC version 10 (Magdziarz & Zdziarski 1995).
The resulting values of the disk blackbody and power-law
parameters did not change signiÐcantly and were indepen-
dent of the temperature of the reÑecting medium. A 6.4 keV
iron Ka emission line is frequently included with the
Compton reÑection component in such calculations ;
however, there was no evidence for 6.4 keV iron Ka emis-
sion in our spectra. The Compton reÑection parameters
returned from ““ pexriv ÏÏ for the four relevant observations
are listed in Table 2.

3.2. High/Soft and L ow/Hard States
When the source became observable again after passage

through the solar exclusion zone, the power-law normal-
ization had decreased by an order of magnitude relative to
the peak values and was typically s~1 cm~2[5 photons
keV~1 at 1 keV (Fig. 3d). The dramatic hard Ñares had
ceased and the e†ective temperature and radius of the inner

FIG. 3.ÈSpectral parameters for PCA/HEXTE observations of GRO J1655[40. The spectra were Ðtted to a model of interstellar absorption plus
multicolor blackbody disk plus power law. The hydrogen column density was Ðxed at 0.89] 1022 cm~2 (Zhang et al. 1997b). The quantities plotted here are
(a) the e†ective temperature of the accretion disk in keV; (b) the e†ective inner disk radius in units of for M \ 7.02 (Orosz(Teff) reff r

g
\GM/c2 M

_
, h \ 69¡.5

& Bailyn 1997), and D\ 3.2 kpc (Hjellming & Rupen 1995) (see eq. [1]) ; (c) the power-law photon index ! ; and (d) the power-law normalization K in units of
photons s~1 cm~2 keV~1 at 1 keV. The presence of the 300 Hz QPO is indicated by an open triangle and the presence of the variable frequency QPOs
(14È28 Hz) is indicated by an open square at the top of (b) (Remillard et al. 1998). Here and in several subsequent Ðgures for which error bars are not visible, it
is because they are comparable to or smaller than the plotting symbol.



TABLE 1

SPECTRAL PARAMETERS FOR GRO J1655[40a

Power-Law Normalization Energy
Date Dayb Teff Photon (photons s~1 cm~2 keV~1 sl2 Rangee

(yymmdd UT) (MJD 50198]) (keV) reff (r
g
)c Index at 1 keV) qFe d (dof) (keV)

960509 . . . . . . . . . 14.8 0.73 ^ 0.01f 6.42 ^ 0.04f 5.77~0.19`0.21g 4620~1900`3640g . . . 1.65(39)f . . .
960510 . . . . . . . . . 15.5 0.72 ^ 0.01f 6.57 ^ 0.04f 6.47~0.20`0.33g 31400~13100`47100g . . . 1.13(39)f . . .
960511 . . . . . . . . . 16.5 0.73 ^ 0.01f 6.48 ^ 0.04f 5.69~0.26`0.30g 3930~2030`5210g . . . 1.45(39)f . . .
960512 . . . . . . . . . 17.4 0.73 ^ 0.01f 6.36 ^ 0.05f 5.75~0.26`0.32g 4900~2530`7140g . . . 1.13(39)f . . .
960725 . . . . . . . . . 91.4 0.77 ^ 0.01 5.37 ^ 0.04 2.28 ^ 0.01 5.90 ^ 0.18 . . . 1.57(248) 2.5È100
960801h . . . . . . . . 98.4 1.13 ^ 0.01 1.64 ^ 0.06 2.68 ^ 0.01 62.7 ^ 1.3 . . . 1.35(246) 2.5È100
960806 . . . . . . . . . 103.7 0.93 ^ 0.01 2.70 ^ 0.05 2.67 ^ 0.01 44.1 ^ 0.9 . . . 0.84(248) 2.5È100
960815 . . . . . . . . . 112.6 0.76 ^ 0.01 5.35 ^ 0.04 2.30 ^ 0.02 5.90~0.35`0.37 . . . 2.11(150) 2.5È50
960816 . . . . . . . . . 113.4 0.78 ^ 0.01 4.49 ^ 0.07 2.42 ^ 0.01 18.9 ^ 0.6 . . . 1.23(248) 2.5È100
960822 . . . . . . . . . 119.5 0.76 ^ 0.01 4.96 ^ 0.05 2.46 ^ 0.01 16.4 ^ 0.5 . . . 0.88(248) 2.5È100
960829h . . . . . . . . 126.4 1.09 ^ 0.01 1.98~0.09`0.07 2.78 ^ 0.03 65.5~2.2`2.4 . . . 0.73(246) 2.5È50
960904 . . . . . . . . . 132.3 0.76 ^ 0.01 5.34 ^ 0.05 2.40 ^ 0.02 9.59~0.41`0.43 . . . 1.89(150) 2.5È50
960909 . . . . . . . . . 138.0 0.78 ^ 0.01 5.07 ^ 0.05 2.37 ^ 0.01 9.49 ^ 0.22 . . . 1.50(248) 2.5È100
960920 . . . . . . . . . 148.2 0.75 ^ 0.01 5.44 ^ 0.04 2.23 ^ 0.02 4.31~0.22`0.23 . . . 1.60(150) 2.5È50
960926 . . . . . . . . . 154.3 0.75 ^ 0.01 5.72 ^ 0.04 1.97 ^ 0.03 0.93~0.06`0.07 . . . 1.32(150) 2.5È50
961003 . . . . . . . . . 161.6 0.75 ^ 0.01 5.65 ^ 0.04 2.14 ^ 0.02 2.16~0.12`0.13 . . . 0.82(150) 2.5È50
961015 . . . . . . . . . 173.5 0.78 ^ 0.01 5.39 ^ 0.04 2.18 ^ 0.01 3.83 ^ 0.13 . . . 1.09(248) 2.5È100
961022 . . . . . . . . . 180.1 0.77 ^ 0.01 5.55 ^ 0.05 2.23 ^ 0.01 4.86 ^ 0.15 . . . 0.92(248) 2.5È100
961027 . . . . . . . . . 185.6 0.80 ^ 0.01 4.56 ^ 0.06 2.59 ^ 0.02 26.0 ^ 1.5 . . . 0.60(91) 2.5È20
961102Ah . . . . . . 191.2 0.84~0.02`0.01 2.15~0.09`0.10 2.57 ^ 0.01 35.9 ^ 0.8 . . . 1.26(246) 2.5È100
961102Bh . . . . . . 191.3 1.09 ^ 0.01 1.69~0.09`0.07 2.64 ^ 0.01 53.4~1.5`1.9 . . . 1.00(246) 2.5È100
970105 . . . . . . . . . 255.4 0.64 ^ 0.01 5.72~0.06`0.07 1.94 ^ 0.04 0.92~0.12`0.13 0.40 ^ 0.25 1.08(149) 2.5È50
970112 . . . . . . . . . 262.1 0.62 ^ 0.01 6.27 ^ 0.07 2.00 ^ 0.06 0.61 ^ 0.13 0.97 ^ 0.33 0.88(149) 2.5È50
970121 . . . . . . . . . 271.0 0.55 ^ 0.01 6.50 ^ 0.05 1.65 ^ 0.09 0.03 ^ 0.01 0.00~0.00`2.97 0.82(91) 2.5È20
970126 . . . . . . . . . 276.9 0.57 ^ 0.01 6.65 ^ 0.10 2.17 ^ 0.10 0.48~0.13`0.16 1.79~0.48`0.42 0.56(90) 2.5È20
970226 . . . . . . . . . 307.9 0.65 ^ 0.01 6.62 ^ 0.05 3.01 ^ 0.08 4.50~0.92`1.06 10.2 ^ 0.4 2.53(107) 2.5È30
970305 . . . . . . . . . 314.8 0.66 ^ 0.01 6.70 ^ 0.06 2.96 ^ 0.08 4.89~1.00`1.15 7.23 ^ 0.32 2.20(90) 2.5È20
970310 . . . . . . . . . 319.7 0.66 ^ 0.01 6.61 ^ 0.05 2.75 ^ 0.08 3.46~0.76`0.89 5.64~0.31`0.29 1.53(90) 2.5È20
970320 . . . . . . . . . 329.9 0.67 ^ 0.01 6.63 ^ 0.04 2.43 ^ 0.07 1.99~0.42`0.50 3.62~0.32`0.30 1.04(147) 2.5È49
970324 . . . . . . . . . 333.8 0.67 ^ 0.01f 6.61 ^ 0.03f 2.70~0.35`0.40g 0.61~0.61`1.26g . . . 2.58(39)f . . .
970404 . . . . . . . . . 344.7 0.67 ^ 0.01 6.64 ^ 0.04 2.41 ^ 0.09 1.88~0.45`0.54 3.76~0.35`0.32 1.17(149) 2.5È50
970410 . . . . . . . . . 350.5 0.67 ^ 0.01 6.58 ^ 0.04 2.44 ^ 0.09 2.38~0.60`0.71 3.53~0.33`0.30 0.86(90) 2.5È20
970416 . . . . . . . . . 356.8 0.66 ^ 0.01 6.65 ^ 0.05 2.96 ^ 0.08 4.19~0.91`1.10 9.03~0.39`0.38 2.29(89) 2.5È20
970424 . . . . . . . . . 364.8 0.67 ^ 0.01f 6.58 ^ 0.03f 2.96 ^ 0.65g 1.14~1.14`6.05g . . . 1.92(39)f . . .
970430 . . . . . . . . . 370.6 0.68 ^ 0.01f 6.50 ^ 0.03f 3.50 ^ 0.56g 4.76~4.76`18.5g . . . 2.33(39)f . . .
970508 . . . . . . . . . 378.5 0.70 ^ 0.01f 6.40 ^ 0.03f 2.87~0.38`0.42g 1.07~1.07`2.47g . . . 2.04(39)f . . .
970512 . . . . . . . . . 382.7 0.70 ^ 0.01f 6.40 ^ 0.03f 5.10~0.62`0.55g 387~318`1400g . . . 1.90(39)f . . .
970520 . . . . . . . . . 390.4 0.71 ^ 0.01 6.31 ^ 0.06 2.89~0.12`0.10 3.86~1.18`1.37 4.82~0.57`0.51 1.43(90) 2.5È20
970528 . . . . . . . . . 398.4 0.71 ^ 0.01 6.30 ^ 0.05 2.52 ^ 0.08 3.08~0.68`0.80 2.92~0.35`0.33 0.91(147) 2.5È49
970605 . . . . . . . . . 406.3 0.69 ^ 0.01 6.38 ^ 0.06 2.86 ^ 0.09 4.71~1.16`1.30 4.73~0.20`0.36 1.10(108) 2.5È30
970609 . . . . . . . . . 410.5 0.68 ^ 0.01 6.49 ^ 0.07 2.89 ^ 0.11 4.24~1.24`1.47 6.59~0.51`0.47 1.10(90) 2.5È20
970619 . . . . . . . . . 420.3 0.67 ^ 0.01 6.56 ^ 0.04 2.24 ^ 0.11 1.38~0.40`0.47 3.39~0.40`0.33 0.80(90) 2.5È20
970626 . . . . . . . . . 427.8 0.65 ^ 0.01f 6.71 ^ 0.03f 3.35~0.73`0.76g 3.13~3.13`23.3g . . . 0.95(39)f . . .
970704 . . . . . . . . . 435.5 0.61 ^ 0.01 6.95 ^ 0.04 2.64 ^ 0.09 1.82~0.44`0.52 6.10~0.30`0.27 1.51(90) 2.5È20
970708 . . . . . . . . . 439.6 0.62 ^ 0.01 6.59 ^ 0.06 2.10 ^ 0.10 0.71~0.20`0.23 2.10~0.45`0.38 0.79(90) 2.5È20
970714 . . . . . . . . . 445.3 0.60 ^ 0.01 7.11 ^ 0.05 2.53 ^ 0.11 1.31~0.38`0.47 5.13~0.39`0.35 0.87(90) 2.5È20
970724 . . . . . . . . . 455.6 0.57 ^ 0.01 6.60 ^ 0.08 2.16 ^ 0.05 0.67~0.10`0.12 1.94~0.24`0.23 1.09(149) 2.5È50
970729 . . . . . . . . . 460.4 0.51 ^ 0.01 6.89 ^ 0.12 2.22 ^ 0.05 0.94~0.12`0.13 2.32 ^ 0.25 0.88(90) 2.5È20
970803 . . . . . . . . . 465.7 0.46 ^ 0.01 7.31 ^ 0.12 2.52 ^ 0.06 0.87~0.12`0.13 2.19 ^ 0.26 1.01(90) 2.5È20
970814 . . . . . . . . . 476.5 0.31 ^ 0.02 5.57~0.77`0.94 2.00 ^ 0.01 0.76 ^ 0.02 0.85 ^ 0.07 0.87(149) 2.5È50
970818 . . . . . . . . . 480.6 0.33 ^ 0.04 1.82~0.54`0.94 1.71 ^ 0.02 0.14 ^ 0.01 0.34 ^ 0.10 0.78(119) 2.5È50
970825 . . . . . . . . . 487.5 0.26 ^ 0.03 3.12~0.87`1.45 1.89 ^ 0.11 0.02 ^ 0.01 1.20~0.52`0.53 0.51(74) 2.5È17

a Used Ðxed cm~2 (Zhang et al. 1997a).N
H

\ 0.89] 1022
b Midpoint of observation.

for and eq. (1) with (Orosz & Bailyn 1997) and D\ 3.2 kpc (Hjellming & Rupen 1995).c r
g
\GM/c2 M \ 7.02 M

_
h \ 69¡.5

d Fixed edge at 8.0 keV and width of 7 keV using ““ smedge ÏÏ model in XSPEC.
e PCA\ 2.5È20 keV and HEXTE[ 20 keV.
f Determined from 2.5 to 10 keV using only interstellar absorption and multicolor disk blackbody models.
g Determined from 15 to 20 keV with Ðxed multicolor disk parameters determined from 2.5 to 10 keV.
h Fitted including a Compton reÑection component model (see ° 3.1 and Table 2).



(a) No Fe abs. - Reduced Chi Sq. = 1.44

(b) Fe abs. at 7.1 keV - Reduced Chi Sq. = 1.07

(c) Fe abs. at 8.0 keV - Reduced Chi Sq. = 1.04
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TABLE 2

FITTED PARAMETERS FOR COMPTON REFLECTIONa

Date Dayb
(yymmdd UT) (MJD 50198]) )/2nc md

960801 . . . . . . . . 98.4 0.88~0.08`0.09 442~272`499
960829 . . . . . . . . 126.4 1.30~0.35`0.27 84.5~79.2`642
961102A . . . . . . 191.2 0.58 ^ 0.07 1.01~0.97`12.0
961102B . . . . . . 191.3 1.15~0.10`0.11 0.013~0.013`41.4

a The Compton reÑection component was calculated using the
““ pexriv ÏÏ model in XSPEC version 10. The Fe and elemental abun-
dances were Ðxed at the solar value. The disk temperature was Ðxed at
105 K (Done et al. 1992), the inclination angle was Ðxed at (Orosz69¡.5
& Bailyn 1997). No exponential cuto† of the power law was applied.

b Midpoint of observation.
c Normalization of reÑection.
d The ionization parameter m \ L /nR2, where L is the integrated

incident luminosity between 5 eV and 300 keV, n is the density of the
material, and R is the distance of the material from the illuminating
source (Done et al. 1992).

disk had settled down to D0.7 keV and respectively6.5 r
g
,

(Figs. 3a and 3b). The photon index varied signiÐcantly
from D2 to 3 over only a few days (Fig. 3c), and the source
exhibited little temporal variability (Remillard et al. 1998).
We identify this period with the high/soft state. A sample
high/soft state spectrum is shown in Figure 2c.

Our initial Ðts for the high/soft state data were poor
however, they were signiÐcantly improved by(sl2D 1È4) ;

the addition of a smeared Fe absorption edge at 8.0 keV
(above the neutral Fe K edge at 7.1 keV) (Ebisawa et al.
1994). Figures 4aÈ4c show the e†ect of the absorption edge
on the ratio data/model for a representative high/soft state
spectrum. From Figures 4aÈ4c, it is apparent that the addi-
tion of an Fe absorption edge signiÐcantly improves the sl2from 1.44 to 1.04 for an edge at 8.0 keV. The best-Ðt edge
energy varied from 7 to 9 keV for di†erent spectra. For
consistency the edge was Ðxed at 8.0 keV with a width of
7 keV, and only the Fe optical depth was allowed to Ñoat.
The presence of an Fe absorption feature in BHXN spectra
is well established from observations of Cyg X-1,
GS 2023]338, LMC X-1, GS 2000]25 (Inoue 1991), and
Novae Muscae 1991 (Ebisawa et al. 1994).

The disk temperature during the high/soft state is
approximately constant from day 307 to day 364, then there
is a slight increase of from 0.67 to 0.71 keV over 28 daysTefffrom day 364 to day 398 (Fig. 3a). After this slight rise, Teffdecreases from 0.71 to 0.60 keV over the next 47 days (Fig.
3a), and increases from 6.3 to 7.1 (Fig. 3b).reffOn day 455, the disk temperature begins to drop rapidly
and decreases from 0.57 to 0.26 keV over the Ðnal 32 days.
By day 476 the multicolor blackbody disk appears only as a
soft excess below 5 keV. The spectra at this time are domi-
nated by the power-law component with !D 1.7È2.0, and
the source exhibited increased variability and low frequency
QPOs (Remillard et al. 1998). These properties are charac-
teristic of the low/hard state. A representative spectrum is
presented in Figure 2e. In the last three observations, the
inner disk radius appears to decrease, which is probably due
to the failure of the spectral hardening correction for m5 [

(Shimura & Takahara 1995) after day 465. Similar0.1
behavior was observed in Nova Muscae 1991 (Ebisawa et
al. 1994) during the soft-to-hard transition at late times and
is attributed to the same cause. The apparent decrease in reffafter day 465, just prior to turno†, can be explained by an

FIG. 4.ÈE†ect of the Fe absorption edge on the ratio data/model for a
representative high/soft state spectrum (970320). (a) Residuals for the inter-
stellar absorption plus multicolor blackbody disk plus power law only.
(b, c) The e†ects of a smeared Fe absorption edge applied to the power-law
component (Ebisawa et al. 1994) at edge energies of (b) 7.1 and (c) 8.0 keV.
The width of the absorption feature was kept Ðxed at 7 keV, and the Fe
optical depth was allowed to Ñoat.

increase in the spectral hardening factor as the inner disk
becomes optically thin, rather than a decrease in the inner
disk radius (Ebisawa et al. 1994).

The values of ! and K for days 14È17 are o† the scale
used in Figure 3 but are given in Table 1. In this initial
group of observations, the spectrum below D10 keV is
dominated by a soft thermal component with keVTeff D 0.7
and by a steep quasiÈpower-law component with !D 6 at
higher energies. Since the power-law contributes so little
Ñux above 5 keV, compared to the thermal component, we
identify these observations with the high/soft state. A
sample spectrum from this period is shown in Figure 2d.
The quality of the 2.5È20 keV spectral Ðts was poor (sl2D

during this time. T hese spectra resisted all attempts to5È8)
apply the multicolor disk plus power-law model, including
modiÐcations for variable emission lines, absorptionNH,
edges, Compton reÑection, thermal Comptonization, and an
exponentially cuto† power law. The same difficulty was
encountered for six other observations during the high/soft
state. As a result, we were forced to Ðt these spectra using
interstellar absorption plus a multicolor disk over the
restricted range 2.5È10 keV and then Ðx these parameters
when Ðtting the high/soft energy component with a power
law from 15 to 20 keV. This approach gave satisfactory
values of (see Table 1). Figure 2d shows a sample spec-sl2
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trum along with the best-Ðt multicolor disk model for these
poorly Ðtted high/soft state spectra. In Figures 3aÈ3d, the
spectra which are not well Ðtted by the multicolor disk
blackbody plus power-law model above 10 keV are indi-
cated by open circles ; in Table 1 the corresponding entries
are Ñagged by footnotes f and g. Note that the e†ective
temperatures and inner disk radii of these cases are consis-
tent with those of the ““ normal ÏÏ high/soft state spectra (Fig.
3a and 3b).

The advection-dominated accretion Ñow (ADAF) model
(Narayan & Yi 1994) has been used successfully to describe
the soft-to-hard transition observed in Nova Muscae 1991
(Esin et al. 1997a) and Cyg X-1 (Esin et al. 1997b). For Nova
Muscae 1991, Esin et al. (1997a) predicted that the photon
index should have risen sharply to D4 or 5 in the high/soft
state prior to the soft-to-hard transition (see their Fig. 12d),
during the time when Ebisawa et al. were unable to Ðt the
power-law component and therefore Ðxed the photon index
(see Ebisawa et al. 1994). Similarly, this prediction of the
ADAF model may explain the peculiar spectral behavior of
GRO J1655[40 during these observations when the
apparent power-law component is steep and poorly deter-
mined.

3.3. Disk and Power-L aw Component Fluxes and Source
L uminosity

Figures 5aÈ5c are plots of the total unabsorbed Ñux (Fig.
5a), the unabsorbed bolometric Ñux from the disk black-
body component (Fig. 5b) and the unabsorbed Ñux from the
power-law component (2È100 keV) (Fig. 5c). Figure 5d

shows the ratio of the disk blackbody to the total Ñux.
During the Ñares, the power-law component dominates the
spectrum and we see that the increase in the power-law Ñux
(Fig. 5c) is accompanied by a decrease in the Ñux from the
disk (Fig. 5b). When the source moves out of the solar exclu-
sion zone, the power-law Ñux is less than 5] 10~9 ergs s~1
cm~2, and the Ñux from the disk component dominates the
spectrum. This behavior is even more apparent in Figure 5d,
where the disk Ñux is plotted as a fraction of the total
unabsorbed Ñux from 2 to 100 keV. During the hard Ñares,
the power law dominates the unabsorbed Ñux, contributing
D70% of the total Ñux (Fig. 5d). During the calm period
(around day 160) between the two Ñaring episodes, the
power law contributes less than 20% of the Ñux (Fig. 5d).
After passage through the SEZ, the disk emission domi-
nates, contributing around 90% of the total Ñux (Fig. 5d).
After day 465, the power law again dominates the unab-
sorbed Ñux, contributing D70% of the total (Fig. 5d), indi-
cating that the system has undergone a soft-to-hard
transition.

Figures 6a and 6b show and ! versus the luminosityreffin Eddington units, where ergs s~1 forL Edd\ 8.78] 1038
m\ 7.02. Figure 6a indicates that decreases dramat-reffically when the luminosity exceeds l D 0.17 and Figure 6b
shows that the photon index is not strongly correlated with
luminosity. Both of these results are unexpected for canon-
ical outburst states, for which the parameters vary smoothly
(e.g., Ebisawa et al. 1994). Also note from Figure 6 that the
luminosity of the source in each outburst state is several
times lower than the canonical values discussed in ° 1. These

FIG. 5.ÈPlot of (a) the total unabsorbed Ñux of GRO J1655[40, (b) the bolometric Ñux from the disk blackbody calculated using the formula :
and (c) the 2È100 keV Ñux from the power-law component. The units are 10~8 ergs s~1 cm~2. The ratio of the diskFlux\ 2p[(Rcol2 /D2) cos h]T col4 ,

blackbody to the total unabsorbed Ñux is shown in (d). The total and power-law Ñuxes for the 10 poorly Ðtted high/soft state spectra have been omitted
because of uncertainty in the nature of the quasiÈpower-law component. Reducing the lower energy bound from 2 to 1 keV increases the power-law Ñuxes by
D50%.
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FIG. 6.ÈPlot of (a) vs. l and (b) ! vs. l, where l is the bolometric diskreffluminosity plus the 2È100 keV power-law luminosity in Eddington units
ergs s~1 for M \ 7.02 Data during the very high(L Edd \ 8.8] 1038 M

_
).

state are plotted as Ðlled circles and data during the high/soft state are
plotted as open squares. The last three data points on days 476, 480, and
487 have been omitted from (a) because the multicolor disk model no
longer yields reasonable physical values for the inner disk radius. These
three data points are plotted as open triangles in (b). The data points for
the 10 poorly Ðtted high/soft state spectra have been omitted from both (a)
and (b) because of uncertainty in the nature of the quasiÈpower-law com-
ponent.

data indicate that it is problematic to use absolute lumi-
nosity as an indicator of spectral states.

4. CORRELATIONS IN THE SPECTRAL PARAMETERS ;
COMPARISONS TO NOVA MUSCAE 1991 AND

GRS 1915]105

Figures 3a and 3b show that during the Ñares, Teffincreases from D0.76 to 1.13 keV, while decreases by arefffactor of about 3 from D5.5 to 1.6. Figure 7a shows the
correlation between and from which it is apparentTeff reff,that increases gradually as decreases. ObservationsTeff reffduring the very high state are plotted as Ðlled circles, and
observations during the high/soft state are plotted as open
squares. Figure 7b shows a surprising correlation between
the power-law Ñux and From Figure 7b it is apparentreff.that the power law Ñux is strongly correlated with andreffincreases steeply for reff [ 5.5.

Figures 8a and 8b show and the 2È100 keV power-Tefflaw Ñux versus for Nova Muscae 1991 (calculated fromreffdata in Ebisawa et al. 1994). Comparing Figures 7b and 8b,
it is apparent that both Nova Muscae 1991 and
GRO J1655[40 exhibit the same behavior : the power-law
Ñux increases as decreases.reffHowever, the apparent decrease of the inner disk radius
observed during the power-law Ñares may be caused by the
failure of the multicolor disk model instead of physical
changes of the inner disk radius. During the hard Ñares, the
disk contributes as little as 30% of the observed Ñux. Since
the power-law component in BHXN spectra likely orig-

FIG. 7.ÈPlot of (a) vs. and (b) 2È100 keV power-law Ñux vs.Teff reff reff.Observations during the very high state are plotted as Ðlled circles, and
observations during the high/soft state are plotted as open squares. The
last three observations on days 476, 480, and 487 have been omitted
because the multicolor disk model no longer yields reasonable physical
values for the inner disk radius. The data points for the 10 poorly Ðtted
high/soft state spectra have been omitted because of uncertainty in the
nature of the quasiÈpower-law component.

inates from Compton upscattering of soft disk photons, an
increase in power-law emission naturally implies an
increase in electron scattering. This in turn increases the
distortion (spectral hardening) of the inner disk spectrum

FIG. 8.ÈPlot of (a) vs. and (b) 2È100 keV power-law Ñux vs.Teff reff refffor Nova Muscae 1991. This Ðgure should be compared to Fig. 7 for
GRO J1655[40. is in units of where M \ 6 h \ 60¡reff r

g
\GM/c2 M

_
,

(Orosz et al. 1997), and D\ 2.5 kpc (Ebisawa et al. 1994). Following
Ebisawa et al. (1994) and for the purposes of this illustration we adopt
D\ 2.5 kpc. However, the actual distance is probably closer to twice this
value (see ° 4.1 in Esin et al. 1997a), which would double the value of reff.
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through Comptonization of the emergent spectrum. There-
fore, we might expect the distortion of the inner disk spec-
trum to be correlated with the power-law emission, as in
Figures 7b and 8b.

Shimura & Takahara (1995) have shown that for a
v
[ 0.1

the inner disk gradually becomes optically thin and the
assumption of a constant spectral hardening factor breaks
down. The spectral hardening factor ( f ) can become large
(as high as fD 10 near the inner disk radius in an example
given by Shimura & Takahara) and the color temperature
can assume a steep radial proÐle. In such a case, Ðtting the
multicolor disk model to the resulting spectrum and
assuming a constant spectral hardening factor yields an
inner disk radius which is smaller than the physical value.
T he apparent decrease of the inner disk radius observed
during periods of increased power-law emission may be caused
by a steepening of the radial temperature proÐle of the accre-
tion disk coupled with increased spectral hardening ; thus, this
apparent decrease does not necessarily represent a physical
change of the inner disk radius.

This interpretation implies that the physical mechanism
responsible for producing the power-law emission is linked
to the inner disk region and that the relativistic electrons
are produced very near the inner accretion disk. Moreover,
it is reasonable that the hard X-ray spectrum will also be
produced in the inner disk region since there is a copious
supply of soft seed photons there.

GRS 1915]105 and GRO J1655[40 are among the few
Galactic sources known to produce superluminal radio jets
(Mirabel & Rodriguez 1994, 1998 ; Tingay et al. 1995 ;
Hjellming & Rupen 1995). Although no dynamical mass
estimate for the compact primary in GRS 1915]105 exists,
both sources are suspected of containing rapidly rotating
black holes (Zhang et al. 1997a ; Cui et al. 1998). Further-
more, GRS 1915]105 and GRO J1655[40 have exhibited
large changes in the observed temperatures and radii of
their inner accretion disks. Belloni et al. (1997a, 1997b)
explain the behavior of GRS 1915]105 by the removal and
replenishment of the matter forming the inner part of an
optically thick disk, probably caused by a Lightman-
Eardley type thermal-viscous instability (Lightman &
Eardley 1974) analogous to the limit cycle instability in
dwarf novae.

The thermal instability model of Belloni et al. (1997a,
1997b) describes the behavior of GRS 1915]105 well, but
it cannot account for the variability timescale of
GRO J1655[40. The Ñares in GRS 1915]105 occur on a
timescale of D100 s, whereas the Ñares in GRO J1655[40
occur on a timescale of a few days. In the Belloni et al.
model, Ñares are expected to repeat on the timescale neces-
sary to reÐll the inner disk. In the case of GRO J1655[40,
Belloni et al.Ïs model would predict a Ñaring timescale of
D0.1 s, which is some 6 orders of magnitude shorter than
the observed D1 day Ñaring timescale. Therefore, the
thermal instability model of Belloni et al. cannot be
responsible for the Ñaring behavior observed in
GRO J1655[40. Instead, the timescale of the Ñaring
behavior in GRO J1655[40 is comparable to the viscous
timescale of the outer disk, where the viscous timescale is
D1 day for r D 300. This Ñaring timescale is close to the 6
day X-ray delay (relative to the optical) that occurred
during the 1996 April outburst of GRO J1655[40, which
Hameury et al. (1997) identiÐed with the viscous timescale
needed to rebuild the inner disk. Changes in the behavior of

an accreting system on this timescale can be associated with
changes in the mass accretion rate.

5. SPIN OF THE BLACK HOLE

Zhang et al. (1997a) outline general relativistic correc-
tions to the inner disk radius derived from the multicolor
disk model for the purpose of determining the true inner
disk radius. The angular momentum of the black hole(a

*
)

can be estimated by equating the inner disk radius with the
last stable orbit. In this analysis, the e†ective temperature of
the disk peaks at a radius

reff \ rlast/g , (5)

where is the last stable orbit and g is a function of therlastblack hole angular momentum. There is also a general rela-
tivistic correction to the spectral hardening factor and an
additional change of the observed Ñux due to viewing angle
(Zhang et al. 1997a). However, the inclination angle of
GRO J1655[40 makes the general relativistic spectral
hardening and viewing angle corrections less than 10%
(determined from data in Zhang et al. 1997a) compared to
the ^24% uncertainty in the inner disk radius due to the
conventional spectral hardening factor, f \ 1.7^ 0.2 (see
eq. [4]). The important claim of Zhang et al.Ïs analysis is
that is the radius of the peak emission region and not thereffinner disk radius.

The last stable orbit around a maximally rotating prog-
rade black hole can extend almost to the event(a

*
\ ]1)

horizon, whereas in the nonrotating Schwarzs-GM/c2\ r
g
,

child case, the last stable orbit is at The solutions for6r
g
.

and g, for several values of calculated using thereff, rlast, a
*method of Zhang et al. (1997a) are listed in Table 3. It is

important to note that this analysis assumes the disk
extends all the way down to the last stable orbit and there-
fore would not be valid throughout most of the obser-
vations presented here if the inner disk radius were actually
varying. However, as emphasized in ° 4, the apparent
decrease of the inner disk radius observed during the
power-law Ñares may be due to the failure of the multicolor
disk model and not to physical changes of the inner disk
radius.

TABLE 3

DETERMINING AND FROMrlast a
*

reff
reff(rg)a rlast(rg)a g a

*

1.58 . . . . . . 1.24 0.782 0.998
1.66 . . . . . . 1.28 0.771 0.997
1.75 . . . . . . 1.33 0.760 0.996
1.98 . . . . . . 1.45 0.736 0.99
2.80 . . . . . . 1.94 0.692 0.95
3.08 . . . . . . 2.10 0.683 0.93
3.44 . . . . . . 2.32 0.675 0.90
4.42 . . . . . . 2.91 0.658 0.80
5.22 . . . . . . 3.39 0.650 0.70
5.94 . . . . . . 3.83 0.645 0.60
6.61 . . . . . . 4.23 0.640 0.50
7.24 . . . . . . 4.61 0.637 0.40
7.85 . . . . . . 4.98 0.634 0.30
8.43 . . . . . . 5.33 0.632 0.20
9.00 . . . . . . 5.67 0.630 0.10
9.55 . . . . . . 6.00 0.628 0.00

a r
g
\GM/c2.
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During the most stable period (from day 307 to day 356),
we Ðnd the average e†ective inner disk radius is reff \ 6.63
^ 0.04. It is likely that during this stable period, the disk
assumes the steady state r~3@4 temperature proÐle of the
standard multicolor disk model, which implies that reff \6.6 is a good approximation of the actual e†ective inner disk
radius. Applying Zhang et al.Ïs (1997a) method for reff \ 6.6
implies and (Table 3), which is consider-rlast\ 4.2 a

*
\ 0.5

ably smaller than the results of Zhang et al. who Ðnd a
*

\
0.93.

The dominant source of uncertainty in this calculation
(other than systematic uncertainty in the physical interpre-
tation of the disk model) is due to the spectral hardening
factor ( f\ 1.7^ 0.2), which yields an uncertainty of 24% in
the value of (see eq. [4]). Taking this uncertainty intoreffaccount, the minimum e†ective inner disk radius

corresponds to the upper limitreff(min)\ 5.0 a
*

\ 0.7.
Since scales linearly with the assumed distance (see eq.reff[1]), applying the Ðrm distance upper limit of 5 kpc from
Tingay et al. (1995) and the 24% uncertainty from the spec-
tral hardening factor, we obtain which isreff(max)\ 12.9,
consistent with a nonrotating (Schwarzschild) black hole
(see Table 3).

Using the method adopted here for measuring the inner
disk radius, Zhang et al. (1997a) analyzed a single ASCA
observation of GRO J1655[40 from 1995 August, during a
previous outburst, and determined that the source contains
a rapidly rotating black hole with in contrast toa

*
\ 0.93,

our limit of However, as demonstrated in ° 4, thea
*

\ 0.7.
apparent inner disk radius can vary signiÐcantly during
outburst. This result emphasizes the importance of obtain-
ing good spectral coverage of the entire outburst cycle.

6. QUASI-PERIODIC OSCILLATIONS

It has been proposed that high frequency QPOs in the
X-ray light curves of BHXNs are due to the e†ects of rela-
tivistic frame dragging on an accretion disk orbiting a rotat-
ing black hole (Cui et al. 1998). According to this model, the
300 Hz QPO present during the hardest spectral state in
GRO J1655[40 (Remillard et al. 1999) implies a speciÐc
angular momentum for the black hole of fora

*
\ 0.95

M \ 7 (Cui et al. 1998). The same model applied to theM
_67 Hz QPO observed in certain spectral states of

GRS 1915]105 (Morgan, Remillard, & Greiner 1997) also
implies a speciÐc angular momentum for the black hole of

for M \ 30 (Cui et al. 1998).a
*

\ 0.95 M
_In the previous section, we demonstrated that the most

likely value of the inner disk radius in GRO J1655[40
implies and is consistent with a nonrotatinga

*
\ 0.7

(Schwarzschild) black hole. This result implies that the
300 Hz QPO in GRO J1655[40 probably cannot be due
to relativistic frame dragging, which requires a rapidly
rotating black hole. The low black hole angular(a

*
D 0.95)

momentum in GRO J1655[40 is also inconsistent with
““ diskoseismic ÏÏ models in which the 300 Hz QPO is attrib-
uted to g-mode or c-mode oscillations trapped in the inner
accretion disk (Nowak & Wagoner 1992, 1993 ; Perez et al.
1997), because these models also require a rapidly rotating
black hole with and respectivelya

*
D 0.95 a

*
D 0.85,

(Wagoner 1998).
Finally, we investigate the relationship between the

derived spectral parameters and the intermediate, variable
frequency QPOs (14È28 Hz) in GRO J1655[40. Figures 9a
and 9b illustrate a surprising correlation between QPO fre-

FIG. 9.ÈCorrelation between (a) QPO frequency and and (b) QPOrefffrequency and the 2È100 keV power-law Ñux for 14È28 Hz QPOs. The
28.3 Hz QPO plotted with a triangle appears only in the sum of the
high/soft state observations (days 255È465) (Remillard et al. 1998) and is
plotted here at the average and power-law Ñux for the high/soft state.reff

quency, and the 2È100 keV power-law Ñux for the vari-reff,able frequency (14È28 Hz) QPOs. Figure 9a shows that the
QPO frequency decreases as decreases, which is con-refftrary to the behavior expected if the QPO were tied to the
Keplerian frequency at the shrinking inner edge of the disk.

7. SUMMARY AND CONCLUSION

We have analyzed RXT E data obtained for
GRO J1655[40 covering a complete, 16 month outburst
cycle of the source. These data comprise a nearly contin-
uous observation of the source with the ASM, and 52
pointed observations with the PCA and HEXTE instru-
ments. Satisfactory Ðts to nearly all the PCA/HEXTE data
were obtained with a multicolor blackbody disk plus
power-law model (with allowance for some minor
modiÐcations). The source exhibits two principal outburst
states which we associate with the very high and high/soft
states. During the very high state, the spectrum was often
dominated by a power-law component with !\ 2.3È2.7.
The source exhibited intense Ñares which were correlated
with changes (hours to days) in both the Ðtted temperature
and radius of the inner accretion disk. During the high/soft
state, the spectrum was dominated by the soft thermal emis-
sion from the accretion disk with approximately constant
inner disk radius and temperature. The power-law com-
ponent was relatively weak with !D 2È3. During the last
few observations, the source underwent a transition to the
low/hard state.

We found that a tight relationship exists between the
observed inner radius of the disk and the Ñux in the power-
law component (Fig. 7b). During intense hard Ñares, the
e†ective inner disk radius is observed to decrease by as
much as a factor of 3 (from 5.5 to on a timescale of1.6 r

g
)

days. The apparent decrease of the inner disk radius
observed in GRO J1655[40 during periods of increased
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power-law emission may be explained by the failure of the
multicolor disk model due to steepening of the radial tem-
perature proÐle of the accretion disk coupled with increased
spectral hardening and not physical changes of the inner
disk radius. This interpretation is consistent with the corre-
lation between and the power-law Ñux (Fig. 7b) andreffimplies that the physical mechanism responsible for
producing the power-law emission is linked to the inner
disk region. The same correlation between the inner disk
radius and power-law Ñux is also evident in the spectral
results for Nova Muscae 1991 presented by Ebisawa et al.
(1994) and illustrated here (Fig. 8b).

Assuming that our spectral model is valid during periods
of weak power-law emission, our most likely value for the
inner disk radius implies Such a low value for thea

*
\ 0.7.

black hole angular momentum in GRO J1655[40 is incon-
sistent with the relativistic frame dragging and the
““ diskoseismic ÏÏ models for the 300 Hz QPO, because these
models require a rapidly rotating black hole with a

*
D 0.95

and respectively.a
*

[ 0.85,

NOTE ADDED IN MANUSCRIPT.ÈAs we were completing
the revision of this manuscript, Shahbaz et al. (1999) pre-
sented additional radial velocities of GRO J1655[40
obtained during quiescence. They derive an optical mass

function of f (M) \ 2.73^ 0.09 (compared to 3.24M
_^ 0.09 reported by Orosz & Bailyn 1997). The impliedM

_black hole mass would then be 6.0 ^ 0.2 (using theM
_mass ratio and inclination given by Orosz & Bailyn 1997),

rather than 7.0 ^ 0.2 The main conclusions of thisM
_

.
work (the correlation between Ðtted inner disk radius and
power-law Ñux, etc.) are independent of the assumed black
hole mass. However, since the e†ective radius of the inner
disk scales inversely with the black hole mass, a smaller
black hole mass would imply a larger inner disk radius and
hence a lower angular momentum for the black hole (i.e.,

for M \ 6a
*

\ 0.6 M
_

).
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