
THE ASTROPHYSICAL JOURNAL, 531 :537È545, 2000 March 1
2000. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

CORRELATIONS BETWEEN LOW-FREQUENCY QUASI-PERIODIC OSCILLATIONS AND SPECTRAL
PARAMETERS IN XTE J1550[564 AND GRO J1655[40

GREGORY J. SOBCZAK

Astronomy Deptartment, Harvard University, 60 Garden Street, Cambridge, MA 02138 ; gsobczak=cfa.harvard.edu

JEFFREY E. MCCLINTOCK

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138 ; jem=cfa.harvard.edu

RONALD A. REMILLARD, WEI CUI, ALAN M. LEVINE, AND EDWARD H. MORGAN

Center for Space Research, Massachusetts Institute of Technology, Cambridge, MA 02139 ;
rr=space.mit.edu, cui=space.mit.edu, aml=space.mit.edu, ehm=space.mit.edu

JEROME A. OROSZ

Sterrekundig Instituut, Universiteit Utrecht, Postbus 80.000, 3508 TA Utrecht, The Netherlands ; j.a.orosz=astro.uu.nl

AND

CHARLES D. BAILYN

Department of Astronomy, Yale University, P. O. Box 208101, New Haven, CT 06520 ; bailyn=astro.yale.edu
Received 1999 August 10 ; accepted 1999 October 14

ABSTRACT
Utilizing observations obtained with the Rossi X-Ray T iming Explorer, we examine correlations

between the properties of 0.08È22 Hz variable-frequency quasi-periodic oscillations (QPOs) and the
X-ray spectral parameters for the black hole candidates XTE J1550[564 and GRO J1655[40. The
spectra were Ðtted to a model including a multitemperature blackbody disk and a power-law com-
ponent. We Ðnd that the QPO frequency and amplitude are well correlated with the spectral parameters,
although the correlations found for XTE J1550[564 are generally opposite to those for GRO
J1655[40. There is one exception : both sources exhibit a general increase in the QPO frequency as the
disk Ñux increases (or as the rate of mass accretion through the disk increases). In addition, these QPOs
are observed only when the power-law component contributes more than 20% of the 2È20 keV Ñux,
which indicates that both the disk and the power-law components are linked to the QPO phenomenon.
Subject headings : black hole physics È stars : individual (XTE J1550[564) È

stars : individual (GRO J1655[40) È X-rays : stars

1. INTRODUCTION

GRO J1655[40 is a black hole X-ray nova (BHXN) with
a dynamically determined primary mass of D7 (OroszM

_& Bailyn 1997 ; Shahbaz et al. 1999), which exceeds the
maximum mass of a neutron star (Rhoades & Ruffini 1974 ;
Kalogera & Baym 1996). The source displays superluminal
radio jets and is at a distance of 3.2 ^ 0.2 kpc (Hjellming &
Rupen 1995). GRO J1655[40 was discovered with BATSE
on 1994 July 27, and in early 1996 it entered a very low or
quiescent state. However, a second outburst commenced on
1996 April 25 and continued for 16 months. During this
second outburst, there was an intensive campaign of obser-
vations with the Rossi X-Ray T iming Explorer (RXT E) ;
this paper is based on extensive spectral and timing results
derived from these 52 1996È1997 observations (Sobczak et
al. 1999a ; Remillard et al. 1999b ; see also Mendez, Belloni,
& van der Klis 1998).

XTE J1550[564 is an X-ray nova (aka soft X-ray
transient) and a black hole candidate, which was discovered
on 1998 September 6 (Smith et al. 1998). Two weeks later it
reached a peak intensity of 6.8 crab at 2È10 keV to become
the brightest X-ray nova yet observed with RXT E. The
source has been observed in the very high, high/soft, and
intermediate canonical outburst states of BHXN (Sobczak
et al. 1999b, 1999c ; Cui et al. 1999). There are both a radio
counterpart (Campbell-Wilson et al. 1998) and an optical
counterpart, which has been studied extensively in outburst
(Jain et al. 1999 ; Sanchez-Fernandez et al. 1999). The mass
of the compact primary is unknown. The data presented

herein are based on 169 pointed observations with RXT E,
which represent all of the pointed observations of XTE
J1550[564 during Gain Epoch 3 (i.e., before 16 :30 [UT]
on 1999 March 22).

Both GRO J1655[40 and XTE J1550[564 are of
intense current interest because they display a variety of
quasi-periodic X-ray oscillations (QPOs), which can be used
to probe the accretion process around black holes. It is well
known that the temporal characteristics of black hole can-
didates are strongly correlated with the spectral state (see
van der Klis 1995 and references therein). QPOs are funda-
mental properties of the accretion Ñow, and in a few sources
the rms amplitude can exceed 15% of the mean X-ray Ñux
(see ° 4). Consequently, simultaneous studies of the tempo-
ral and spectral properties of BHXN are a promising
avenue for determining the origin of QPOs in these sources.

GRO J1655[40 exhibits four types of QPOs between 0.1
and 300 Hz (Remillard et al. 1999b), three of which have
relatively stable central frequencies. A fourth QPO with a
central frequency that varies from 14È22 Hz is the only one
of interest here. Similarly, the power spectra of XTE
J1550[564 exhibit two types of QPOs: a high-frequency
QPO (D200 Hz) and a variable 0.08È18 Hz QPO
(Remillard et al. 1999a ; Sobczak et al. 1999b ; Cui et al.
1999). Again, we are interested only in this latter QPO. Our
focus in this paper is on the correlations between the fre-
quency and amplitude of the 0.08È18 Hz and 14È22 Hz
QPOs and the spectral parameters for these two sources.
We explore the implications of these correlations for the
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origin of these QPOs and compare our results with several
QPO models.

2. OBSERVATIONS AND ANALYSIS

The timing and spectral data were obtained using the
proportional counter array (PCA; Jahoda et al. 1996) on
board the Rossi X-Ray T iming Explorer (RXT E). The PCA
consists of Ðve xenon-Ðlled detector units (proportional
counter units, or PCUs) with a total e†ective area of D6200
cm~2 at 5 keV. The PCA is sensitive in the range 2È60 keV,
the energy resolution is D17% at 5 keV, and the time
resolution capability is 1 ks.

The PCA spectral data in the energy range 2.5È20 keV
were Ðtted to the widely used model consisting of a multi-
temperature blackbody accretion disk plus power law
(Tanaka & Lewin 1995 and references therein). The spectral
parameters include the temperature and radius of the inner
accretion disk and the power-law photon index ; the power-
law Ñux and the disk Ñux were derived from the Ðtted
parameters. (See Sobczak et al. 1999a, 1999b, 1999c for
additional information regarding spectral Ðtting methods.)
The Ðtted temperature and radius of the inner accretion
disk presented here are the observed color temperature and
radius of the inner disk. Since the disk emission is likely to
be a†ected by spectral hardening due to electron scattering
(Shakura & Sunyaev 1973 ; Ebisawa et al. 1994, Shimura &
Takahara 1995), the physical interpretation of these param-
eters remains uncertain.

An X-ray timing analysis was conducted by computing
the 2È30 keV power spectrum for each PCA observation.
The contribution from counting statistical noise was sub-
tracted, and the power spectra were corrected for dead-time
e†ects as described by Zhang et al. (1995) and Morgan,

Remillard, & Greiner (1997). A s2 minimization technique
was used to derive the central frequency and width of each
QPO. The QPO features were Ðtted with Lorentzian func-
tions, while the power continuum in the vicinity of the QPO
feature was modeled with a power-law function. Triple
QPO features exhibiting a fundamental as well as sub-
harmonics and Ðrst harmonics were common (see Fig. 1a).
We identify the central QPO feature with the largest rms
amplitude as the fundamental. The integrated fractional
rms amplitude of the QPO is the square root of the inte-
grated power in the QPO feature, expressed as a fraction of
the mean count rate. The amplitudes of weaker QPOs at
harmonic frequencies have been excluded from the QPO
amplitude discussed here. See Remillard et al. (1999a,
1999b) for further information regarding the timing analysis
of the data for GRO J1655[40 and XTE J1550[564.
QPOs observed during the rising phase of XTE J1550[564
(observations 1È14 in Table 1) were Ðrst reported by Cui et
al. (1999), and details of the timing analysis for those obser-
vations can be found therein.

For GRO J1655[40, we consider RXT E programs
10255 and 20402, which constitute almost all of the RXT E
exposures of this source. Spectral parameters for GRO
J1655[40 are given in Table 1 of Sobczak et al. (1999a),
and the QPO parameters are given in Table 3 of Remillard
et al. (1999b). The observations of XTE J1550[564 include
exposures under RXT E programs 30188-06, 30191, 30435,
and 40401, with spectral parameters published in Table 1 of
Sobczak et al. (1999b, 1999c) and QPO parameters listed
here in Table 1.

For four observations listed in Table 1, more than one
QPO frequency is given (observations 153È154 and 166È
167). In these cases, the QPOs are of approximately equal
amplitude and are blended together. Consequently, we are

FIG. 1.ÈSample power density spectrum and light curve of XTE J1550[564



TABLE 1

QPO PARAMETERS FOR XTE J1550[564

Date QPO Frequencyb QPO Amplitudec
Observation (yymmdd) MJDa (Hz) (% rms) Qd

1 . . . . . . . . . . . . 980907 51,063.70 0.084 13.9 ^ 1.5 59.7
2 . . . . . . . . . . . . 980908 51,064.01 0.12 14.2 ^ 0.6 6.7
3 . . . . . . . . . . . . 980909 51,065.07 0.29 14.3 ^ 0.7 14.1
4 . . . . . . . . . . . . 980909 51,065.34 0.39 15.0 ^ 0.5 9.4
5 . . . . . . . . . . . . 980910 51,066.07 0.81 15.7 ^ 0.4 8.4
6 . . . . . . . . . . . . 980910 51,066.34 1.0 15.6 ^ 0.4 9.4
7 . . . . . . . . . . . . 980911 51,067.27 1.6 16.1 ^ 0.4 8.3
8 . . . . . . . . . . . . 980912 51,068.35 2.4 14.3 ^ 0.2 11.9
9 . . . . . . . . . . . . 980913 51,069.27 3.4 12.9 ^ 0.2 11.4
10 . . . . . . . . . . . 980914 51,070.13 3.2 13.1 ^ 0.2 12.8
11 . . . . . . . . . . . 980914 51,070.27 3.2 13.0 ^ 0.2 12.9
12 . . . . . . . . . . . 980915 51,071.20 3.7 13.0 ^ 0.2 13.8
13 . . . . . . . . . . . 980915 51,072.00 2.6 11.6 ^ 0.8 22.9
14 . . . . . . . . . . . 980916 51,072.34 4.0 12.9 ^ 0.2 15.5
15 . . . . . . . . . . . 980918 51,074.14 5.7 9.4 ^ 0.3 8.6
16 . . . . . . . . . . . 980919 51,075.99 13.1e 1.05 ^ 0.05 2.8
17 . . . . . . . . . . . 980920 51,076.80 7.2e 6.6 ^ 0.1 5.0
18 . . . . . . . . . . . 980920 51,076.95 8.5e 4.8 ^ 0.1 4.3
19 . . . . . . . . . . . 980921 51,077.14 9.8 3.3 ^ 0.1 9.2
20 . . . . . . . . . . . 980921 51,077.21 7.0 4.0 ^ 0.1 5.4
21 . . . . . . . . . . . 980921 51,077.87 5.8 4.8 ^ 0.2 11.6
22 . . . . . . . . . . . 980922 51,078.13 5.4 10.0 ^ 0.2 10.7
23 . . . . . . . . . . . 980923 51,079.79 4.2 12.9 ^ 0.4 7.4
24 . . . . . . . . . . . 980924 51,080.08 3.9 12.2 ^ 0.4 13.6
25 . . . . . . . . . . . 980925 51,081.06 2.9 13.4 ^ 0.4 9.8
26 . . . . . . . . . . . 980926 51,082.00 2.7 14.0 ^ 0.4 10.4
27 . . . . . . . . . . . 980927 51,083.00 2.6 14.4 ^ 0.4 8.9
28 . . . . . . . . . . . 980928 51,084.34 2.7 14.1 ^ 0.5 11.0
29 . . . . . . . . . . . 980929 51,085.27 4.1 12.6 ^ 0.3 11.1
30 . . . . . . . . . . . 980929 51,085.92 2.9 14.3 ^ 0.6 9.5
31 . . . . . . . . . . . 980929 51,085.99 3.0 14.4 ^ 0.6 6.5
32 . . . . . . . . . . . 980930 51,086.89 3.5 14.0 ^ 0.2 8.2
33 . . . . . . . . . . . 981001 51,087.72 3.4 14.2 ^ 0.3 8.9
34 . . . . . . . . . . . 981002 51,088.01 3.2 14.4 ^ 0.4 8.6
35 . . . . . . . . . . . 981003 51,089.01 3.0 15.0 ^ 0.5 8.2
36 . . . . . . . . . . . 981004 51,090.14 3.9 13.3 ^ 0.4 10.2
37 . . . . . . . . . . . 981004 51,090.70 3.7 13.7 ^ 0.4 9.5
38 . . . . . . . . . . . 981005 51,091.74 5.6 10.0 ^ 0.3 11.4
39 . . . . . . . . . . . 981007 51,093.14 6.5 7.5 ^ 0.3 11.1
40 . . . . . . . . . . . 981008 51,094.14 4.3 12.4 ^ 0.4 11.1
41 . . . . . . . . . . . 981008 51,094.57 5.1 11.3 ^ 0.3 11.2
42 . . . . . . . . . . . 981009 51,095.61 4.5 12.1 ^ 0.6 12.8
43 . . . . . . . . . . . 981010 51,096.57 5.5 11.7 ^ 0.2 4.9
44 . . . . . . . . . . . 981011 51,097.57 4.7 12.0 ^ 0.5 10.3
45 . . . . . . . . . . . 981011 51,097.81 4.2 13.5 ^ 0.6 9.9
46 . . . . . . . . . . . 981012 51,098.28 5.0 11.6 ^ 0.4 10.1
47 . . . . . . . . . . . 981013 51,099.22 4.8 11.5 ^ 0.5 11.1
48 . . . . . . . . . . . 981013 51,099.61 5.0 11.7 ^ 0.3 9.0
49 . . . . . . . . . . . 981014 51,100.29 6.5 7.6 ^ 0.3 10.9
50 . . . . . . . . . . . 981015 51,101.61 6.8 7.0 ^ 0.3 6.7
51 . . . . . . . . . . . 981015 51,101.94 6.7 7.0 ^ 0.3 9.1
52 . . . . . . . . . . . 981020 51,106.95 5.5e 3.8 ^ 0.1 8.9
53 . . . . . . . . . . . 981022 51,108.08 5.4e 4.1 ^ 0.0 8.7
54 . . . . . . . . . . . 981023 51,109.74 4.9e 4.0 ^ 0.1 11.2
59 . . . . . . . . . . . 981029 51,115.28 6.8e 2.8 ^ 0.2 1.8
64 . . . . . . . . . . . 981109 51,126.59 4.9 2.7 ^ 0.2 1.9
151 . . . . . . . . . . 990302 51,239.08 18.1 0.52 ^ 0.06 17.6
153 . . . . . . . . . . 990304 51,241.83 5.9/10.3^ 0.2e 2.9^ 0.1/2.8^ 0.1 3.0/1.6
154 . . . . . . . . . . 990305 51,242.51 5.7/10.0^ 0.3e 2.4^ 0.1/2.8^ 0.2 2.5/1.4
155 . . . . . . . . . . 990307 51,244.50 8.4 ^ 0.3e 1.5 ^ 0.2 1.8
156 . . . . . . . . . . 990308 51,245.35 6.4e 3.6 ^ 0.1 11.7
157 . . . . . . . . . . 990309 51,246.41 7.9 ^ 0.2e 1.8 ^ 0.1 1.3
158 . . . . . . . . . . 990310 51,247.98 6.1e 3.7 ^ 0.1 9.9
159 . . . . . . . . . . 990311 51,248.09 5.9e 3.7 ^ 0.1 11.0
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TABLE 1ÈContinued

Date QPO Frequencyb QPO Amplitudec
Observation (yymmdd) MJDa (Hz) (% rms) Qd

160 . . . . . . . . . . 990312 51,249.40 6.2e 3.8 ^ 0.1 9.4
161 . . . . . . . . . . 990313 51,250.69 6.7 6.5 ^ 0.3 8.8
162 . . . . . . . . . . 990316 51,253.23 5.5e 4.3 ^ 0.1 9.6
163 . . . . . . . . . . 990317 51,254.09 6.1e 3.8 ^ 0.1 3.4
164 . . . . . . . . . . 990318 51,255.09 6.2e 2.4 ^ 0.2 1.9
166 . . . . . . . . . . 990321 51,258.09 5.2/9.1^ 0.9e 2.6^ 0.4/2.8^ 0.6 3.0/1.5
167 . . . . . . . . . . 990321 51,258.50 5.5/10.1^ 0.3e 2.5^ 0.2/2.6^ 0.3 2.4/2.2
177f . . . . . . . . . 990401 51,269.68 4.5 ^ 0.2 1.5 ^ 0.4 3.7
178f . . . . . . . . . 990402 51,270.74 8.9e 2.9 ^ 0.2 3.5
179f . . . . . . . . . 990403 51,271.41 9.1e 2.8 ^ 0.2 4.8

NOTE.È209 PCA observations are given in Sobczak et al. (1999c), but only those observations
that exhibit QPOs are listed in this table.

a Start of observation, MJD \ JD[ 2,400,000.5.
b Errors are given at the 95% conÐdence level. The statistical errors in the QPO centroid fre-

quency are \1%, unless given otherwise.
c Errors are given at the 95% conÐdence level.
d Q\ Centroid/FWHM.
e Indicates observations during which high-frequency (161È283 Hz) QPOs are also observed.
f PCA Gain Epoch 4Èthe spectral information for these observations is not as reliable as that

obtained for PCA Gain Epoch 3 ; therefore, the Epoch 4 data are not included in the Ðgures presented
here.

unable to identify the fundamental component, and we have
excluded these data from the Ðgures presented here. The
QPO frequencies of observations 15È75 listed in Table 1
di†er slightly from the corresponding entries (1È60) in
Table 1 of Sobczak et al. (1999b), because we used the
improved Ðtting technique described above.

3. RESULTS

We now investigate the correlations between the
frequency/amplitude of the QPOs and the X-ray spectral
parameters of GRO J1655[40 and XTE J1550[564. As
noted above, our interest is focused on the strong QPOs in

FIG. 2.ÈQPO frequency vs. disk parameters and Ñux for the variable-frequency 0.08È22 Hz QPOs in (aÈc) XTE J1550[564 and (dÈf ) GRO J1655[40.
The quantities plotted here are the color temperature of the accretion disk in keV, the inner disk radius and the unabsorbed 2È20 keV disk Ñux in(Tin) (Rin),units of 10~7 ergs s~1 cm~2. For XTE J1550[564, kpc) in km, where h is the inclination angle and D is the distance to the source inRin* \Rin(cos h)1@2/(D/6
kpc. For GRO J1655[40, is in units of GM/c2\ 10.4 km, where M \ 7 D\ 3.2 kpc (Hjellming & Rupen 1995), and (Orosz & BailynRin M

_
, h \ 69¡.5

1997). The open symbols represent observations in which a high-frequency (161È300 Hz) QPO is also observed. When error bars are not visible, it is because
they are comparable to or smaller than the plotting symbol.



FIG. 3.ÈQPO frequency vs. power-law parameters and total Ñux for the variable-frequency 0.08È22 Hz QPOs in (aÈc) XTE J1550[564 and (dÈf ) GRO
J1655[40. The quantities plotted here are the power-law photon index ! and the unabsorbed 2È20 keV power-law and total Ñuxes in units of 10~7 ergs s~1
cm~2.

FIG. 4.ÈQPO integrated fractional rms amplitude vs. disk parameters and Ñux for the variable-frequency 0.08È22 Hz QPOs in (aÈc) XTE J1550[564 and
(dÈf ) GRO J1655[40.
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FIG. 5.ÈQPO integrated fractional rms amplitude vs. power-law parameters and total Ñux for the variable-frequency 0.08È22 Hz QPOs in (aÈc) XTE
J1550[564 and (dÈf ) GRO J1655[40.

the range 0.08È22 Hz that routinely exhibit changes in fre-
quency from day to day. The correlations between QPO
frequency and the spectral parameters are shown in Figures
2 and 3, and the correlations between QPO amplitude and
the spectral parameters are shown in Figures 4 and 5. The
open circles in Figures 2, 3, 4, 5, 6, and 7 represent those
observations in which high-frequency (161È300 Hz) QPOs
are also present.

For both sources, the variable QPO frequency is corre-
lated with all of the spectral parameters plotted in Figures
2aÈ2f and 3aÈ3f, with a few exceptions (e.g., the vertical
branch with l[ 17 Hz in Fig. 2d). However, the respective
correlations for the two sources are generally in the
opposite sense, although there is a slight similarity between
the QPO frequency versus relation for both sources. TheTinonly striking exception to the contrary correlations between
QPO frequency and the spectral parameters for the two
sources is the relation between QPO frequency and disk
Ñux that is shown in Figures 2c and 2f. In this case, QPO
frequency is correlated with the temperature and inner disk
radius of the disk in such a way that both sources exhibit a
general increase in the QPO frequency as the disk Ñux
increases. This relation for XTE J1550[564 appears
roughly linear in the range 1È7 Hz if one excludes the obser-
vations when high-frequency QPOs are present (Fig. 2c,
open circles).

The QPO amplitude is generally not well correlated with
the spectral parameters for both sources (Figs. 4aÈ4f and
5aÈ5f), and these correlations are more complicated than
the ones considered above. For XTE J1550[564, the QPO
amplitude is not well correlated with the temperature or
radius of the inner disk (Figs. 4a and 4b), but the QPO

amplitude does generally decrease as the disk Ñux increases
(Fig. 4c). Also for XTE J1550[564, the QPO amplitude is
correlated with the photon index for !\ 1.5[ 2.1, but not
well correlated for ![ 2.1 (Fig. 5a). In the case of GRO
J1655[40, the correlations exhibit two branches, with
high-frequency QPOs present on one branch and absent on
the other (Figs. 4dÈ4f and Figs. 5dÈ5f). For GRO
J1655[40, note that the branch without high-frequency
QPOs consistently has the steeper slope. The correlations
involving the photon index, power-law Ñux, and total Ñux
for XTE J1550[564 also exhibit two or possibly three
branches (Figs. 5aÈ5c). However, the branches are less dis-
tinct, and the high-frequency QPOs are not restricted to a
single branch.

The correlations between QPO amplitude and QPO fre-
quency are shown in Figures 6a and 6b for both sources.
The QPO amplitude generally decreases as the frequency
increases for both sources. The QPO amplitude for XTE
J1550[564 is very high and typically about an order of
magnitude greater than the amplitude for GRO J1655[40.
On the other hand, the QPO frequency is about twice as
high on average for GRO J1655[40. The black hole candi-
date GRS 1915]105 displays QPOs in approximately the
same frequency range and with approximately the same
amplitude as XTE J1550[564. The correlations between
QPO frequency and amplitude and the spectral parameters
for GRS 1915]105 are similar to those of XTE J1550[564
(Muno, Morgan, & Remillard 1999). The larger amplitudes
and lower frequencies of the QPOs in XTE J1550[564 and
GRS 1915]105 may indicate that the QPO mechanism in
these two sources is operating in a di†erent regime than for
GRO J1655[40 (because of di†erences in the mass accre-
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FIG. 6.ÈQPO integrated fractional rms amplitude vs. frequency for the
variable-frequency 0.08È22 Hz QPOs in (a) XTE J1550[564 and (b) GRO
J1655[40.

tion rate or central mass) or that a di†erent QPO mecha-
nism is at work.

4. DISCUSSION

Both XTE J1550[564 and GRO J1655[40 exhibit a
similar, strong positive correlation between the QPO fre-
quency and disk Ñux in X-rays. A similar quasi-linear rela-
tion between these two quantities was found for the variable
1È15 Hz QPOs in GRS 1915]105 (Markwardt, Swank, &
Taam 1999) and the 20È30 Hz QPOs in XTE J1748[288
(Revnivtsev, Trudolyubov, & Borozdin 1999). The corre-
lation between QPO frequency and disk Ñux suggests that
the QPO frequency is intimately related to the accretion

disk. Since the contribution of the disk to the total Ñux in
XTE J1550[564 and GRO J1655[40 varies from
5%È95% (Sobczak et al. 1999a, 1999b, 1999c), the disk Ñux
is not necessarily a good indicator of the total mass accre-
tion rate. However, the disk Ñux alone is a reasonable
measure of the rate of mass accretion through the inner
disk. T herefore, we can conclude that the QPO frequency
increases as the rate of mass accretion through the inner disk
increases.

The QPOs are also related to the power-law component :
the variable-frequency QPOs appear in XTE J1550[564
and GRO J1655[40 only when the power law contributes
more than 20% of the 2È20 keV Ñux (Sobczak et al. 1999a,
1999b, 1999c). Figure 7 shows the power-law Ñux versus the
disk Ñux. There is a clear distinction in the observations
with and without QPOs: the observations without QPOs
cluster in a nearly horizontal line at low power-law Ñux
(Figs. 7b and 7d), whereas the observations with QPOs
show signiÐcant vertical displacements toward increased
power-law Ñux (Figs. 7aÈc). The same distinction between
observations with and without QPOs is present in GRS
1915]105 (Muno et al. 1999). W e conclude that not only is
the QPO frequency tied to the accretion disk (see above), but
in addition, the QPO phenomenon is closely related to the
power-law component : T he power-law Ñux must reach a
threshold of D20% of the 2È20 keV Ñux to trigger the QPO
mechanism.

The variable-frequency QPOs in GRO J1655[40 and
XTE J1550[564 generally yield rms amplitudes in the
range of 0.3%È1.5% and 1%È15% of the mean count rate,
respectively. The X-ray luminosity of XTE J1550[564,
which is D2 ] 1038(D/6 kpc)2 ergs s~1 at typical brightness
levels (D2 crab) when QPOs are seen, is modulated with a
crest-to-trough ratio as high as 1.5 (see Fig. 1b). Previously,
only the microquasar GRS 1915]105 has shown QPOs
with such a large amplitude and a high luminosity (Morgan
et al. 1997). The large modulation of the X-ray luminosity
indicates that these QPOs originate within several gravita-
tional radii of the central object, where most(r

g
\ GM/c2)

of the gravitational energy is liberated in the accretion Ñow.
The QPO frequency cannot be the Keplerian frequency at
these radii without some novel mechanism for transporting
energy out to large radii, because a 10 Hz QPO would
correspond to a radius of 700 km (or for a 10D50r

g
) M

_black hole.
As discussed by Markwardt et al. (1999), neither the beat

frequency model (Alpar & Shaham 1985) nor the sonic
point model (Miller, Lamb, & Psaltis 1998) is applicable to
the D10 Hz variable-frequency QPOs observed in black
hole candidates. Thermal-viscous instabilities (Chen &
Taam 1994 ; Abramowicz, Chen, & Taam 1995) can
produce strong oscillations ; however, their 0.02È0.06 Hz
frequencies are well below most of the 0.08È22 Hz QPOs
discussed here. Moreover, this model predicts a negative
rather than a positive correlation between the QPO fre-
quency and mass accretion rate. One model that does
predict large-amplitude QPOs near 10 Hz, which are posi-
tively correlated with the mass accretion rate, invokes an
oscillating shock near the inner disk (Moltoni, Sponholtz, &
Chakrabarti 1996). However, it is not clear whether such a
shock is present for accretion Ñows with high speciÐc
angular momentum (Narayan, Kato, & Honma 1997).

Another possibility is that the variable-frequency QPOs
are the result of radiation-driven oscillations in a quasi-
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FIG. 7.ÈPower-law Ñux vs. disk Ñux for (a, b) XTE J1550[564 and (c, d) GRO J1655[40 when the QPOs are present (a, c) and absent (b, d). Flux is in
units of 10~7 ergs s~1 cm~2. The open symbols represent observations in which a high-frequency (161È300 Hz) QPO is also observed. The two data points in
(c) at high power-law Ñux for which no high-frequency QPOs are observed are not included in the previous Ðgures or the discussion of variable-frequency
QPOs, because this QPO near 10 Hz is present in 12 observations with an approximately constant frequency.

spherical accretion Ñow or corona (Cui 1999). Fortner,
Lamb, & Miller (1989) modeled radiation-driven radial
oscillations for neutron stars with luminosities near the
Eddington luminosity. The oscillation frequency is domi-
nated by the inÑow time from the outer part of the radial
Ñow, which corresponds to D10 Hz if the radial Ñow begins
a few hundred km from the central object. The observed
increase in the QPO frequency as the rate of mass accretion
through the disk increases could be caused by a shrinking of
the radial inÑow region. However, in simulations by
Fortner et al. (1989), the luminosity is modulated by only
D1%, compared with the almost 15% modulation
observed for XTE J1550[564.

5. CONCLUSIONS

For XTE J1550[564 and GRO J1655[40, the QPO
frequency and amplitude are correlated at some level with
all of the spectral parameters, as illustrated in Figures 2È5.
However, in the case of the QPO frequency, the correlations
are generally opposite for the two sources. The only excep-
tion is the QPO frequency versus disk Ñux plotted in
Figures 2c and 2f. Both sources exhibit a general increase in
the QPO frequency as the disk Ñux increases. The correlation
between QPO frequency and disk Ñux suggests that the
QPO frequency is intimately related to the accretion disk.
The same relation was found for variable 1È15 Hz QPOs in
GRS 1915]105 (Markwardt et al. 1999) and 20È30 Hz
QPOs in XTE J1748[288 (Revnivtsev et al. 1999). Since
the disk Ñux is a reasonable measure of the rate of mass

accretion through the disk, we can conclude that the QPO
frequency increases as the rate of mass accretion through
the disk increases. In addition, the QPOs are present only
when the power law contributes more than 20% of the 2È20
keV Ñux, which indicates that both the disk and the power-
law components are linked to the QPO phenomenon. The
QPO amplitude for XTE J1550[564 is very high and typi-
cally about an order of magnitude greater than the ampli-
tude for GRO J1655[40, whereas the QPO frequency is
about twice as high for GRO J1655[40. This behavior may
indicate that the QPO mechanism is operating in a di†erent
regime for each source, which may relate to why the corre-
lations are generally opposite for the two sources.

The correlations between the QPO frequency and ampli-
tude and the X-ray spectral parameters demonstrate that
the QPO phenomenon is linked to the overall emission
properties of the source. No current model for the origin of
these QPOs can adequately explain more than a few of the
many correlations presented here. We hope that this study
will inspire further signiÐcant theoretical work on the
subject.
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