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ABSTRACT

GX 339—4 was regularly monitored with the Rossi X-Ray Timing Explorer during a period (in 1999)
when its X-ray flux decreased significantly (from 4.2 x 1071° to 7.6 x 107 !2 ergs cm~2 s~ ! in the 3-20
keV band), as the source settled into the “off state.” Our spectral analysis revealed the presence of a
prominent iron Ka line in the observed spectrum of the source for all observations. The line shows an

interesting evolution: it is centered at ~6.4 keV when the measured flux is above 5 x 107! ergs cm™

2

s~! but is shifted to ~6.7 keV at lower fluxes. The equivalent width of the line appears to increase
significantly toward lower fluxes, although it is likely to be sensitive to calibration uncertainties. While
the fluorescent emission of neutral or mildly ionized iron atoms in the accretion disk can perhaps
account for the 6.4 keV line, as is often invoked for black hole candidates, it seems difficult to under-
stand the 6.7 keV line with this mechanism because the disk should be less ionized at lower fluxes (unless
its density changes drastically). On the other hand, the 6.7 keV line might be due to a recombination
cascade of hydrogen- or helium-like iron ions in an optically thin, highly ionized plasma. We discuss the
results in the context of proposed accretion models.

Subject headings: binaries: close — black hole physics — stars: individual (GX 339 —4) —

X-rays: stars
On-line material: color figure

1. INTRODUCTION

GX 339 —4 was discovered in the MIT OSO-7 sky survey
(Markert et al. 1973). We now know that for all practical
purposes GX 339 —4 is a persistent X-ray source. It is con-
sidered a black hole candidate (BHC) because its spectral
and temporal X-ray properties are similar to those of
dynamically determined BHCs, such as Cyg X-1 (see review
by Tanaka & Lewin 1995). For instance, GX 339 —4 shows
a variety of spectral states, often designated as “ off,” “low,”
“intermediate,” “ high,” and “ very high.” It is worth noting,
however, that the off state is thought to be simply a weak
low state (e.g., Motch et al. 1985; Kong et al. 2000). Recent-
ly, it has been shown that GX 339 —4 also bears resem-
blance to GRO J1655—40 and GRS 1915+105, two
well-known “microquasars,” in terms of the observed radio
properties (Zhang et al. 1997). The radio emission of GX
339 —4 is also thought to be due to synchrotron emission of
electrons in jetlike outflows (Fender et al. 1999). Inter-
estingly, the radio emission, as well as the optical emission,
is found to be strongly correlated with the hard X-ray emis-
sion but anticorrelated with the soft X-ray emission (Fender
et al. 1997, 1999; Corbel et al. 2000; Steiman-Cameron et al.
1990; Imamura et al. 1990; Ilovaisky et al. 1986); similar
correlations were first noted for Cyg X-1 (Zhang et al. 1997).

The observed X-ray spectrum of GX 339 —4 can often be
described by a two-component model, a blackbody-like
component at low energies and a power law at high ener-
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gies, which is typical of BHCs (Tanaka & Lewin 1995). The
soft component is usually attributed to emission from the
hot, inner region of an optically thick and geometrically
thin disk and the hard component to the Comptonization
of soft photons by energetic electrons (thermally or non-
thermally distributed) in the region. Iron Ka line emission
has been detected in GX 339 —4 at around 6.4 keV (Ueda,
Ebisawa, & Done 1994; Wilms et al. 1999; Smith et al.
1999). The line probably originates in the fluorescent emis-
sion of cold iron atoms in the accretion disk, which is illu-
minated by the hard X-ray source. It can, therefore, be used
as a valuable tool to study the physical conditions of accre-
tion flows, such as their ionization states.

In this paper, we report results from a detailed study of
iron Ko line emission in GX 339—4. The source was
observed by the instruments aboard the Rossi X-Ray
Timing Explorer (RXTE) over a period when its flux
dropped by almost 2 orders of magnitude (down to the
detection limit of RX TE). We show that not only was the
line always present in the observed X-ray spectrum but also
it evolved significantly at low fluxes (i.e., in the low or off
states). We discuss the significance of the line detection in
light of possible uncertainties in the calibration of the
instruments. We also discuss the potential impact of the
results on the proposed accretion models for BHCs.

2. DATA AND DATA REDUCTION

We observed GX 339 —4 regularly with the Proportional
Counter Array (PCA) and the High-Energy X-Ray Timing
Experiment aboard RX TE between 1999 April 27 and Sep-
tember 4 as a part of our Target-of-Opportunity campaign
to follow the source from the low state to the off state. For
this investigation, we also included public data from other
observations of GX 339 —4 that were made during this time
period. A total of 17 observations were used to cover the
very tail of the decaying phase of an X-ray outburst (which
started in 1998). Figure 1 shows the All-Sky Monitor (ASM)
light curve of the source for this period and the times of the
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Fic. 1.—Five day—averaged ASM light curve of GX 339 —4. The lines
at the top mark the times of the PCA observations and the triangle the
time of the BeppoSAX observation (see text). The dot-dashed line is drawn,
somewhat arbitrarily, to indicate the beginning of the off state. MJD
51,250 corresponds to 1999 March 13.

RXTE observations. Since we were mostly interested in
iron Ko line emission between 6 and 7 keV, we used data
only from the PCA, which covers a nominal energy range of
2-60 keV. Table 1 summarizes some of the key parameters
of the observations.

The PCA consists of five Proportional Counter Units
(PCUs). The operation of the detector requires that some of
the PCUs be turned off at times; therefore, the number of
PCUs in use varies from observation to observation (as
indicated in Table 1). To minimize instrumental effects, we
chose to use data from the first xenon layer (of the three) of

TABLE 1
PCA OBSERVATION LoG

Observation Exposure®

Number Observation ID Date PCUs (s)

1........ 40104-01-01-00 1999 Apr 27 0,23 7680
2., 40104-01-02-00 1999 May4 0,1,2,3,4 5792
3o 40108-02-03-00 1999 May 14 0,1,2,3,4 9856
4........ 40104-01-03-00 1999 May 25 0,1,2,3 5152
5o 40104-01-04-00 1999 Jun 3 0,1,23,4 6128
6..oen.. 40108-02-04-00 1999 Jun 22 0,23,4 14608
Toeinnnn 40108-03-01-00 1999 Jul 7 0,23 12896
8., 40104-01-05-01 1999 Jul 11 0,23,4 2256
9iinn. 40104-01-05-00 1999 Jul 11 0,234 2704
10 ...... 40104-01-05-02 1999 Jul 11 0,23,4 2432
11 ... 40104-01-06-00 1999 Jul 16 0,24 2752
12 ...... 40104-01-07-00 1999 Aug 6 0,2 3072
13 ...... 40104-01-06-01 1999 Aug 6 0,23 3040
14 ...... 40104-01-08-00 1999 Aug 28 0,23 1056
15 ...... 40104-01-08-01 1999 Aug 28 0,23 1984
16 ...... 40104-01-08-02 1999 Aug 28 0,23 1456
17 ... 40104-01-09-00 1999 Sep 4 0,1,2,4 9024

2 Total amount of on-source time after data filtering and screening.

each PCU, which is most accurately calibrated. Such data
also provides the best signal-to-noise ratio, because photons
from real astronomical sources are mostly stopped in the
first layer. This is clearly very important for studying iron
Ka lines in BHCs, which are usually weak. The trade-off of
such a choice was that we lost sensitivity at energies above
~20 keV. This loss is not critical to this investigation
because the main objective here is, again, to study line emis-
sion at 67 keV and the energy band is broad enough that
we can adequately constrain the underlying continuum.

We used FTOOLS Version 5.0 to reduce and analyze the
data, along with the most updated calibration files and
background models that accompanied the release of the
software package. Because the source became very faint as it
approached the off state, to obtain adequate statistics we
sometimes combined data from multiple observations (in
which the X-ray spectrum of the source did not vary
significantly) to form one data group for further analyses.
As a first step, we eliminated time intervals when the data is
affected by Earth occultation, South Atlantic Anomaly
passages, and soft electron events. We then extracted a sum
spectrum for each PCU from the Standard 2 data of indi-
vidual or a group of observations and constructed a corre-
sponding background spectrum using the background
models that are appropriate for the data set. For cases
where the average source rate is greater than 40 counts s~ *
PCU™!, a set of background models for bright sources
(pca_bkgd _skyvle_e4v20000131.mdl and pca_bkgd_
allskyactiv_e4v20000131.mdl) were used; otherwise, those
for faint sources (pca_bkgd _faintl7_e4v19991214.mdl and
pca_bkgd _faint240 _e4v19991214.mdl) were used. Finally,
we read both the sum and background spectra into XSPEC
for visual inspections. As a sanity check, we verified that the
background spectrum was in total agreement with the sum
spectrum at the highest energies where no photons from the
source are expected.

For spectral analysis, we constructed a response matrix
for the first xenon layer of each PCU (with PCARSP
Version 2.43, which comes with FTOOLS Version 5.0). To
be conservative, we limited the analysis to an energy range
of 3-20 keV, in which the systematic uncertainty associated
with the response matrices appears to be small and under-
stood. Following the conventional approach, we added a
1% systematic error to the data to account for any remain-
ing uncertainty in the calibration.

3. MODELING AND RESULTS

To model the observed spectrum of GX 339 —4, we first
experimented with a simple power law (with absorption).
For each data set, we performed a joint fit in XSPEC to the
spectra from all PCUs that were turned on during the
observation(s). Note that in the cases of multiple obser-
vations combined, the effective exposure time can be differ-
ent for different PCUs because some were turned off during
a subset of observations (see Table 1). During the fit, we
fixed the column density to 6 x 102! cm~2 (Wilms et al.
1999; Kong et al. 2000) because it is poorly constrained by
the data here. The model seems to adequately describe the
spectrum in all cases, but we found significant residuals in
the range of 67 keV (very similar to those shown in Fig. 2),
indicating the presence of an iron Ka line. Adding a Gauss-
ian function to the model indeed improves the fit signifi-
cantly, for example, Ay? =90 (with 3 added degrees of
freedom [dof]) for the average spectrum of observations
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Fi1G. 2.—Residual plots from the Crab and GX 339 —4 observations. The plots of Crab are obtained by taking the ratio of the data to the best-fit
power-law model. The plots of GX 339 —4 are obtained by taking the ratio of the data to the best-fit multicolor disk plus power-law model. For GX 339 —4,
we combined the data from observations 6—17. [See the electronic edition of the Journal for a color version of this figure.]

6-17. However, the composite model (power law plus
Gaussian) is still not satisfactory for early observations
(when the source was relatively bright).

Next, we added a soft component, “diskbb” in XSPEC,
to the power law plus Gaussian model. This so-called multi-
color disk model is commonly used to describe the low-
energy “excess ” of the observed X-ray continuum of BHCs.
With the new model, we obtained a significantly improved
fit to the data for early observations. However, the improve-
ment is minimal (Ay? =2-4 with 2 added degrees of
freedom) for later observations. The results are summarized
in Table 2. The uncertainties were derived by varying the
parameter of interest until Ay? = 2.7 and thus represent
90% confidence regions (Lampton, Margon, & Bowyer
1976).

The observed X-ray continuum of GX 339 —4 is domi-
nated by the power-law component, which is typical of the
low state of BHCs. It is worth pointing out that small
inferred normalization for “diskbb” must not be inter-
preted literally as small radius of the inner edge of the accre-
tion disk, as is frequently done in the literature. In the
context of Comptonization models, a weak disk component
may simply mean that the X-ray—emitting portion of the
disk is covered up by the Comptonizing corona and thus
little disk emission leaks through. The fact that the Com-
ptonized emission (i.e., the power-law component) is domi-
nant is consistent with this scenario, if seed photons come
mostly from the disk.

GX 339—4 shows a clear spectral evolution as it
approaches the off state. This is manifested in the gradual
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TABLE 2
SPECTRAL PROPERTIES OF GX 339 —4

GAUSSIAN MULTICOLOR Disk
E Oky EW T POWER Law

NUMBER (keV) (keV) eV) (keV) N, o xZ/dof FLux
1o, 6287315 0867332 2624185 1.13%§1S 2.5%2¢ 1.43+9:93 131/116 425
2 6467399 04473 13374 1407312 074793 1.43+9:04 164/186 293
3 646%31% 053193 131732 1374318 032%939 1.56+9:97 140/186  1.52
45 ... 64731 0547932 2971189 1.13%929  0.38%9%7 1.54+0-13 133/186  0.46
67 ........ 6.64%318 0.3*9¢ 4308 097%32% 036798 1.65*5:3% 111/147 015
8-13....... 6.83%51¢ 0.073:4 595+ 248 2.17%51¢ 86/149 0.07
14-17...... 6.67%513 0.0*3:¢ 5027199 2.16%5:35 106/188 0.1
1-5 ... 6447398 0.53%313  155%41 1347382 0.6073:29 1.46%9:92 196/186 191
6-17....... 6.68+598 0.073:4 578179 1057399 027+939 1.51+9:39 142/186  0.13

Notes.—The multicolor disk component is characterized by the temperature at the inner edge of the disk (7;,) and the
overall normalization (N,, in units of photons cm ™2 s~ !). The energy, width, and equivalent width of the emission line are
denoted by E, og,, and EW, respectively, and the power-law photon index by o. Also shown is the integrated 3-20 keV flux
in units of 10~ 1% ergs cm =2 s 1. The error bars represent 90% confidence intervals.

disappearance of the soft component and the shift of the to strengthen toward the off state, although the uncer-
emission line. When the measured flux (between 3 and 20 tainties are still large in these cases.

keV)is greater than ~5 x 107! ergs cm ™2 s~ !, the best-fit To exclude the possibility that the observed line is a cali-
line energy is around 6.4 keV, which is in general agreement bration artifact, we analyzed data from an observation of

with the results of Wilms et al. (1999) based on earlier the Crab Nebula, which was made roughly during the same
RXTE observations of GX 339—4 in a similar spectral period (observation identification number 40093-01-03-00,

state. It should be noted, however, that a direct comparison on 1999 April 5). The data were screened, reduced, and
between our results and those of Wilms et al. is difficult analyzed by following exactly the same procedure as in the
because of different continuum models adopted. For these case of GX 339 —4. We fitted the Crab spectrum with a
observations, we also fitted the data with one of the models simple power law (with absorption), and the best-fit param-
that Wilms et al. used (broken power law plus Gaussian), eters are Ny = 3.0 x 102! cm ™2, photon index 2.174, and
and the results are indeed similar to theirs. In addition, we normalization 12.14 photons keV ™! cm ™2 s~ 1, all of which
made an attempt to search for a possible absorption edge appear normal for the source (e.g., Toor & Seward 1974).
that may accompany the observed emission line, but we Figure 2 (upper panel) shows the residuals of the fit. Over
failed to detect it with any meaningful significance. In fact, the entire energy range of interest, the residuals are never
the % of the fit hardly changes with the addition of such an greater than 4%. For comparison, we also plot in Figure 2
edge, regardless of whether we fixed the energy of the edge (lower panel) the residuals of a fit to the off-state spectrum of

or not. This may simply mean that the statistics of the data GX 339 —4 (see Table 2) without the Gaussian component.
are not good enough to allow a detection of the edge. In The peak of the line feature at ~6.7 keV is about 40%

general, we found that the energy of the line is not sensitive above the best-fit continuum model! Therefore, we con-
to the continuum models that we have tried, although both clude that the line is unlikely to be an artifact due to cali-
the width and flux of the line are. bration uncertainties.

When the source becomes fainter, however, the energy of Next, we investigated whether the evolution of the emis-
the line moves up to around 6.7 keV, which has not been sion line could be caused by a systematic shift in the gain of
seen before. To quantify the significance of the line shift, we the detector. We analyzed data from two observations of
combined data from observations 6-17 (see Table 2) to Cas A: one conducted during epoch 3 (observation identifi-
obtain an average spectrum of the off state. We then carried cation number 30804-01-01-00, on 1998 April 14) and the
out the same spectral analysis, and the results are also other (observation identification number 40806-01-04-00,
shown in Table 2. We conducted the following F-test. We on 1999 September 15) contemporary with the GX 339—4
fixed the energy of the line to 6.4 keV in the model (with all observations. Again, we followed the same procedure for
other parameters floating) and fitted the data again. We data reduction and analysis. We found an excellent agree-
found that y2 increased by 15. The F-value is then ment in the derived line energy between the two cases (and

F = (Ag?/1)/(x*/dof) = (15/1)/(142/186) ~ 20, which corre- the results agree with those in the literature for Cas A, e.g.,
sponds to a null probability of 1.6 x 10~ >. In other words, Holt et al. 1994). We conclude that the observed evolution

at a confidence level of 99.998%, the shift in the line energy of the line energy is real.

is real as the source entered the off state. For comparison, Finally, we demonstrated that the detected line emission
we also combined data from observations 1-5 to obtain an could not be due to contamination by diffuse X-ray emis-
average spectrum of the low state, and we show the results sion in the “Galactic Ridge” (Koyama et al. 1986). Inte-
of the spectral analysis in Table 2. The table also lists the grated over the PCA’s field of view, the flux of the iron Ko
equivalent width of the line for each data set. Again, our line from the Galactic ridge emission (at 6.7 keV) is about

results roughly agree with those of Wilms et al. (1999) for (1.7-3.5) x 10~ % ergs cm~2 s~ ! in the direction of GX
cases in which the source is relatively bright. The line seems 339—4 (Kaneda et al. 1997; Valinia & Marshall 1998). This
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is more than an order of magnitude smaller than the
detected line flux of GX 339—4(5.0%13 x 10713 ergs cm ™2
s~ 1) in the off state. In other words, the contamination can
be no more than ~ 10%.

4. DISCUSSION

We have detected iron Ka line emission in both the low
state and the off state of GX 339 —4. The line is centered at
~6.4 keV when the source is relatively bright (in the low
state) but is shifted to ~6.7 keV at lower fluxes (in the off
state). GX 339 —4 was also observed by BeppoSAX in the
off state (Kong et al. 2000; see Fig. 1 for the time of their
observation), but no detection of any emission lines was
reported (with an upper limit on the equivalent width of an
iron Ko line about 600 eV). It should be noted, however,
that compared to the PCA on RXTE (even with just the
first xenon layer), the detectors on BeppoSAX (MECS in
this case) have much smaller effective areas. Consequently,
they (as well as the SIS or GIS on ASCA) are not well suited
for studying relatively broad emission lines, which may be
the case here.

For BHCs, iron Ko lines are usually attributed to the
fluorescent emission of iron species in the accretion disk
that is illuminated by a hard X-ray source. Therefore, the
detection of such a line at ~6.4 keV indicates that the
accretion disk in GX 339—4 is neutral or only mildly
ionized in the low state. As the source approaches the off
state, the X-ray flux decreases and thus the disk should be
even less ionized (unless its density decreases drastically).
Clearly, this line production mechanism would have diffi-
culty in explaining the line detected at 6.7 keV in the off
state. Therefore, we speculate that the accretion flows in GX
339 —4 must have undergone a significant change when the
source went from the low state to the off state.

One possible scenario is that in the off state, when the
mass accretion rate is presumably very low, the accretion
may take place in the form of advection-dominated accre-
tion flows (ADAFs; e.g., Narayan & Yi 1994). In an ADAF
region, viscously dissipated energy during the accretion
process is mostly stored as internal energy of protons; very
little is transferred to electrons, via inefficient Coulomb col-
lisions, and is radiated away. Consequently, the tem-
perature of the plasma can be very high (10°~1° K) near the
black hole but lower farther away. Even in the outer region,
gas is likely to be almost fully ionized. In this case, a recom-

bination line can be produced at 6.7 keV and 6.97 keV from
He-like (Fe xxv) and H-like (Fe xxvI) iron ions, respec-
tively, due to collisions (Masai 1984; Arnaud & Rothenflug
1985). Calculations show that emission lines from ADAFs
are expected, although they should be very weak (Narayan
& Raymond 1999). The line emission is enhanced in cases
where an outflow or wind is formed (known as advection-
dominated inflow and outflow systems, or ADIOS; Bland-
ford & Begelman 1999). It is interesting to note that for GX
339—4, the observed strong correlation between the radio
emission (and optical emission) and the hard X-ray emis-
sion has been suggested to be evidence for the presence of
outflows in the low or off state (Fender et al. 1999).

In our case, the measured equivalent width of the line,
taken at face value, seems to be larger than expected (see
Narayan & Raymond 1999), even for an ADIOS scenario.
However, we emphasize, again, that the error bars are still
very large and the values are sensitive to instrumental
effects. We think that the very presence of the 6.7 keV line in
the off state is interesting and seems to point to a physical
origin like ADAF or ADIOS. If this can be proven, we
would also have a physical distinction between the low state
and the off state: the transition between the two occurs
when accretion flows switch from an optically thick, geo-
metrically thin pattern to an optically thin, geometrically
thick one (with possible outflows) and vice versa. In fact, the
difference between the two states might have already mani-
fested itself observationally in the radio properties of GX
339 —4: we noticed that the radio spectrum seems to be
significantly steeper in the off state than in the low state (see
Table 1 of Corbel et al. 2000).
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