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ABSTRACT

INTRODUCTION

LMC X-1 and LMC X-3 are the only known persistent stellar-mass black-hole candidates
that have almost always shown spectra that are dominated by a soft, thermal component. We
present here results from 170-ks-long Rossi X-ray Timing Explorer (RXTE) observations of
these objects, taken in 1996 December, where their spectra can be described by a disc
blackbody plus an additional soft (I"' ~ 2.8) high-energy power law (detected up to energies
of 50keV in LMC X-3). These observations, as well as archival Advanced Satellite for
Cosmology and Astrophysics (ASCA) observations, constrain any narrow Fe line present in
the spectra to have an equivalent width <90 eV. Stronger, broad lines (=150eV EW, o =
1 keV) are permitted. We also study the variability of LMC X-1. Its X-ray power spectral
density (PSD) is approximately proportional to f~! between 10> and 0.3 Hz with a root-
mean-square (rms) variability of =7 per cent. At energies >5keV, the PSD shows evidence
of a break at f > 0.2 Hz, possibly indicating an outer disc radius of <1000 GM/c” in this
likely wind-fed system. Furthermore, the coherence function y?(f), a measure of the degree
of linear correlation between variability in the >5keV band and variability in the lower
energy bands, is extremely low (=50per cent). We discuss the implications of these
observations for the mechanisms that might be producing the soft and hard X-rays in these
systems.

Key words: accretion, accretion discs — black hole physics — binaries: spectroscopic — stars:
individual: LMC X-1 — stars: individual: LMC X-3 — X-rays: stars.

to be higher than that of sources in the hard state (Nowak 1995,
and references therein).

Since the discovery of Cygnus X-1 in 1964 (Bowyer et al. 1965),
the study of galactic black-hole candidates (BHCs) has shown that
these objects display a large variety of states which are
characterized by their distinct spectral shapes and temporal
behaviours. The most important states which have been identified
are the ‘low/hard state’, which is characterized by a hard X-ray
spectrum with a photon index I' = 1.7 and large root-mean-square
(rms) variability =30per cent (Tanaka & Lewin 1995; Nowak
1995; and references therein), and the ‘high/soft state’, which is
spectrally softer (I' ~ 2.5) and exhibits less variability. The
fractional Eddington luminosity of sources in the soft state tends
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The soft state has been observed in steady sources such as LMC
X-1 and LMC X-3 (Treviss et al. 1988; Ebisawa, Mitsuda & Inoue
1989; Traviss et al. 1990; Ebisawa, Makino & Mitsuda 1993;
Schmidtke, Ponder & Cowley 1999), in recurring transients such
as GX 339-4 (Grebeneyv et al. 1993), and in a number of transients
such as Nova Muscae (Miyamoto et al. 1994). The persistent BHC
Cygnus X-1 has been observed to switch between the hard and the
soft state (albeit with k7' ~ 0.3keV for the soft state), with the
total X-ray luminosity staying roughly constant (Cui et al. 1997;
Zhang et al. 1997).

A great deal of observational attention has been focused on the
more commonly observed hard state, since most of the brighter
galactic BHCs only occasionally transit to the soft state. Only two
of the persistent nearby BHCs, LMC X-1 and LMC X-3, until
recently have always been observed in the soft state. Wilms et al.
(2001), hereinafter Paper II, present evidence that LMC X-3
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periodically transits into the low/hard state. In this work we
present 170-ks long Rossi X-ray Timing Explorer (RXTE)
observations of both LMC X-1 and LMC X-3 during high/soft
X-ray states.

LMC X-3 is a highly variable BHC with a probable 9-Mg
compact object mass (Cowley et al. 1983). Its luminosity has been
observed to be as high as 4 X 103 ergs™!, which is =30 per cent
of its Eddington luminosity, and its soft X-ray flux (~1-9keV) is
variable by a factor of more than four on long time-scales (see
Paper II). LMC X-3 also has exhibited a strong 99- or 198-d
periodicity in its soft X-ray flux (Cowley et al. 1991; Cowley et al.
1994), which is also apparent in the ASM monitoring, albeit with
a period that varies over time (Paper II). Previously we had
suggested that this periodicity might be associated with a warped,
precessing accretion disc (Wilms et al. 1999b); however, with the
recently observed ‘state changes’ to a low/hard flux it now seems
likely that a systematic variation of the accretion rate is an
important part of this long-term variability.

LMC X-1 is also a good candidate for a black hole. Using a
large number of ROSAT HRI observations, Cowley et al. (1995)
were able to identify the counterpart with ‘star number 32’ of
Cowley, Crampton & Hutchings (1978). This object has a mass
function of only f = 0.144 Mg, but including other evidence the
mass of the compact object appears to be M > 4 Mp (Hutchings
et al. 1987), and probably =6 Mg (Cowley et al. 1995). The
luminosity of the object is typically about 2 X 103 ergs™! (Long,
Helfand & Grabelsky 1981). Although small differences between
LMC X-1 and LMC X-3 are apparent, their spectra and short-time
temporal behaviours have historically been quite similar. LMC
X-1, however, does not exhibit any obvious periodic behaviour in
its long-term X-ray light curve.

We have monitored LMC X-1 and LMC X-3 with RXTE in
three to four weekly intervals since the end of 1996 in order to
enable a systematic study of the soft state. The campaign started
with 170-ks long observations of both sources, and in this paper
we present results from the spectral and temporal analysis of these
long observations. In addition, we consider spectral results of
archival Advanced Satellite for Cosmology and Astrophysics
(ASCA) observations. Preliminary results of our analyses have
already appeared elsewhere (Wilms et al. 1999b; Wilms et al.
1999c¢). Results from the monitoring observations are presented in
Paper II.

The remainder of this paper is structured as follows. We start
with a description of our RXTE data analysis methodology
(Section 2). We then present the results from the spectral analysis
from RXTE (Section 3) and ASCA (Section 4). The RXTE timing
analysis is discussed in Section 5. We discuss our results in the
context of current physical models for the soft state (Section 6)
and then summarize the paper (Section 7).

2 RXTE DATA ANALYSIS METHODS

Onboard RXTE are two pointed instruments, the Proportional
Counter Array (PCA) and the High-Energy X-ray Timing
Experiment (HEXTE), as well as the all-sky monitor (ASM).
We used the standard RXTE data analysis software, FTOOLS 4.2.
Spectral modelling was performed mostly with XSPEC, version
10.00z (Arnaud 1996). We used essentially the same data
extraction and analysis strategy as in our analyses of RXTE data
from GX 339-4 and V1408 Aql (4U1957+11); therefore, we only
present a brief summary of this strategy. For detailed information
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Table 1. Observing log for the long RXTE observation of LMC X-3.

Obs. Date Exposure  Count rate

(JD—2450000) (y.m.d, time) (s) (countss™ 1)
a 417.905 1996.11.30, 09:43 13800 399.3+0.2
b 418.238 1996.11.30, 17:42 10200 4129 +0.2
c 419.843 1996.12.02, 08:14 14000 4223+0.2
d 420.168 1996.12.02, 16:02 12700 411.3£0.2
e 421.818 1996.12.04, 07:38 12400 369.9+0.2
f 422.100 1996.12.04, 14:25 11300 388.8+0.2
g 422.374 1996.12.04, 20:58 5500 3842+0.3
h 422.660 1996.12.05, 03:50 16900 3742+0.2
i 422.960 1996.12.05, 11:02 11300 3349+0.2
j 423.238 1996.12.05, 17:42 16400 395.0+0.2
k 423.502 1996.12.06, 00:02 15200 3922+0.2

Exposure times shown are rounded to the closest 100s. The count rate is
the total PCA background-subtracted count rate.

we refer the reader to Wilms et al. (1999a) and Nowak & Wilms
(1999).

The PCA consists of five co-aligned xenon (with an upper
propane layer) proportional counter units (PCUs) with a total
effective area of about 6500 cm?. The instrument is sensitive in the
energy range from 2 to ~100keV (Jahoda et al. 1996), although
the response matrix is best calibrated in the energy range =~2.5—
30keV. We chose to increase the signal-to-noise ratio of our data
by analysing top xenon layer data only. Background subtraction of
the PCA data was performed analogously to our previous study of
Cyg X-1 (Dove, Wilms & Nowak 1998). To reduce the uncertainty
of the PCA background model, we ignored data measured in the
30 min after South Atlantic Anomaly (SAA) passages. The XSPEC
‘corrfile’ facility was used to renormalize the background file for
all observations, typically by 1-2 per cent.

For short (=10-ks) segments of observations, we assumed the
uncertainty of the data to be purely from a Poisson distribution.
For analysis of the full (>100-ks) observations, we accounted
for the remaining detector calibration uncertainty by using the
energy dependent systematic errors described by Wilms et al.
(1999a).

HEXTE consists of two clusters of four Nal/Csl-phoswich
scintillation counters that are sensitive from 15 to 250 keV. A full
description of the instrument is given by Rothschild et al. (1998).
Background subtraction is done by source—background switching.
We used the standard HEXTE response matrices of 1999 August,
and considered data measured above 20 keV.

3 RXTE SPECTRAL ANALYSIS
31 LMCX-3

RXTE observed LMC X-3 during three observing blocks on 1996
November 30, 1996 December 2 and 1996 December 4 and 5. A
log of the observations can be found in Table 1. During part of the
observations, some detectors were turned off; however, we added
all good data together and combined all background models. The
total response matrix was the average of the respective estimates
for each individual detector combination, weighted by the fraction
of photons measured during the time that such a combination was
active.

The light curve of LMC X-3 during the long observation is
displayed in Fig. 1. During the first part of the observation the
source is characterized by a slight increase of the PCA count rate
from ~80 to ~85cps per PCU. The source was at a relatively
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Figure 1. Background-subtracted RXTE PCA light curve of LMC X-3,
rebinned to a resolution of 64s (left y-axis), and total background-
subtracted HEXTE count rate (sum of HEXTE clusters A and B; right
y-axis). The dashes indicate the individual observations of Table 1.

steady level of ~77 counts™ ' per PCU during the last part of the
observations. This variation was also observed in the HEXTE
(Fig. 1). To see whether this variation was also detectable
spectroscopically, we first analysed separately the observations
indicated in Table 1. For this analysis, we ignored data below PCA
channel 7 and above PCA channel 50, which corresponds to an
energy bandpass of 3.6—-20keV. (Here and throughout our spectral
discussions, PCA channel number refers to the ‘standard_2f’
channels, 1-129, as read by XSPEC.)

We first modelled the spectrum via the standard multi-
temperature disc blackbody (Mitsuda et al. 1984) plus a power-
law component. We modelled absorption in the intervening inter-
stellar medium by fixing the equivalent hydrogen column to the
value found from radio observations Ny = 3.2 X 1020 cm 2
(Staveley-Smith, private communication), and by using the cross
sections of Batucinska-Church & McCammon (1992). Our prelim-
inary fits to this model had strong residuals in the region around
~6.5keV (Fig. 2, middle). We therefore included a narrow emission
line at 6.4 keV. We will return to the issue of the reality of this line
feature below. Table 2 lists the parameters of the best-fit models.

The characteristic temperature of the phenomenological accre-
tion disc component, kT;,, can be determined to high accuracy (see
also Paper II). The formal uncertainty of the values for kTj,
presented in Table 2 are typically smaller than 0.005keV. This
rather small formal uncertainty value might indicate that the
systematic uncertainty of the response matrix needs to be taken
into account even for these short observations. These systematic
uncertainties, however, are of roughly the same magnitude as the
Poisson errors used in our analysis. This fact makes a formal error
analysis rather difficult, and it is not clear whether the parameter
error analysis methods of Lampton, Margon & Bowyer (1976)
yield meaningful results in such a case.
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Figure 2. Top: Observed spectrum and disc blackbody plus power-law plus
broad Fe-line model fit to the long observation of LMC X-3. Dashed lines
show the individual model components folded through the detector
response. Middle: Residuals in units of o between the data and the model,
with a narrow Fe line. Bottom: Residuals for the best-fit model, including a
very broad Fe line. (Residuals for the compps model are virtually
identical.)

During the week over which the observations were performed,
kT;, remained more stable than the other fit parameters, although
these other parameters had relatively weak variations. It has been
observed that on much longer time-scales (months to years)
variations of LMC X-3 are correlated predominantly with strong
variations of kT},, while the phenomenological disc normalization,
Agise, remains relatively constant (Paper II; Ebisawa et al. 1993).
In the literal interpretation of the multi-temperature disc black-
body, Agisc < rizn cos i, where r;, is the inner radius of the accretion
disc and 7 is its inclination. The stability of Ag;s. thus has been
interpreted as evidence that the inner radius of the accretion disc
stays remarkably constant on long-time-scales (Ebisawa et al.
1993). As discussed by Merloni, Fabian & Ross (1999), however,
this is not necessarily true for a more physical disc model that
accounts for radiative transfer effects, Doppler blurring and gravi-
tational redshifting. For example, a model wherein only the
accretion rate and not the inner disc radius varies formally can be
fitted with a disc blackbody with varying Ags. (Merloni et al.
1999).

As a more physically motivated description, we have also fitted
the Compton scattering model of Poutanen & Svensson (1996)
(compps). Specifically, we simulate a disc blackbody Compton
upscattered via a slab geometry corona with fixed unity covering
fraction over the disc. A purely thermal coronal electron distri-
bution was assumed, and the width of the Fe line was fixed to be
o ~ 1.4keV (see below). We then fitted the peak temperature of
the disc blackbody, as well as the electron temperature and
Compton y-parameter of the corona. Results are presented in
Table 1 and in Fig. 3. Here the peak temperature of the disc is seen
to vary more strongly over the course of the observation than for
the multi-temperature blackbody plus power-law models. The vari-
ations in the light curve are consistent with being predominantly
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Table 2. Results of spectral fitting to the LMC X-3 data.

Obs. KT;, Adise  Acompps r Apr KT.  Yeompps  Auine ~ EW  x%/dof
(keV) x10 2 x107!  (keV) x10 2 x107* (eV)
total ~ 1.24%000  33.6703 20758 24704 . . 06702 10 50.4/47
total®  1.20700,  37.3%1% 26702 12797 8.1733 134 37.8/46
a 1234000 256708 29700 4.8794 . . 141739 22 68.1/39
b 1247500 28279 29790 37704 . . L6754 24 66.6/39
c 1257500 29.970¢ 3.02000  3.8%04 . 20793 30 99.6/39
d 1255000 29.7+0¢ 3371 50798 18704 28  61.8/39
e 1243000 305108 34751 46707 . . 19703 32 68.6/39
f 1243000 309100 34550 44797 . L5503 25 59.3/39
g 1243000 305708 3475010 4470 . . L6703 28  43.5/39
h 1237590 30.8%93 33501 4.0%93 . . 14793 23 128/39
i 1.2375%0  30.8%07 31501 3.3%0¢ . 19503 30 54539
j 1247500 29.7403 31500 4028 19593 31 63.7/39
k 1243000 28.8702 327509 48792 . . 14303 23 123/39
total®  1.1679% . 2.5702 . 6273 61750 101736 170 39.5/46
a 1114008 56701 4673 9.5T00  13.8%14 230 57.2/39
b 1.14391 46708 4878 83702 135117 213 46.4/39
c 1.162501 2.8704 6474 69701 14673 228 88.7/39
d 1164059 33451 437 53700 13.7H8 223 717739
e 1174099 13703 84%33 45700 13.1%13 228 80.8/39
f 1.1625% 29101 4071 43700 11.05)5 190 67.9/39
g 1163001 2.1793 50730 42753 108739 190 57.3/39
h 1154000 2.8709 4470 46780 1143 202 113739
i 1.16+0:01 157909 89%39 56792 122717 213 68.8/39
j 1161059 . 24152 . 6472 60701 12473 209 80.1/39
k 1157500 3.1792 50t 58701 122013 210 13039

Tins Adisc: Peak multi-temperature disc temperature and normalization. I': Photon index of the power law. Apy:
Power-law normalization (photons keV 'em 257! at 1keV). Acompps: Normalization of compps model. kT
Coronal electron temperature for the compps model. ycompps: Compton y-parameter for the compps model. Apipe:
Line normalization (photons cm 2s”!in the line).

The Gaussian line was fixed at 6.4 keV with a width of o = 0.1 keV for the multi-temperature disc plus blackbody
models, or o = 1.4keV for the compps models. EW: Line equivalent width. Uncertainties are at the 90 per cent
confidence level for one interesting parameter (Ax> = 2.71). The interstellar equivalent column was fixed at
Ny =32x10%cm™2.

*Parameters for a broad Fe line with o = 1.4702keV.
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® Parameters for a broad line with o= 1.4%02,

driven by variations of the Compton y-parameter, with the large
count rate change from observations a to e corresponding to a drop
in y. The slight increase in count rate seen in observations h—k
corresponds to a slight increase in y. There is a tendency for the
peak disc temperature and Compton y-parameter to be anti-
correlated; however, this anti-correlation is dominated by
observations a and b.

Note that the light curves cover approximately three, 1.7d
orbital periods of LMC X-3. Recent work with these (now
archived) RXTE observations, along with more recent long-term
pointings, reveal evidence for a weak (few per cent) orbital
modulation of the X-ray source if one folds the light curves on the
known orbital period (Boyd & Smale, in preparation). Such
variations would not be unexpected as previous observations have
suggested a near edge-on system to account for the ellipticity of
the optical light curve (van der Klis et al. 1983). The nature of
these variations, possibly due to weak scattering, will be discussed
further by Boyd & Smale (in preparation).

We now consider fits to the summed spectrum from the long
observation. Taking PCA channels 7 to 58 (=3.6-26keV), we again
fitted two models: a disc blackbody plus power-law plus Gaussian
line, and a compps model plus Gaussian line. The best-fitting disc
blackbody plus power-law models are shown in Fig. 2. For both
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classes of models, we formally required a broad Fe line
component with equivalent width =150eV with widths of o =
1.4keV (Table 2). This is approximately twice the PCA spectral
resolution. Despite the low reduced x>, we do not consider such a
strong line to have been detected definitively in LMC X-3 as there
is some concern about systematic errors in both the PCA response
and the spectral model.

Excluding the line, residuals in the line region are ~1 per cent,
similar to the systematic uncertainties in the PCA response. In
addition, for the models that we have fitted, energy channels
=6keV are dominated by the disc component, whereas energies
=10keV are dominated by the power-law/Comptonized compo-
nent. The crossover region corresponds to the Fe line region (see
Fig. 2). Thus the line strength is especially sensitive to any errors
in modelling the continuum spectral shape, such as, e.g., the
approximation made by the disc blackbody plus power-law model,
where the Comptonized spectrum is represented by a pure power
law even at energies where the Comptonized photons have
energies comparable with the seed photon energy. This is in
contrast to AGN, for example, where the continuum through the
line/edge region is thought to be reasonably well-approximated by
a featureless power law, and therefore is not subject to systematic
uncertainties in the continuum model.
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For the case of AGN, the reality of the line can also be verified
(independently of response matrix uncertainties) by taking the
ratio of the (nearly power-law) observed spectrum to that of the
power-law spectrum of the Crab nebula. In principle, a similar
procedure could also be used in the case of LMC X-3. Simulating
a comPPs spectrum both with and without a line, utilizing the fitted
parameters for LMC X-3 discussed above, shows that a division of
these two spectra would reveal the presence of a line. There exists
no template spectrum, however, with which to do this comparison.
We caution, therefore, that the LMC X-3 line in reality may be
weaker and/or narrower than that obtained here.

The Comptonization model implies a coronal temperature of
~60keV, and a Compton y-parameter of y = 4kTs/mc? Tos =
0.06, which implies an optical depth of 7., = 0.1. Owing to the
limited energy range of our observations, however, these fits are
not unique. We assumed a purely thermal electron distribution, but
we note that a purely non-thermal Comptonizing electron distri-
bution fits the data equally well. Data at energies significantly
higher than 50keV are required to break this degeneracy.

As regards the power-law component, when considering the
HEXTE data as well, we detect the source out to =~50keV,
the highest energy at which this source has ever been detected.
The HEXTE data, however, do not place much stronger
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Figure 3. Top: Peak disc temperature and Compton y-parameter as a
function time for the observations of LMC X-3 presented in Table 1.
Bottom: Peak disc temperature versus Compton y-parameter.

Table 3. Results of spectral fitting to the LMC X-1 data.

constraints than were obtained with the PCA data alone. Including
the HEXTE data, the observed power law is I' = 2.8701. We do
not detect any noticeable curvature in the spectrum, but our limits
on the presence of such curvature are weak.

32 LMCX-1

Historically, LMC X-1 has shown relatively little long-time-scale
variability (Syunyaev et al. 1990; see also Paper II). Consistent
with this, LMC X-1 showed no obvious variations on day-long
time-scales during the long RXTE observation of 1996 December
6 to 8. The combined spectrum is a typical example of the
spectrum of LMC X-1 (see Paper II). Taking our screening criteria
into account, we obtained 80ks of data with 5SPCU on, and
another 30ks of data wherein there were 3 or 4 PCU on. Again,
these data have been added together as for LMC X-3. This
resulted in a detection of LMC X-1 out to 20keV in the PCA. In
HEXTE, LMC X-1 is detectable out to the same energy, but,
owing to its low count rate (the total HEXTE count rate is
<1 counts™ "), no spectral information can be obtained.

‘We modelled the data (PCA channels 7 to 52, =3.6-22keV)
with the same spectral models as for LMC X-3, using an
equivalent hydrogen column of Ny = 7.2 X 10?! cm™2 (Staveley-
Smith, private communication), taken from 21-cm measurements.
Again, the data required the presence of an iron line at 6.4keV.
The resulting best-fit parameters, with a narrow and with a broad
iron line, are shown in Table 3. In Fig. 4, we display the residuals
of the disc blackbody fits, showing the improvement of assuming
a broad iron line. As for LMC X-3, without a broad line the
relative deviation between the data and the model in the line
region is =1 per cent. Again, the line region corresponds to the
transition region between the disc blackbody and power-law/
Comptonized emission components of the spectrum, so caution is
warranted in interpreting the fit parameters of the line.

Our spectral parameter values are in general agreement with
earlier data (Ebisawa et al. 1989; Schlegel et al. 1994), although
our power-law index appears to be rather soft compared with the
earlier measurements. As we show in Fig. 4, the soft (I' ~ 3)
power-law component dominates the observed flux above ~7 keV,
but also contributes an appreciable fraction of the total soft flux.
Thus the lower energy channels are also in part determining the
value of the fitted spectral index. In terms of the comPPs
Comptonization model, if we choose a purely thermal, slab-
geometry corona with unity covering factor, we find similar
coronal parameters as for LMC X-3; however, the disc tempera-
ture is somewhat lower so the observed spectrum is more
dominated by Comptonized photons than that for LMC X-3.
Again, purely non-thermal models are also permitted, indicating
that the coronal geometry and parameters are not uniquely
determined by these data.

kTin Adisc Acompps r APL Ycompps (& ALinc EW Xz/dOf
(keV) x1072 x107"  (keV) x107%  (keV) %1075 (eV)

0913091 58.073 3500 21598 0.1 7+ 38 71.8/41
0.88%001  76.3737 29701 15704 0.98%012  32*|0 195  46.4/40
0.867052 1.970% 6871 44101 0977018 3310 207 48.5/40

See Table 2 for an explanation of the symbols. The interstellar equivalent column was fixed at Ny = 7.2 X 10?! cm 2.

2

Parameters typeset in italics were frozen at the indicated value. Errors are at the 90 per cent confidence level for one

interesting parameter (Ax? = 2.71).
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Since our observations cover a larger energy range than many
previous missions, they ensure that our best-fit models at least
describe the spectral shape quite well. In accordance with Schlegel
et al. (1994), we do not find evidence for a broad iron edge feature
in the data. Such a feature might be artificially introduced in the
data for instruments where the upper energy boundary is so low
that the power-law index cannot be well constrained.

4 ARCHIVAL ASCA DATA

The High Energy Astrophysics Archive (HEASARC) contains one
ASCA observation of LMC X-1 (1995 April 2) and two
observations of LMC X-3 (1993 September 23, 1995 April 15).
To the best of our knowledge, these observations have not been
published previously. We extracted the data from all four
instruments on ASCA, the two solid-state detectors (SISO and
SIS1) and the two GIS detectors (GIS2 and GIS3); however, here
we only discuss the SIS data, as the SIS has a more reliable low
energy response and a better spectral resolution.
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Figure 4. Same as Fig. 2 for the long observation of LMC X-1.
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We used the SISCLEAN tools (Day et al. 1998), with the default
values, to remove hot and flickering pixels. Furthermore, we
filtered the data with the same cleaning criteria outlined by Brandt
et al. (1996); however, we took the more conservative values of
10° for the minimum elevation angle and 7 GeV/c for the rigidity.
We obtained background estimates by extracting source-free
regions near the edges of the SIS chips. The spectra were rebinned
so that each energy bin contained a minimum of 20 photons, and
we only fitted SIS data in the 0.5 to 10keV range. Cross-
calibration uncertainties between the two SIS detectors were
accounted for by introducing multiplicative constants (always
found to be within =<1 per cent of each other) for each detector in
all fits.

Neutral hydrogen absorption of a disc blackbody spectrum
(Mitsuda et al. 1984) provides a rough description of the ASCA
data. Such models yielded reduced x* values =2 for LMC X-1
and =1 for LMC X-3. All three observations, however, exhibited
evidence of excess emission at energies =5keV. Adding a power
law (photon flux oc ET', with T' = 2.2-2.5) improved the reduced
x> to =1.1 and =0.7 for LMC X-1 and LMC X-3, respectively. As
for the RXTE observations, we also were able to fit the coMPPS
model; however, given that the ASCA data cuts off at 10keV, there
was not enough leverage to fit both kT, and y.ompps- We therefore
froze the coronal electron temperature to 50keV for all three
observations. Results for these fits are presented in Table 4 and
Fig. 5.

Both LMC X-3 observations are at very low flux values. We
compared the 3-9keV flux values from these observations with
those obtained from our RXTE monitoring observations in Paper II.
Using an SIS/PCA normalization ratio of 0.7, we estimate that the
ASCA observations would correspond to ASM count rates of ~1.3
and ~0.6 cps. As discussed in Paper 11, these low count rates occur
near transitions from the soft to the hard state of LMC X-3. We
note that the lower flux ASCA observation of LMC X-3 shows a
significant drop in peak disc temperature, consistent with the
trends seen in the state transitions discussed in Paper II.

Our main purpose for examining the ASCA data is to determine
if there is evidence for an Fe line in the spectrum and an Fe—-L
complex near energies of ~1keV. Line features near 1keV are a
common occurrence in photoionized plasmas close to sources
emitting hard X-rays (e.g. in eclipse in Vela X-1, Nagase et al.
1994). We would also expect such features in models of warped
accretion discs with winds, similar to those of Schandl (1996), or
in models of wind-driven limit cycles (Shields et al. 1986), as
might be relevant for producing the long-term periodicity of LMC
X-3 (Paper II). Such a line complex was also seen in the spectrally

Table 4. Results of fitting the LMC X-1 and LMC X-3 ASCA data.

Source NH kTe Acumpps ycumpps kTray Aruy XZ/dOf
(x10%2 cm™?) (keV) x1072 %1072 (keV) x1072

LMC X-1 0.637001 0757090 62700 10.1751 498/464

(1995 Apr. 12) 0.72 0.6755000 87193 122103 924/465
0.72 0713000 727902 109704 0.8275% 257027 523/463

LMC X-3 0.0670.50 0.83%000 27703 11270 295/429

(1995 Apr. 15)

LMC X-3 0.0379%° 0702500 2.0593  11.9%}) 231/414

(1993 Sep. 23)

See Table 2 for an explanation of the symbols. kT ,y, Ay are the temperature and normalization of the
Raymond—-Smith plasma component (Raymond & Smith 1977). Parameters typeset in italics were frozen
at the indicated value. Errors are at the 90per cent confidence level for one interesting parameter

(A2 =2.71).
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Figure 5. ASCA observations of LMC X-1. Top panel shows the compps plus a Raymond—Smith plasma model fit to the data, with Ny fixed to
7.2 10*' cm™2. Dashed lines show the individual model components folded through the response matrix of the SISO detector. Lower panels, from top to
bottom, show data residuals for: compps model with fixed Ny and no plasma component; compps model with fixed Ny and a Raymond—Smith plasma

component; and compps model with free Ny and no plasma component.

very similar source V1408 Aql =4U1957+11 (Nowak & Wilms
1999).

Starting with the compps models, none of the three ASCA
observations show evidence of an Fe line. If we freeze the line
energy at 6.4 or 6.6keV and the linewidth at 0.3keV, we find an
upper (90 per cent confidence) limit of 60 eV for the line equivalent
width for the LMC X-1 observation. Narrower lines (down to the
ASCA resolution of ~0.1keV) produce more stringent equivalent
width limits. For the slightly fainter 1995 April 15 and 1993
September 23 LMC X-3 observations, the equivalent width 90 per
cent confidence limits are 90 and 320 eV, respectively.

The reduced y” values with the compps model are significantly
less than 1 for both LMC X-3 observations, and therefore we do
not attempt to fit a plasma component to these data. The compps
model fit to the LMC X-1 observation yields a reduced )*> =~ 1;
however, this fit requires an Ny value 12 per cent lower than the
estimates of Staveley-Smith (private communication). Fixing the
Ny column density to this value worsens the reduced y* to =2 and
yields significant residuals in the Fe—L complex region (Fig. 5).
This residual can be removed and the reduced x* value returned to
~] by adding a plasma component with k7 ~ 0.8keV (here

modelled with the XSPEC RAYMOND model, after Raymond &
Smith 1977). Thus the reality of any Fe—L complex is seen to
depend strongly upon accurate modelling of the neutral hydrogen
absorption of this source. Differing metal abundances in the LMC
also could lead to errors in interstellar absorption models, adding
further uncertainties to the level of any plasma component. If real,
however, a plasma component at the levels allowed by the ASCA
data with a fixed neutral hydrogen column would be readily
detectable by the X-ray Multiple Mirror Mission, which would
also resolve the complex into individual line components. (Note
also that the residuals seen at ~1.7 and ~2.2keV are likely related
to well-known systematic features in the SIS responses matrices.)

5 TIMING ANALYSIS

We employed Fourier techniques, in the same manner as for our
RXTE observations of Cyg X-1 (Nowak, Vaughan & Wilms
1999a), to study the short timescale variability of LMC X-1 and
LMC X-3. Specifically, we used the same techniques for esti-
mating deadtime corrections (Zhang et al. 1995; Zhang & Jahoda
1996) to the Power Spectral Density (PSD), and for estimating
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uncertainties and the Poisson noise levels of the PSD (Leahy et al.
1983; van der Klis 1989). In the analysis discussed below, we use
light curves with 277 s resolution constructed from the PCA top
xenon layer data only. Furthermore, we subdivide the light curves
into three energy channels: 0-3.3, 3.3-4.7 and 4.7-9.1keV
(absolute PCA channels 0-8, 9-12, 13-24, respectively). We
chose these energy ranges as they are relatively background-free,
and furthermore the three channels have roughly equal count rates.
The lowest energy channel is dominated by the disc component,
whereas the highest energy channel is sampling the power-law
component (Section 3).

To maximize the signal-to-noise ratio, we created a single PSD
in each energy channel that was averaged over the entire duration
of our observations. We further averaged PSDs constructed from
data segments of 1024 s duration (76 segments for LMC X-1, 65
segments for LMC X-3), and we logarithmically binned the PSD
over frequencies f — 1.3f. For the case of LMC X-3, weak
variability with root-mean-square (rms) amplitude of 0.8 per cent
of the mean was detected in the 10 °~10 %-Hz range. This is
consistent with background fluctuations.

Significant variability above the noise, however, was detected in
LMC X-1. Root-mean-square variabilities of 6.5, 6.3 and 7.1 per
cent, lowest to highest energy channel, were found for the fre-
quency range 7X 107%-0.3Hz. The PSDs for these energy
channels are shown in Fig. 6. All three PSDs are approximately
proportional to ' from 7% 107#-0.2Hz. The highest energy
band PSD, however, shows evidence for a rollover at ~0.2 Hz.
Note that for this latter PSD there are only three or four points at
frequencies higher than 0.2 Hz that sharply decline, followed by
several points with a more gradual decline roughly proportional to
f7%5. (Fig. 6 shows the PSD multiplied by frequency.) The f~%°
behaviour is also readily apparent at high frequencies in the PSD
of the low energy channel as well as possibly in the PSD of the

P
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Figure 6. Fourier frequency times power spectral density (PSD) for LMC
X-1 in the 0-3.3-keV (solid diamonds, lowered by a decade), 3.3—4.7-keV
(clear diamonds), 4.7-9.1-keV (solid squares, raised by a decade) energy
bands. PSD normalization is such that integrating over positive frequencies
yields the mean square variability divided by the square of the mean for the
light curve analysed. Lines represent the expected level of positive 1 — o
noise residuals after subtracting Poisson noise from the PSDs.
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middle energy channel. An f~%° proportionality is exactly that
expected for positive noise residuals if the mean Poisson noise level
was slightly underestimated (see Nowak et al. 1999a). The uncer-
tainty in the noise level makes it difficult to assess the frequency-
dependence of the rollover as a function of energy. The 4.7-9.1 keV
energy band PSD values at frequencies 0.2-2 Hz, however, clearly
lie below an extrapolation of the low-frequency PSD behaviour.
Removing the break altogether would require that we over-
estimated the Poisson noise level, which seems doubtful given the
ocf~ % behaviour of the noise-subtracted PSD residuals.

These results for LMC X-1 are roughly consistent with the
previous RXTE observations reported by Schmidtke et al. (1999)
in terms of overall PSD amplitude and shape. However, Schmidtke
et al. (1999) did not attempt any noise subtraction and did not
search for breaks in any of the PSD. We do not find any evidence
for a 0.08-Hz quasi-periodic oscillation as reported by Ebisawa
et al. (1989), which is consistent with the results of Schmidtke
et al. (1999). The 0.08-Hz QPO reported by Ebisawa et al. (1989),
however, is nearly coincident with the expected level of the
residuals after noise subtraction. Thus the previously reported
QPO may have been an artefact of a misestimation of the Poisson
noise level, as opposed to the lack of detection here and in the
work of Schmidtke et al. (1999) being due to an intermitant nature
of such low-frequency QPO.

Contrary to the results reported by Treves et al. (1988), we do
not detect any variability from LMC X-3. We note, however, that
the PSD reported by Treves et al. (1988) has the characteristic
%5 shape and amplitude expected from noise residuals. We
believe, therefore, that the results of Treves et al. (1988) are
consistent with those reported here.

We further studied the temporal behaviour of LMC X-1 by
computing the Fourier frequency-dependent time lags and
variability coherence between the various energy bands (see
Vaughan & Nowak 1997, and references therein). Owing to the
low count rates, only weak 1-o upper limits of =2s
(f/1072Hz)"! could be placed on the time lags between the
lowest and highest energy channels over the frequency range
107°-0.3 Hz. We were able to measure the coherence among the
variability in the various energy bands. As we have previously
discussed (Vaughan & Nowak 1997; see also Bendat & Piersol
1986), the coherence function, yz( f), which is always <1, is a
measure of the degree of linear correlation between two time
series, or alternatively, it is a measure of how well one time series
can be predicted from the other.

We present the coherence function for the LMC X-1 variability
light curve, logarithmically binned over frequencies f — 2f, in
Fig. 7. The lowest and middle energy band light curves are fairly
well-correlated and have a coherence function between them of
Y’(f) = 0.9. Both of these light curves, however, are very
incoherent with the highest energy band light curve, with y(f) =
0 at 1072 Hz and then rising approximately as oclog(f). Owing to
uncertainties in the Poisson noise level, there are additional
systematic uncertainties above =0.3 Hz; however, the coherence is
clearly below the near unity levels that we typically observe
during the low/hard states of BHC such as Cyg X-1 and GX339—4
(Nowak et al. 1999a; Nowak, Wilms & Dove 1999b).

6 DISCUSSION
6.1 Variability of LMC X-1
The most obvious striking difference between LMC X-1 and LMC
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Figure 7. Coherence between the variability in the 0—3.3- and 3.3—-4.7-keV energy bands (left), the 3.3—4.7- and 4.7-9.1-keV energy bands (middle), and the

0-3.3- and 4.7-9.1-keV energy bands (right).

X-3 is that the former shows moderate (7 per cent rms) variability
whereas the latter shows essentially none (<0.8 per cent rms) on
time-scales shorter than 1 ks, despite the fact that the X-ray spectra
of these two objects are remarkably similar in terms of shape and
overall flux. We hypothesize that the differences lie within their
respective modes of accretion. As discussed by Cowley et al.
(1983), van der Klis et al. (1983) and Cowley et al. (1994), LMC
X-3 is consistent with accreting via Roche lobe overflow. One
would therefore expect the accretion rate of LMC X-3 to be
relatively steady (although see the discussion of the long-term
periodicity presented in Paper II). LMC X-1, on the other hand, is
most likely accreting partly via a wind with velocity o, =
600-1100kms™' (Hutchings, Crampton & Cowley 1983;
Hutchings et al. 1987). This has a number of implications for
the accretion flow.

Taking a presumed mass of 6 My and a wind velocity of
600km s~ ' (Hutchings et al. 1987), the Hoyle—Lyttleton accretion
radius (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944) is then

26M M v -2
RuL = ~4x10" = 1
) Cm(6M@) (600kms") ’ 0

which should be compared with the binary separation of a ~
2.2%10”cm given a 4.2d period and a 20M companion
(Hutchings et al. 1987). The ‘circularization radius’, however, will
be much smaller, by a factor of the order (Vorb/Vw)?, Where vor, ~
260kms~! is the orbital velocity. This estimate comes from
assuming the accreted angular momentum per unit mass goes as
Rur - vorb, and then setting this value equal to the Keplerian value
at the circularization radius. Thus, we expect a disc circularization
radius of < 8x%10"%cm (vw/600kmsfl)74. The disc is thus
expected to be smaller than would be usual for Roche lobe
overflow, perhaps substantially so. For v, = 2000kms™!, the
expected circularization radius is ~750 GM/c*.

There is a long history of numerical simulations (Fryxell &
Taam 1988; Taam & Fryxell 1988; Taam & Fryxell 1989;
Benensohn, Lamb & Taam 1987; Ruffert 1997; Ruffert 1999)
showing that wind dominated accretion inherently exhibits
fluctuations in the net accretion rate onto the compact object.
More recent 3-D numerical integrations (Ruffert 1997; Ruffert
1999) tend to show smaller amplitude fluctuations than earlier 2-D
work (Benensohn et al. 1997); however, accretion-rate fluctua-
tions of O (10per cent), in rough agreement with the observed
variability, are expected. LMC X-3, being Roche lobe fed, would
not be expected to exhibit these fluctuations.

A disc with a truncated outer edge may also yield an
explanation of the possible rollover in the high-energy band
PSD seen at ~0.3Hz. For « = 0.3, H/R ~ L/Lggqg ~ 0.3, M =
6 Mo, the viscous timescale at R = 750 GM/c? is ~20s, which is
in rough agreement with the time scale of the possible rollover.
This is consistent with the idea that any accretion-rate fluctuations
on time-scales shorter than the viscous time scale at the
circularization radius are smoothed out as they propagate into
the inner X-ray emitting regions of the disc.

As discussed above, the low variability coherence values for
LMC X-1 at f > 1073 Hz are unlike what we observed for the
low/hard states of Cyg X-1 and GX 339—4 (Nowak et al. 1999a;
Nowak, Wilms & Dove 1999b). We are aware of three possible
ways of explaining such low values (Vaughan & Nowak 1997).
First, the low and high energy bands may be completely unrelated
to each other. This seems unlikely as all three energy bands exhibit
a roughly ocf ~' PSD with comparable amplitudes. Second, the
upper energy band PSD may be related to the lower energy band
PSD via a non-linear transfer function. This is a viable option,
given the complicated physics of ‘coronal formation’ and the fact
that non-linear transfer functions couple power from frequencies f
in one band to multiples of f in other bands (Bendat & Piersol
1986). This latter case is especially difficult to detect in the /!
PSD because of its scale-free nature.

The third possibility is perhaps the most viable option. ‘Mixing’
of independent components with widely varying intrinsic time
lags can lead to the loss of coherence (see the discussion presented
by Nowak et al. 1999b). For example, if one component that
shows a correlation between hard and soft X-rays (e.g. local
dynamical time-scale disc fluctuations leading to an increase in
both seed photons and, very slightly delayed, upscattered hard
photons) is mixed with another, nearly equal in power but
independent component with an anti-correlation between soft and
hard X-rays (e.g. matter being transferred between disc and corona
on thermal or viscous time-scales, with comparably long delays
between soft and hard photons), then a strong loss of coherence is
expected. In a simple two-component model the coherence
function, y*(f), is given by

_ R() + 2R(f) cos(6, — 6.)
[R() + 177

Y () )

Here R(f) is the ratio of Fourier frequency-dependent cross
correlation amplitudes for the two independent processes being
considered (soft versus hard X-ray variability, process b over
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process a), and 6, 6, are the Fourier frequency-dependent phase
delays between the hard and soft X-ray variability for the
independent processes a and b, respectively (Vaughan & Nowak
1997; Nowak et al. 1999b). (Time delay, T = 6/27f.) For the plots
in Fig. 7, if R(f) =~ 1 and 6, — 6, = at f = 1073 Hz, then
Y?(f) = 0 there as well. The increase in coherence towards higher
frequency could be due to a decrease of either ,— 6, or R(f). The
latter might be reasonably expected, for instance, if one process is
happening predominantly on (O(1000s) viscous time-scales
(again, perhaps matter/energy transfer between disc and corona),
whereas the other one is happening over a broader range of time-
scales (fluctuations in the seed/Comptonized photons).

6.2 Spectroscopy of the soft state

The spectroscopy of LMC X-3 perhaps bears out the notion of
there being an anti-correlation between the disc and coronal
components on long time-scales, as shown in Fig. 3. A similar
result can be obtained with the more phenomenological disc
blackbody plus power-law models presented in Table 2. The
photon flux in the ‘disc component’ (o< AdiSCkTgiSC) is anti-
correlated with the photon flux in the ‘power-law component’
(oc 3.61’7/[1 — v]) in an analogous way. The fastest variation
occurs on time-scales of =~0.4d. Given a=0.3, H/R ~
L/Lgga ~ 0.3, and M =9Mp, this corresponds to a viscous
time scale at a radius of ~ 8 X 10'° cm, approximately one quarter
of the disc circularization radius. It is therefore more likely that
this variation occurs on a thermal or dynamical time-scale closer
towards the centre of the system. Thermal time-scale transfer of
energy between disc and corona is again consistent with the results
shown in Fig. 3.

Unfortunately, it is difficult to say much more about the
spectrum other than it is well-fitted by a disc blackbody plus
power-law model. Given a 70° inclination, 9 M black hole, and
50kpc distance for LMC X-3, and a 30° inclination, 6 Mg black
hole, and 50 kpc distance for LMC X-1, the disc normalizations in
Tables 2 and 3 are roughly consistent with inner disc radii of
~6 GM/c?. This is quite remarkable, given the simplicity of the
disc blackbody model (cf. Merloni et al. 1999). As regards the
power-law tail, other soft state black-hole candidates exhibit
evidence for non-thermal Comptonization in this tail (Gierlinski
et al. 1999). Here, however, as we were only able to go out to 50
and 20keV for LMC X-3 and LMC X-1, respectively, we were
able to describe the data completely adequately with pure thermal
Comptonization.

The extent to which a strong, broad Fe line is required is
likewise still somewhat uncertain. The =150-eV equivalent width,
o =~ 1.4 —keV line is consistent with expectations from the basic
picture outlined above: a disc extending down towards the black-
hole horizon, with a large covering fraction corona sitting on top
of it. (A slight Fe overabundance, or perhaps beaming of the
coronal radiation towards the disc, might also be required for the
implied equivalent widths.) However, as the Fe line occurs in a
region where the two basic spectral components — soft disc
spectrum and hard power-law/Comptonization spectrum — cross
one another, the Fe line parameters are especially sensitive to our
assumptions regarding the underlying continuum model. Again,
this is in contrast to AGN where it is presumed that the underlying
continuum in the Fe line/edge region is well-approximated by a
simple power law.
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7 SUMMARY

In this work, we have presented an analysis of long (170-ks) RXTE
observations of LMC X-1 and LMC X-3, as well as an analysis of
archival ASCA observations of these objects. The primary results
of these analyses are as follows.

(i) Both LMC X-1 and LMC X-3 are well-fitted by a simple
spectroscopic model consisting of a disc blackbody and a power
law. The power law, which was seen out to 50keV for LMC X-3,
shows no obvious curvature. The data are consistent with
exhibiting a broad Fe Ka line with equivalent width <150eV;
however, the line could in reality be narrower and weaker. ASCA
observations do not reveal the presence of a narrow Fe Ko line,
and the presence of any Fe—L complex in LMC X-1 is almost
completely dependent upon the modelling of the neutral hydrogen
column towards that source.

(ii)) As a more physical interpretation of these results, the
spectra are consistent with Comptonization of a disc spectrum by
a corona with electron temperature k7. ~ 60keV and 7., ~ 0.1.
These fits are not unique, however, as the data do not extend
beyond 50keV. Purely non-thermal Comptonization models are
also permitted.

(iii)) LMC X-3 shows no variability on =<1-ks time-scales;
however, it does show variability on half-day time-scales and
longer. The time scale of these variations are slightly faster than
the viscous time-scales of the outer disc. Spectral models of these
variations are consistent with an anti-correlation between the disc
and Compton corona components of the spectrum

(iv) LMC X-1 shows rms variability of a few per cent on faster
than 1000-s time-scales. This variability, along with with a
possible power spectrum rollover on time-scales <5s, is con-
sistent with accretion-rate variations in a wind-fed system where
the disc is circularized at radii = 1000 GM /c?.

(v) The variability at energies <5keV shows very low
coherence with the variability at energies =S5keV. Given the
similarity of the PSD among the three energy bands, this low
coherence is likely either due to a non-linear relationship between
the soft and hard energy bands, or due to multiple variability
components some with strong correlations between soft and hard
variability and other others with strong anti-correlations.
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