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Abstract. We report the results of an observation of the galactic black-hole binary 4U 1543-475 performed by
XMM-Newton on 2002 August 18, about two months after the start of an outburst detected by RXTE. Despite the relatively
low flux of the source, corresponding to a luminosity Lx ~ 4 x 10 erg s™' ~ 107> Lgpp, we could obtain a good quality
spectrum thanks to the high throughput of the XMM-Newton EPIC instrument. The spectrum is well fit by a power law with
photon index I' = 1.9-2 without any evidence for iron emission lines or for thermal emission from an accretion disk. We
could estimate an upper-limit on the disk bolometric luminosity as a function of the colour temperature: it is always lower than

~10* erg s7!

, i.e. less than 10% of the source total luminosity. Finally, we evaluated that the disk colour temperature must

satisfy the condition kT, < 0.25 keV in order to obtain an acceptable value for the disk inner radius.
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1. Introduction

4U 1543-475 is a recurrent X-ray transient containing a black
hole. It was discovered during an outburst in 1971 (Matilsky
et al. 1972) and observed in outburst again in 1983 (Kitamoto
et al. 1984), in 1992 (Harmon et al. 1992) and in 2002
(Park et al. 2004; Kalemci et al. 2004). In the decade-long qui-
escence periods the flux is lower than 0.1 uCrab, while the
source brightens by a factor greater than 2 x 107 in outburst
(Garcia et al. 2001). In the latest outburst, between June and
July 2002, the measured flux reached a peak value of 4.2 Crab
in the 2—12 keV energy band, comparable to the peak intensi-
ties observed in the three previous outbursts (Tanaka & Lewin
1995). The source light curve along the whole outburst showed
the characteristic shape of the “classic” X-ray novae, i.e. a fast
rise to the outburst peak followed by an exponential decay, with
e-folding decay time of ~14 days (Mc Clintock & Remillard
2003). The spectrum was soft and dominated by the emission
from the accretion disk: its continuum part was fit with a multi-
colour disk blackbody (kT,x = 1.04 keV) and a power-law
(photon index I' ~ 2.7).

The optical counterpart of 4U 1543—-475, IL Lupi, has
been classified as spectral type A2V (Chevalier & Ilovaisky
1992). During the X-ray outbursts it brightens by ~1.8 mag
(van Paradijs & Mc Clintock 1995), but during the quiescent
periods it was possible to perform detailed studies. This al-
lowed to derive the orbital period Py = 26.8 h, the black-
hole mass M| = 9.4 + 2.0 M,,, the secondary star mass M, =
2.7+1.0 My, the source distance d = 7.5+ 1.0 kpc and the orbit
inclination i = 20.7 = 1.0° (Orosz et al. 1998; Orosz 2003).

Here we present the results of an XMM-Newton observa-
tion obtained after the most recent outburst of 4U 1543—-475.
The spectrum obtained with the EPIC instrument has an un-
precedented statistics for a galactic black-hole at this level of
luminosity, allowing for the first time to investigate the spectral
details of a black-hole binary approaching the quiescent phase.

2. Observations, data reduction and spectral
analysis

4U 1543-475 was observed by XMM-Newton on 2002
August 18, between 12:30 and 20:42 UT. The source was
on-axis and the observation lasted about 29.5 ks. The three
EPIC cameras (Turner et al. 2001; Striider et al. 2001) were all
active during the observation: the PN, MOS1 and MOS?2 instru-
ments were operated in Small Window, Timing Uncompressed
and Full Frame mode, respectively. For all of them, the Thin
filter 1 was used.

We used the version 5.4.1 of the XMM-Newton Science
Analysis System (SAS) to process the event files. After the stan-
dard processing pipeline of the data, we looked for possible
periods of high background due to soft proton flares with en-
ergies less than a few hundred keV. For the two MOS cameras
this was done by inspecting the light curves of the events with
energy above 10 keV detected in the peripheral CCDs and with
pixel patterns from O to 4. In this way, we selected only those
background events whose high energy is distributed in one or
two pixels at most, which presumably are due to low energy
protons focused on the focal plane by the telescope mirrors.
These light curves showed a large increase of the count-rate
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Table 1. Best-fit parameters for a power-law model in the case of the PN, MOS2 and PN+MOS2 data.

Instrument Nu Photon Normalization at 1 keV X2 d.of.  fx (0.3-10 keV)*
(x10*' ecm™?) index (phkeV~!'cm™?s7!) (ergecm™? s71)

PN 36+0.2 1.92 + 0.04 (9.9 £ 0.5) x10™* 1.104 297 (3.7+0.2)x107"2

MOS2 45+03 1.99 + 0.07 (11.2 + 0.9) x10™* 1.131 146 (3.7 +0.3) x107'2

PN+MOS2 38+0.2 1.94 + 0.04 (10.3 + 0.3) x10™* 1.069 442  (3.7+0.1)x107"2

Note — Errors are at 90% c.1. for a single interesting parameter; ¢ absorbed flux.

(up to a factor of ~40) during the last 10 ks of the observa-
tion. We decided to use for our analysis of 4U 1543—475 only
time intervals with count-rates below 0.7 ¢ s~ for this type of
events, yielding an effective observing time of 19.9 ks.

Since the PN camera was operated in Small Window mode,
no data were taken with the peripheral CCDs. Therefore, the
data cleaning was based on the events in the central CCD, with
energies above 10 keV and pattern 0'. Also in this case we
observed a large increase of the count-rate in the last part of the
observation: we selected time periods with count-rates lower
than 0.07 ¢ s7!, thus obtaining an effective exposure time of
13.2 ks2.

In order to study the temporal behavior of the source, we
accumulated its PN light curve in the whole energy range
0.2—10keV and in the two sub-ranges 0.2—-2 and 2—-10keV, us-
ing an extraction radius of 30”. The corresponding background
curves were extracted over the part of the CCD area not af-
fected by the wings of the source Point Spread Function. The
background-subtracted light curve in the whole energy range
shows some variability. The light curve binned at 1000 s gives
a reduced y2 = 2.6 when fitted to a constant value and shows
variations up to ~30% around the average level. The hardness
ratio between the two sub-ranges is consistent with a constant
value, indicating that no significant spectral variations took
place along the observation. Therefore we performed a single
spectral analysis on the whole set of data.

For the PN spectra of both the source and the background,
we considered the same focal plane areas used for the light-
curves. We used the SAS software to calculate the applicable
response matrix. The accumulated source spectrum was re-
binned in order to have at least 30 counts in each energy bin.
For the spectral analysis we used XSPEC 11.2.0. The source
spectrum was fitted with an absorbed power-law model, in the
energy range 0.3—-8.5 keV: the best-fit parameters are reported
in Table 1. In Fig. 1 we show the PN spectrum and the best-fit
power-law model.

Fits with simple thermal emission models provided unac-
ceptable results. For example, with a bremsstrahlung model we
obtained y2 = 1.234, while a multi-temperature blackbody ac-
cretion disk (diskbb in XSPEC) gave x2 = 1.907, always with
297 d.o f.

' The PN pixels are larger than the MOS ones; therefore, no multi-
pixel events are expected by the soft-protons.

2 This is smaller than the MOS one due to the reduced live-time of
the Small Window mode used for the PN.
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Fig. 1. Comparison of the PN spectra of 4U 1543—-475 with the best-
fit power-law model. In the lower panel the residuals (in units of o)
between data and model are shown.

For the MOS2 camera® we applied the same source extrac-
tion radius of the PN camera (30”), while, thanks to the larger
size of the MOS CCDs, we could accumulate the background
spectrum using a circular area of 2.5" radius. Also in this
case the spectrum was rebinned with a minimum of 30 counts
in each energy bin and fitted over the 0.3—-8.5 keV energy
range. The fit with a power-law yielded a comparable photon-
index but a higher hydrogen column density than the PN one
(Table 1). This discrepancy is likely due to the uncertainties
still remaining in the calibration of the two instruments, espe-
cially at low energies (Kirsch 2004). We also fitted the PN and
MOS2 data simultaneously, after including a systematic error
of 5% in the spectral bins. Again a satisfactory fit was obtained
with a power-law model (see Table 1) while thermal models
gave worse y° values.

In conclusion, although the exact value of the absorption is
still subject to some uncertainty*, all our data point to a power-
law spectrum with photon index ~2. In the following analysis,
aimed to assess the possible presence of additional components
in the spectrum, we will consider only the PN data, due to their
higher statistics (~12 000 source counts are detected in the PN
compared to ~5600 in the MOS2). We checked that similar

3 We have not used the MOS1 data since the spectral response in
Timing Mode is not yet well calibrated.

4 Note, however, that this is one of the best measurements of Ny for
this source obtained so far; our value is comparable with the value of
(4.26+0.15) x 10*' cm™2 obtained by van der Woerd et al. (1989) with
EXOSAT data.
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Table 2. Upper limits (30~ confidence level) on the Equivalent Width
of an emission line (Gaussian model), at various energies and widths.

E (keV) 6 6.4 6.7 7
o(keV) UL.(eV) UL.(eV) UL.(eV) U.L.(eV)
0 173 117 37 97
0.1 209 130 48 99
0.2 255 150 71 91
0.3 262 161 90 97
0.4 254 173 113 111
0.5 235 176 138 134

results would be obtained using the MOS2 data, although with
looser upper limits (usually a factor 2—5 times higher).

To look for a possible Fe K, emission line, we tried to
improve the spectral fit by adding a Gaussian component at
four different fixed energies between 6 and 7 keV, with o be-
tween O and 0.5 keV. In all the cases we found no evidence
for it: the Gaussian normalization was always consistent with
zero. The upper limit on the line equivalent width is always
below ~0.25 keV at a 30~ confidence level (Table 2).

Although not formally required by the data, which are sat-
isfactorily fit by the power-law model, we investigated the
possible presence of an additional multi-colour disk emission
(Mitsuda et al. 1984; Makishima et al. 1986). To this aim we
added a disk blackbody component and obtained Ny = (4.4 +
0.7) x 10 em™2,T = 1.94 + 0.05, Kpp. = (1.0 £ 0.1) x 1073,
kT.op = 0.16 £ 0.03 keV and Kpgg = 141 = 289 as best-fit
parameters, with x*/d.of. = 325.5853/295. This result would
imply an absorbed flux /32! = 8.44 x 107'* erg cm™* 57! for
the thermal component (i.e. ~2% of the total flux), but the large
error on its normalization clearly demonstrates that this com-
ponent is only marginally present. The F-test proves that the fit
quality improves only at a 0.30 level.

We have therefore computed an upper limit to the disk
emission component. This is shown in Fig. 2, where the upper-
limit on the disk bolometric luminosity is shown as a func-
tion of the colour temperature T, (assuming a source dis-
tance d = 7.5 kpc). The power-law best-fit parameters imply
an unabsorbed flux fx = (5.83 + 0.29) x 1072 erg cm~2 s7!
in the energy range 0.3—10 keV, which corresponds to Lx =
(3.92 + 0.20) x 10** erg s7!. This means that any possible disk
contribution is well below 10% of the total source luminosity.

3. Discussion and conclusions

The XMM-Newton data reported here were obtained just
two months after the start of the source outburst observed
by Rossi-XTE (RXTE) on MJD 52445 (2002 June 20). The
source was monitored by RXTE during all this period: Park
et al. (2004) analysed the data collected between MJD 52442
and 52477 (i.e. before the transition to the low-hard state),
while Kalemci et al. (2004) considered the data between
MIJD 52464 and 52498 (i.e. during and after the transition
to the LH state). Both Park et al. (2004) and Kalemci et al.
(2004) used the sum of a power-law and a multi-colour disk
blackbody to fit the continuum part of the spectra, finding that
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Fig. 2. 30 upper-limit on the bolometric luminosity of the multi-colour
disk as a function of the colour temperature.
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Fig.3. X-ray flux observed by RXTE and XMM-Newton during the
2002 outburst of 4U 1543—-475. The open circles refer to the total
source flux, the crosses to the power-law component. The last point to
the right is our XMM-Newton total flux.

the photon index decreased from 3.85 (at the outburst peak)
to 2.21 (just ~6 days before the XMM-Newton observation),
while the temperature at the inner disk edge decreased from 1
to 0.35 keV. Using the best-fit parameters reported by these au-
thors, we computed the 2—10 keV fluxes as a function of time
for the total emission and for the power law component only,
which are shown in Fig. 3. The last point in the figure indi-
cates our XMM-Newton flux value, converted to the same en-
ergy range. Even if this flux is below the extrapolation of the
last RXTE measurements, the plot shows that it is in general
agreement with the overall decreasing rate measured by RXTE.

The luminosity observed with XMM-Newton corresponds
to ~1.5 x 107> of the Eddington luminosity, still well above
the typical quiescent level of BH candidates Ly ~ 10785 Lgpp
(Mc Clintock & Remillard 2003), where we assumed d =
7.5 kpcand M = 9.4 M. At the time of the XMM-Newton ob-
servation (i.e. two months after the outburst), 4U 1543—-475
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was not yet in quiescence but still in the low-hard state, which
is characterized by 1.5 < I < 2.1 and a power-law flux contri-
bution higher than 80% of the total flux.

According to Kalemci et al. (2004) some emission from
an accretion disk is still required by the last RXTE spectra of
4U 1543-475 obtained six days before the XMM-Newton ob-
servation reported here. Their data cannot yield a disk temper-
ature for such a faint and soft component. Therefore Kalemci
et al. fix it at the value of 0.35 keV. Assuming d = 7.5 kpc
and i = 21°, for such a temperature our upper limit on the disk
blackbody normalization corresponds to a disk colour radius
of 0.08 R, (Where R, = GM/ c? is the BH gravitational radius).
The value of r, obtained from the best fitting procedure of
the multi-colour disk blackbody model systematically under-
estimates the actual disk radius (Shimura & Takahara 1995;
Merloni et al. 2000). In fact ri, = n X g X fc201 X Feol, Where
n = 0.6-0.7 is the ratio between the inner radius and the ef-
fective radius (i.e. the radius at which the temperature of the
disk peaks), g = 0.7-0.8 takes into account the general rela-
tivistic corrections and feo1 = Tcol/ Ter 1s the spectral hardening
factor, whose value can be about 3 for low accretion rates. If
we consider the maximum value for all the parameters, from
Teol = 0.08R, we obtain rj, ~ 0.4R,. This value is incompati-
ble with the innermost stable circular orbit around a black-hole,
which is Risco = 6R, for a Schwarzschild BH and Risco = R,
for a Kerr BH (Shapiro & Teukolsky 1983). Note that the same
would be true for lower normalizations at the same tempera-
ture. Only for disk temperatures k7., < 0.25 keV our normal-
ization upper limits give acceptable values for the inner disk ra-
dius. For example, for kT, = 0.2 keV we obtain r¢o; = 0.43Rg,
which corresponds to rj, ~ 2.2Rs. A similar conclusion was
noted in a short report on this XMM-Newton observation by
Miller et al. (2003), but contrary to these authors we do not find
a significant improvement by the inclusion of the disk compo-
nent in the fit to the spectrum of 4U 1543-475.

In conclusion the observation reported here provides one of
the best quality spectra for a black hole X-ray binary accreting
at a low level, but still far from the quiescent state. The feature-
less power law energy spectrum does not give any evidence
for the presence of an accretion disk. If a disk is present, it is
constrained to have a luminosity of (2—30) x 10%? erg s™! and a
temperature smaller than 0.25 keV. This is an interesting result
since little is known on the possible presence and the properties
of accretion disks around black-holes at these relatively low
luminosities. Even if a multi-colour disk is not strictly required
in the hard state from the theoretical point of view, there are
some arguments in favour of it: on one hand, most common
accretion models foresee the presence of a disk with a large
(i.e. 2100R;) inner radius (Esin et al. 1997; Mc Clintock
& Remillard 2003); on the other hand, a soft X-ray excess,
which can be modeled with a large and cool accretion
disk, has been observed in GX 339—4 (Wilms et al. 1999) and

N. La Palombara and S. Mereghetti: XMM-Newton observation of 4U 1543—475

XTE J1118+480 (Mc Clintock et al. 2001; Frontera et al.
2003), albeit at higher luminosities than that reported here for
4U 1543-475.
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