Downloaded from UvA-DARE, the institutional repository of the University of Amsterdam (UvA)
http://hdl.handle.net/11245/2.18776

File ID uvapub:18776
Filename 100133y.pdf
Version unknown

SOURCE (OR PART OF THE FOLLOWING SOURCE):

Type article

Title Optical spectroscopy of the transient XTE J1118+480 in outburst
Author(s) G.M.B. Dubus, R. Kim, K. Menou, P. Szkody, D. Bowen

Faculty FNWI: Astronomical Institute Anton Pannekoek (IAP)

Year 2001

FULL BIBLIOGRAPHIC DETAILS:
http://hdl.handle.net/11245/1.192556

Copyright

1t is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or
copyright holder(s), other than for strictly personal, individual use, unless the work is under an open content licence (like
Creative Commons).

UvA-DARE is a service provided by the library of the University of Amsterdam (http://dare.uva.nl)
(pagedate: 2014-11-15)


http://hdl.handle.net/11245/2.18776
http://hdl.handle.net/11245/1.192556
http://dare.uva.nl

THE ASTROPHYSICAL JOURNAL, 553:307-320, 2001 May 20
© 2001. The American Astronomical Society. All rights reserved. Printed in U.S.A.

OPTICAL SPECTROSCOPY OF THE X-RAY TRANSIENT XTE J1118+480 IN OUTBURST!
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ABSTRACT

We report on optical spectroscopic observations of the X-ray transient XTE J1118+480 covering the
period from 2000 April 7 to July 4. The spectrum is characterized by weak, broad, double-peaked
Balmer and He lines on top of a blue continuum of slope p ~ 3, as expected for an optically thick accre-
tion disk. The weak Bowen blend seen in our spectra may indicate a low metallicity for the source. The
presence of a partial S-wave pattern in the He 1 14686 line appears consistent with the reported photo-
metric period P, =4.1 hr for XTE J1118+480. By using a combination of Doppler mapping and
various theoretical arguments, we constrain plausible orbital parameters for the system: a mass ratio
0.02 £ ¢ <£0.1 and an inclination i = 70° for a neutron star primary or 30° <i < 50° for a black hole
primary with a mass between 4 and 10 M. Ca 11 absorption features observed at very high resolution
constrain the interstellar hydrogen absorption column log [Ny, (cm~2)] ~ 20.45 + 0.2, and the identifica-
tion of three absorbing clouds indicate a distance to the source <1 kpc, assuming the line of sight to
XTE J1118+480 has average high-latitude properties. These results are discussed in the context of pre-
vious multiwavelength observations of this unusual system.

Subject headings: accretion, accretion disks — binaries: close — X-rays: stars

1. INTRODUCTION

Soft X-ray transients (SXTs) are compact binary systems
in which a low-mass secondary (either a main-sequence star
or a subgiant) transfers mass via Roche lobe overflow onto
a black hole (BH) or neutron star (NS) primary (see reviews
by Tanaka & Lewin 1995; van Paradijs & McClintock
1995; and White, Nagase, & Parmar 1995). SXTs have
highly variable luminosities. They spend most of their life-
time in a low-luminosity quiescent state but occasionally
undergo dramatic outbursts during which both their optical
and X-ray emission increase by several orders of magnitude
(see, e.g., Tanaka & Shibazaki 1996; Chen, Shrader, & Livio
1997).

The X-ray emission during the outburst of an SXT is
typically dominated by relatively soft thermal emission
from the accretion disk surrounding the compact object,
while the optical emission is usually interpreted as repro-
cessed X-rays from the disk and/or the companion star. The
new source XTE J1118+480 belongs to the class of SXTs,
but it also possesses some rather unusual characteristics.

XTE J1118 +480 was discovered on 2000 March 29 with
the Rossi X-Ray Timing Explorer (RX TE) All-Sky Monitor
(ASM) as a brightening X-ray source. Pointed RXTE
observations confirmed the presence of this high Galactic
latitude source (I = 157°7, b = +62?3), with a rather hard
power-law emission spectrum of photon index I' ~ 1.8 up
to 30 keV. It was subject to rapid X-ray flares, but no pulsa-
tion was detected. Retrospective ASM analysis revealed
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that the source experienced another modest outburst in
2000 January (Remillard et al. 2000; see Fig. 1). BATSE
observations showed that the source is visible up to 120 keV
(Wilson & McCollough 2000), and a 6.2 mJy (at 15 GHz)
variable radio counterpart was later discovered (Pooley &
Waldram 2000; Dhawan et al. 2000).

The V ~ 13 optical counterpart of XTE J1118 +480 was
found to correspond to an 18.8 mag star in the USNO
catalog by Uemura, Kato, & Yamaoka (2000c; see also
Uemura et al. 2000a). A photometric modulation on a 4.1 hr
period was observed by Cook et al. (2000) and was later
confirmed as a plausible orbital period by Patterson et al.
(2000) and Uemura et al. (2000a; see Stull, Ioannou, &
Webb in Haswell, Hynes, & King 2000a for a discrepant
claim at twice this value). The photometric modulation was
later reported to be changing shape and period, possibly
showing the development of superhumps in this source
(Uemura et al. 2000b). If these are normal superhumps, then
the orbital period would be smaller than the photometric
superhump modulation by a few percent.

Garcia et al. (2000) reported the first optical spectro-
scopic results on XTE J1118+480. They found an optical
spectrum typical of SXTs in outburst, with very broad Ha,
HpB, and He 1 lines (FWHM = 2000 km s~ !). These obser-
vations also indicated the presence of absorption features
and a very low interstellar absorption [E(B— V) < 0.024] to
the source. These authors suggested that the surprisingly
low X-ray (~40 mCrab, 2-12 keV) to optical (V ~ 13) flux
ratio of XTE J1118+480 could be due to a nearly edge-on
viewing angle.

Additional X-ray observations revealed the presence of a
strong quasi-periodic oscillation (QPO) at 0.085 Hz in the
X-ray light curve of XTE J1118+480. The shape of the
power density spectrum and the hard emission spectrum of
XTE J1118+480 prompted Revnivtsev, Sunyaev, & Boro-
zdin (2000) to propose that the source is a BH transient by
analogy with other such systems. The QPO was confirmed
by ASCA observations, which also suggest the presence of a
soft component in the spectrum (below 2 keV), possibly due
to emission from the accretion disk in the system (Yamaoka
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F16. 1.—RXTE ASM light curve of XTE J1118 + 480, with dashed lines
indicating the dates of our spectroscopic observations (see Table 1). Data
provided by the ASM/RXTE teams at MIT and at the RXTE SOF and
GOF at NASA’s GSFC.

et al. 2000). Soft X-ray observations by Chandra did not
confirm this (McClintock et al. 2001). The QPO frequency
was reported to have shifted from 0.085 to =0.1 Hz in
subsequent observations (Wood et al. 2000; Yamaoka et al.
2000). Pointed X TE observations at the end of May do not
reveal significant changes in the emission spectrum (P.
Jonker 2000, private communication).

XTE J1118+ 480 has also been the subject of an extensive
multiwavelength observation campaign with the Hubble
Space Telescope (HST), Extreme Ultraviolet Explorer
(EUVE), United Kingdom X-Ray Telescope (UKIRT), and
RXTE. Thanks to the very low interstellar absorption to
the source, the first EUVE spectrum of a BH candidate
X-ray transient was obtained (Mauche et al. 2000). No
periodic modulation was found in the EUVE data (Hynes et
al. 2000b). An HST spectrum revealed a very broad (> 10,
000 km s~ !) Lyo absorption feature, suggestive of a massive
accretor (Haswell et al. 2000a). Haswell et al. (2000b)
obtained a near-UV power density spectrum of XTE
J1118 +480 with a QPO and an overall shape in agreement
with previous RX TE timing data. In addition, the near-UV
variability was found to lag by 1-2 s behind the X-ray
variations, as would be expected from light echoes in a
system with P, = 4.1 hr. Hynes et al. (2000b), combining
data from HST, EUVE, UKIRT, and RXTE, found that
the IR to UV data suggests emission from both an optically
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thick disk and another flat-spectrum component (possibly
synchrotron), while the EUVE and X-ray data suggest a
power-law emission typical of a Galactic X-ray binary in a
low/hard state. They conclude that XTE J1118 + 480, rather
than experiencing a full outburst approaching the Edding-
ton luminosity, seems to be in a minioutburst state (but see
Kuulkers 2000).

In this paper, we describe the results of our optical spec-
troscopic campaign to monitor the evolution of XTE
J1118 4+ 480 during its recent outburst (and early decline). In
§ 2, we describe our observations and the data reduction
techniques used. Our results concerning the continuum and
line emission, a partial S-wave pattern, and the interstellar
absorption to the source are presented in § 3 and discussed
in the context of the current knowledge of XTE J1118 4480
in § 4. Our main conclusions are summarized in § 5.

2. OBSERVATIONS AND REDUCTION

We obtained optical spectra of XTE J1118+480 from
2000 April 7 to July 4 with the Astrophysical Research
Consortium 3.5 m telescope at the Apache Point Observa-
tory. We mostly used the Double Imaging Spectrograph
(DIS), but spectra with the Echelle spectrograph were also
obtained on 2000 April 7. Table 1 summarizes the dates and
other characteristics of our observational campaign.

Most of our observations with DIS were carried out with
the high-resolution gratmgs (hereafter HIRES) with a 175
slit (dispersion 1.6 A pixel ! in the blue, 1.1 A pixel ! in the
red, and a resolution of 2 pixels), but we also obtained
spectra with the low-resolution gratings (same slit size, dis-
persion 6.2 A pixel ! in the blue, 7 A pixel ! in the red, and
a resolution of 2 pixels; hereafter LOWRES) on 2000 April
7. For the DIS high-resolution observations, the blue and
red gratings were centered on slightly different wavelengths
during our various nights of observations, but we generally
centered the blue side to cover the Hf and He 11 14686 lines
and the red side to cover the Ha line. The complete list of
spectral coverage for our observations can be found in
Table 1. The Echelle spectrograph covers the (fixed) wave-
length range 3500-10,000 A with R ~ 30,000 (10 km s~ ! at
5000 A) and a resolution element of ~2.5 pixels. All the
exposure times can be found in Table 1. The DIS obser-
vations were reduced in the standard way using IRAF, and
the spectra were optimally extracted and dispersion cor-
rected without any particular difficulty.

The Echelle spectra were reduced using the IRAF
“ecspec” package. Direct extraction of the object spectra

TABLE 1
SPECTROSCOPIC OBSERVATIONS OF XTE J1118+480

Date Epoch Wavelength Coverage Exposures

(UT) (HID —2,400,000) Instrument &) (s)
2000 Apr 7........ 51,641.7 DIS LOWRES 4000-9000 2 x 60

Echelle 3500-9800 2 x 600 + 12 x 1200

2000 Apr 20 ...... 51,654.9 DIS HIRES 4200-5000 / 5800-6800 26 x 300
2000 Apr 23 ...... 51,657.8 DIS HIRES 4200-5000 / 62007200 1 x 300
2000 May 6 ....... 51,670.8 DIS HIRES 4200-5000 / 6300-7300 1 x 480
2000 May 12...... 51,676.8 DIS HIRES 4200-5000 / 6300-7300 1 x 300
2000 May 15...... 51,679.7 DIS HIRES 4200-5000 / 6300-7300 1 x 300
2000 May 28...... 51,692.8 DIS HIRES 4200-5000 / 6300-7300 1 x 300
2000 Jul 3.......... 51,728.7 DIS HIRES 4200-5000 / 6300-7300 1 x 300
2000 Jul 4 ......... 51,729.7 DIS HIRES 4350-5150 / 6050-7050 9 x 300 + 2 x 600
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F16. 2—Representative spectrum of XTE J1118+480 obtained by
summing the two DIS LOWRES spectra of 2000 April 7. The spectrum,
typical of an X-ray transient in outburst, is characterized by a blue power-
law continuum and the presence of relatively weak double-peaked emis-
sion lines, such as Ha and He m A4686. The blank spectral region
corresponds to wavelengths that are not efficiently covered by either the
blue or the red side of the spectrograph. The unit for F, is ergs s~ ! cm ™2
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proved difficult for the highest (bluest) orders, where the
trace was hard to follow. We decided to use the flat field as a
guide and validated the method with a standard star
observed on the same night. This resulted in significantly
higher signal-to-noise ratios (S/Ns) in the blue part of the
spectrum. A total of 115 orders were extracted covering the
spectral range 3500-10,000 A, in which the source is
detected, albeit with varying sensitivity. The dispersion
varied between ~0.05 and 0.1 A pixel ! and the usable
spectral range in each order between ~70 and 150 A from
the blue to the red end, respectively.

The emission lines in the spectrum of XTE J1118+ 480
are both broad and weak (see below, Fig. 2), and their iden-
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tification in the Echelle spectra turned out to be challeng-
ing. The broad lines can cover almost half of the spectral
range in one order, making a continuum fit unreliable. We
therefore proceeded by normalizing to an interpolated con-
tinuum determined from the two closest orders where no
lines are expected. The normalized summed spectra clearly
show Hua (in one order; left-hand panel of Fig. 3) and He i1
14686 (spread over two orders; right-hand panel of Fig. 3).
These lines are also detectable in the individual continuum-
subtracted Echelle spectra. The different profile of the He it
line in the LOWRES and Echelle spectra is most probably
due to the S-wave modulation discussed below. This
S-wave is much less prominent in Ha.

3. RESULTS

The RXTE ASM light curve of XTE J1118+480 is
shown in Figure 1 with the dates of our spectroscopic
observations indicated by dashed lines. The source was in
outburst during the entire period covered by our optical
observations, with a flux of about 40 mCrab in the 2-12 keV
band (Fig. 1). Optical photometry® also shows the source in
outburst with a mean magnitude that decreased at most by
0.5 mag (from its peak value <13 mag) at the end of our
observational program. Since then, the optical and X-ray
fluxes have decreased significantly, indicating that the
source may soon enter quiescence.

3.1. Continuum

Figure 2 shows the sum of the two DIS LOWRES spectra
obtained on 2000 April 7, which are also representative of
other spectra of the source obtained later during our cam-
paign. The strong, blue power-law continuum and the weak
emission lines are typical of an SXT in outburst (see also

6 VSNET observations available at http://www.kusastro.kyoto-u.ac.jp/
vsnet.
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F1G. 3.—Hau (left) and He 1 (right) profiles for the summed Echelle spectra of April 7. Overplotted are the low-resolution spectra taken earlier on the same
night. The Echelle spectra were also binned to 0.50 A pixel ™ for Ho and 0.35 A pixel ~* for He 1.
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Garcia et al. 2000). A power-law fit to the blue part of the
spectrum yields a slope p ~ +0.4 + 0.2 (where the flux
F, oc v?), while a similar fit to the red part of the spectrum
yields p ~ +0.33 + 0.15. These values are consistent with
the expectation of p = 1 for an optically thick accretion disk
(see, e.g., Frank, King, & Raine 1992). Hynes et al. (2000b)
find that the spectrum is flat using a wider wavelength
range.

The broad, double-peaked Ha emission line is the only
one easily identified on the spectrum of Figure 2, but a
closer examination reveals the presence of He m 14686 and
additional Balmer and He lines in the other spectra that we
collected (see § 3.2 below). We find only marginal evidence
for continuum variability in XTE J1118 +480, both during
the same night and from night to night. The lack of obvious
variability is consistent with the long-term variations in the
optical Variable Star Network light curve (<0.5 mag), the
short timescale (< 10 s) of the large-amplitude (> 0.3 mag)
flickering, and the low amplitude (0.052 mag) of the 4 hr
modulation (Patterson et al. 2000).

3.2. Line Profiles and T heir Evolution during Outburst

We identify three Balmer lines, three He lines, and the
Bowen blend in our set of spectra. These are Hy 14340.5,
He 1 14471.5, the Bowen blend at ~4638 A, He i 14686.7,
Hp 14861.3, He 1 44921.9, Ha 16562.8, and He 1 16678.1 The
lines are weak, broad, and double-peaked. Hf, Hy, and also
the weaker He 1 14471.5 have double-peaked emission
clearly embedded in a large absorption trough. There is no
clear evidence of such absorption around Ha.

Figure 3 shows the Hx and He m line profiles in the
summed Echelle spectrum with the low-resolution spectrum
taken on the same night overplotted. We find no evidence
for structures at high spectral resolution in the lines except
for an excess at rest wavelength that would not be expected
in a pure double-peaked disk profile. This component also
seems to be present in the high-resolution DIS spectra (see
Fig. 4). The Bowen blend, which is very weak in the DIS
HIRES spectra, was not detected on April 7 in either the
DIS LOWRES or Echelle spectra.

Measuring the lines proved difficult, not because of a lack
of counts in the spectra but because of their intrinsic broad-
ness and weakness. As a rule, we performed two-component
Gaussian fits to the emission lines. For Hy and Hp, the two
emission components were subtracted to measure the
equivalent width (EW) and FWHM of the absorption
trough. The EW of the lines varies (with large associated
errors) within a night, but we could find no periodic behav-
ior linked to the photometric period. We also tried to esti-
mate the semiamplitude velocity of the primary K, by
fitting the wings of the He 1 line (expected to trace the
motion of the compact star) and folding around the suspect-
ed P, of 0.17 day. This did not lead to any result, as could
be 1expected from the usually low K, of SXTs (K; < 50 km
s ).

The evolution of these lines during the 3 months of obser-
vations is shown in Figure 4, after the underlying contin-
uum was normalized to unity. When available, multiple
spectra were summed to increase the S/N of the spectra. A
comparison between the most comprehensive data sets
(April 17 and July 4), where measurement errors can be
minimized, shows that the two strongest lines, Hx and He 1,
did not change significantly. We conclude that there do not
seem to be any long-term variations. The average properties
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of the lines are summed up in Table 2 (the quoted errors are
the rms of the measurements).

In all our spectra the blue side of the absorption troughs
in Hy and Hp is less strong than the red side. The measured
central wavelengths of the absorptions are redshifted com-
pared to the rest wavelength (which could be an artifact of
the method we used to remove the double peaked emission).
Fitting a Gaussian to the red part of the absorption while
ignoring (but not subtracting) the emission lines gave higher
equivalent widths (2.4 A for Hy and 2.0 Ao for HB) and better
agreement with the rest wavelength (7 A redshift for both
instead of 15 A). Similar absorption redshifts were reported
by Callanan et al. (1995) for GRO J0422+ 32. A plausible
explanation would be that the shifts are due to distorted line
profiles. Such asymmetric lines are observed in dwarf novae
when the disk becomes eccentric and the system shows
superhumps (Warner 1995). There is evidence for such
superhumps in XTE J1118 4480 (see discussion in § 4.3).

3.3. Constraint onthe EUV Flux

The He 1 emission may be used to obtain a crude esti-
mate of the extreme ultraviolet (EUV) flux from the source
(see, e.g., Patterson & Raymond 1985) if one assumes that
the 14686 line stems from the recombination of He 1 pho-
toionized in the disk by photons with energies between 55
and 280 eV. On the other hand, the Doppler map discussed
below in § 3.5 shows that most of the He 11 emission is
localized and in all likelihood associated with stream-disk
interaction. In this case the 14686 line would be pumped by
collisional excitation rather than photoionization. The fol-
lowing estimate therefore only yields an upper limit on the
EUYV flux. This is still of interest since the upper limit is
independent of the column density to the source.

We derive from our observations F,,q5 ~ 7 x 10714
ergs s_ ! cm~? and, from the values given by Haswell et al.
(2000a), F; 640 ~ 7 x 10713 ergs s ! c¢cm~2. This favors
case B recombination, for which one would expect
F,1640/F 14656 ~ 7 (Seaton 1978). Therefore, the region is
optically thick to the ionizing flux but thin to the line, and a
fraction € ~ 0.2 of the photoionized He 1 recombinations
leads to 44686 emission (Hummer & Storey 1987).

Following previous applications to soft X-ray transients
(Marsh, Robinson, & Wood 1994; Hynes et al. 1998), the
EUYV flux Fgyy and the He 1 line flux F,, 45, are related

TABLE 2
EMISSION LINES AND ABSORPTION TROUGHS IN XTE J1118 +480

Ao A — Ao EW FWHM

Line A) &) A) (1000 km s~ 1)
Hy oo 43405 —24+4 —11+04 21405
43405 15+5 1.8 +0.5 35405
Hel................ 44715 145 —03402 1.9+ 06
44715 4+5 0.7 + 0.4 40+ 08
Bowen blend...... 4638 8+10 —05+03 20411
Hell............... 4686.7 0+3 —15+04 23+ 04
HB oo 48613 —14+5 —10+03 1.8+03
48613  13+6 1.5+05 31404
Hel................ 49219 245 —02402 14406
Hot ooooieiiiiiii, 6562.8 0+2 —19+04 1.8+ 04
Hel................ 66781 —14+5 —0.6+04 1.8 408

Note.—Negative equivalent widths indicate emission lines, while posi-
tive values correspond to absorption troughs. 4, is the rest wavelength and
Aobs 1S the central wavelength at which each feature is observed.
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F16. 4—Evolution of the line profiles over the 3 month period of observation. The location of Hy 14340.5, He 1 14471.5, the Bowen blend at ~ 4638 A, He
1 14686.7, Hp 14861.3, He 1 44921.9, Ha 16562.8, and He 1 A6678.1 are indicated by vertical dashed lines. The spectra are the daily sums of the DIS HIRES
spectra except for the top one, which is the sum of the two DIS LOWRES spectra obtained on 2000 April 7. The DIS HIRES spectra were further binned to
reach a resolution comparable to that of the DIS LOWRES spectra. The vertical scale is identical for all spectra that were simply offset from each other. Note

the two unidentified absorption features blueward of Ho.

through

FEUV — F).4686 (1)
EEUV E}.4686 ’

where « is the fraction of EUV photons intercepted by the
disc, while Egyy = 100 €V and E; 456 = 2.6 €V refer to the
mean energy of the photons. We have assumed
Leyv/Ljsese = Fruv/F 4636, Which may be incorrect if the
EUYV emission is not isotropic or if we see only a fraction of
the He 11 emission. In both cases this assumption leads to an
underestimate of the true EUV luminosity. Observations
suggest that a fraction, ~1073, of the soft X-ray flux is

intercepted and reprocessed in the optical by the accretion
disk in SXTs (see, e.g., Dubus et al. 1999). By analogy, we
take « = 10~ 3, from which we finally derive an upper limit
to the 55-280 eV flux of 10~ ® ergs s~ cm ™2 This is obvi-
ously a very crude estimate.

An EUVE spectrum was obtained for this source, the first
time ever for an SXT. The source flux at these wavelengths
is heavily dependent on the extinction, but the upper limit
on Fgyy derived above appears consistent with both a
simple extrapolation of the optical-UV flux observed and
the EUVE flux inferred if a value of Ny ~ 102° cm ™2 is
assumed when dereddening the EUVE spectrum (Hynes et
al. 2000b; Mauche et al. 2000).
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3.4. Peak-to-Peak Velocities

The mean peak-to-peak separation for all the obser-
vations is 18 A (1240 km s ) for Hy, 23 A (1470 km s~ ) for
He 1, 21 A (1300 km s~ 1) for HB, and 28 A (1280 km s~ 1)
for Hoa. The S-wave is much less prominent in the Balmer
lines, and we assume that this represents the projected
Keplerian velocity of the outer disk. The peak-to-peak
separations have been found in well-known systems to
overestimate the outer disk radius by about 20% because of
sub-Keplerian motion or local broadening (Marsh 1998).
This uncertainty is acceptable considering other assump-
tions made below. For a Keplerian disk with an emissivity
ocR™", Av can be related to the outer (emitting) disk radius
R, by (Smak 1981)

Av = 2R, Q sin i = 2 sin {(GM,/R,)'/? , 2

where M, is the mass of the primary and i the system incli-
nation. We can also express R,/a as a function of the veloc-
ity semiamplitude of the secondary K, and the mass ratio
q = M,/M,; by combining the above equation with the
mass function (see below and eq. [5]) and Kepler’s third

law,” resulting in
—=( —=) . 3
Pl Ul q)( Av) 3)

The disk outer radius is expected to reach the tidal trunca-
tion radius for ¢ = 0.2 and be limited to R,/a ~ 0.48 by the
3:1 resonance for g < 0.2 (see, e.g., Warner 1995). Papaloi-
zou & Pringle (1977, their Table 1) give a theoretical esti-
mate of the outer disk radius, which we recklessly use for
R,/a. Equation (3) can therefore be used to give the semi-
amplitudes K,(gq), for which the disk radius is consistent
with the theoretical expectations. For 0.01 < ¢ < 1, the disk
radius varies between 0.5 and 0.3 in units of the binary
separation a. The expected K, as a function of ¢ is shown as
a solid line in the left-hand panel of Figure 8. We find 440
kms !>K,>260kms ! for001 <q<1.

The observed velocity FWHM (v;,;,,) of the lines pro-
vides an upper limit to the minimum emitting Keplerian
disk radius:

R;, S 1.3 x 10"%(M /M o)sin i/vgypm)” cm , )

where v, is expressed in units of 1000 km s~ !. The
absorption features from the optically thick disk (see § 4.1
and Table 2) have FWHM 2z 3000 km s, implying R;, <
10° cm. Haswell et al. (2000a) detect broad Lya absorption
with v ~ 10* km s~ !, which gives a stricter R,, < 108
cm, or R;, < 500 in Schwarzschild units. Spectral models of
the X-ray low/hard state of BH candidates tend to predict
larger values of R;, (2 1000 in Schwarzschild units) at which
the transition from a thin disk to a hot advection-
dominated flow occurs (see, e.g., Esin et al. 1998). The EUV
flux of XTE J1118+480 could also imply a smaller tran-
sition radius (see § 4.2).

3.5. Doppler Mapping

Figure 5 shows the evolution of the He m 44686 line
profile over an approximately continuous 2.9 hr period on
2000 April 20. A partial S-wave pattern moves from the red
to the blue side of the He 11 14686 line rest wavelength and

7 From P_, = 0.17 day, Kepler’s third law gives a binary separation
a ~ 10'! cm with a weak dependence on M, and g.
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appears consistent with the claimed photometric period of
4.1 hr (Cook et al. 2000; Patterson et al. 2000). The modu-
lated component is particularly strong toward the middle of
the observation at HID 51,654.876, where it is blueshifted
by about 900 km s 1.

The trailed spectrum clearly shows that the Bowen blend,
He 1 14921.9, Hy, and Hp follow the same S-wave pattern
(see Fig. 5). We note that identical behavior is seen in the
smaller continuous set (1.8 hr) of July 4, although with
poorer S/N (not shown here). However, the presence of the
S-wave in the Ha emission profile is not clear on either
date.

Despite the incomplete phase coverage and the absence
of a reference for superior conjunction of the secondary, we
attempted to locate the emission site of the S-wave in the
binary velocity plane using the Doppler tomography tech-
nique (Marsh & Horne 1988). Maps were reconstructed for
He 1u and Ha for the April 20 observations using the soft-
ware developed by Spruit (1998), assuming an orbital
period of 0.1708 day and a null systemic velocity. It was not
possible to combine this data set with our other obser-
vations since this would have required P to be known
much more accurately (AP,/P,,, = A¢P,./T ~ 10~° day
with T =~ 90 days and an error on the phase set by the
exposure time of A¢ = 0.01). Furthermore, the 0.1708 day
modulation is probably related to superhumps so that the
orbital period can be expected to be close to this value with
an uncertainty of a few percent. We tried several different
orbital periods around 0.17 day, but this had no significant
impact on the maps. The reconstructed trailed profiles and
corresponding velocity maps are shown in Figures 6 and 7,
respectively.

Each pixel on the projected Doppler map corresponds to
an S-wave in the trailed spectra. The binary components
are located on the y-axis of the map at positions corre-
sponding to their semiamplitude velocities (v,,v,) =

x> Uy

(0, — K,) for the primary and (0,K,) for the companion
(indicated by crosses). However, since the orbital reference
phase is arbitrary (here we chose t, = 51,654.420 in MJD),
the map can be rotated in any fashion around the velocity
origin. The secondary position, the ballistic gas stream tra-
jectory, and the corresponding Keplerian velocity at the
location of the stream shown on Figure 7 result from partic-
ular choices of K, and ¢ = M,/M, = K,/K, discussed
further below.

The trailed emission of He 11 shows a nice S-wave pattern
that is consistent with the reported 0.1708 day photometric
period (Cook et al. 2000; Patterson et al. 2000). Most of the
He 1 emission originates from a localized region, but there
is also an underlying (double-peaked) disk component that
is visible in the original data. On the other hand, the disk
dominates the Ha profile, producing a ring of emission in
the velocity map. We also note the regions of enhanced Ho
emission at about (—910,0) km s~ ! (consistent with the
He 1 S-wave) and (—210, —730) km s~ !. The peak at the
velocity origin (the center of mass) is due to the Ha emission
component at rest wavelength discussed in § 3.2.

The bright emission region is typically associated with
emission arising from the stream-disk interaction region or
from the X-ray-heated surface of the secondary (see, e.g.,
Smak 1985; Marsh et al. 1994; Casares, Charles, & Marsh
1995a; Casares et al. 1995b; Harlaftis, Horne, & Filippenko
1996; Harlaftis, Charles, & Horne 1997a; Harlaftis et al.
1997b; Hynes et al. 2000a). Some SXTs also have low-
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F16. 5—Time-resolved spectroscopy of XTE J1118 +480 on 2000 April 20 reveals the presence of an S-wave pattern in the He 1 14686 emission as well as
in the Bowen blend, Hp, and Hy (dashed lines). The S-wave is less prominent in He. The 26 spectra (which have been smoothed to enhance the features) have 5
minute exposures, and the set covers a total of 2.9 hr. The S-wave pattern, which is moving from the red to the blue side of the double-peaked line, is

consistent with the claimed photometric orbital period of 4.1 hr.

velocity emission regions in their Doppler maps, possibly
associated with a magnetic propeller (Hynes et al. 2000a).
Here, the velocity of ~900 km s~ ' makes it doubtful that
we observe such a phenomenon.

Assuming the He 11 emission arises from the heated hemi-
sphere of the secondary, the semiamplitude 900 km s~ !
(underestimating the real K,) gives a rough constraint on

the mass function through

Misin®i  K3P,
(M, + M,)*> 216G

fM) = ©)

This gives a minimum mass for the primary of 12 M, which
would make XTE J1118+480 at least as massive as the
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F1G. 6—Observed (unsmoothed data) and reconstructed trailed emission line profiles on 2000 April 20 of He 1 14686 (left) and Ha (right). The
corresponding Doppler maps are shown in Fig. 7. The assumed orbital period is 0.1708 day, the system has a null systemic velocity, and the orbital phase is
arbitrary. The velocity reference is the rest wavelength of the emission line. Note the clear S-wave in the He 11 emission profile. The data are shown twice for

clarity.

black hole in V404 Cyg. Lower inclinations would imply an
even greater mass, making this system rather unusual com-
pared to the dynamical masses inferred in other SXTs (see,
e.g., van Paradijs & McClintock 1995). Although we cannot
formally reject this possibility, the He 11 emission is unlikely
to originate from the heated surface of the secondary.

The He 1 emission is more likely to originate from the
stream-disk interaction. Typically, the hot spot is located
(see above references) somewhere between the ballistic gas
stream trajectory and its corresponding Keplerian velocity

_"'""'I"'"""I."""'I""""_
]
1000 = .
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F =
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X

(which defines a circularization radius). We derive a lower
limit on K,(g) (hence a lower limit on the primary mass) by
assuming that the emission is located at the intersection of
the two trajectories. The values of K, and g, for which the
intersection matches the He 11 emission, are plotted as a
dashed line in the left-hand panel of Figure 8.

A comparison between the two estimates of K,(q) shows
that values of 0.02 < g < 0.1 best fit the data, in the sense
that they minimize the discrepancies. Formal agreement
requires g =~ 0.045 (K, ~ 430 km s~ 1), but this is, of course,
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F16. 7—Reconstructed projected velocity maps (in km s~ ) for the He i (left) and Huo (right) emission during the April 20 observation (see Fig. 6). Also
shown are the location of the binary components (crosses), the trajectory of the accretion stream from the secondary and corresponding Keplerian velocity
for ¢ = 0.05 and K, = 420 km s~ *. For this particular choice of parameters, and for an appropriate orbital reference phase, the emission region in the lower

left-hand quadrant is associated with stream-disk interaction (the hot spot).
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Fic. 8.—Left: Estimates of K,(g). The solid line was obtained by assuming that the peak-to-peak velocity of the Ha line represents the velocity of the outer
radius R, of a Keplerian disk, with R (q) given by theoretical arguments on disk truncation. The dashed line was obtained by forcing the ballistic gas stream
trajectory and its corresponding Keplerian velocity to intersect at the location of the He 11 emission region in the Doppler map (Fig. 7). Given the (large)
uncertainties involved, we consider the agreement acceptable for 0.02 < g < 0.1. Right: Estimate of the inclination i as a function of the primary mass M.
Given K, and g, i(M,) is obtained from the mass function (eq. [5]). The two curves correspond to the extreme values of g and K, derived from the left-hand
panel (a for ¢ = 0.02 and K, = 500 km s~ *; b for ¢ = 0.1 and K, = 350 km s~ !). Values in between the two curves are acceptable within our assumptions.
The high inclinations required for small values of M, (in solar masses) are necessary to explain the high peak-to-peak velocity (hence outer disk velocity) in

the data.

model dependent. Knowing q and K,, the mass function
(eq. [5]) gives the inclination i as a function of M. This
relation is plotted in Figure 8 (right-hand panel) for the two
extreme cases, ¢ = 0.02 and K, = 500 km s~ ! and ¢ = 0.1
and K, = 350 km s~ 1. Clearly, an NS would require large
inclinations, while a BH gives intermediate inclinations.
Given the assumptions made for the interpretation of the
peak-to-peak velocity and the He 11 emission, we are likely
to underestimate K, in both cases. This would only
strengthen the case for a black hole primary.

The stream-disk interaction apparently extends some
way along the Keplerian velocity trace as previously seen in
other SXTs (see, e.g., Harlaftis et al. 1996). This could also
be a numerical artifact, possibly due to an inaccurate orbital
period. The second weaker emission region in the Ha veloc-
ity map could be due to continued disturbance of the accre-
tion disk further along in azimuth. In this picture the
stream-disk interaction takes place inside the disk, as
emphasized by the larger velocity amplitude of the S-wave
with respect to the peak-to-peak amplitude of the Balmer
emission lines. This interpretation suggests significant
stream overflow above the outer disk and an interaction
region close to the circularization radius. Alternatively, sys-
tematic effects leading to lower observed peak-to-peak
velocities (e.g., local line broadening; Marsh 1998) would
place the hot spot closer to the disk outer edge.

3.6. Interstellar Absorption

The Echelle spectra of XTE J1118+480 obtained on
2000 April 7 reveal the presence of weak Ca 11 13933 absorp-
tion features, which can be used to estimate the neutral
hydrogen absorption column to the source. The spectra

also show Ca 1 43968 in absorption, with an equivalent
width of an order one-half that of Ca 1 13933 features, as
expected for this doublet (see, e.g., Cohen 1975). Both fea-
tures are seen on two overlapping orders with similar struc-
ture. The Ca 1 lines are detected in some of the individual
Echelle exposures with identical profiles. Figure 9 shows the
Ca 1 A43933, 3968 absorption features in the summed
Echelle spectra. The two orders have also been summed for
this plot, with weighting corresponding to the different sen-
sitivities at the locations of the Ca 11 lines.

A Gaussian fit to each of the three absorption com-
ponents yields heliocentric velocities v, ~ —44, —26, and
—5 km s~ 1. These velocities are consistent with an absorp-
tion component clearly seen at roughly —44 km s~ ' and
the hint of another component at —26 km s~ ! in Na 1
AA5889, 5895. The presence of strong Na emission at the rest
wavelength (sky emission) precludes the detection of the
presumed third absorption component at —5 km s~ ! and
the use of Na absorption for the determination of the H 1
absorption column, Ny ,, to XTE J1118 +480.

We proceed as follows to determine Ny ,.2 We assume
that the gas in each absorbing cloud has a Maxwellian
velocity distribution centered on its heliocentric velocity v,,
so that the Ca 1 optical depth of the cloud can be described
by (Spitzer 1978)

2fA
v — vo] = Newr ﬁecf 0 p-lw=ro)bl 6)

e

8 Note that we do not have to worry about a stellar Ca 11 absorption
component from the companion star because the emission of XTE
J1118 4480 in outburst is presumably dominated by accretion.
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Fi1G. 9.—Echelle spectroscopy of XTE J1118 + 480 reveals three narrow
interstellar Ca 1 13933.6 absorption lines (seen also in Ca 11 13968 and Na 1
145889, 5895). The total equivalent widths are 0.108 + 0.009 A for the Ca 1
23933 lines and 0.061 + 0.008 A for the Ca 1 43968 lines. All the absorp-
tion features shown in the four panels above (summed Echelle spectra) are
fully consistent with each other, in width and velocity (note the Na 1 sky
emission at rest wavelength). In each panel, the data are shown as an
histogram, the solid line shows a fit to the absorption lines, and the dotted
line a fit to the continuum. The three Ca 1 lines can be used to constrain
the low hydrogen absorption column and distance to the source (see text
for details).

where N, is the total cloud absorption column, 4, =

3933.6 A is the rest wavelength of the Ca m K line, f = 0.688
is the oscillator strength of this transition (Cardelli & Wall-
erstein 1986), b is the velocity dispersion of the cloud, e is
the charge of the electron, m, is the mass of the electron, and
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c is the speed of light. Relative to a unity continuum, the line
profile of a given absorbing cloud component has a depth
given by

e~ t[v—wvo] (7)

at any speed v (or, equivalently, wavelength) around the
central value v,,.

To deduce precise values of b and N, ,, we have com-
pared the observed Ca 11 line profiles with theoretical, multi-
component absorption line profiles. Initial profiles were
calculated using the values of b and N,, derived from
equations (6) and (7), which were then convolved with a
Gaussian instrumental line spread function whose FHWM
was measured from the arc lines used to wavelength cali-
brate the data. The best values of b and N, ,, were found by
minimizing y? between the data and the theoretical fits. The
resulting values for the Ca 11 lines are b = 9.1, 2.4, and 6.2
kms~!andlog N¢,, = 11.85, 11.34, and 11.67 for the com-
ponents at v, = —5, —26,and —44 km s~ !, respectively.

The translation of the Ca m absorption column to an
hydrogen absorption column is somewhat delicate, espe-
cially in view of the possibly efficient deposition of gaseous
Ca 1 onto dust grains (see, e.g., Vallerga et al. 1993).
However, there is a substantial body of observational data
on Ca 11 absorption, which allows us to use an average value
for the ratio N, ,/Ng,. In their independent studies, both
Cohen (1975) and Sembach & Danks (1994) find an average
value of log [N, /Nyl ~ —8.3 for high-latitude lines of
sight, with approximate error bars of +0.2 in log in the two
cases. Assuming this average is representative of the line of
sight to XTE J1118+480, this translates into a value of
log [Ny (cm™2)] = 20.45 + 0.2, where the error bars come
from the conversion of Ca 11 to H 1 absorption.

We note that this estimate is somewhat larger than the
values of log [Ny, (cm~2)] ~ 20 considered as reasonable
by Hynes et al. (2000b; see also Esin et al. 2001 ; McClintock
et al. 2001) when dereddening the low-energy spectrum of
XTE J1118+480. This discrepancy raises the possibility
that the value obtained from the Ca m measurement over-
estimates the true value of Ny, on the line of sight to the
source. Most likely, this would come from the conversion
from Ca 1 to H 1, which may not be “average” as assumed
above for XTE J1118 +480. It is also possible to measure
the total Ny, along the sight line toward XTE J1118 +480
from 21 cm emission observations. Using data from the
Leiden/Dwingeloo Survey (Hartmann & Burton 1997), the
H 1 column at (I,b) = (157.5,62.0) is 1.32 x 10*° cm ™2, a
factor of 2 lower than we derive. This value represents an
upper limit of course, since the 21 cm emission is integrated
along the line of sight through the entire Milky Way. This
therefore also suggests that our value of Ny, is overesti-
mated, although the Dwingeloo beam size of 36' is too large
to measure higher Ny, over smaller angular scales, and it
remains possible that a small, dense knot of H 1 with Ny, >
1.3 x 10%° cm™? could be lying directly along the line of
sight.

It is encouraging to see that the properties derived above
for the clouds are consistent with the average properties of
high-latitude lines of sight described in Sembach & Danks
(1994): {(N¢,,> = (4.3 + 1.3) x 10! cm~ 2. Furthermore,
these authors find that, along extended sight lines at high
latitude, the average number of absorbing Ca 11 clouds is 3.6
kpc~!. This indicates that XTE J1118 4480 is located at a
distance ~0.83 kpc if the line of sight to the source has
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average properties, an estimate which is consistent with
those for other SXTs. The actual distance to XTE
J1118 +480 could be somewhat different if this line of sight
has properties deviating significantly from the mean. Note
that our estimate of the distance is in rough agreement with
that of Uemura et al. (2000a), who use the 18.8 quiescent
magnitude to derive d ~ 0.5 kpc (M-type secondary) or
d ~ 1.5 kpc (K-type secondary), and is consistent with the
0.8 kpc distance estimate of McClintock et al. (2001),
assuming that the primary is a massive BH and that one-
third of the light in quiescence is provided by the M dwarf
secondary. It is also of interest to note that the 21 cm emis-
sion from the Leiden/Dwingeloo Survey mentioned above
shows two peaks in brightness temperature, which corre-
spond closely to the Ca 1 components at —5 and —44 km
s~ 1. Although the distance of the H 1is not known, the scale
height of H 1in the Milky Way is ~ 1 kpc, and since the 21
cm emission arises from all the H 1 in the Galaxy along the
sight line, XTE J1118 + 480 must be sufficiently far away so
as to show the Ca 1 absorption from both H 1 components.
This again suggests a significant distance between us and
XTE J1118+480.

4. DISCUSSION

4.1. The Absorption Troughs

An interesting feature of the spectra is the absorption
troughs in Hy and Hp. Although rarely discussed (see,
however, Soria, Wu, & Hunstead 2000), these have been
observed in several other transients with similar FWHM,
including GRO J1655—40, A0620—00, GS 1124—68,
Nova Mus 91, XTE J2123—058, XTE J1859 +226, and
especially GRO J0422+ 32, which bears many similarities
to XTE J1118 4480 (see § 5).

This type of line profile is also seen in dwarf novae (DNe)
and nova-like (NL) systems, which are analogous to low-
mass X-ray binaries (LMXBs), except for a primary that is a
white dwarf. Typically, the spectrum of quiescent DNe
display strong emission lines that are gradually replaced by
absorption features during the rise to outburst and vice
versa during the decay (see, e.g., Szkody, Piché, & Feinswog
1990).

Schematically, the absorption is thought to arise from the
optically thick accretion disk, while the emission is thought
to result from photoionization in a chromosphere-like, opti-
cally thin region above the disk. A key feature is that the
expected spectrum 1is inclination-dependent since the
absorption should disappear as the system gets closer to
being edge-on because of strong line limb darkening in the
two-dimensional disk (see, e.g., la Dous 1989; Marsh &
Horne 1990; Wade & Hubeny 1998). There is indeed such
an observed dependence in both DNe and NL systems, with
the highest inclination systems showing only emission lines
(la Dous 1991).

Although the detected absorption makes it unlikely that
the inclination of XTE J1118 +4800 is very high, this con-
straint is weak. For instance, GRO J1655—40 also showed
Balmer absorption (Soria et al. 2000) but has a well-
determined inclination of 70°. In contrast with DNe and
NL systems, irradiation heating is much stronger in SXTs,
where it usually dominates the heat balance in the outer
disk regions (hence the optical emission; van Paradijs &
McClintock 1994). Energy deposited by soft X-rays easily
causes a thermal inversion in the top layers where the emis-
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sion lines originate (see, e.g., Ko & Kallman 1994). If the
optically thin atmospheres of SXTs are indeed more
extended than in DNe, one would expect Balmer absorp-
tion not to be as common an occurrence as in the non-
magnetic cataclysmic variables.

The spectral models of X-ray irradiated disks computed
by Sakhibullin et al. (1998) show that softer irradiation
leads to the disappearance of the absorption troughs. As the
irradiation spectrum hardens, the X-ray photons deposit
their energy in deeper disk layers, which do not contribute
to the line emission. Inversely, any parameter change
resulting in additional heating of the disk atmosphere leads
to more emission. Any combination of a low-inclination,
low—X-ray luminosity, hard X-ray spectrum or a low frac-
tion of reprocessed X-ray photons in the disk could explain
the absorption troughs.

Those SXTs in which Balmer absorption has been
observed have probably been guilty of one or several of the
above. Interestingly, in GRO J0422 + 32, the Ha and Hf
lines evolved from absorption to emission within 3 days
during the rise to one of the minioutbursts (Callanan et al.
1995). Although the authors could not find any evidence for
increased X-ray flux between 0.5 and 10 keV, the simulta-
neous rise in He I emission does suggest a larger flux of soft
0.05-0.3 keV photons, which would have a strong effect on
the chromosphere. However, a hard X-ray upturn in GRO
J1655—40 was accompanied by a dramatic increase of Ha
emission but also by a decrease of the He m 14686 flux
(Shrader et al. 1996). It seems difficult to identify the domi-
nant culprit, but we propose the low X-ray flux (see next
section) and the hard X-ray spectrum of XTE J1118 +480 as
prime suspects responsible for the absorption troughs
observed.

4.2. The Optical Magnitude

A unique characteristic of this system is the large optical
to X-ray ratio compared to other SXTs. The ratio for XTE
J1118+480 is not dissimilar (Garcia et al. 2000) to that
found in accretion disk corona (ADC) sources, where the
X-ray flux is partly hidden by the disk seen edge-on. Yet,
XTE J1118 44800 has not shown any of the typical behav-
ior associated with ADC sources, namely X-ray dips or
eclipses. In addition, our crude “fitting” of the peak-to-
peak velocity of the Balmer lines and of the velocity map
rather hints at intermediate inclinations.

This high ratio might simply be due to the low absorp-
tion and proximity of the source. At the ~0.8 kpc distance
implied by the Ca 1 absorption, the 2-10 keV X-ray flux
(~8 x 10" ergs s~ ! cm~2; Yamaoka et al. 2000) is such
that L, ~ 6 x 10%* ergs s~ . By analogy with the low/hard
state of Cyg X-1, Fender et al. (2001) find the broadband
X-ray luminosity is ~103% ergs s~ cm~2 at 1 kpc; i.e. this
outburst was weak for an SXT.

We compare the X-ray flux and optical magnitude M, by
computing the quantity ¥ = (Ly/Lggq)*/*(P,/1 hr)?3,
where Ly = 1.3 x 10°%(M /M) ergs s~ ! is the Eddington
luminosity. With P, = 0.1708 day, we find log £ < —1.2
with M, =1 M, while M, ~35 for V=13 and
E(B—V) = 0. Within the error bars, this is consistent with
the correlation found for other SXTs between log X and M,
by van Paradijs & McClintock (1994). In other words, the
optical flux of XTE J1118+480 is roughly in agreement
with what would be expected if the disk is irradiation-
dominated.
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The agreement is less good for higher M, the optical flux
being larger than expected from the correlation. The X-ray—
heated companion could contribute to the optical as in, e.g.,
the persistent LMXB Cyg X-2. In this case we might expect
the He m emission to originate from the X-ray—heated
surface of the secondary. We have argued that this is
unlikely. A better candidate for this extra optical emission is
synchrotron emission (Hynes et al. 2000b) originating in a
magnetic corona (Merloni, Di Matteo, & Fabian 2000),” an
advection-dominated accretion flow (ADAF; Esin et al.
2001), and/or a jet (~equivalent to the first model with the
base of the jet acting as the magnetic corona; Markoff,
Falcke, & Fender 2001). XTE J1118 +480 probably has a
powerful compact jet, with emission extending at least to
the near-infrared (Fender et al. 2001). Both ADAF and
magnetic corona models can explain the high optical/X-ray
ratio, but the EUV predictions may differ. The model pre-
sented by Merloni et al. (2000) has a large blackbody com-
ponent peaking at v~ 10'®5 Hz due to hard X-ray
reprocessing in the disk. The soft X-ray observations of
Chandra do not seem to support this model (Esin et al.
2001 ; McClintock et al. 2001).

4.3. Superhumps?

The detection of superhumps (Uemura et al. 2000b) could
add several constraints to the system parameters. Accord-
ing to current models, superhumps appear when the disk
can reach the 3:1 resonance radius, requiring small mass
ratio ¢ < 0.3 (Warner 1995). In principle, the relative differ-
ence between the superhump period and the orbital period
can give an even better constraint on ¢ (see, e.g.,
O’Donoghue & Charles 1996). Such a small mass ratio is
compatible with the constraint 0.02 < g < 0.1 that we
derived in § 3.5.

In DNe and NL systems, the origin of the optical varia-
tion could lie in the enhanced viscous dissipation modu-
lated on the superhump period. However, these variations
should be swamped in SXTs, where irradiation heating
rather than viscous heating dominates the optical output.
Haswell et al. (2001) recently argued that the small change
in the accretion disk area on the superhump cycle, rather
than the enhanced viscous dissipation, would give the
desired effect for SXTs. The amplitude of the superhump
would however decrease with larger inclinations.

The detection of superhumps in XTE J1118+ 4800,
if confirmed, would therefore either mean the disk was
not irradiation dominated (which is unlikely considering,
e.g., the correlated X-ray/near-UV behavior reported by
Haswell et al. 2000b) or that the inclination is low enough
for the variations of the area of the disk to be observable.

4.4. IsXTE J1118+480 a Halo Object ?

The high Galactic latitude of XTE J1118+4480
(b = +62°) is in sharp contrast with the latitudes of other
LMXBs that cluster next to the Galactic plane. Whether or
not XTE J1118+480 is a halo object obviously depends on
its actual distance. At our inferred d ~ 0.8 kpc, XTE
J1118 +4801lies ~0.7 kpc above the Galactic plane.

° Note that the corona model of Merloni et al. (2000) may be challenged
by the observations of Haswell et al. (2000b), which show that the near-UV
variability lags behind the X-ray variability by 1-2 s.
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The distribution of BH LMXBs around the Galactic
plane has a dispersion of ~0.5 kpc. The larger dispersion of
NS LMXBs (~ 1 kpc) is probably due to larger kick veloci-
ties at birth (White & van Paradijs 1996). Whether XTE
J1118+480 has a BH or an NS primary, its height above
the Galactic plane is not much larger than for other
LMXBs. For instance, White & van Paradijs (1996) find
z =~ 0.9 kpc for the BH Nova Oph 1977.

A low-metallicity environment would be supported by
the low Bowen to He 1 flux ratio ~0.3 (Table 2) that we
find (Motch & Pakull 1989). But the detection of N and the
nondetection of C and O lines in the UV spectra have been
used to argue that the matter has been CNO processed in
the companion (Haswell et al. 2000a) and that, from an
evolutionary point of view, M, <3 M is preferred to
allow for an evolved secondary. Considering that XTE
J1118+480 is not extremely far from the distribution of
other LM XBs above the Galactic plane and that CNO pro-
cessing might explain the low Bowen/He 1 flux ratio, we
conclude that there is no compelling evidence for a halo
origin of XTE J1118 + 480.

5. CONCLUSION
Let us first summarize the main conclusions of this work:

1. The optical spectrum of XTE J1118 +480 in outburst
shows several variable broad and weak emission lines
superposed on an F, oc v!/* continuum typical of an opti-
cally thick accretion disk. The He 1 line shows a strong
S-wave pattern that is consistent with the claimed 0.1708
day photometric period. We see no other obvious periodic
or long-term behavior in the lines.

2. We find from the Ca m lines that the interstellar
absorption to the source is low (log [Ny (cm~2)] = 20.45
+ 0.2) and that the presence of three intervening clouds
suggests a distance of ~0.8 kpc to the source. Since the low
Bowen to He m ratio could indicate CNO-processed
material (Haswell et al. 2000a) rather than an intrinsically
low metallicity, we conclude there is no strong evidence to
support a halo origin for XTE J1118 +480.

3. We estimate an upper limit for the 0.05-0.3 keV source
flux ~1078 ergs s~ cm™2. The dereddened EUVE spec-
trum (using a column absorption log [Ny,(cm ™ 2%)] = 20;
Hynes et al. 2000b; McClintock et al. 2001) appears com-
patible with this value. This suggests that a significant frac-
tion of the source flux is emitted in the EUV/soft X-ray
band. Given the very strong dependence of the slope of the
dereddened EUVE spectrum on Ny, it may be difficult to
accommodate a higher value for Ny, as derived from Ca 11
absorption in § 3.6.

4. The absorption in Hy, Hf, and the Balmer jump
(Hynes et al. 2000b), originating from the optically thick
disk, suggests that X-ray heating of the atmosphere is not as
strong as in other SXTs, which may be consistent with the
(very) low X-ray flux and hard X-ray spectrum. This also
disfavors very high inclinations, for which limb darkening
would remove the absorption features.

5. The Balmer lines have peak-to-peak velocities of
~1250 km s~ '. Assuming that this corresponds to the
Keplerian velocity of the outer disk, we use theoretical
arguments on the disk size to estimate K,(q). We find 250
kms ! <K, <450kms 1for0.01 < g < 1.



No. 1, 2001

6. Using the reconstructed Doppler tomogram, we tenta-
tively identify the He 1 S-wave with the stream-disk inter-
action. This gives us a second estimate of K,(q), which,
combined with the first one, restricts possible values for g to
0.02 < g < 0.1. This further implies that if the primary is an
NS system, the system should have a high inclination (i 2
70°), while for a BH primary, an intermediate inclination is
preferred (30° <i < 50°for 10 Mg =2 My 24 Mg).

Superhumps (Uemura et al. 2000b), if they require g < 0.3
and low to intermediate inclinations (Haswell et al. 2001),
the absence of dips or eclipses in the X-ray light curve, the
lack of high-frequency QPOs (Revnivtsev et al. 2000), and
the broad Lya line (Haswell et al. 2000a), favor an inter-
mediate inclination system containing a BH. All of the
arguments above are, however, rather uncertain and model-
dependent. The assumptions made to interpret the peak-to-
peak velocity and He 1 emission probably underestimate
K,. A larger K, would strengthen the case for a black hole
primary.

We conclude by emphasizing the similarities between
XTE J1118+480 and the black hole LMXB GRO
J0422 + 32 in minioutburst: both have orbital periods of
~4 hr, stayed in the low/hard X-ray state during outburst,
had low X-ray luminosities, showed superhumps, and had
identical optical spectra (including the absorption troughs).
Scaling the V = 19.5 secondary of GRO J0422+ 32 from
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d =~ 2.5 kpc to the distance of XTE J1118 +480 (~0.8 kpc)
gives V = 18.5, consistent with the reported 18.8 quiescent
magnitude. The system parameters for GRO J0422+ 32
(taken from Chen et al. 1997) are also within our allowed
range for a coherent explanation of both the Balmer line
peak-to-peak velocity and the location of the He i emission
in XTE J1118 +480. Quiescent studies, which can constrain
the spectral type of the secondary and K,, will shed more
light on this interesting object.
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