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EVIDENCE OF A BLACK HOLE IN THE X-RAY TRANSIENT GS 135464 (=BW CIRCINI)
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ABSTRACT

We present the first radial velocity curve of the companion star to BW Cir that demonstrates the presence of a
black hole in this X-ray transient that recorded outbursts in 1987 and 1997 (and possibly 1971-1972). We identify
weak absorption features corresponding to a GO-5 Il donor star, strongly veiled by a residual accretion disk that
contributes 61%—-65% of the total light at 6380 . The Doppler motions of these features trace an Brbit of
2.54448days (or its 1 yr alias oP = 2.56358 days) and a velocity semiamplitdde= 279+ 5 kim(ar
K, = 292 + 5km s ™). Both solutions are equally possible. The mass function implied by the shorter period solution
isf(M) = 5.75+ 0.30M,, which, when combined with the rotational broadening of the tidally locked companion
(Vsini = 71 = 4 km s™), yields a compact object mass W, sin’i = 7.34+ 0.46 M, . This is substantially
above the mass of a neutron star under any standard equation of state of nuclear matter. The companion star is
probably a G subgiant that has evolved off the main sequence in order to fill its Roche lobe. Remarkably, a distance
of >27 kpc is inferred by the companion’s luminosity, and this is supported by the large observed systemic velocity
(y = 103+ 4 km s, which requires such a distance in order to be consistent with the Galactic rotation curve.

Subject headings: accretion, accretion disks — binaries: close — stars: individual (GS -188%—
X-rays: stars

1. INTRODUCTION component, with an inner disk temperature~@f.7 keV, plus

a hard power-law tail with a photon index of 2.1 (Kitamoto et
al. 1990). BW Cir went into outburst again in 1997 but re-
mained in a low/hard state throughout (Revnivtsev et al. 2000;

Low-mass X-ray binaries (LMXBs) are interacting binaries
in which a low-mass star transfers matter onto a neutron star

olr blaﬁﬁ holeh(e.g., Chatrlles ‘é‘ CI:(oe hZOOA')' Malss tranSferttakgsBrocksopp et al. 2001). Interestingly, its sky position coincides
place through an accretion disk where angular mMomentum 1S, ., o older recorded X-ray transients, Cen X-2 and MX

removed and gravitational potential energy converted into ;355 g4 discovered in 1966 and 1971-1972, respectively (see
(h|gh-energy) radiation. Accretion disks evolve toward Sta- itamoto et al. 1990). The former was the first X-ray transient
tionary states where the mass transfer rate through the d'Skever discovered, with a peak soft X-ray luminosity-df crab

M, adjusts toward the value &, , the mass transfer rate SUp- i< o tivity were attributed to the same source, then it would
IpI![gd by tf&e.;j&norlatafvlz lo',sg d,\;;ven ?}/ ttf;]e bmary/d?nor fevo— make BW Cir a black hole transient with one of the shortest
ition, and 1t l, < Meri o YI - then mass transter —qo.,rence times=(8-10 yr). However, the X-ray properties
instability cycles (outbursts) are triggered (van Paradijs 1996). of these events were markedly different, and hence, if caused

H —~ 36 8 < H
There are~200 bright [, = 10*-10" ergs s) LMXBs n- by the same source, it would indicate that it has displayed at
the Galaxy, and most of them harbor neutron stars, as |mpI|edIeast four distinct X-ray states

by the detection of X-ray bursts/pulsations. On the other hand, BW Cir settles down in quiescenceRi= 20.5  (Martin 1995),

more than 70% of transient LMXBs are known to harbor_ ac- fand as yet no indication of the orbital period exists. A possible
creting black holes, as demonstrated by dynamical studies ofyeioy 6t 46 hr and av-band amplitude of 0.3-0.4 mag were
the fam'g companion stars, and this is mainly possible when X- reported during the 1987 outburst (llovaisky et al. 1987), but these
rays SW'tCh Off (but see Hynes et al. 2003). We.currently have have not been confirmed. On the other hand, Martin (1995) sug-
dynammal_ewdence of 16 black hole LMXBs, with mass func- gests a very tentative 15.6 hr periodicity withRdband amplitude
tions ranging fromD.22 = 0.02M_, up to 9.5+ 3.0 M, (see . .
Charles & C 200‘4 _d M Cli ? k& R. —.” .d 26904 Th of ~0.1 mag from quiescent data, although the folded light curve
aries toe f blank h (I: in ch ?T" atr h .)' | € " does not mimic the classic ellipsoidal modulation. Here we present
mass spectrum of black Noles 1S of crucial astropnysical SI9- y,q fjyot spectroscopic detection of the companion star in BW Cir

n;flc:ta?ce f'n ccljnstramglg Séjlperlnot\)/ atrl]*nodels agd the equauotnand the analysis of its radial velocity curve. This provides the first
ot state of nuciear matter. t.'early both more and more accurateqy o mjcy| probe for the presence of a black hole in this historical

black hole mass determinations are required before these issueﬁénsient X-ray binary.
can be fully addressed.

BW Cir is the optical counterpart of the X-ray transient GS
1354-64, discovered in 1987 by th8inga satellite (Makino
et al. 1987). It displayed X-ray properties reminiscent of black We have observed BW Cir using FORS2 attached to the
hole transients, i.e., a combination of a soft multiblackbody 8.2 m Yepun Telescope (UT4) at Observatorio Monte Paranal

(ESO) on the nights of 2003 June 22-23 and 2004 May 14—

UInstituto de Astrofsica de Canarias, 38200 La Laguna, Tenerife, Spain; 10 @nd 25-27. A total of 55 spectra were collected with in-

2. OBSERVATIONS AND DATA REDUCTION

jcv@Il.iac.es, tsh@ll.iac.es. tegration times varying between 1800 and 2000 s (depending
? Observatdo Astronamico de Lisboa, Tapada da Ajuda, 1349-018 Lisbon, on atmospheric conditions). The R1200R holographic grating
Portugal; czurita@oal.ul.pt. was employed, and when combined with’& 8lit, it produced

3 Department of Physics and Astronomy, University of Southampton, High- o .
field, Southampton, SO17 1BJ, UK; pac@astro.soton.ac.uk. a Wave_length coverage of 5745_72@0_ a_t 70 kMEWHM)
“ Astronomical Institute “Anton Pannekoek,” University of Amsterdam, resolution, as measured from Gaussian fits to the arc lines. A

Kruislaan 403, 1098 SJ Amsterdam, Netherlands; rpf@science.uva.nl. He+Ne+Hg+Cd comparison lamp image was obtained with
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Fic. 1.—The x* periodogram of the radial velocities obtained by cross- Fic. 2.—Radial velocity points of BW Cir folded oR = 2.54448 days and
correlation with the G5 Ill template HD 62351. The best periods are at T, = 2,453,140.985%ith the best-fitting sinusoid.
0.393 day* (2.5445 days) and its 1 yr alias at 0.390 da2.5641 days).

velocity curves obtained with all templates, and we find that

the telescope in park position to provide the wavelength cal- Spectral types in the range F5-G8 IlI give the best fits with
ibration scale. This was derived by a fouth-order polynomial X; in the range 2-3. We decided to adopt the fitting parameters
fit to 37 lines, resulting in a dispersion of 0.24  pixeand of the G5 lll template since this provides the closest represen-
an rms scatter of 0.0A . Instrumental flexure in our target tation to the observed spectrum (see below); i.=
spectra was monitored through cross-correlation between skyl03.1x 4.2 km s, P = 2.54448=+ 0.00015 days, T, =
spectra, and it was always less than 33 ki Shese velocity ~ 2,453,140.985 0.013 and K, = 279.3+ 4.9 km s* or
drifts were removed from each individual spectrum, and the ¥ = 94.8+ 4.2km s, P = 2.56358+ 0.00015days,T, =
zero point of the final wavelength scale was fixed to the strong 2,453,140.93% 0.013 andK, = 291.7+ 5.3 km s*. Here
O1 sky line at 6300.304 . Two additional 1800 s spectra were T, corresponds to standard phase 0, i.e., the inferior conjunction
obtained on the nights of 2000 August 23—24. Here we usedOf the optical star. All quoted errors are at the 68% confidence
the R600R grism in combination with 40slit, which resulted  level, and we have rescaled the errors so that the minimum
in a factor of 2 lower resolution. reducedy” is 1.0. The-velocity has been corrected from the

We also observed several radial velocity and spectral typetemplate’s radial velocity, and we note that it is unusually large
standards with exactly the same instrumental configuration onfor black hole binaries and is only comparable to the long-period
the nights of 2003 May 17 and 2004 May 27-28. These cover Microquasars GRO J165%10 and V4641 Sgr. Figure 2 presents
spectral types F5 I1I-K7 IIl. All the images were debiased and the radial velocity points, folded on the 2.54 day period, with
flat-fielded, and one-dimensional spectra were extracted usinghe best sine fit superposed. The mass function of BW Cir, for
conventional optimal extraction techniques in order to optimize the case of the short-period solutionf{) = M, sir’i/(1 +

the signal-to-noise ratio of the output (Horne 1986). Q)* = PKJ/2nG = 5.75+ 0.30 M, which defines a lower
limit to the compact object’'s mass. This is substantially above

any neutron star mass defined by all standard equations of state
of condensed matter, and hence we conclude that BW Cir con-
The 57 individual spectra were prepared for cross-correlationtains a black hole (Rhoades & Ruffini 1974).
analysis by subtracting a low-order spline fit to the continuum  Furthermore, our high instrumental resolution (70 km) s
and rebinning the wavelength scale into a constant step of 34enables us to measure the rotational broadening of the companion
km s* pixel™*. Radial velocity points were extracted from our star, and we can use this information to set a more stringent limit
individual target spectra by cross-correlation with the radial on the black hole mass. We have broadened our G5 Il template
velocity templates in the spectral range 5950-7200 , afterfrom 50 to 100 km s' in steps of 5 km S, using a Gray profile
masking out all the emission, telluric, and interstellar (IS) ab- (Gray 1992) with a linear limb-darkening law with coefficient
sorption lines. The radial velocity points show clear night-to- ¢ = 0.62 interpolated foin = 6300 A and,, = 5000 K (see
night velocity changes that strongly point toward~ghday orbit. Al-Naimy 1978). The broadened versions of the template star
This was best seen on the nights of 2004 May 14-15, when twowere multiplied by fraction§< 1 , to account for the fractional
continuous 9 hr runs could be obtained. In order to search for thecontribution to the total light, and subsequently subtracted from
orbital period, we have performed a power spectrum analysis onthe grand sum spectrum of BW Cir. The latter was produced
the radial velocities obtained with the G5 Ill template, and the after averaging the 55 high-resolution spectra of BW Cir in the
results are displayed in Figure 1. Frequencies longer than 0.5 cyclesest frame of the companion using the orbital solution above. A
day* (periods of<2 days) can be ruled out since they provide x?teston the residuals yieldssini = 71+ 4  km'§we have
x2>15. The minimumy?2 &2.98) is found at 0.3930 dai; repeated the same experiment with all the templates, and
corresponding t&€ = 2.54446(6) days. However, we cannotrule V sini always ranges between 59 and 71 knf see Table 1).
out the 1 yr alias oP = 2.56358(7) days with? = 3.01 . All In the case of a tidally locked Roche lobe filling stersini
other aliases havg?>5 and can be rejected since they are notelates to thé, -velocity and the mass ratiee M,/M,  through
significant at the 99.99%. the expressioWV sini = 0.46X,q¥3(1 + g)?*® (Wade & Horne
We have performed least-squared sine-wave fits to the radial1988), from which we obtailg = 0.13+ 0.02 and, therefore,

3. THE RADIAL VELOCITY CURVE AND SYSTEM PARAMETERS
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TABLE 1
RADIAL VELOCITY SOLUTIONS AND SPECTRAL TYPE CLASSIFICATION

T K Vsini

Y 0 2
Template Spectral Type di\6498 (km s P (days) (+2,453,140.0) (km s (km s f x>
HD 182901...... F5 1l 8.2(1) 103(3)  2.54447(12) 0.987(9) 276.4(3.4)  66(4)  0.47(2) 250
HD 83273....... Go Il 6.0(1) 102(3)  2.54445(9) 0.983(8) 279.3(3.2)  69(4)  0.39(1) 2.47
HD 62351 ....... G5 Il 3.7(2) 103(3)  2.54448(9) 0.985(8) 279.2(2.9)  71(4)  0.35(1) 2.42
HR 6915......... G8 1 2.7(4) 104(2)  2.54451(8) 0.990(7) 278.0(2.7)  71(4)  0.25(1) 256
HR 6925......... K3 1l 1.6(1) 109(2)  2.54451(7) 1.000(6) 279.2(2.0)  59(4)  0.15(1) 2.58
HD 184722...... K7 1lI 1.3(1) 110(2)  2.54448(7) 0.990(6) 283.7(2.1)  61(4)  0.13(1) 2.66

M, sin*i = 7.34+ 0.46 M. Since BW Cir does not exhibit A normal GO IlI-G5 Il star typically hadt, = 2.1-2.4M
X-ray eclipses, the inclination angle must ibg 77° (Epe= andR = 5-8R, (Gray 1992). However, the Roche lobe equiv-
0.13, and, consequently, the masses of the black hole and thealent radius of &.1-2.4M, star in a 2.5 day orbit-s4.6—
companion star arél, > 7.83+ 0.50 M, andl,> 1.02 = 4.8 R, and hence the companion is probably a lower mass, but
0.17 M, respectively. more evolved star. SincCE is constrained by the spectral clas-
For the longer period solution, the black hole case is even sification &5000 K), and the radius of the companion by the
stronger, withf(M) = 6.60+ 0.36 M, ,q = 0.12=+ 0.02, Roche lobe geometty
M, sin’i = 8.28+ 0.54 M, M,;>8.95+ 0.58 M_, and
M, > 1.07 + 0.19 M. Both the long period and large mass RL, p2/3 M3
function are reminiscent of the black hole transient V404 Cyg R~ 0'234F M2 ,
(Casares et al. 1992). © ®

@)

we can apply the Stefan-Boltzmann relation to constrain the
distance to BW Cir. Our orbital solutions yieM, > 1.02M
and henceR, > 3.6 R,. Therefore, the Stefan-Boltzmann re-

In order to refine the spectral classification, we have averagedation givesM,, < 2.6, which, when combined with the bo-
our individual spectra in the rest frame of the companion star, lometric correction and{— R ) color for a G5 lll star (Gray
using our first orbital solution, and compared it with our op- 1992), givesvi, < 2.11 . The dereddened magnitude of the com-
timally broadened spectral type templates in the range F5—K7panion star can be estimated from the observed quiescent mag-
Il using ax? minimization routine (see Marsh et al. 1994 for nitude R = 20.5), corrected for reddening{ , ~1 ; Kita-
details). The minimuny? is obtained for spectral types GO lll- moto et al. 1990) and our determined 65% veiling. These yield
G5 IlI, which contribute 39%—-35% to the optical flux in our R~ 19.3 Therefore, the distance modulus relation provides a
spectral range (see Table 1). Figure 3 presents the averagebbwer limit to the distance of 27 kpc that is substantially larger
spectrum of BW Cir in the companion’s rest frame, together than the 10 kpc value proposed by Kitamoto et al. (1990).
with our G5 Ill templat€, broadened by sini = 71 kms. Even so, we note that this makés (1-10 keV)= 3.5 x

10% (d/10 kpc)P > 2.6 x 10*ergs s at the peak of the 1987
SHD 62351 is a close binary with a separation 6#0resolvable through ~ outburst, still confidently below the Eddington luminosity for
spﬁc_klte g]t\(,e\;felzlzomle;reyé ILis l((:lzsgifie_:jh i'(l/l thiggSasv(\_;aS I} ?r G;/_G I\I/ a 10 |\/|® black hole.
Chris alker , Aou mith-ivioore . WWe confirm this clas- : : : : :
gificatic))/n in theR band i)ased on the line ratiooHo )26498, which is very T.he dIStache has important implications for the opserved .Sys_
sensitive toT, (see Table 1). temic velocity. We have calculated the expected radial velocities
of BW Cir, due to Galactic differential rotation, for a distance of
10 and 27 kpc, and these areé6 and 104 km S, respectively
(Nakanishi & Sofue 2003). The large distance scenario enables
us to explain the observegvelocity without invoking any kick
during the formation of the black hole. Although this scenario is
the most attractive, we note the uncertainties involved in the IS
7 extinction value, and this result requires careful consideration. Our
] spectrum shows several IS absorption features that can be used
to obtain an independent estimate of the reddening. The strongest
1 ones are found in the Na doublet, for which we measure
Ty EW(D2) = 1.37+ 0.04 A and EW(D1)= 1.66+ 0.04 A.
The empirical calibration of Barbon et al. (1990) yieHs , =
WWW 0.25 x EW = 0.78 but this should be regarded as a lower limit
because Na(D2) is somewhat diluted by the broad H&5875
emission from the accretion disk. We have also measured the EW
of the diffuse IS band at 6208 and fied24 + 0.02 A . Using
T the empirical calibration between EW and reddening from Herbig
6000 6200 8400 6600 6800 (1975), we gek; , = 0.84 + 0.10 . These numbers are consis-
Wavelength (1) tent with Kitamoto et al.’s reddening d&;_, ~1 , which was

estimated by comparing the observed outburst color of the optical
Fic. 3.—Doppler-corrected average of the 57 individual BW Cir spectra in
the rest frame of the companion star and the G5 Ill template, broadened by
71 km s*. Note the extreme weakness of the metallic features from the com-  © This results from combining Kepler's third law with Pac¢ziis relation
panion star, as compared to the template. (Paczyski 1971).

4. THE NATURE OF THE COMPANION STAR AND THE DISTANCE
TO BW CIR
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counterpart with typical values of luminous LMXBs given in van ‘
Paradijs (1983). This is assuming that the X-ray—irradiated disk 1.5 -
dominated the optical emission, which is confirmed by our results I
here and hence gives further support to our estimated distance of
>27 kpc. We note that this distance argues against BW Cir and
Cen X-2 being the same object since it would make the 1966 LT

outburst substantially super-Eddington (by more than an order of 3
magnitude) for a 1020, black hole. However, it does make =
BW Cir similar to the black hole LMXB GX 3394, for which ®osl 1

analysis of the Na IS absorption features at high resolution has

revealed complex velocity structures, consistent with a large dis-

tance of greater than 15 kpc (Hynes et al. 2004). We also note

that this impliesL, ~ 0.1L ., for the 1987 hard X-ray outburst, i

which makes it the most luminous hard state yet seen in a black I 1.0

hole transient. T P

Additional constraints are provided by the position of the * 3.9 o (T:ngf) a7 3.6

companion star in the H-R diagram, as compared with evo- :

|uti0nary seqguences of Sing]e stars. Our Spectra] ana|ysis in- Fic. 4—H-R diagram with evc_)lutionary tracks of solar ‘metallicity stars of

dicates that the companion is well fitted by a GO-5 IIl template, Mmasses 1.0-2.01,. The dotted line marks the space region allowed by our
spectral type classificationT§; = 5091-5743 K) and the Stefan-Boltzmann

and hgr]cé'eff = 5(_)91_5743_ K (Gray 1992). On the other hand, relation for the case of a Roche lobe filling star with, > 1.02 M, and

combining equation (1) with the Stefan-Boltzmann relation p = 2.544days.

giveslog (L,/L,) > 4 x log T,; — 13.92, where we have used

M, > 1.02M,. This defines a region in the H-R diagram (see of this crude estimate because the donor stars in X-ray binaries

Fig. 4) to compare with evolutionary tracks of 1M, stars, are not in thermal equilibrium and their H-R tracks may deviate

computed using the code BaSTor the case of Population | significantly from single-star evolution.

stars of solar metallicity. The diagram shows that the compan-

ion star is located in the Hertzsprung gap or in the lower part

of the giant branch foM, > 1.6-1.8M,. Since the luminosity

of a Roche lobe filling star depends weakly By, the com- J. C. acknowledges support from Spanish MCYT grant

panion cannot be much more massive thah6 M (for in- AYA2002-0036. T. S. acknowledges support from the pro-

stance,logL, = 1.06 L, forM, = 2.0 Mg ). If it were a  gramme Rarfwy Cajal. The MOLLY and DOPPLER software

1.6 M, star withT; ~ 5000 K, thenlogL, = 1.0L, , andthe developed by T. R. Marsh is gratefully acknowledged. We thank

distance would be-33 kpc. However, we note the limitations an anonymous referee for helpful comments on the manuscript.
This work was based on data collected at the European South-

7 A. Pietriferni et al. (2004, in preparation; http://www.te.astro.it/BASTI).  ern Observatory, Monte Paranal, Chile.
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