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ABSTRACT

We present a dynamical study of the Galactic black hole Pisgstem Nova Muscae 1991 (GS/GRS
1124-683). We utilize 72 high resolution Magellan Echellette (N spectra and 72 strictly simultane-
ousV-band photometric observations; the simultaneity is aws@nd crucial feature of this dynamical study.
The data were taken on two consecutive nights and cover th&i4-hour orbital cycle. The radial veloci-
ties of the secondary star are determined by cross-cdangltdite object spectra with the best-match template
spectrum obtained using the same instrument configura8@sed on our independent analysis of five or-
ders of the echellette spectrum, the semi-amplitude ofaldel velocity of the secondary is measured to be
K, = 4068+ 2.7 km s'1, which is consistent with previous work, while the uncertgiss reduced by a factor
of 3. The corresponding mass functiorfidM) = 3.024+-0.06 M. We have also obtained an accurate measure-
ment of the rotational broadening of the stellar absorgtis (sini = 85.0+ 2.6 km s'1) and hence the mass
ratio of the systeng = 0.079+ 0.007. Finally, we have measured the spectrum of the norastaimponent of
emission that veils the spectrum of the secondary. In adyiaper, we will use our veiling-corrected spectrum
of the secondary and accurate valueg&gaindq to model multi-color light curves and determine the systemi
inclination and the mass of the black hole.

Subject headings: black hole physics — stars: black holes — binaries: general-rays: binaries

1. INTRODUCTION

Mass is the fundamental parameter for a black hole. Ac-
cording to the No-Hair Theorem (e.qg., Israel 1967; Hawking
1971), mass and spin together provide a complete deseriptio
of an astrophysical black hole. An accurate measurement o
mass is a prerequisite for measuring black hole spin via the
continuum-fitting method (see McClintock et al. 2014 for a
review). Stellar-mass black holes in the Milky Way and neigh
boring galaxies are discovered in X-ray binary systems,esom
of which are persistent X-ray sources, while others arey-ra
transients which have gone through one or more X-ray out-
bursts (Remillard & McClintock 2006). About two dozen of
these black holes have been dynamically confirmed to hav
masses in the randé¢ = 5-30M,.

X-ray Nova Muscae 1991 (hereafter NovaMus), with an or-
bital period of 10.4 hr, is one of about a dozen black-hole-tra

sient systems that are distinguished by their short orpégt
ods,P < 12 hr. (For a sketch to scale of nine of these systems,
including the prototype A062000, see Figure 1 in McClin-
tock et al. 2014.) NovaMus was discovered during its 1991
putburst independently by th@inga (Makino et al. 1991)
andGRANAT (Lund & Brandt 1991) missions. Eight days af-
ter discovery, it reached a peak X-ray intensity of 8 Crab in
the 1-6 keV band (Ebisawa et al. 1994). Over the course of
eight months, the source passed through all the canonical X-
ray states before returning to its quiescent state (Ebistala
1994; Remillard & McClintock 2006). Esin et al. (1997) used
the 1991 outburst data for NovaMus to develop a model of the
cStates that combines the standard model of a thin accretion
disk (Shakura & Sunyaev 1973) and the advection-dominated
accretion flow (ADAF) model (Narayan & Yi 1994).
Interestingly, hard X-ray observations of NovaMus made
at the peak of the outburst revealed evidence for positron-
electron annihilation in the form of a relatively narrow and
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variable emission line near 500 keV (Sunyaev et al. 1992;
Goldwurm et al. 1992). Kaiser & Hannikainen (2002) argued
that the line could be generated by annihilation in the bipo-
lar outflow of the system. Martin et al. (1996) suggested an
alternative mechanism, namely, Li production near thelblac
hole that gives rise to a 476 keV nuclear line; their support-
ing evidence is their detection of a relatively strong Litini
absorption lineA 6708 in the optical spectrum.

Soon after its discovery, NovaMus was considered to be a
strong candidate for a black hole binary based on its X-ray
spectral properties and light curve, and its similariteshe
prototype black-hole X-ray transient A06200 (McClintock
& Remillard 1986). Following the discovery of the optical
counterpart (Della Valle et al. 1991), the black hole natfre
the primary was established in the customary way by measur-
ing the mass function:

PK3  Msin’i
M)=5"2="—o 1)
2nG  (1+q)
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whereK5 is the semi-amplitude of the velocity curve of the mounted on the 6.5-meter Magellan/Clay Telescope at the Las
secondaryj is the orbital inclination angle of the binary and Campanas Observatory (LCO) in Chile. All the data were
g is the ratio of the companion star mads to that of the taken on the nights of 2009 April 25-26 UT. A total of 72
compact primaryM. Three dynamical studies performed in spectra were obtained, each with an integration time of 600 s
quiescence found a value for the mass function (the minimumDuring the same two nights, and with the same setup, we ob-
mass of the compact primary) ef 3M., (Remillard et al. tained spectra of 38 stars, principally K dwarfs, that serve
1992; Orosz et al. 1996; Casares et al. 1997), which is widelyas radial velocity templates. The seeing was similar on both
considered to be the maximum stable mass of a neutron stanights, with a typical value of 0.7” and a range of 0’5-1.3'.
(Kalogera & Baym 1996). Each MagE spectrum consists of 15 orders (corresponding to
Orosz et al. (1994) obtained a quite uncertain estimate ofsequence numbers #6—20). The full wavelength coverage of
the mass ratig = M2/M by measuring the radial velocity of  the instrument is 3100-1100 with order #20 at the blue
the Ha emission line. Casares et al. (1997) made a conven-end (central wavelength 3129 and order #6 at the red end
tional and direct measurement of the mass ratio by measuringcentral wavelength 9708). The spatial scale is 0.3"/pixel.
the rotational broadening of the photospheric absorpii@sl 1, gpeciral dispersion increases from A ger pixel for or-
of the secondary; they obtained a result that is consistint w der #20 to 0.7 per pixel for order #6, while the velocity dis-

that of Orosz et al. (1994). T 1 :
The inclination angld is usually estimated by modeling persion is 22 kms* per pixel for all orders. For our chosen

the ellipsoidal modulation of the light curves of the secanyd ~ 0-85" slit, the spectral resolution is 1 A at 5000A, corre-

star after a system has returned to its quiescent state. Thi§ponding tox 60 km st _ o

modeling is complicated in the case of the short-period sys- The MagE data were reduced using the pipeline developed
tems because the stellar component of light is significantly by Carnegie Observatories which performs bias correc-
contaminated by the emission from the accretion disk; this tion, flat-fielding, and wavelength calibration. The biasswa
so-called “disk veiling,” can be quite significarng, (60% in corrected using the overscan region of the detectors. Three
theV-band) and variable in “active” quiescent states (Cantrell sets of flats were utilized in the calibration: 1) order defini
etal. 2010). Orosz et al. (1996) estimated a disk contdiputi ~ tion flats taken with the Xe-Flash lamps; 2) blue flats to de-
at ~ 5000A that could be as high as 50%. Meantime, using fine the flat field at the blue end of a spectrum (also taken
different data, Casares et al. (1997) estimated a diskieontr with the Xe-Flash lamps); and 3) red flats to define the flat
bution at Hr A 6563 of 15%, suggesting that disk veiling may field at the red end of a spectrum and to correct the fringing,
be less significant at longer wavelengths. Based on this no-which were taken with the Qf lamps. The wavelength calibra-
tion, Gelino et al. (2001) modeled near-infrarddand K) tion was performed using arc spectra obtained with Thorium-
light curves of NovaMus assuming that the disk contribution Argon lamps. The RMS residual of the wavelength solution
could be ignored in these bands, and they thereby estimateds < 0.05 A for orders #8—18 anek 0.1 A for the remaining

the systemic inclination to bie= 54° + 1.5°; their estimate of ~ orders. The performance of wavelength calibration was exam
black hole mass (which also depends on the mass gai® ined using sky emission lines; the relative wavelengthenffs

M =6.95+ 0.6 M. is negligible.

These estimates ondM are quite uncertain because they ~ The mean MagE spectrum of NovaMus in the observer’'s
rest on the assumption that the effects of veiling are ndmiéig ~ rest-frame is shown in Fi@l 1, which covers spectra that span
in the near-infrared, while there is considerable evid¢hae  orders #9-14 4300-700Q}). The spectrum in each order
it may not be (e.g., Reynolds et al. 2007, 2008; Kreidberg etwas normalized by a fifth-order polynomial. In the analysis
al. 2012). In this paper, we obtain the first detailed andigecu  that follows, we mainly use the data in these orders becduse o
measurement of the spectrum of the non-stellar component otheir good signal-to-noises(N) ratio and general lack of sky
light that veils the stellar spectrum. While this achieveiie  emission lines and telluric absorption features (relatived-
in part due to the quality and quantity of our data, it is based der orders). The most prominent features in the spectrum are
primarily on the strict simultaneity of our spectroscopitla  the broad, double-peaked Balmer lines M6563, H3 A 4861
photometric observations. The simultaneity is cruciabse  and Hy A4341, which are the canonical signatures of a black-
of the aperiodic variability of the non-stellar componeédtir  hole accretion disk. Also present are broad disk lines of He,
two other principal results are a greatly refined measurémen notably He 1A5875. Other features such as Na\2 5890—
of theK-velocity and the first robust measurement of the mass 5896, diffuse interstellar bands (DIB) 46780,1 6280, and

ratio g, which differs significantly from the earlier estimates te|luric features redward of6850 are also evident.
mentioned above.

This paper is structured as follows. Observations and data 2.2. Optical Photometry

reduction are described §2. We derive the mass functionvia  photometric data were obtained during the same observing
a radial velocity analysis ifid. The mass ratio is determined yyn using the du Pont 2.5 m telescope, which is also located at
via rotational broadening ifd. The disk veiling is also mea- | cQ. Seventy-twd/-band images were acquired; by design,
sured in this section. The light curve of NovaMus is presginte  each 10-min exposure was strictly simultaneous (time diffe

in §8. Finally, we discuss our results §8. The light curve  ence< 1 s) with its corresponding MagE spectroscopic obser-
modeling and the determination of the inclination and black vationd. The typical seeing was 0.7" (with a range of 0.6—

hole mass will be presented in a subsequent paper. 1.1). We used the 2048 2048 Tek#5 CCD, which provided
a field of view of 885 x 8.85 at 0.259' per pixel. Bias cor-
2. OBSERVATION AND DATA REDUCTION rection and flat-fielding were performed with standezdr

2.1. Magellan Echellette Spectroscopy 12 sed hitp://code.obs.carnegiescience.edu/mage-moelin

The spectroscopic data were obtained using the Magel- 3 The only exception is the first image whose exposure time wbsG®
lan Echellette spectrograph (MagE; Marshall et al. 2008) seconds.
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FIG. 1.— The mean Magellan/MagE spectrum of NovaMus in the oessrrest frame, covering MagE orders #9-14 (4000—7°UptBroad and double-peaked
Balmer lines (Hr, HB, Hy, and Hd) are prominent in the spectrum. H& 5875 emission is also evident. The weak, broad emissionrisatedward of itand
Ha are likely to be Ha A4471 andA 6678, respectively. The Na BA5890-5896 doublet, DIB features 26780 and)A 6280 (which also has a strong telluric

component), as well as the telluric featureA&860 are also labeled. The NovaMus spectrum covering thétagE wavelength range~(3000-1000Q4) is
available in the online journal in electronic form.

tasks gerocombine, flatcombine, and ccdproc). The estimate of the uncertainty in the zero-point is 0.05 mag.
centroid of the optical counterpart was determined usiieg th

CIAO routinewavdetect (Freeman et al. 2002), and the

quality of the centroiding was confirmed visually. Aperture

photometry was performed using the IDL procedager. 3. RADIAL VELOCITY ANALYSIS

The radius of the aperture was fixed to eight pixels/(p The radial velocity, of the secondary star was determined
whichis the largest aperture that securely excludes sagmifi 1, sequentially cross-correlating the 72 object spectit wi
contamination of NovaMus by a faint field star. Choosing a {ne spectrum of a template star. This was done in turn for in-
smaller aperture (€. 5 pixels) would provide very similar  gjiqual echellette orders, rather than using a single etrg
results. We first produced a light curve of NovaMus relative gpecirum, The best quality results were obtained for order
to nearby field stars and then derived an absolute calibratio . (covering- 4700-550QR), as expected since strong stel-
relative to a pair of nearby (24and 41) standard stars. Our lar absorption features are p'resent in this order (e.g.Mtpe
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TABLE 1
RADIAL VELOCITY ANALYSIS RESULTS

Order # Ko y To — 2454900 No. of X2/v A Coverage Masked Features
(kms?)  (kms? (d) Object Spectra A
92 4136+4.3 174+3.1 4690550+ 0.00072 39 155 6300-7300 ¢t A6563, 6820—7026, 7150—72004
10 4095+27 194420 4690351+0.00044 72 ®2 5680-6630 NaA58905896, DIBA6280
O 126300, Hx A6563
11 4130+31 152+23 4690258+0.00051 67 074  5170-6000 @ A5577, Na DAA58905896
12 4012+26 97+19 4690327+ 0.00044 72 ®B7 4700-5500 1A 24861
13 4070+4.2 170+31 4690211+0.00069 57 M2 4370-5100 1A 24861
14 4039+39 92429 4690086+ 0.00068 63 102  4060-4730 A4341
Average 408B+22 142+21 4690278+0.00042

NoTE. — The quoted uncertainties are at the l&vel of confidence.

2 The best-fit parameters for order #9 were not included inutaing the average parameter values; for this order, thelagth ranges 6820—
7020A and 7150-720@\ were masked to avoid strong telluric absorption featurebsky emission lines.
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FIG. 2.— The average TDR value of the cross-correlation betireespec-
trum of each template star and NovaMus for order #12, pladtgainst the
B —V color of the star. The template star with the highest avefdge value
is HD 170493, withB—V = 1.11, which corresponds to a spectral type of
~K5 with Teff ~ 4400 K, based on the scale®f-V color vs. Te vs. Spec-
tral type, which is shown at the top of the figure.

features at-5200A region), and it is relatively free of con-
taminating telluric and interstellar features.

3.1. Choosing the Best Template Spectrum

The cross-correlation analysis was performed using they, = —55.07+0.07 km s1. We initially fixed the orbital pe-
software packagéxcor as implemented in theRAF pack-

age. The taskxcor returns the paramet&defined by Tonry
& Davis (1979; TDR hereafter) provides an estimat&SaN:
the higher the TDR value, the better the quality of the cross- period: P = 0.432602499) d. This period and other best-fit
correlation. From among our dozens of template spectra, weparameters are listed in Talfle 1.

chose the one that gives the highest TDR value, while focus- As a check on our value for thé-velocity, we performed an

ing on the NovaMus data for order #12. Specifically, we: (1) independent analysis using theor procedure in thetoLLy
selected a K-type template spectrum that gives relativigly h

(that is given in the same datab#&3e)The star at the peak
of this ordered distribution and having the maximum TDR is
HD 170493 withB—V = 1.11, corresponds to an effective
temperaturdes ~ 4400 K (Allen’s Astrophysical Quantities,

4th edn.). We therefore choose HD 170493 as the master tem-
plate for our cross-correlation analysis. Potential systiic
effects related to this choice of template are discusség@.ih

3.2. Fitting the Radial Velocity Curve

With HD 170493 as the template, we first cross-correlated
each of the 72 spectra for order #12. For both the object and
template spectra, we masked out the region around {he H
emission line, and alse- 100 A at both ends of each order
because th&/N in these regions is poor. We furthermore re-
quired that the TDR value for a correlation exceed 2.5 (simil
to the criterion in Orosz et al. 1996). All 72 spectra for or-
der #12 delivered reliable measurements of radial velpagty
illustrated in the middle-right panel of Fig] 3. We fitted the
radial velocity curve with the following model,

V(t) = y+ Kocog2m ?),

2)
wherey is the systemic velocity of in the heliocentric frame,
is the observation time in Heliocentric Julian Days (HJDs),
and Ty is the time of maximum radial velocity; the ra-
dial velocity we used for the template star HD 170493 is

riod to the spectroscopic value given by Orosz et al. (1996),

P = 0.432605831) d. Then, using our value dfy and the
one in Orosz et al. we obtained a refined value of the orbital

package developed by T. MalSlin place offxcor in IRAF.

values of TDR and cross-correlated it against the 72 spettra \ye again analyzed only the data for order #12 and used the
NovaMus; (2) we velocity-shifted all the NovaMus spectrato same template spectrum (HD 170493) as before. Both the
the rest frame of the template star and summed them; (3) Wegpject and template spectra were rebinned to the same veloc-
then cross-correlated this summed spectrum against allrof o ity dispersion using thebin procedure, and were normal-
template spectra in turn and selected the template spectrunyeq using a fifth-order polynomial, as required by ther

that yielded the maximum TDR value. procedure. Fitting a Gaussian to the profile of the cross-

The results of this analysis are summarized in[Big. 2, which correlation function using theioLLY procedurengfit, we
shows how TDR varies among the template stars, which we

have ordered by theiB —V color given in the SIMBAD 14 We assume that the reddening of these template star candredgdue
database; we regard the photometric color as a more accurate their proximity to the Sung 100 pc).
measure of the effective temperature than the Spectral type 155ee http://deneb.astro.warwick.ac.uk/phsaap/soffmeatey/html/INDEX.html.
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4. ROTATIONAL VELOCITY AND DISK VEILING
TABLE 2 MEASUREMENTS

ORBITAL PARAMETERS FORNOVAMUS ) ] .
4.1. Rotational Broadening and Mass Ratio

Parameter value As the next step toward measuring the mass of the black
Orbital periodP (days) 043260249t 0.00000009 hole, we obtain a precise estimate of the mass mtid-or
Kz velocity (km fl) 4068+2.7 a short-period, mass-exchange binary like NovaMus, one can
¥O"28;g’ré'$0§c)(H 152454900) DO 00062 quite confidently assume that the system is tidally-lockedi a
Mass functionf (M) (M) 302+ 006 that the secondary fills its Roche lobe (Wade & Horne 1998).
vsini (km s°1) 850+ 2.6 In this caseq can be simply determined by measuring the ro-
Mass ratioq 0.079+0.007 tational broadening of the stellar photospheric lines. c8pe
NoTe. — The quoted uncertainties are at the tevel of confi- ically, one measures the radial component of the rotational
dence and include an allowance for systematic error§6ek velocity of the secondary stavsini and uses the following

equation (Wade & Horne 1998),

obtained values for both thi€-velocity and its uncertainty o
(K> = 4029+ 1.3 km s1) that are consistent with those ob- VSINL _ 4 462031 2/3 3
tained using therRAF routines. Ko A1+ )7 3)

In order to obtain a more precise valuelkaf, we analyzed . - .
data for orders #10 and #11 (which lie to the red of order #12) . In measuringsini we use the method @ptimal subtrac-
and orders #13 and #14, again maskingeUt00A at both tion. Fig.[4 illustrates the principle of the method using the
ends of each order; the wavelength ranges of the orders ardata for orders #10 and #12. Before doing the optimal sub-
given in Tablel. As before, we masked out disk emission traction, we first normalized both the object and template
lines (mainly Balmer lines), and we also masked out a num- SPECtra using a Sth-order polynomial. The spectra of Nova-
ber of strong telluric and interstellar features, whichlmted ~ MUS contains contributions from both the secondary (numer-
in Table[1). As was the case for order #12 discussed above?UsS rotationally-broadened absorption features) anditrea
all 72 object spectra for order #10 yielded reliable measure tion disk (broad disk emission lines liked. The best-match
ments of radial velocity (i.e., TDR 2.5); the radial velocity ~ (€mplate spectrum will have virtually the same set of absorp
curve for this order is shown in Fig] 3. For the other three iOn features as NovaMus; however, the features in the objec
orders, some object spectra were rejected because: (1) thg_pectrum_ will be shallower because they are diluted by the
TDR value for the correlation was 2.5; (2) the fit to the isk continuum emission. In obtaining the best match of a
cross-correlation peak did not converge; or (3) the value ob 9iven template spectrum to the object spectrum, one repeti-
tained for the radial velocity lies more tharBo away from tively performs a pair of operations. First, one broadess th
the fitted curv@ The velocity data for each order individu- Narrow-line template spectrum, and then multiplies thespe
ally were fitted to the same model used for order #12 (Eqn. 2).trum by the factorfsar (0 < fstar < 1), which represents the

For each of the five orders, Talile 1 lists the best-fit parame—fraCtlon of the light contributed by the secondary. Finaye
> subtracts the trial template spectrum from the spectrunoef N
ters, values of reducegl- and the number of useful spectra.

Usi selv th oot tainti i *h vaMus and determines quantitatively (see below) the tetmpla
SIng precisely (ne velocity uncertainties returneatyor, - ghactrym that is freest of photospheric absorption feature

we obtain good fits for all five orders, witk? /v values that  The yesuits of such an analysis for two orders are shown in
are close to unity. We note that there are small d|fferences|:ig_|3. The residual spectrum for order #10 (upper panej) onl
among the best-fit parameters at the level@—4o level. shows the broad & disk line and the DIB aA 6280. The only

Table[2 provides a summary of the orbital parameters. cjoar spectral feature in the residual spectrum of order #12
The error-welghtled mean df, among the five orders is (rig [4; lower panel) is the Fie multiplet 42 at\ 4924 1 5018,
4068+2.2 km s . After including our estimate of the sys-  andA5169 (Moore 1972), a feature that is also present in the
tematic error (seg6.1)), we obtain for the radial velocity semi-  spectra of A0626 00 (Marsh et al. 1994) and the neutron-star
amplitudeK, = 4068+ 2.7 km s 1. Using this value oK5, transient EXO 0748676 (Ratti et al. 2012).

the orbital periodP (Table[2) and Eqn. (1), we derive a pre-  In practice, we use the spectrum of our velocity-template
cise value for the mass function 6fM) = 3.02+0.06 M, star HD 170493 and the phase-averaged spectra of NovaMus
thereby confirming the black hole nature of the compact ob- for each order to increase t8éN. Before averaging the spec-
ject. tra for a given order, we shifted the individual spectra t® th

In addition to orders #10-14, and as discussed in the fol-rest frame of HD 170493 using the data in Tadle 1. We first
lowing section, we also performed a radial velocity analysi broadened the template spectrum using a grid of trial values
of order #9 for the purpose of measuring the mass gdiod  from 5 to 300 km st in steps of 5 km s!. We also arti-
investigating the effects of disk veiling. The best-fit paes ficially smeared the template spectrum using the apprepriat
ters for order #9 are included in Talle 1. However, we do not phase and integration time in order to simulate the velocity
include the results for this order in our final determinatdn smearing during an observation of NovaMus.xA test was
the radial velocity parameters because relatively fewtspec herformed on the residual spectrum to determine a minimum
generated useful velocity data (39 out of 72) and because théznd the corresponding approximate valuesifii. Now, start-
quality of the fit is relatively poorx?/v = 1.55). ing with this approximate value, we repeated the procedure

with a trial grid extending from 60 to 120 knt§in steps of
1 km s 1. Making use of thebroad andoptsub tasks in the

16 Only five data points in all five orders lig 3—40 away from the fitted MOLLY, curves ofvsini vs. x? were generated (see FIg. 5)
curve; removing these radial velocity points does not §icanitly change the  and fitted with a 3rd-order polynomial; our adopted value of
fitted values of the parameters. vsini corresponds to the minimum of the fitted curve. All the
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FiG. 4.— The results of applying the optimal subtraction prazedor order #10 (upper panel) and order #12 (lower panelghEpanel contains the average
normalized spectrum of NovaMus, the normalized spectrurtheftemplate star HD 170493, and the residual spectrum ajftémal subtraction. The &
emission line and strong DIB feature are labeled for ordd). #llhe upper panel also contains the averagederhission line in the observer’s frame, which
shows the characteristic double-peaked profile. The Filtiplet 42 features in the residual spectrum of order #&dabeled in the lower panel. All the spectra
are smoothed with a 5-pixel boxcar for the purpose of presient
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2.4““““\“““““““\“““““““\“““““““\“““““““\“““““““\“““
Order #9 Order #10 Order #11 Order #12 Order #13 Order #14

Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
70183 847.5 km /s 872435 km/s 88.6+4.5 km/s 82.843.5 km /s 79.4459 km/s 85.548.1 km/s
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FiG. 5.— Measurement of the rotational velocitgini in MagE orders #9-14. For each order, the upper panel shawsuitve ofvsini vs. x2, which we
fitted with a cubic polynomial. Our adopted valuewsiini is the value corresponding to the minimumyA. The lower panel illustrates the method we used to
estimate the uncertainty irsini via the bootstrap method described in the text. The histogfvsini is fitted with a Gaussian in determining the uncertainty.

emission lines, interstellar features, and telluric feeduare
maSked out during the optimal SUbtraCtion' LiMB DARKENING COEFF-Ir(ﬁEBI\II_TEA?\ID ROTATIONAL VELOCITY
The effect of limb darkening needs to be properly consid-

ered in the optimal subtraction. Since this effect variewi  ~5 =" conran (&) u (imb darkening) vsini (kms 1) Disk Veiling (%)

wavelength, we calculated a linear limb darkening coefficie

for each order of the MagE spectra based on the data given 2 6800 0.706 8BL7.5 403+34
by Claret et al. (2012). We retrieved from their table theldim 1(1) gégg 8:;85 ggiig g(li‘?‘i ﬁ
darkening coefficients for the BVRI bands. For the effec- 12 5140 0.845 88+ 35 593+ 1.0
tive temperature of the companion star, we adopted the value 13 4750 0.878 79+59 558+2.1
Tet = 4400 K. The star’s surface gravity lggin cm 2 s 1) 14 4400 0.908 85471 691+15

- i A 850113
is securely in the range 4.0-4.5, and for each band we adopted verage

the average of the tabulated values of the limb darkeninfycoe ~ NoTE. — The quoted uncertainties are at the level of confidence.

ficient for logg = 4.0 and logy = 4.5. Finally we linearly in-

terpolated between théBVRI bands using the central wave- . L

length of each order, thereby obtaining the values we adopt® G2ussian distribution (see Fid. 5). The mean of the Gaus-
for the limb darkening coefficients (see the third column in Sian distribution is very close (within 1 knT$) to the fitted

Table[3), which range from 0.71 (Order #9) to 0.91 (Order values ofvsini discussed above. For each order, we take the
#14). mean of the Gaussian distribution as the final measurement of

vsini and the standard deviation of the meams the uncer-
tainty. The measured values w$ini for six orders (#9-14)
are presented in Fifl 5 and Table 3).

We utilized the bootstrap method to determine the uncer- "€ error-we|g[1ted mearsini of all six orders ivsini) =
tainty in vsini following Steeghs & Jonker (2007) and Ratti 850+ 1.3 km s™=. After including an allowance for sys-
etal. (2013). We generated 500 simulated NovaMus spectrd€matic uncertainty, related to the choice of template spec
using theMoLLY taskboot. The bootstrap method randomly trum and the limb darkening coefficient (sg&.1), our fi-
selects data points from the original spectrum while kegpin nal adopted value igsini= 850+ 2.6 km s . Using this
the same total number of data points in the spectrum. For eactvalue and ourK-velocity for the secondarykp = 406.8 +
simulated spectrunysini was measured following the same 2.7 km s1; §3.2), and Eqn. (3), we obtain for the mass
procedure as described above. The §6i values follow ratio the valueq = 0.079+ 0.007. Using this mass ra-
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Order #14 (4400 A) 0
mean veiling = 0.705 + 0.013 \
mean veiling = 0.691 + 0.015 :

Order #13 (4750 A) Do
mean veiling = 0.600 + 0.017 .
mean veiling = 0.558 + 0.021 :

Order #12 (5140 A) o
mean veiling = 0.610 + 0.011 :
mean veiling = 0.593 + 0.010

—
Order #11 (5590 A)
mean veiling = 0.572 + 0.014
mean veiling = 0.567 + 0.014

Order #10 (6130 A)
mean veiling 0.528 + 0.07
mean veiling 0.514 + 0.013

I
| Order #9 (6800 A)
I mean veiling = 0.452 + 0.034
' mean veiling = 0.403 + 0.034
I
I

o
RN RN R RN NN R RN N RN N R RN A RN N R AR AR RN RN AR RN AR RN

o
o
[N}
o
S
o
o
o
o
o

veiling factor

FiG. 6.— Measurement of the disk veiling fraction in order #9-hdeach
panel, the dotted line indicates the disk veiling fractitaiéled by the “mean
veiling 1” value) of the averaged spectrum. The histogramashour disk
veiling measurements for individual spectra; the dasheel ihdicates their
mean value as obtained from the histogram (labeled by thafimeiling 2"
value).

tio and the value of the mass function given §8.2, the
masses of the black hole and secondary staivare 3.52+

0.07(sin"3i) M., andM; = 0.28+0.03(sin3i) M., respec-
tively.

4.2. Disk Veiling

The disk veiling factorfgisy, i.€., the fraction of the total
light that is non-stellar, is also determined by the optigudd-

10.0 T T "
—— Star component (BB@4400K)

—— Disk component

—— Sum of the above two

flux (arbitrary unit)

iR i i iH K

146.9% :42.1% 143.5% :50.8%
n . n 1 n

0.1 L L
0.4 0.6 0.8 1.0 2.0 3.0
A (um)

FIG. 7.— The simplistic spectral energy distribution of Novadldecom-
posed into the secondary star component (red line) and ttretam disk
component (blue line). The pink line shows the sum of the tamgonents.
The solid blue and pink lines cover the observed waveleragige for MagE
orders #9-14. The dashed lines are extrapolations to laveezlengths. The
star component is represented by a 4400 K blackbody speciroeblue line
represents a power-law model obtained by fitting the obslemlative flux of
disk emission (filled blue squares) in the six orders, exolyidhe data point
for order #13 (the second blue square from the left),, wisch élear outlier.
The black dotted lines show the effective wavelengths ofRhg J, H, K
bands. Our estimate of the disk veiling factor in each baradsis labeled.

disk veiling factor. These alternative measurement$;g,

are consistent within- 1o (for all orders) with the values de-
termined as described above using the phase-averaged spec-
tra. We note that for five of the six ordefgsk is greater than

0.5, i.e., the disk is brighter than the secondary star.

Fig.[8 indicates that the disk veiling factor generally de-
creases with increasing wavelength, i.e., the disk veiling
less significant for redder wavebands. However, this does no
necessarily mean that disk veiling can be ignored, everegn th
J andK bands, as claimed by Gelino et al. (2001) and oth-
ers. We utilize a simplistic spectral energy distributi&&ED)
model and an extrapolation to illustrate this point (see[B)g
Our crude SED by no means represents an accurate model
of the disk emission. For the stellar component, we assumed
blackbody emission at 4400 K (red line in Hig. 7; $8kand
Fig.[d), and we then computed the relative disk flux in each
order (filled blue squares) based on our measuremerfifgof
We fitted these estimates of disk flux using a power-law model
to represent the SED of the disk component and then extrapo-

traction method. For each order, we first broaden the HD lated the power law into the near-infrared (dashed blug.line

170493 template spectrum using the valuewsihi deter-

mined in§4.1, and then optimally subtract it from the spec-
trum of NovaMus. The procedure gives the fraction of light

due to the secondary stdg;,, for the template spectrum that
corresponds to the minimum value gf. The disk veiling
factor is then simplyfgisk = 1 — fstar AS in determining/sini

we computedfgisk using for each order the averaged, rest-

At shorter wavelengths, the disk component does indeed
decrease rapidly with increasing wavelength so that tHe ste
lar component becomes dominant as one approache®-the
band. However, at longer wavelengths the blackbody com-
ponent begins to fall rapidly, and disk veiling reaches a-min
imum (= 40%) at around Jum and then begins to increase.
For our data and this crude model, we estimate thiat for

frame spectrum of NovaMus. The values we adopt for the thel, J, H, K bands is in the range of 40-60% (see the black

disk veiling factor for the six orders are indicated in FEithyé
dotted lines and are listed in the last column of Table 3.

dotted lines in Fig17), which is consistent with the estiesat
of Reynolds et al. (2008) for NovaMus of 40-50% in the near-

As a check on the robustness of our measured values ofhfrared. We note thatgisk in the near-infrared could be lower
faisk, We repeated the optimal subtraction procedure for eachthan our estimate if the disk component of emission has a

spectrum individually, using only those spectra that pozdi
a reliable measurement of radial velocity ($8). A his-

thermal spectrum that falls below the extrapolated poaer-|
spectrum, which we assume. However, we conclude that it is

togram of fgisi for each order is shown in Fiff] 6; the dashed not warranted to assume that the effects of veiling are negli
line in each panel represents the weighted mean value of th@ible in the near-infrared.
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FiG. 8.— The original (left panel) and phase-binned (right pe¥idand light curves of NovaMus, acquired with the du Posteh Telescope. In the left panel,
the open (filled) circles are the photometry data pointsinbtaduring the first (second) night of observation. Therdoes in the lower left corner represents the
typical uncertainty. In the right panel, the light curve isried into 20 phase bins, each of which has three or fourithal data points.

5. LIGHT CURVE HD 107493 because it gave the maximum TDR val&Ed),
Our calibrated and phase-foldeeband light curve, which ~ OPViously this spectrum is not identical to that of the Roche
was obtained in exposures that obtained simultaneousty wit |0P€-filling companion star. Focusing on the high-qualayed
the spectroscopic exposures ($882), is shown in Fig[I8. for order #12, we repeated our analysis for. six other teraplat
Zero photometric phase, which is equivalent to 0.75 spectro SPectra with TDR values- 60 (see FiglP); the results are
scopic phase, corresponds to the inferior conjunction ef th summarlzeci in Table]4. The spread in the valuexpfs
secondary. Two versions of the light curve are shown, un- < 0.8 km s™%, which is significantly smaller than the statisti-
binned and binned into 20 phase bins, each with 3-4 dataC@l uncertainty. As our estimate of the systematic erratin
points per bin. associated with the choice of the template, we take the stan-
During our observations, NovaMus was0.5 magnitude  dard deviation of the seven valuesiof, which is 0.3 km s*.
brighter on average in thé-band than it was in earlier pho- In like manner, we obtain estimates of systematic error of
tometric monitoring campaigns (e.g., during 1992-1995, as4.2 km s* for y, and of 0.00013 day fdF.
reported by Orosz et al. 1996). Ourband light curve shows A second source of systematic uncertainty is the effect of
substantial aperiodic flickering (s€€.2). Nevertheless, the the different widths of the photospheric lines for NovaMus
phase-binned light curve exhibits the characteristicatigres ~ which are rotationally broadened, and for the slowly-riogat
of ellipsoidal modulation, with two minima at phases0.0 template star, which are narrow. To assess this effect, we
and~ 0.5 and two maxima at phases0.25 and~ 0.75. The broadened the lines of our chosen template (HD 107493) to
two maxima do not have equal amplitude as one would expec85 km s (§2.1) and repeated the radial velocity analysis.
for an ideal ellipsoidal modulation, which could be causgd b The change ifK; is 0.5 km s (Table[2), which we adopt as
a hot spot in the accretion disk. Such unequal maxima havepur estimate of systematic error; we obtain similar estimat
frequently been observed in the light curves of other black ¢ systematic error foy and Ty of 0.8 km s and 0.00020
hole binaries in quiescence, e.g., AO62M (McClintock & day, respectively.
Remillard 1986; Cantrell et al. 2010). For each of the three parameters in question, we obtain our
final estimate of error, which is given in Table 2, by linearly
6. DISCUSSION adding the larger of the two systematic errors discussedsabo
6.1. Assessment of Systematic Uncertainties onto the statistical error obtainedB.2 (given in Table 1).

We identify sources of systematic error, and obtain esti-
mates of their magnitude, first for the orbital parametérs
\a}gg'(l;?tscgimfa systemic velocity, and then for the rotational 6.1.2. Rotational Velocity

We identify two sources of systematic uncertaintyvsini,
namely, the value adopted for the limb darkening coefficient
_ _ ) and the choice of template spectrum. Again, using the data

6.1.1. Orbital Parameters and Systemic Velocity for order #12, we considered an uncertaintyte.1 in our

We first consider the uncertainty associated with the choiceadopted value of 0.845 (Table 3) and find that this correspond

of template spectrum. While we chose the spectrum ofto an uncertainty ok 1.5 km s ! (see Tabl¢]5). We then
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TABLE 4
RADIAL VELOCITY ANALYSIS RESULTS FORDIFFERENTTEMPLATES (ORDER#12)

Templates B-V Templatey TDR Ko y To — 2454900 No. of X2/

(Order #12) (kms?) (kms?1)  (kms? (d) Object Spectra
HD 147776 0.95 A+0.1 608 4020+2.7 171+20 4690339+ 0.00044 72 B3
HD 130992 1.02 -571+01 641 4019+27 109+20 4690333+0.00044 72 079
HD 31560 1.09 61+0.1 743 4016+27 114+20 4690332+ 0.00044 72 B1
HD 170493 111 -551+01 784 4012+26 97+19 4690327+0.00044 72 ®B7
HD 170493 (broadened) 1.11 -551+0.1 767 4017+3.0 105+22 4690347+0.00050 72 060
HD 131977 1.11 28+0.1 659 4016+27 109+20 4690326+ 0.00045 72 079
HD 156026 1.16 a+0.1 616 4019+28 46+20 4690344+ 0.00046 72 B7
HD 120467 126 -378+£01 631 4019+28 55+21 4690365+0.00047 72 079

6.3 km s1), differing by ~ 20. We have substantially in-

ROTATIONAL VELOCI 1 POk BIEEERENTTEMPLATES creased the precision of the orbital period (by a factar 8D)
(ORDER#12) by extending the baseline of observations from those made

earlier (Remillard et al. 1992; Orosz et al. 1996) out to our
observations in 2009.
Our mass ratiod = 0.079+ 0.007) agrees with the approx-

Template B—V u (limb darkening) vsini (kms1)

HD 170493 1.11 0.845 82+ 35 i ;
A5 T7049—L1T 5775 T re imate value (0476< q < 0.0833) found by Antokhina &
HD 170493 111 0.945 831137 Cherepashchuk (1993), which was obtained by modeling an
HD 147776  0.95 0.823 89146 I-band light curve. It is significantly smaller than the less r
:B ﬁgggZ %.83 8.325 gﬁi-g liable estimate off = 0.133+0.019 obtained by Orosz et al.
HD 131977 111 0.8an 83140 (1996; seefl). Casares et al. (1997), who used the same
HD 156026 1.16 0.835 88143 direct method of measurement we used, likewise obtained a
HD 120467 1.26 0.796 85+5.2 mass ratio greater than ougs+= 0.13+ 0.04. (Their estimate
of the rotational broadening issini = 106+ 13 km s com-
NoTe. — The quoted uncertainties are at the tevel of pared to our value ofsini = 85.0+ 2.6 km s'1.) The relative
confidence. virtues of our measurement is our better spectral resaiutio

- . . . _ (~60km s at~5000A) and our ample selection of tem-
compared values ofsini derived using once again the Six  pate spectra, which allowed us to closely match the spectru

template spectra with TDR values 60. For each template o the gonor star; Casares et al. had applied a single teenplat
spectrum, we used the appropriate limb darkening coefticien spectrum of a KOV star.

(Claret et al. 2012) based on tBe-V color and correspond- An important feature of our work is the simultaneity of

ing effective temperature of the stalr. The standard deviati  he spectroscopic and photometric observations, whiowall
for the six values of'sini is 1.2 km s . Using these two esti-  one to accurately correct for the effects of disk veiling; de
mates of systematic error as a guide, we allow for systematicspite the aperiodic variability of the non-stellar compuotnef
error by simply doubling the statistical error bar obtaimed  |ight. Unfortunately, during our observation NovaMus was i
4.7 (1.3 km s1). Our final adopted value ofsini givenin  an “active” quiescent state (Cantrell et al. 2008), anditjtet|

Table 2, is therefore 88+ 2.6 km st curve is strongly affected by aperiodic flickering and doets n
provide a useful constraint on the inclination angle. Néwer
6.2. Comparison to Previous Work less, our simultaneous observations provide very secuge me

We have obtained precise measurements of the mass funcSUrements of the disk veiling factor at six wavelengths. In a
tion f(M) and mass ratig| for NovaMus using multi-order ~ Subsequent paper, we will use these data in conjunction with
echellette spectral data obtained with Magellan/MagE. Com light curves available in the literature, which were obéaiim
pared to the data analyzed in previous work (e.g., Orosz et al t€ “passive” quiescent state (Cantrell et al. 2008) towairs
1996 and Casares et al. 1997), our spectra have higher spedh®€ inclination angle and black hole mass.
tral resolution (by a factor of 3-5) and provide more com- .
plete phase coverage. We also observed many more template 6.3. The Li A6708 Feature
stars (38), all of them during the same observing run, which  The i 6708 absorption line was previously detected in the
has enabled us to choose a template spectrum that is an excegpectra of NovaMus (Martin et al. 1996). This feature afso a
tionally close match to the spectrum of NovaMus. Analyzing pears in the spectra of other similar black hole soft X-rapr
data independently for several orders is also a feature of ou sjents like A0626-00 (Marsh et al. 1994) and GS 20025
work. All of these beneficial factors have contributed tolgua  (Filippenko et al. 1995). This feature is potentially relatin
ity of our work. _ _ ) exploring the Li production mechanism around a black hole

Our value for the radial velocity amplitud&f = 406.8+ (Martin et al. 1994). Meanwhile, the variation of the lime i
2.7 km s 1) is very close to that obtained by Orosz et al. tensity with orbital phase may reveal effects of irradiatimn
(1996;K» = 406+ 7 km s 1), while the uncertainty has been the formation of the Li feature (Martin et al. 1996).
reduced significantly. Meanwhile, out, value is barely We find that the LA 6708 line is marginally detected in the
consistent with that of Casares et al. (19%3;= 4208+ phase-averaged spectrum of NovaMus and also in the residual
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FIG. 9.— The averaged spectrum of NovaMus (top), the templagetapm of HD 170493 (middle), and the residual spectrumtbo) after optimal subtraction,
all for MagE order #9 and in the heliocentric frame. The lawabf Li A6708 is indicated by the dotted line. This Li absorption deatis marginally detected

(~ 3.50). The inset plot shows the phase-resolved NovaMus speciaa LiA6708. The Li feature is detected in the lower spectrum, irctviiie photometric
phaseg is around zero¢g > 0.75 or ¢ < 0.25). There is no clear Li feature in the upper spectrum arqiratometric phase 0.5 @b < ¢ < 0.75). All the

spectra are smoothed with a 5-pixel boxcar for the purpogeesfentation.

spectrum after optimal subtraction (Fig. 9). We find an equiv grant NNX11AD08G. D.S. acknowledges support from the

alent width of EW(Li)= 210+ 60 mA, after correcting for the

disk veiling in order #9, for the NovaMus spectrum averaged ST/LO00733/1.

over the full orbital phase. Following Martin et al. (1996

Science and Technology Facilities Council, grant number
L.J.G. and L.C.H. acknowledge the sup-
port by the Chinese Academy of Sciences through grant

investigated the variation of the EW(Li) with orbital phase No. XDB09000000 (Emergence of Cosmological Structures)
(see the inset plot of Fid.]9). At zero photometric phase from the Strategic Priority Research Program. L.J.G. ac-

(¢ > 0.75 org < 0.25), we obtained EW(L#: 550+ 90 mA,
which is slightly higher than the value in Martin et al. (899
4204+ 60 mA). The Li A6708 feature is not detected at pho-
tometric phase 0.5 (5 < ¢ < 0.75), which agrees with the
findings in Martin et al. (1996). We note that our EW(LI)
for NovaMus is slightly higher (within & ) than the value re-
ported for A0626-00 of EW= 160+ 30 mA by Marsh et al.
(1994).
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