THE UNIVERSITY OF

WARWICK

Original citation:

Steeghs, D., McClintock, J. E., Parsons, S. G., Reid, M. J., Littlefair, S. and Dhillon, V.
S.. (2013) The not-so-massive black hole in the microquasar GRS1915+105. The
Astrophysical Journal, Volume 768 (Number 2). Article number 185. ISSN 0004-637X
Permanent WRAP url:

http://wrap.warwick.ac.uk/55158

Copyright and reuse:

The Warwick Research Archive Portal (WRAP) makes this work of researchers of the
University of Warwick available open access under the following conditions. Copyright ©
and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable the
material made available in WRAP has been checked for eligibility before being made
available.

Copies of full items can be used for personal research or study, educational, or not-for-
profit purposes without prior permission or charge. Provided that the authors, title and
full bibliographic details are credited, a hyperlink and/or URL is given for the original
metadata page and the content is not changed in any way.

Publisher’s statement:
http://dx.doi.org/10.1088/0004-637X/768/2/185

A note on versions:

The version presented here may differ from the published version or, version of record, if
you wish to cite this item you are advised to consult the publisher’s version. Please see
the ‘permanent WRAP url’ above for details on accessing the published version and note
that access may require a subscription.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwickpublicationswrap

e —
nighlight your research

http://go.warwick.ac.uk/lib-publications



http://wrap.warwick.ac.uk/55158
http://dx.doi.org/10.1088/0004-637X/768/2/185
mailto:wrap@warwick.ac.uk

arXiv:1304.1808v1 [astro-ph.HE] 5 Apr 2013

ACCEPTED FOR PUBLICATION IN THE ASTROPHYSICAL JOURNAL
Preprint typeset using B TEX style emulateapj v. 5/2/11

THE NOT-SO-MASSIVE BLACK HOLE IN THE MICROQUASAR GRS1915+105
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ABSTRACT

We present a new dynamical study of the black hole X-ray transient GRS1915+105 making use of
near-infrared spectroscopy obtained with X-shooter at the VLT. We detect a large number of donor
star absorption features across a wide range of wavelengths spanning the H and K bands. Our 24
epochs covering a baseline of over 1 year permit us to determine a new binary ephemeris including a
refined orbital period of P = 33.85+0.16d. The donor star radial velocity curves deliver a significantly
improved determination of the donor semi-amplitude which is both accurate (K2 = 126+ 1 km/s) and
robust against choice of donor star template and spectral features used. We furthermore constrain
the donor star’s rotational broadening to vsini = 21 + 4 km/s, delivering a binary mass ratio of
q = 0.04240.024. If we combine these new constraints with distance and inclination estimates derived
from modeling the radio emission, a black hole mass of Mpy = 10.1 + 0.6 M, is inferred, paired with
an evolved mass donor of My = 0.47+ 0.27M. Our analysis suggests a more typical black hole mass
for GRS1915+4105 rather than the unusually high values derived in the pioneering dynamical study by
Greiner et al. (2001). Our data demonstrate that high-resolution infrared spectroscopy of obscured
accreting binaries can deliver dynamical mass determinations with a precision on par with optical
studies.

Subject headings: stars: individual (GRS19154105) — X-rays: binaries — binaries: close — Techniques:

radial velocities

1. INTRODUCTION

Mass is the most fundamental property of a black hole.
It defines both a length scale and a time scale and, in con-
junction with the black hole’s spin, provides a complete
description of any astronomical black hole. Knowledge
of mass is essential in assessing how a black hole inter-
acts with its environment. For example, it defines the
Eddington luminosity, the maximum isotropic radiative
luminosity that a black hole can achieve. In this pa-
per, we present accurate dynamical data for the X-ray
transient GRS1915+105, including a significantly refined
measurement of the mass of its black hole primary.

Black hole X-ray transients are compact binaries where
a stellar mass black hole accretes from a typically low-
mass companion (Remillard & McClintock 2006). They
show complex and varied outburst behaviour, though
they spend most of their life in a relatively low accre-
tion rate state. In many respects, the most extraor-
dinary such system is GRS1915+105. It has remained
active since its eruption and discovery in 1992, while
other black hole transients return to quiescence after
only a year or so following an outburst. Not only has
GRS1915+105 remained active, it is frequently observed
in super-Eddington states when it is the most luminous
accreting black hole in the Galaxy (Lpoy ~ 1039 erg/s,
e.g. Done et al. 2004). The secondary is a K-type gi-
ant (Greiner et al. 2001a), and the binary system is far
larger than that of any other black hole transient. Its 34-
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day orbital period is five times that of second-place V404
Cyg, and the volume of the Roche lobe of its black hole
is correspondingly fifty times larger. Concerning X-ray
variability, GRS1915+105 is spectacularly unique. More
than a dozen distinct X-ray states have been identified
(Belloni et al. 2000; Klein-Wolt 2002), and the source
displays a constellation of four high-frequency QPOs,
rather than the customary one or two (Remillard & Mec-
Clintock 2006). As the prototype of microquasars, the
signature feature of GRS19154105 is its pc-scale bipo-
lar radio jet (Mirabel & Rodriguez 1994; Fender et al.
1999). The jet is likely powered by the spin of the black
hole (Narayan & McClintock 2012); the spin is extreme
(a/M > 0.98) and far higher than that measured for
other black hole transients (McClintock et al. 2006; Blum
et al. 2009).

For the purposes of this paper, the most interesting
contrast between GRS1915+105 and the other black hole
transients is the greater mass of its black hole primary.
The black hole mass of GRS1915+105 was first mea-
sured by Greiner et al. (2001b, hereafter GO1) to be
M =14.0+4Mg. It is accurate to describe this dynami-
cal study by GO1 as pioneering for two reasons. First, the
observations were necessarily made in the near-infrared
because the system is inaccessible at optical wavelengths,
with Ay &~ 20 mag (Chapuis & Corbel 2005; Rahoui et
al. 2010). Second, this was the first successful dynam-
ical study of a black hole transient in an active state
in the presence of intense X-ray heating. As has often
been remarked, the nominal mass measured by Greiner
et al. is much greater than the masses of other black
hole transients, which fall in a relatively narrow range
(7.84+1.2Mg; Ozel et al. 2010, see also Farr et al. 2011).
However, given the relatively large uncertainty on the
black hole mass, this difference is not at high statistical
significance.
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Table 1
Log of Observations

Date (UTC)  Object Exptime (s)
13 May 2010 HD179130 3
13 May 2010 HD174336 3
6 June 2010 HD180732 3
6 June 2010  HD179691 6
8 June 2010 HD176354 2
9 June 2010  GRS19154105 2400
9 July 2010 GRS19154-105 2400
11 July 2010 GRS1915+105 2400
13 July 2010 GRS1915+105 2400
27 July 2010 GRS19154105 2400
2 Aug 2010 GRS19154-105 2400
10 Aug 2010 GRS1915+105 2400
19 Aug 2010 GRS1915+105 2400
27 Aug 2010 GRS19154105 2400
19 Sep 2010  GRS1915+105 2400
24 Sep 2010  GRS19154105 2400
7 Oct 2010 GRS19154-105 2400
21 Apr 2011  GRS19154105 2400
1 May 2011 GRS19154105 2400
3 May 2011 GRS19154-105 2400
7 May 2011 GRS19154-105 2400
9 May 2011 GRS19154-105 2400
13 May 2011  GRS1915+105 2400
18 May 2011  GRS1915+105 2400
13 June 2011 GRS1915+105 2400
15 June 2011  GRS1915+105 2400
24 June 2011 GRS19154105 2400
17 July 2011  GRS1915+105 2400
4 Aug 2011 GRS19154-105 2400

For their dynamical study, GO1 used the ISAAC NIR
spectrograph on the VLT-Antu telescope. Hurley et al.
(2013) recently revisited the ISAAC data together with
additional unpublished data. Here we present higher
spectral resolution data aimed at significantly improving
the precision with which we can determine the black hole
mass. Our data were obtained with the X-shooter spec-
trograph that was recently commissioned on the VLT
(Vernet et al. 2011). Thanks to its multi-arm echellette
design, X-shooter offers a much wider spectral bandpass
at higher dispersion while S/N is excellent thanks to its
high throughput. In Section [2 we discuss our observa-
tional campaign and detail our data reduction and analy-
sis in Section Bl Our key results are presented in Section
[ from which we derive new constraints on the mass of
the black hole (Section B]). We conclude our study in
Section

2. OBSERVATIONS

We employed the multi-arm X-shooter spectrograph
attached to the VLT-UT2 telescope at ESO Paranal
Observatory to conduct our spectroscopic campaign of
GRS19154+105. All observations were executed in ser-
vice mode. A key strength of the X-shooter instrument
is its ability to simultaneously observe both the full op-
tical band as well as the near-infrared across its three
arms at an intermediate spectral resolution and with high
throughput (Vernet et al. 2011). Due to the high ex-
tinction towards GRS19154105, we did not anticipate
detecting the source with the VLT shortwards of the J-
band. Despite this, X-shooter is still the ideal instrument
for NIR spectroscopy of GRS1915+105 given its optimal
compromise between high efficiency, sufficient resolution
and full coverage of the NIR bands up to 2.48um.

All our observations employed a 0.6” slit to achieve a

spectral resolution of R=8,000 in the NIR arm, represent-
ing a significant improvement over the R=3,000 spectra
obtained with ISAAC (Greiner et al. 2001a; GO1; Hurley
et al. 2013). Seeing conditions were constrained to better
than 0.8” in order to control slit-losses. At each epoch,
three 15 minute exposures were obtained while nodding
along the slit in between these exposures to mitigate
sky background subtraction errors. Given that the X-
shooter acquisition camera operates in the optical band,
where GRS1915+105 is extremely faint ((I — K) ~ 10),
the target was acquired using z-band (900nm) acquisi-
tion images, applying a fixed offset relative to a nearby
field star to align the target on slit.

In total, 24 sets of exposures were obtained between
June 9th 2010 and August 4th 2011 in service mode by
the UT2 team. In addition, exposures of telluric stan-
dards were obtained close in time with each target visit
and 5 bright K-M type giants were observed with the
same setup to serve as spectral templates for the data
analysis. See Table [ for a log of observations.

3. REDUCTION

We reduced these data using version 1.3.7 of the X-
shooter pipeline. The standard recipes were used to op-
timally extract and wavelength calibrate both the target
observations as well as our telluric and spectral stan-
dard stars. The 3 nodded sub-exposures for each epoch
were combined before extraction to obtain a single good
S/N spectrum while improving sky subtraction. The re-

sultant spectra cover 9940-24790A at 0.6A /pixel though
GRS1915+4105 is only significantly detected longwards of
11500A. The wavelength calibration step makes use of a
daytime arc exposure. From these we also confirmed that
our achieved spectral resolution was indeed R=8,000, de-
livering a resolution element of width 3.5 detector pixels.

Given that our data were obtained over a fairly long
time-interval, we removed any residual wavelength shifts
between epochs by forcing telluric features to align. This
was achieved by cross-correlation of the same spectral
segment in the K-band that is dominated by well-resolved
tellurics. Spectra were first re-binned to a constant
velocity-scale of 11 km/s/pixel in order to ensure that
by shifting spectra for cross-correlation purposes, pixel
shifts map to global velocity shifts. We found significant
shifts between spectra ranging from -10 to +13 km/s
with an RMS of 5 km/s. While these shifts were only of
the order of one pixel, measurement uncertainties were
much less than 1 km/s thanks to the high S/N in the
K-band tellurics. We also tried different telluric regions
and found that the resultant shifts were always consistent
within 1-2 km/s. We thus found that this step improved
the stability of our wavelength scale across our campaign
to better than 2 km/s. Once aligned, we then used the
relevant telluric star observations closest to each target
observation to perform a telluric correction by scaling
with a continuum normalised version of the telluric. The
telluric-corrected spectra were then shifted into a helio-
centric velocity frame, making appropriate time and ve-
locity corrections. All velocities and times quoted in this
paper are thus in a heliocentric frame, using the UTC
time system. We note that the available telluric stars
were of early spectral type and different epochs were cor-
rected with different telluric stars. Some artefacts are



The black hole in GRS1915+105 3

14
12 ]
o 10 1
o
z
o
[aF
e 8 ]
o
~
o}
O
@ 6 1
<
£
Q
D—] 4 -
2 i

15 20 25 30 35 40 45 50
Orbital Period (d)

Figure 1. Lomb-Scargle periodogram obtained from our radial
velocities spanning over 1 year. A prominent peak is observed at
the orbital period of the binary. The dark shaded area denotes our
binary period determination of P = 33.8540.16d, while the lighter
gray area denotes the period constraint from Greiner et al. (2001).

thus introduced in the target spectra due to absorption
features in the tellurics themselves, mainly restricted to
hydrogen absorption. This does not affect our analysis
as we are only considering the absorption features of the
late type donor in GRS19154105, but this does limit the
ability to use our data to analyse any hydrogen emission
profiles in GRS1915+105.

4. ANALYSIS

In order to determine radial velocities (RVs) of the
donor star features in GRS1915+4105 at each epoch, we
normalised our target and spectral template observations
and again used the cross-correlation technique to deter-
mine the radial velocity shifts between target and tem-
plate. As mentioned previously, the data were binned to
a constant velocity sampling per pixel to facilitate this.
Suitable masks were defined to exclude regions where
GRS1915+4105 has emission features and to mask any
residual telluric standard features. In addition, a signif-
icant number of hot pixels were present in the extracted
spectra that had to be flagged and masked. This was an
iterative procedure largely based on visual inspection as
the severity of these hot pixels varied greatly from epoch
to epoch. Some of these are introduced by anomalous
pixels in the telluric template, others in the target spec-
trum. Masking is preferred over attempting to interpo-
late over such pixels/features as incorrect interpolation
could lead to spurious velocities.

Several spectral regions were investigated to test the
robustness of our velocities. The choice of these re-
gions were largely motivated by identifying suitable re-
gions where significant absorption features from the K-
type donor are expected, telluric absorption is reduced
and adequate S/N was available. This led us to focus

on two key spectral regions; i) 14300-17800A (hereafter
referred to as the H-band window) where a number of
atomic absorption lines are to be found in a region of re-
duced telluric absorption and ii) 22200-24800A (K-band
window) where the strong CO-bands are located that
were previously used to determine the RV of the donor
star in GRS1915+105. Within each region, a number
of masks were compared in order to ensure that the ex-
act choice of pixels to mask had no significant impact
on the derived radial velocities. In each band, we cross-
correlated all 24 target exposures with the 5 spectral tem-
plate stars. We found that the pipeline did not produce
robust uncertainties that would allow us to propagate
these uncertainties into a correct formal radial velocity
error. This is not surprising given the complex nature of
extracting near-infrared spectroscopy from an echellette-
type instrument. Instead, we used our RV fit residuals
to determine a robust and realistic RV uncertainty by
calculating the covariance matrix derived from weighted
least-squares fits. By comparing different spectral re-
gions, pixel masks and independent spectral templates,
we also have a good handle on possible systematic effects.
Initial RV fits using the established spectroscopic or-
bital period of P=33.5d confirmed the detection of mov-
ing donor star features consistent with previous work. In
order to establish a more robust orbital period, we calcu-
lated Lomb-Scargle normalised periodograms using our
24 velocities covering a baseline of over a year. A strong
peak at the orbital frequency was invariably present near
P = 33.85d (see Figure [l) with minor variations in the
peak position between different templates at the level of
40.01d. This is larger than the 33.5d period adopted
by GO1, though within their quoted uncertainty. Hurley
et al. (2013) recently revisited the VLT data analysed
by GO1 as well as some additonal data and also favour
a period close to 33.8d. Our ability to improve upon
the previously reported period is corroborated by the
fact that using P=33.5d results in significantly poorer
RV fits. Our RV analysis also rules out the possibility
that the 30.8 day photometric period reported by Neil,
Bailyn & Cobb (2007) is the orbital period. Phase fold-
ing our RVs on either this period, or our closest alias,
leads to very poor fits. To determine the binary phase,
we used our RV data and allowed the phase zero point
(donor star conjunction) as well as the period to vary to
assess optimal values and uncertainties on these parame-
ters. This delivered the following ephemeris that we will
use throughout this paper to calculate orbital phases:

To(HJD(UTC)) = (2455458.68-£0.06) + (33.8540.16) E

We found that formal fit parameter uncertainties were
larger than the variations amongst the 5 sets of RVs using
different templates. The particular choice of the latter
therefore has no significant impact on the ephemeris.

In Figure 2l we show an example RV curve plus fit rela-
tive to a Kb template. We see that our 24 epochs achieve
good phase coverage across the binary orbit and our fit
residuals show a RMS of 3-4 km/s, roughly half a de-
tector pixel. We find that a sinusoidal orbit achieves
good fits, suggesting that distorion of the velocities due
to heating or irradiation is minimal. In our RV fits, we
optimize the mean velocity (y), the semi-amplitude (K)
and the phase zero offset (¢g) as our fit parameters using
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Table 2
Radial Velocity Solutions

Star Spectral K (km/s)

1D type H-band K-band
HD 179130 K2III 125.8+1.5 126.8£1.4
HD 174336 MOIIIL 124.7+1.3 126.7£1.1
HD 180732 K5III 125.3+1.1 127.04+1.2
HD 179691 KI1III 125.5+1.3 126.9£1.3
HD 176354 KOIII 125.6+1.2 127.6+£1.4
mean 125.4+£0.7 127.0£0.6
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Figure 2. Example radial velocity curve obtained by cross-
correlating our 24 GRS1915+105 spectra with a K5III template
in the K-band. Red points denote 2011 data, blue points 2010
data. Data are displayed over two cycles for plotting purposes and
error bars are only just larger than the plot symbols.

a weighted least-squares minimizer, with parameter un-
certainties calculated from the covariance matrix. Table
lists the resultant fit parameters for our five templates
and our two key spectral regions. We see that our semi-
amplitude is robustly determined with typical fit uncer-
tainties of 1-1.5 km/s, and that there is excellent agree-
ment between different templates. We find a marginal
difference between the semi-amplitudes derived from the
H and K-band, with the H-band delivering slightly lower
values. This difference is formally not significant, though
we do note that in the K-band we rely mainly on the CO
band-head features, while in the H-band the spectrum
consists of a large number of atomic lines (see below). To
be conservative, we will include this effect as part of our
adopted error on K. Although we are confident of our or-
bital period measurement, we verified that when allowing
both period and phase zero as additional free parameters,
the resultant semi-amplitudes only differ by 0.3 km/s
compared to those derived using the above ephemeris.
This allows us to confidently constrain the projected
donor star orbital velocity to Ko = 126 + 1km/s, rep-
resenting a significant improvement over previous work

(G01; K = 140 £ 15km/s). This improvement is due to
a combination of significantly higher spectral resolution
than employed previously, wide wavelength coverage al-
lowing us to include many lines, better S/N per epoch
and more extensive phase coverage. The resolution in
particular is key to allow for a good sky and telluric cor-
rection as well as resolving the narrow donor star fea-
tures.

Our mean velocity offsets are relative to the template
used for the cross-correlation with uncertainties below 1
km/s. For one of our template stars a published radial
velocity is available (HD 179130 has a heliocentric radial
velocity of —38 + 4.4 km/s; Wilson 1953, Gontcharov
2006). This allows us to determine the systemic velocity
to GRS1915+4105 to be +11 £+ 4.5 km/s in the heliocen-
tric frame, with the error dominated by the published
RV measurement of our template. This is consistent with
GO1, but significantly smaller than Hurley et al. (2013),
who advocate v = 34.2 + 2.5 km/s. Such a high value is
ruled out by our data which have been carefully aligned
using the telluric features as described above and is based
on a comparison with a radial velocity standard star ob-
served and reduced in an identical manner.

Having determined the radial velocities for all epochs,
we subtracted the radial velocity from each spectrum so
as to align all spectra in the rest-frame of the donor star.
All spectra were then averaged in order to construct a
high S/N spectrum highlighting any donor star features.
This confirmed the presence of many absorption features
in common between GRS1915+105 and our templates,
as expected given the excellent results from the cross-
correlation analysis. In Figure [8] we plot a few repre-
sentative spectral regions illustrating this match. While
the CO band-heads offer the strongest features in the K-
band, we also see a large number of atomic absorption
lines. This again supports the precision of our RV re-
sults as such a large number of features ensures robust
cross-correlation functions.

Armed with a high S/N spectrum of GRS1915+105 in
its donor rest-frame, we used this to determine the rota-
tional broadening of the donor (vsini) by subtracting a
scaled and broadened version of the templates from this
average spectrum. The scaling factor reflects the fact
that not all of the light originates from the donor, while
the amount of applied rotational broadening was varied
in order to assess which amount of broadening achieves
the best subtraction. Here we used x? as our goodness of
fit parameter, by comparing the residuals between this
subtracted spectrum and a smoothed version of the orig-
inal spectrum (Figuredh). Finally, in order to determine
a robust uncertainty on this optimal v sin ¢, we repeated
this process using 500 bootstrap copies of the average
spectrum. This delivered 500 vsin¢ values with a distri-
bution well described by a Gaussian, allowing us to use
the mean and rms of this distribution to determine v sini
and its error (Figure [@b).

Each of the 5 spectral templates in the two wavelength
regions provide us with an independent set of measure-
ments. We find optimal values ranging from 17-25 km/s
with uncertainties of 2-3 km/s for a given template and
spectral region. The donor star appears, on average, to
make a 20-25% contribution to the K-band flux. We
note that this small amount of broadening spans 2-3 pix-
els, but is just below our formal spectral resolution (3.5
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by telluric star absorption (see Section [3).
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Figure 4. Determination of the rotational broadening of the mass
donor star. Top: A scaled and broadened spectrum of the K5IIT
teplate HD 180732 is subtracted from the target spectrum and the
X~ statistic is used to determine the optimal level of broadening.
Bottom: Uncertainties on vsini are derived from boostrapping
the observed spectrum and repeating the optimal subtraction 500
times. The vsini distribution then allows us to determine confi-
dence limits on our vsin .

pixels). We must therefore be cautious about this mea-
surement despite the consistency among the 5 templates.
We have used template stars observed with the same in-
strument to ensure that the instrumental contribution to
the line profile shape is the same. We can also safely ig-
nore the intrinsic vsini of the templates as for K-giants
this is only of the order of 4 km/s (Massarotti et al.
2008). We note that our values are very close to those of
Harlaftis & Greiner (2004), obtained from significantly
lower resolution ISAAC data.

Our data confirm a low value for the rotational broad-
ening, which in turn implies a low mass ratio for the
binary (see next Section), but we cannot rule out that
our determination may still be slightly biased as it is
just below our spectral resolution (see also Steeghs &
Jonker 2007). We adopt vsini = 21 + 4 km/s as our
best estimate, ensuring that our error is large enough

to encompass the effects described above. Even higher
spectral resolution data would be valuable to reduce this
uncertainty.

5. THE MASS OF THE BLACK HOLE

Having determined an accurate value for the donor
star’s semi-amplitude (K3 = 126 £ 1 km/s) and its ro-
tational broadening (vsini = 21 £ 4 km/s), the binary
mass ratio can be constrained, as the ratio between Ky
and vsini is a function of the mass ratio only (Wade
& Horne 1988). This assumes that the mass donor star
is Roche lobe filling and in corotation with the binary.
This results in ¢ = Myonor/Mpu = 0.042 4+ 0.024, with
the error dominated by the relatively large error on the
small vsini. For the expected inclination range dis-
cussed belwo, this is equivalent to a donor star radius
of Ryonor = 15.6 £ 2.6 R, slightly smaller than previous
estimates due to our marginally smaller v sin¢ and con-
sistent with the typical size of a K giant. As for ¢, the
uncertainty here is dominated by vsinz.

A crucial final step towards a refined determination
of the black hole mass requires constraints on the bi-
nary inclination. The commonly adopted inclination
of i = 66 £ 2° (Fender et al. 1999) is derived from
long-term radio monitoring of relativistic ejecta from
GRS1915+4105. However, this value is dependent on the
assumed distance, with the inclination dropping if the
source is closer than 11 kpc. Distance estimates for
GRS19154+105 cover 6-12 kpc, though d = 11 kpc is
most commonly adopted, as this distance is consistent
with a number of independent determinations (see the
discussion in Zdziarski et al. 2005). A distance much
larger than 12kpc is ruled out as this would imply jet
velocities exceeding the speed of light, unless the ejecta
are significantly asymmetric (Fender et al. 1999). GO1
estimated d = 12.1 4+ 0.8kpc, assuming the systemic ve-
locity of GRS19154105 tracks galactic rotation which
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represents a systematic effect not included in the error
estimate. If we translate our slightly larger, but more
precise, value for v = +11km/s into the LSR frame and
employ the Reid et al. (2009) Galactic parameters, we
find d = 104 £ 1.3 kpc. Here the error allows for a
20 km/s peculiar velocity component, but this may still
be too small if the GRS19154105 progenitor binary sys-
tem received a substantial kick when the black hole was
formed. We note our formal error on -y is already small
enough not to dominate the above distance estimate. We
are also conducting a long-term VLBI campaign in or-
der to determine the distance to GRS1915+105 via the
trigonometric parallax method. Our data to date indi-
cate a parallax of m = 0.084 +0.033 mas, again favouring
d =11 — 12 kpc, although we do not yet have the statis-
tics to constrain this firmly (Reid et al., in preparation).
We thus adopt d = 11 £ 1 kpc as our preferred distance
range, though we will also explore a more conservative
scenario where the distance is allowed to span the full
6-12 kpc range. We acknowledge that using the jet incli-
nation as the binary inclination assumes the inner disc
to be co-planar with the binary orbit. This is expected
to be a safe assumption for microquasars given their age
and the magnitude of the alignment torque (e.g. Steiner
& McClintock 2012).

In order to determine the implied black hole mass with
a realistic uncertainty, we performed a Monte-Carlo sim-
ulation whereby we varied all observed parameters within

their expected probability distributions and calculated
the black hole mass for 5000 combinations of all four
input parameters. Specifically, we use Gauss-normal dis-
tributions for Ky, vsint and the binary period using the
lo errors derived from our data. For the inclination,
we start by picking a random distance from our adopted
distance range and use the Fender et al. (1999) map-
ping to translate this into a binary inclination. Here we
use a random uniform distribution rather than a normal
distribution given that we merely assume the distance
to lie within a certain range. With all parameters then
picked for each Monte-Carlo trial, the underlying calcu-
lation simply uses Kepler’s law where each K5 and vsin+
pair is combined to deliver the mass ratio for that trial
as explained above (see Figure [Hl).

For d =10 — 12 kpc we find Mgy = 10.1+0.6 M and
for the donor My = 0.42+0.27M. We again stress that
the contributions from all individual parameter estimates
are included in these mass errors. If we only apply loose
constraints on the distance (d = 6 — 12 kpc), this re-
sults in Mpy = 11.7 = 1.8 M. Even in this latter case,
the result is a significant improvement over published
estimates, despite these not including the full distance
uncertainty.

6. CONCLUSIONS

We have presented a new dynamical study target-
ing the mass of the black hole in the microquasar
GRS19154+105. We obtained high quality near-infrared
spectroscopy aimed at the detection of photospheric ab-
sorption features from the mass donor star across a wide
wavelength range. The X-shooter spectrograph on the
VLT allowed us to resolve many such features across the
H and K-bands at superior resolution and S/N. We de-
tect and resolve, for the first time, a large number of
atomic lines in addition to the CO bandheads that were
previsouly used for the radial velocity analysis. Our 24
epochs of spectroscopy lead to a significantly improved
determination of the orbital parameters. We constrain
the binary period to be P = 33.85+0.16d, in agreement
with the studies of Greiner et al. (200la) and Hurley
et al. (2013), but rule out the period proposed by Neil,
Bailyn and Cobb (2007).

Cross-correlation analysis with a sample of K-giant
template stars provided us with accurate radial veloci-
ties, leading to a precise determination of the projected
orbital velocity of the mass donor star (Ko = 126 £ 1
km/s). This velocity was robust against choice of tem-
plate star and wavelength range. Since our spectra cover
a large number of atomic lines, we do not rely on molec-
ular bandheads as was done previously, although we find
that the two types of features give consistent results, sug-
gesting that at our spectral resolution the use of CO
band-heads poses no problems. The systemic velocity of
the binary system relative to the heliocentre was deter-
mined to be v = +11 £ 4.5km/s by comparison with a
radial velocity standard. If we assume that this motion
tracks the galactic rotation curve, a distance of 10.4+1.3
kpc is implied. We combined our individual spectra to
construct a high S/N spectrum in the restframe of the
mass donor star. This allowed us to determine the ro-
tational broadening of the donor vsini = 21 + 4 km/s,
equivalent to a radius of Rgonor = 15.6 £ 2.6 R, as well
as the binary mass ratio ¢ = 0.042 4+ 0.024.



The black hole in GRS1915+105

Combining all parameters allows us to constrain the
black hole mass tightly, with the key remaining uncer-
taintly being the assumed binary inclination. Using
the commonly adopted distance and inclination, we find
Mpy = 10.1 £ 0.6Mg. A more conservative calcula-
tion based on only loose distance constraints leads to
Mpy = 11.7 £ 1.8Mg. Our new mass determination
brings the black hole mass of GRS1915+105 closer in
line with core collapse simulations and the stellar BH
mass distribution (Ozel et al. 2010; Farr et al. 2001).

The implied mass for the donor (Mz = 0.42+0.27M)
is quite small and lower than the typical mass of a K/M
field giant. Although the spectral characteristics of the
donor star in GRS1915+105 appear to be consistent with
a K/M giant, it is not uncommon to find under-massive
secondaries in accreting binaries due to the evolved na-
ture of such systems (e.g. Casares et al. 2010).

Our analysis shows that near-infrared spectroscopy can
offer dynamical studies of obscured systems in the galac-
tic plane and bulge with precisions on par with those of
typical optical studies.

DS acknowledges support from STFC through an Ad-
vanced Fellowship (PP/D005914/1) as well as grant
ST/1001719/1. JEM acknowledges the suppport of
NASA grant NNX11ADO8G. Based on observations
made with ESO Telescopes at the La Silla Paranal Obser-
vatory under programme ID 085.D-0497. We thank Tom
Marsh for the use of his Molly spectral analysis package.

Fuacilities: ESO (VLT)

REFERENCES

Belloni, T., Klein-Wolt, M., Mendez, M., van der Klis, M., van
Paradijs, J., 2000, A&A, 355, 271

Blum, J. L., Miller, J. M., Fabian, A. C., Miller, M. C., Homan,
J., van der Klis, M., Cackett, E. M., Reis, R. C., 2009, ApJ,
706, 60

Casares, J., Gonzalez Hernandez, J.I., Israelian, G., Rebolo, R.,
2010, MNRAS, 401, 2517

Chapuis, C., Corbel, S., 2004, A&A, 414, 659

Done, C., Wardzinski, G., Gierlinski, M., 2004, MNRAS, 349, 393

Farr, W. M., Sravan, N., Cantrell, A., Kreidberg, L., Bailyn, C
D., Mandel, 1., Kalogera, V., 2011, ApJ, 741, 103

Fender, R. P., Garrington, S. T., McKay, D. J., Muxlow, T. W.
B., Pooley, G. G., Spencer, R. E., Stirling, A. M., Waltman, E.
B., 1999, MNRAS, 304, 865

Gontcharov, G. A., 2006, Astron. Letters, 32, 759

Greiner, J., Cuby, J. G., McCaughrean, M. J., Castro-Tirado, A.
J., Mennickent, R. E, 2001, A&A, 373, 37

Greiner, J., Cuby, J. G., McCaughrean, M. J., 2001, Nature, 414,
522

Harlaftis, E. T., Greiner, J., 2004, A&A, 414, 13

Hurley, D. J., Callanan, P. J., Elebert, P., Reynolds, M. T., 2013,
MNRAS, 430, 1832

Klein-Wolt, M., Fender, R. P., Pooley, G. G., Belloni, T., Migliari,
S., Morgan, E. H., van der Klis, M., 2002, MNRAS, 331, 745

McClintock, J. E., Shafee, R., Narayan, R., Remillard, R. A.,
Davis, S. W., Li, L., 2006, ApJ, 652, 518

Mirabel, I. F., Rodrguez, L. F., Nature, 371, 46

Narayan, R., McClintock, J. E., 2012, MNRAS, 419, 69

Neil, E. T., Bailyn, C. D. and Cobb, B. E., 2007, ApJ, 657, 409

Ozel, F., Psaltis, D., Narayan, R., McClintock, J. E., 2010, ApJ,
725, 1918

Rahoui, F., Chaty, S., Rodriguez, J., Fuchs, Y., Mirabel, I. F.,
Pooley, G. G., 2010, ApJ, 715, 1191

Reid, M.J., et al., 2009, ApJ, 700, 137

Remillard, R. A., McClintock, J.E., 2006, ARA&A, 44, 49

Steeghs, D., Jonker, P.G., 2007, ApJ, 669, 85

Steiner, J. & McClintock, J.E. 2012, ApJ, 745, 136

Treu, T. et al., 2003, ApJ, 591, 53

Vernet, J. et al., 2011, A&A, 536, 105

Wade, R. A., Horne, K., 1988, ApJ, 324, 411

Wilson, R.E., 1953, Carnegie Inst. Washington D.C. Publ. 601,
0669L..85S

Zdziarski, A. A., Gierlinski, M., Rao, A. R., Vadawale, S. V.,
Mikolajewska, J., 2005, MNRAS, 360, 825



