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ABSTRACT

In this paper we report on Expanded Very Large Array radio and Chandra and Swift X-ray
observations of the outburst decay of the transient black hole candidate MAXI J1659-152
in 2011. We discuss the distance to the source taking the high inclination into account and
conclude that the source distance is probably 6 = 2 kpc. The lowest observed flux corresponds
to a luminosity of 2 x 10! (%pc)2 ergs~!. This, together with the orbital period of 2.4 h reported
in the literature, suggests that the quiescent X-ray luminosity is higher than predicted on the
basis of the orbital period—quiescent X-ray luminosity relationship. It is more in line with that
expected for a neutron star, although the outburst spectral and timing properties reported in
the literature strongly suggest that MAXI J1659-152 harbours a black hole. This conclusion
is subject to confirmation of the lowest observed flux as the quiescent flux. The relation
between the accretion and ejection mechanisms can be studied using the observed correlation
between the radio and X-ray luminosities as these evolve over an outburst. We determine the
behaviour of MAXI J1659-152 in the radio—X-ray diagram at low X-ray luminosities using
the observations reported in this paper and at high X-ray luminosities using values reported
in the literature. At high X-ray luminosities, the source lies closer to the sources that follow a
correlation index steeper than 0.6-0.7. However, when compared to other sources that follow
a steeper correlation index, the X-ray luminosity in MAXI J1659-152 is also lower. The latter
can potentially be explained by the high inclination of MAXI J1659-152 if the X-ray emission
comes from close to the source and the radio emission is originating in a more extended region.
However, it is probable that the source was not in the canonical low-hard state during these
radio observations and this may affect the behaviour of the source as well. At intermediate X-
ray luminosities, the source makes the transition from the radio underluminous sources in the
direction of the relation traced by the ‘standard’ correlation similar to what has been reported
for H 1743—322 in the literature. However, MAXI J1659-152 remains underluminous with
respect to this ‘standard’ correlation.

Key words: accretion, accretion discs — binaries: general — stars: individual: MAXI J1659—
152 — X-rays: binaries.

1 INTRODUCTION

Nearly all black hole X-ray binaries (BHXBs) are found in transient
sources that show a dramatic increase in their X-ray luminosity (see
*E-mail: p.jonker@sron.nl McClintock & Remillard 2006 for a review). Such transient BHXBs
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spend long periods at very low X-ray luminosities, referred to as
‘quiescence’. The luminosity increases during occasional outbursts
by as much as seven to eight orders of magnitude, typically reach-
ing values of tens of per cent of the Eddington luminosity (Lgdq)-
The X-ray spectral and timing properties of BHXBs evolve in a
characteristic way as the outburst progresses (e.g. Belloni 2010).
Furthermore, the X-ray behaviour is a good predictor of the radio
behaviour, suggesting an intimate connection between the two (e.g.
Fender, Homan & Belloni 2009).

Hannikainen et al. (1998) and later Corbel et al. (2003) and Gallo,
Fender & Pooley (2003) found that the X-ray and radio luminosities
from hard state black holes are correlated. The correlation takes the
form L,.gi0 L()J(‘G’OJ. However, since then more data have become
available for other sources (e.g. Cadolle Bel et al. 2007; Rodriguez
et al. 2007; Shaposhnikov et al. 2007; Xue & Cui 2007; Corbel,
Koerding & Kaaret 2008; Jonker et al. 2010; Coriat et al. 2011;
Ratti et al. 2012) that revealed that several sources follow a steeper
correlation between the X-ray and radio luminosities. Recently,
Coriat et al. (2011) found that the BHXB H 1743—322 followed
the sources on this ‘outlier’ branch at X-ray luminosities above 2 x
10°® ergs™', but when the source luminosity decreased, it showed
a transition at an approximately constant radio luminosity of a few
x10" ergs™' Hz™! to the ‘standard’ power-law correlation with
index 0.6. The source XTE J1752—223 shows behaviour consistent
with the same trend (Ratti et al. 2012).

Homan et al. (2005) found a similar correlation between the
X-ray and near-infrared flux in the BHXB GX 339—4. Russell
et al. (2006) used a much larger sample of sources and found a
similar correlation between the X-ray and near-infrared flux in all
the BHXBs in the low-hard state that they investigated: Ljg
L%6. It is at present not clear to what extent the near-infrared—X-
ray correlation is caused by the jet outflow. Nevertheless, besides
the potential connection between the radio and X-ray luminosities,
the X-ray and near-infrared luminosity in the BHXBs in the hard
state are also connected. So far, it has been possible to test the
radio/X-ray relation in quiescence only with quasi-simultaneous
observations for A 0620—00 (Gallo et al. 2006) and for V404 Cyg
(Hynes et al. 2009). It was found that the radio and X-ray flux lie on
the extension of the L4, oc LY’ ‘standard’ correlation, suggesting
that it holds all the way down to quiescence. This seems to rule
out models that predict that the relation should significantly steepen
around 107> Lgqq (Yuan & Cui 2005).

Here, we present a study of MAXI J1659-152; it was discovered
by the Monitor of All-sky X-ray Image instrument on-board the
International Space Station (MAXI; Matsuoka et al. 2009). Shortly
thereafter, it was detected by the Swift Burst Alert Telescope (BAT;
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Mangano et al. 2010; note that the BAT detection was reported
earlier than the MAXI detection). Initially, it was classified as a
gamma-ray burst (GRB 100925A), but it was quickly realized that
the source is a strong black hole candidate (BHC; Kalamkar et al.
2010).

Dips in the X-ray light curve of MAXI J1659-152reveal the
orbital period. At a period of 2.4 h (Kuulkers et al. 2010b; Kennea
et al. 2011), this is currently the shortest orbital period known
for a BHXB. The X-ray timing and broad-band spectral properties
evolve over the outburst in a canonical way (Kalamkar et al. 2011;
Kennea et al. 2011; Mufioz-Darias et al. 2011), strengthening the
identification of the source as a BHC. The faintness of the optical
counterpart in quiescence (Kong et al. 2010) and the short orbital
period will make it difficult to obtain an accurate mass measurement
through time-resolved optical spectroscopy of the companion star
while the system is in quiescence. Kennea et al. (2011) constrain the
distance to the source to be more than 6.1 kpc. An accurate source
position was obtained using radio very long baseline interferometry
(VLBI) observations using the European VLBI Network (EVN;
Paragi et al. 2010).

Here, we report on contemporary Chandra, Swift X-ray and
Expanded Very Large Array (EVLA) radio observations of the
BHC MAXI J1659-152 aimed at following the X-ray and radio
light curves and establishing the X-ray-radio correlation during the
last part of the decay to quiescence as well as the X-ray luminosity
in quiescence.

2 OBSERVATIONS, ANALYSIS AND RESULTS

2.1 Chandra X-ray data

We observed MAXI J1659-152 with the Chandra satellite using
the back-illuminated S3 CCD chip of the Advanced CCD Imag-
ing Spectrometer (ACIS) detector (Garmire 1997) on six occasions
during the decay to quiescence (see Table 1 for a journal of the
Chandra observations). We windowed the ACIS-S CCD in all ob-
servations, providing a frame time of 0.4104 s. We have reprocessed
and analysed the data using the cia0 4.3 software developed by the
Chandra X-ray Center employing the calibration files from the cal-
ibration data base version 4.4.6. The last observation (ID 12443)
has been observed with the data mode set to vraINT. This means
that pulse height information in a 5 x 5 pixel region around the
event is telemetered down, allowing for a more rigorous cleaning
of background events caused by for instance cosmic rays. In our
analysis we have selected events only if their energy falls in the
0.3-7keV range. All data have been used, as background flaring is

Table 1. A journal of the Chandra observations. The MJD and the observing date refer to the start time of the

observation.

Obs. ID Observing MID (utc) Time on Net count rate WAVDETECT detected #
date (d) source (ks)  0.3-7keV (countss™!) source counts

124384 2011 April 14 55665.96202 6.36 (3.9+0.3) x 1072 235

124394 2011 April 23 55674.74944 9.08 99+ 1.1)x 1073 80

12440 2011 May 03 55684.29844 13.6 (4.8 +£35) x 107 8

124414 2011 May 12 55693.21054 18.1 (6.87 £0.06) x 107! 11761

124424 2011 August 15 55788.83283 30.8 (5.5+23)x 107 10

12443 2011 October 12 55846.53179 90.7 45+13)x 1074 39

“This observation is used in Fig. 3.
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Figure 1. Left-hand panel: the X-ray 0.3—-7 keV Chandra image of observation ID 12443 indicating MAXI J1659—152 and the region used for estimating the
background. Right-hand panel: the EVLA radio image at a frequency of 4.96 GHz on 2011 June 29 of dimension 10 arcsec on a side, with MAXI J1659-152
at the centre. The colour bar is in pJy beam ™. The contour levels are at levels of :I:(ﬁ )" times the rms noise of 10 pJy beam™!, where n = 3,4, 5, .. ..

very weak or absent in all observations. For the last two observa-
tions (IDs 12442 and 12443) we produced custom-mode bad pixel
maps taking into account the change in the Chandra aimpoint on
the ACIS CCD.

Using wavDETECT we detect MAXI J1659-152 in each of the ob-
servations. We have selected a circular region of 10-arcsec radius
centred on the accurately known source position (Paragi et al. 2010)
to extract the source counts. Similarly, for the first five Chandra ob-
servations, we have used a circular region with a radius of 20 arcsec
on a source-free region of the CCD to extract background counts.
For the sixth and last observation with observation ID 12443 we
used a circular region with a radius of 10 arcsec as the long integra-
tion revealed some weak point sources in the region covered by the
20-arcsec-radius background circle. Nevertheless, as the exposure
is more than 90ks long, there are sufficient counts in this circle in
order to reliably estimate the background event rate (Fig. 1).

The redistribution response file is the same for the source and
background region but we have made auxiliary response matrices
for the source region of each of the observations separately. The
net, background-subtracted, source count rate for each observation
is given in Table 1.

Using xspec version 12.6.0q (Arnaud 1996) we have fitted the
spectra of MAXI J1659-152 using Cash statistics (Cash 1979)
modified to account for the subtraction of background counts, the
so-called W-statistics' for all six observations. We have used an ab-
sorbed power-law model (PEGPWRLW in XSPEC) to describe the data.

Kennea et al. (2011) found evidence for variations in Ny as
the outburst progressed. Initially they found Ny = (2.3 £ 0.3) x
10?! cm~2, whereas later during the outburst an average value of 5 x
10?' cm~? was found (no error bar was given for the latter value).
Given that in most observations we only detected a low number of
counts, we decided to fix Ny to 2.3 x 10?' cm™ in our spectral fits.
If a significant amount of this extra (local) absorbing material was

!'See http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/.

Table 2. Best-fitting parameters of the spectra of MAXI J1659-152. PL
refers to power law. All quoted errors are at the 68 per cent confidence level.

Obs. PL Unabs. (0.5-10keV) Abs. (0.5-10keV) Goodness
ID index (erg~'em™2s7 1) (erg~'em™25s71)  (per cent)
12438 2.14+0.1 (4.04+03)x 10713 3.0+04) x 10713 60
12439 25403 (7£1)x 1071 G x10714 99
12440 2¢ 9+3)x 1071 (7+£2) x 1075 26

12441 1.46 £0.02 (9.4 +£0.1) x 10712 (82+0.1) x 10712 89

124417 1.48 +£0.03 (1.9 4+0.2) x 10~ 1.7 x 10~ 89
12442 2¢ 6+2)x 107  (4.6+1.0)x 1075 67
12443 32406 @A+ x1075 (23+£07)x 1071 75

“Parameter fixed at this value. PFit function includes the pile-up model,
o = 0.037%% (Davis 2001).

—0.03
still present during the time of our observations, we will slightly
underestimate the value of the power-law index in our fits. Owing
to the high count rate during observation ID 12441, we included
the pile-up model (Davis 2001) in the fit. For reference we also
performed the fit without the pile-up model. The difference between
the two fits is small. Finally, we fitted the spectrum of observation
ID 12441, leaving the Ny parameter free as well (including or
excluding the pile-up model has no significant effect on the best-
fitting value for Ny). We found a best-fitting value of Ny = (2.7 £
0.1) x 10*' cm~2. We list the results of our spectral analysis in
Table 2. See Table 3 for the 1-10keV flux values that we derived.

2.2 Selected Swift XRT observations

We analyse selected Swift X-ray Telescope (XRT) observations
that were obtained close in time to our EVLA observations in order
to track the radio—X-ray correlation. The Swift data were reduced
using dedicated tools within HEASOFT version 6.11. We applied fil-
tering based on the standard events grades (0—12 in photon counting
mode). The calibration data base version 4.4 was used. We employed
the tools XRTPIPELINE and XRTPRODUCTS to obtain the XRT spectra. We

© 2012 The Authors, MNRAS 423, 3308-3315
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Table 3. The values for the X-ray and radio flux for MAXI J1659-152 used in Fig. 3.

Satellite X-ray flux (1-10keV) Radio flux Instrument  Start MJD X-ray obs.  |ATX_radiol®
(ergem 2571 (mJy) (d) (d)
Swift 24 x 107 4.92 +0.04 WSRT 55465.7 0.14
Swift 4.8 x 1077 ~10 EVN 55469.7 0.42
Chandra® 1.73 x 10713 0.021° EVLA 55670.3¢ 1.07¢
Chandra 8.3 x 10712 0.081 =+ 0.008 EVLA 55693.2 1.00
Swift 1.4 x 1071 0.098 + 0.016 EVLA 55721.2 6.01
Swift 5.8 x 10712 0.102 4 0.012 EVLA 55741.0 0.12
Chandra 45 x 1071 0.017” EVLA 55788.8 0.57

“The average flux, combining the fluxes measured from observation IDs 12438 and 12439, is given and used in
Fig. 3. The MJD is the average of the MJDs of observation IDs 12438 and 12439. The time difference between
the X-ray and radio observations is with respect to this average.

36 upper limit.

“Difference between the X-ray and radio mid-exposure times (except for footnote @ where the difference is with
respect to the average of the start times of the two X-ray observations).
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Figure 2. Top panel: the X-ray 0.5-10keV light curve derived from our
Chandra (red symbols) and public Swift (blue symbols) monitoring during
the decay towards quiescence after the 2011 outburst of MAXI J1659-152.
After MID 55684, the source exhibited a reflare before decaying towards
quiescence. Bottom panel: the quasi-simultaneous EVLA radio monitoring
of the source at a frequency of 4.96 GHz.

fitted the spectra using xspec following the same procedure as for
the Chandra spectra. We plot the unabsorbed 0.5-10keV X-ray
flux obtained from the Swift observations with IDs 00031843014~
00031843025 in Fig. 2. We excluded the observations with IDs
00031843016 and 00031843017 from our analysis as there are no
data products suitable for our purpose. For the radio—X-ray correla-
tion (see below) we calculated 1-10 keV unabsorbed fluxes and used
the Swift observation on MJD 55721.22 (obs. ID 00031843018) and
MID 55741.02 (obs. ID 00031843023) as they are close in time to
our EVLA observations on 2011 June 3 (MJD 55715.21) and 2011
June 29 (MJD 55741.14), respectively. See Table 3 for the Swift
1-10keV flux values that we derived.

In the top panel of Fig. 2, we show the Swift and Chandra light
curve of the last phase of the 2010-2011 outburst of MAXI J1659—
152. After an initial decay to (close to) quiescence, a reflare occurred
after MJD 55684 (2011 May 3), where the source brightened by a
factor of 180 in less than 3 d. Next, the source remained brighter than
1 x 1072 ergem™2s~" for a period of about two months before it
decayed to the quiescent flux level of 5 x 10~ ergcm™2s~! in
less than 40 d.

© 2012 The Authors, MNRAS 423, 3308-3315
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2.3 EVLA radio observations

We observed MAXI J1659-152 with the EVLA (Perley et al. 2011)
over seven epochs from 2011 April 19 to August 17, under pro-
gramme code SC0346. The array was initially in the relatively
extended ‘B’ configuration, had moved to the hybrid ‘BnA’ con-
figuration prior to our observations on 2011 May 13, and by 2011
June 29 was in its most extended ‘A’ configuration. We observed at a
central frequency of 4.96 GHz, using 256 MHz of contiguous band-
width split into two 128-MHz sub-bands, each of which comprised
sixty-four 2-MHz channels.

The data were reduced using the Common Astronomy Software
Application (casa; McMullin et al. 2007) software package. The
initial calibration steps applied the necessary baseline corrections
and removed any data affected by shadowing, radio frequency inter-
ference (RFI) or instrumental problems. We then used the primary
calibrator 3C 286 to carry out bandpass and flux density calibration,
setting the flux scale according to the coefficients derived at the
EVLA by National Radio Astronomy Observatory (NRAO) staff
in 2010. We used the secondary calibrator J1707-1415 to derive
amplitude and phase gains for MAXI J1659-152. After applying
the calibration, the data on MAXI J1659-152 were averaged in fre-
quency by a factor of 8, and then imaged using natural weighting.
The field was not bright enough for self-calibration, so after a sin-
gle round of deconvolution, when detected, the source was fitted
in the image plane with an elliptical Gaussian. The fitting results
are given in Table 4. We list the MJD times of these observations
and the difference between the mid-times of the radio and X-ray
exposures in Table 3.

2.4 Radio-X-ray correlation

In Fig. 3 we plot the observed correlation between the X-ray and
4.96-GHz radio luminosities for MAXI J1659-152 using the X-ray
observations closest in time to the radio observations [converting
the fluxes in Table 3 to luminosities using distances of 4 and 8 kpc
(see Section 3)]. The quoted radio luminosities are calculated start-
ing from the measured flux density and assuming a flat spectrum up
to 5 GHz. Besides our quasi-simultaneous EVLA—ChandralSwift
observations, we provide two data points using quasi-simultaneous
radio and Swift X-ray observations mentioned in the literature. In
particular, we used the radio detection obtained with the Wester-
bork Synthesis Radio Telescope (WSRT) on 2010 September 26 at



3312

P. G. Jonker et al.

Table 4. EVLA observations of MAXI J1659-152 at 4.96 GHz. The MJDs correspond to mid-exposure.

Observation date MJD (utc) On source Array Bandwidth Flux density
(d) exp. time (min)  configuration (MHz) (mJybeam™!)
2011 April 19 55670.42 £ 0.04 50 B 256 0.028¢
2011 April 20 55671.37 4 0.99 2 x50 B 256 0.021¢
2011 April 21 55672.33 £ 0.04 50 B 256 0.029¢
2011 May 13 55694.31 £ 0.08 117 BnA 256 0.081 £ 0.008
2011 June 03 55715.21 £ 0.04 50 BnA 256 0.098 £ 0.016
2011 June 29  55741.14 £+ 0.04 50 A 256 0.102 £+ 0.012
2011 August 16 55789.05 £ 0.06 80 A 256 0.024¢
2011 August 16> 55789.58 + 0.59 2 x 80 A 256 0.017¢
2011 August 17 55790.11 £ 0.06 80 A 256 0.025¢

“ Average of the two 50-min long observations on April 1

9 and 21. This value is used in Fig. 3.

b Average of the two 80-min long observations on August 16 and 17. This value is used in Fig. 3.

“The 30 upper limit to the source brightness is given.
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Figure 3. The radio—X-ray correlation including the points for MAXI J1659-152

using our quasi-simultaneous EVLA—Chandral/Swift observations. Further-

more, we used two quasi-simultaneous radio and X-ray observations from the low-hard state during the beginning of the outburst presented in the literature
(see text for details). The unabsorbed 1-10keV X-ray flux is converted to a luminosity using an estimated distance of 4 and 8 kpc for MAXI J1659-152. The
dashed green line traces the Lr o< Lg‘(’ correlation. The purple dashed line traces the Lg o L1 correlation and the dotted line traces an Lg o ng correlation.
The normalization for all these lines is arbitrary. Downward pointing arrows indicate upper limits to the radio luminosities. At X-ray luminosities above Lx >
1 x 1030 ergs™!, the points for MAXI J1659-152 fall below the correlation with power-law index 0.6, indicating that MAXI J1659—152 follows the steeper
correlation with power-law index of close to 1 (see Gallo, Miller & Fender 2012). At intermediate luminosities (1 x 10 < Lx <1 x 10% erg s71), the points
for MAXI J1659-152 make the transition in the direction of the ‘standard’ correlation with power-law index 0.6. At the X-ray luminosity close to Lx ~ 5 x
1032 ergs~!, the radio luminosity is too low for MAXI J1659—152 to be consistent with it being on the ‘standard’ correlation, unless the distance to the source
is significantly more than 8 kpc, and/or, if the power-law index of the ‘standard’ correlation is steeper than 0.6 for MAXI J1659-152.

4.8 GHz reported in van der Horst et al. (2010) and the detection
using the EVN at 4.9 GHz on 2010 September 30 reported in Paragi
et al. (2010). Both these observations were early in the outburst
of the source when it was possibly still in the low-hard state (cf.
Kalamkar et al. 2011) although the source spectrum showed con-
tinuous softening and MAXI J1659-152 may well have been in the
hard-intermediate state at those times (Kalamkar et al. 2011; see
Section 3).

We derived the quasi-simultaneous 1-10keV X-ray flux from
the measurements reported by Kennea et al. (2011). See Table 3
for the MJD times of these observations and the difference between
the mid-times of the radio and X-ray exposures. We convert their
2-10keV fluxes to 1-10keV using the webtool w3pivms with the
power-law index and interstellar extinction, Ny, provided in their
paper as input for the w3pimms tool. See Table 3 for all the flux
values that have been used to calculate the luminosities in Fig. 3.

© 2012 The Authors, MNRAS 423, 3308-3315
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3 DISCUSSION

We studied the source MAXI J1659-152 during the last phase of
the 2010-2011 outburst using contemporaneous Chandra/Swift and
EVLA observations.

In order to optimally use the information gained from these ob-
servations, we first need a distance estimate for MAXI J1659-152.
Kennea et al. (2011) applied various scaling relations between ob-
servables to obtain distance estimates, but they seem to settle on
ad Z 6.1kpc on the basis of the assumption that at the peak of
the outburst the source X-ray emission must be above 0.1 x Lgqqg.
Kennea et al. (2011) mention that this assumption contradicts the
quiescent counterpart identified by Kong et al. (2010), as the pu-
tative quiescent optical counterpart would be too bright given this
distance and the known orbital period. However, it only is too bright
if there is negligible light coming from the residual accretion disc
in quiescence. In several BHXBs in quiescence, however, optical
spectroscopy and variability shows that the disc does contribute sig-
nificantly to the optical light on many occasions in quiescence (cf.
Marsh et al. 1994; Gelino & Harrison 2003; Cantrell et al. 2010).
The star can of course be an interloper star unrelated to MAXI
J1659-152: time-series optical spectroscopic observations of the
star while MAXI J1659-152 is in quiescence will be necessary
to decide on this issue. Kuulkers et al. (2011) use the relation be-
tween the outburst amplitude in the optical and the orbital period
between known sources and their (approximate) distances to esti-
mate a distance of 7 &= 3 kpc for MAXI J1659-152. In Miller-Jones
et al. (2011b), we noted that the reported relation between the opti-
cal outburst amplitude and the orbital period (Shahbaz & Kuulkers
1998) does not take the source inclination into account. A high
inclination leaves a smaller projected surface area of the accretion
disc; hence, one would be inclined to put the source artificially far
away using this method.

Similarly, high-inclination sources may be considerably fainter in
X-rays (cf. Fujimoto 1988; Narayan & McClintock 2005), explain-
ing the relatively low luminosity at the peak of the outburst that one
would derive for distances lower than 6 kpc. Furthermore, the lack
of eclipses in sources with values <0.1 for the mass ratio, which we
define here as the mass of the secondary divided by the mass of the
black hole primary, can be accommodated for inclinations <80° (cf.
Horne 1985); this is significantly higher than the canonical 60°-75°
(cf. Frank, King & Raine 2002), making the inclination-dependent
effects on the X-ray luminosity larger.

Assuming that the accretion disc does not contribute significantly
to the optical light in quiescence and that the source found by Kong
et al. (2010) is related to MAXI J1659-152, we derived a distance
lower limit between 1.6 and 4.2 kpc (Miller-Jones et al. 2011b).
Kaur et al. (2012) obtained median-resolution optical spectroscopy
of MAXI J1659-152 during the outburst. Those authors use the
observed velocity shifts of the Na 1 D and Ca 1 H&K interstellar
absorption lines with respect to that of the local standard of rest and
a kinematic model of Galactic rotation to derive a lower limit to
the source distance of 4 &= 1kpc. These two lower limits together
seem to favour an M2 V companion star over an M5 V companion
star as the latter would lead to a lower limit of 1.6 kpc and could
only be consistent with a distance lower limit of 4 kpc if the ac-
cretion disc is dominating the optical light. This leads us to adopt
a lower limit to the distance of MAXI J1659-152 of 4 kpc. Never-
theless, it has often been found that the accretion disc contributes
1045 per cent to the optical R-band light in black hole transients
(BHTs) in quiescence (see references above and e.g. Reynolds et al.
2008 and references therein). Conservatively, assuming an accre-
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Figure4. The orbital period—quiescent X-ray luminosity correlation includ-
ing the point for MAXI J1659-152 (figure updated after Rea et al. 2011).
The bullet with the largest circle around is MAXI J1659-152 assuming
a distance of 6kpc in calculating the X-ray luminosity. The star symbols
are used for neutron stars and the encircled dots are used for black holes.
Note that the uncertainties on the luminosities due to distance and flux
measurement uncertainties (e.g. Jonker & Nelemans 2004 for the distance
uncertainties) are not included.

tion disc contribution of 50 per cent to the R-band luminosity and
an M2 V companion star, we derive a distance of 5.9 kpc, which
we round to 6 kpc. Taking uncertainties such as that in the derived
interstellar extinction, spectral type of the companion star into ac-
count and allowing for an even higher accretion disc contribution,
we subsequently assume that the distance to MAXI J1659-152 is
6 + 2 kpc.

During the last two Chandra observations, the source flux
is consistent with being the same. We interpret this as evi-
dence for the source having reached quiescence, although a future
Chandra observation will be necessary to test this better. For our
estimated distance of 6 £ 2kpc, the source quiescent 0.5-10keV
luminosity is 1-4 x 10%! erg s~! for a 0.5-10 ke V source flux of 5 x
10~ ergecm =2 s7!. The estimated luminosity based on the orbital
period—X-ray luminosity correlation would be ~1—4 x 10*° ergs~!,
so significantly lower than what we measured.

Hence, assuming the observed flux for the last two observations
corresponds to the quiescent flux and taking the distance derived
above, the source quiescent X-ray luminosity is on the high end for
a black hole system given the short orbital period of 2.4h (see
Fig. 4; cf. Garcia et al. 2001; Rea et al. 2011). The quiescent
X-ray luminosity is more in line with what would be expected
for a neutron star at that orbital period in quiescence. However, this
would be at odds with the observed spectral and timing properties as
well as with the radio flux during the outburst (Kalamkar et al. 2011;
Kennea et al. 2011; Muifioz-Darias et al. 2011). If this quiescent flux
level is confirmed by future X-ray observations (an additional deep
Chandra observation is planned for the summer of 2012), there is
perhaps more scatter on the known correlation between quiescent
X-ray luminosity and orbital period, or the distance to the source
has been overestimated. A distance of ~2 kpc would be required to
bring the luminosity of MAXI J1659-152 to that estimated using
the orbital period—X-ray luminosity relation. Possible effects of the
high inclination on the observed X-ray flux would make the intrinsic
luminosity higher still.

In order to study the relation between accretion and jet ejection
in MAXI J1659-152, we add points for MAXI J1659-152 to the
known data on the radio—X-ray correlation in BHXBs (Fig. 3; cf.
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Corbel et al. 2003; Gallo et al. 2003; Jonker et al. 2004; Calvelo
et al. 2010; Coriat et al. 2011; Miller-Jones et al. 2011a; Soleri &
Fender 2011). From Fig. 3 it seems that MAXI J1659-152 follows
the steeper correlation between the radio and X-ray luminosities at
high X-ray luminosities (Lx > 1 x 103 ergs~') during the start of
the outburst (Gallo et al. 2012), although it is not certain that the
two observations reflect the optically thick synchrotron emission
typical for the low-hard state. For instance, van der Horst et al.
(2010) report a linear polarization of 23 per cent for the WSRT
observation on 2010 September 26 which is significantly higher than
the ~10 per cent maximum for the linear polarization for optically
thick synchrotron emission (Longair 1994). Furthermore, the source
started a gradual transition to the soft state at the end of 2010
September (Kuulkers et al. 2010a; Kalamkar et al. 2011); hence,
this possibly also affects the radio flux during the EVN observation
on September 30. In addition, the EVN observation may resolve out
some of the emission. Finally, submillimetre observations at 23:30
uT on 2010 September 25 (de Ugarte Postigo et al. 2010), just prior
to the WSRT observation of 2010 September 26, found the source
at 12.6 &+ 2.4mly, a flux significantly higher than that at 4.8 GHz
measured ~15h later with the WSRT. The high degree of linear
polarization together with the information on the submillimetre
— 4.8-GHz spectral energy distribution suggests that short-lived,
transient, optically thin radio events contributed to the 4.8-GHz
radio flux, similar to the GHz radio emission observed by Jonker
etal. (2010) in H 1743—322.

During the decay of the outburst as traced by our EVLA and
ChandralSwift observations, the source seems to make the transi-
tion from the steep branch in the direction of the standard radio—X-
ray correlation with power-law index between 0.6 and 0.7, similar to
what has been observed by Coriat et al. (2011) for H 1743—322 and
by Ratti et al. (2012) for XTE J1752—223. Although we only have
information for two radio—X-ray observations when the source was
brighter than 1 x 10% ergs™', those two points have a lower X-ray
luminosity than the bulk of sources in this regime, or conversely,
a higher radio luminosity, whereas the correlation index seems to
be close to the index of 1 of the sources in this branch (Gallo et al.
2012).

At present there is no clear explanation for the steeper slope of
index ~1. Potentially, a value of ~1 for the power-law index can be
explained by optically thin radio emission and radiatively inefficient
emission of X-rays as both radio luminosity and X-ray luminosity
would scale as the mass accretion rate squared in that case (cf.
Falcke & Biermann 1995 and Narayan & Yi 1995, respectively).
However, if many optically thin flares would be dominating the radio
luminosity, one would naively expect the sources to fall at higher
luminosities than those sources following the ‘standard’ correlation,
the latter being a minimum non-flaring track.

The fact that MAXIJ1659-152 falls to the low X-ray luminosity
side of the main pack of sources following this steeper correla-
tion can, however, potentially be explained by the high inclination
under which we view MAXI J1659-152. If the X-ray emission is
formed close to the black hole and accretion disc, its luminosity is
reduced because of the high inclination (Fujimoto 1988; Narayan
& McClintock 2005). The radio luminosity will not be hindered
by the (partial) self-obscuration and reduced aspect of the source
as the radio emission is thought to be formed further out than the
X-rays (here, we assume that the radio—jet axis is not nearly parallel
to the binary orbital plane). It is unclear if the bulk of the X-ray
emission is indeed formed close to the black hole, though. This
effect could also slightly alter, i.e. lower, the index of the radio—
X-ray correlation. This would thus lead to inclination-dependent

scatter on the slope of the sources in the radio—X-ray correlation.
Note that Soleri & Fender (2011) investigated whether there is a
relation between the correlation that sources trace in the radio—
X-ray luminosity plane with inclination but found none. This could
mean that any effect of the inclination would only become ap-
parent in sources where the inclination angle is very high. MAXI
J1659-152 may be the only known example of such a very high
inclination so far. Alternatively, the fact that MAXI J1659-152 has
a higher normalization than the main group of sources following
the steeper (power-law index is ~1) correlation could be due to a
higher-than-average radio luminosity potentially caused by the pres-
ence of radio flares as we discussed above (see also Jonker et al.
2010).

Interestingly, at an X-ray luminosity of 3.3 x 10% to 1.3 x
103 ergs™!, MAXI J1659-152 was not detected at limits well be-
low the radio luminosity that would be expected extrapolating the
L o LS correlation for GX 339—4 (see green dashed line in
Fig. 3). Possibly the correlation index is steeper for some sources
(Miller-Jones et al. 201 1a noted that the best fit to the data of A0620—
00, V404 Cyg and GX 339—4 gives a power-law index of 0.67).
Besides our measurements on MAXIJ1659-152, other sources may
fall below the correlation with index 0.6 at low luminosities as well
(e.g. the upper limit to the radio luminosity for XTE J1118+-480;
cf. Miller-Jones et al. 2011a), although there is uncertainty on the
normalization due to distance uncertainties (Jonker & Nelemans
2004; Jonker et al. 2004). Nevertheless, our radio non-detection
for an X-ray luminosity of 3.3 x 10 to 1.3 x 10*} ergs~!for a
distance of 4 and 8 kpc, respectively, is constraining. The discrep-
ancy could be alleviated if the source distance is more than 8 kpc,
but this would make the quiescent X-ray luminosity higher still.
Only if our lowest measured X-ray flux is not close to the true
quiescent X-ray flux and if the source is more than 10kpc away
is the source behaviour consistent with that found for other BHTSs
before.
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