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aligned and average combined using an in-house IRAF script. We
used two nearby 2MASS stars in the field of MAXI J1659—152
as references. The average magnitudes of these comparison stars
were used as a basis for differential photometry with respect to
MAXI J1659—152. Additional late-time deep observations in the J
band were carried out with the 3.5-m Centro Astronémico Hispano
Aleman (CAHA) telescope on 2013 July 24 (MJD 56497) with a
total integration time of 38 min, resulting in a significant detection
of 21.05 £ 0.17 mag, ~3 yr after the outburst onset.

Optical observations were carried out with the IAC80, 1.23-m
CAHA, 2.2-m CAHA, 2.0-m Liverpool, BOOTES-2/Telma and
BOOTES-3/Yock-Allen telescopes. The IAC80 telescope is a
0.82-m aperture facility, and the observations were done with
the CAMELOT camera which is based on a 2k x 2k E2V
CCD providing a pixel scale of 0.3 arcsec pixel™!. The 1.23-m
CAHA, BOOTES-2/Telma and BOOTES-3/Yock-Allen facilities
are Ritchey—Chretien telescopes. The 1.23-m CAHA data were ac-
quired with a 2048 x 2048 SITE#2b CCD which yields a pixel
scale of 0.5 arcsec pixel~'. Both BOOTES stations are equipped
with identical cameras, an Andor iXon-889+ electron multiplying
CCD of 1024 x 1024 pixels, with a pixel scale 0.6 arcsec pixel™!
(see Castro-Tirado et al. 1999, for more details on the BOOTES
network of telescopes). The IAC80 and the 1.23-m observations
were carried out using standard Johnson/Cousins filters (Fukugita,
Shimasaku & Ichikawa 1995), while the images of both BOOTES
stations were acquired using Sloan filters (Fukugita et al. 1996).

The 2.0-m Liverpool Telescope (LT) observations were made
in the SDSS /' band with RATCam, which yields a pixel scale of
0.135 arcsec pixel ™! based on a 2048 x 2048 pixel EEV CCD42-
40. Additional g'r'i’z’-band observations were carried out with the
2.2-m Calar Alto telescope equipped with BUSCA. BUSCA is a
multichannel camera which allows simultaneous direct imaging in
four optical bands using three CCD485 Lockheed Martin plus one
CCD485 backside thinned CCD (in the uv channel). The BUSCA
observations were done in 2 x 2 binning and 1k x 1k windowing
mode, yielding a pixel scale of 0.35 arcsec pixel ™' and a field of
view of 6 x 6 arcmin?.

The reduction of all the optical data was performed using stan-
dard procedures implemented in IRAF. Calibration of the Sloan data
was carried out transforming the Johnson magnitudes of 22 field
stars based on Jordi, Grebel & Ammon (2006). The source looks
relatively isolated in optical images: there are no entries in either
the 2MASS (Skrutskie et al. 1995) or USNO-B1.0 (Monet et al.
2003) catalogues consistent with the position of MAXIJ1659—152.
Furthermore, observations with the Canada—France-Hawaii Tele-
scope at ~18 months after the start of the X-ray outburst result in
a quiescent r-band magnitude of ~23.6 (Kong 2012). We hence
assume that the flux at the time of our analysis was dominated by
the transient emission of MAXI J1659—152.

Data from the Swift UV/Optical Telescope were downloaded from
the High Energy Astrophysics Science Archive Research Center
(HEASARC) archive and pre-processed at the Swift Data Center
(see Breeveld et al. 2010), and required only minimum user pro-
cessing with the Swift FrooLs as follows. The image data from each
filter, from each observation sequence, were summed using UVOTIM-
suM. Photometry of the source in individual sequences was derived
via UVOTMAGHIST, using an extraction region of radius 5 arcsec. XSPEC
compatible spectral files were created with that same region using
uvotr2pHA. The obtained magnitudes are based on the UVOT photo-
metric system (Poole et al. 2008).

In Table 2 we give the results of our ground-based optical follow-
up campaign and the Swift/UVOT observations.

Table 2. UV, optical and nIR observations. The complete
Table is available in online version of the article.

Epoch (MJD) Telescope Filter Magnitude

55468.050 SMARTS H 14.70 £ 0.13

55468.995 SMARTS H 14.85 £0.12

55469.999 SMARTS H 14.88 £ 0.21

55470.990 SMARTS H 1490 £0.18
2.4 X-rays

The outburst of MAXI J1659—152 was observed by several X-ray
satellites and instruments. In this paper we focus on the Swift, RXTE
and MAXI observations.

The light curves and spectra of the Swift X-Ray Telescope (XRT)
were obtained from the XRT online tool, which offers science grade
products (Evans et al. 2009). Swift Burst Alert Telescope (BAT)
data were downloaded from the HEASARC archive and initially
processed with the FTooL BATSURVEY, which applies standard correc-
tions. Eight-channel spectra and response files were extracted and
the standard spectral systematic error correction applied with Bar-
PHASYSERR. All X-ray spectra were binned to have >20 counts per
bin (with GrppPHA) so that errors would be approximately Gaussian
and hence yx? statistics would be valid.

We analysed all 65 observations of MAXI J1659—152 in the
RXTE archive. For each observation we extracted a background
and dead-time corrected energy spectrum from the Proportional
Counter Array (PCA) standard mode, using only data from Pro-
portional Counter Unit (PCU) 2 of the PCA, as it is the best cali-
brated and the only one which is always active. We used the stan-
dard HEASOFT RXTE software to create energy spectra. From these
spectra, we extracted background-corrected count rates in the PCA
channel bands A = 0-35 (2-15keV; total band), B = 0-13 (2—
6 keV; soft band) and C = 14-35 (6-15 keV; hard band). The RXTE
rate A, converted to Crab units for PCU 2 (conversion factor of 1
Crab = 2284 counts sec™!), was used as RXTE rate in Figs 1 and 6,
while the hardness was defined as the ratio C/B.

The daily count rate (2-20keV) and hardness (4-10keV/2—
4keV) as measured by the MAXI instrument have been taken from
the MAXI website. !

3 BROAD-BAND LIGHT CURVES

Fig. 1 shows a broad-band overview of the light curves that we ob-
tained in our follow-up campaign of MAXI J1659—152. In this fig-
ure we show the light curves at various radio frequencies, nlR, opti-
cal and UV bands, and X-ray and soft gamma-ray energies, from the
observations presented in Section 2. We do not show light curves in
all observing bands to avoid cluttering, but these selected observing
bands illustrate the broad-band evolution of the MAXI J1659—152
outburst well. For comparison we also show the RXTE count
rate light curve and hardness evolution, and indicate the times
when the source is in the various X-ray states (HIMS, SIMS or
soft state), following the identification of these spectral states for
MAXI1J1659—152 by Muiloz-Darias et al. (2011). We note that the
source was only in the hard state during the first hours after outburst
onset, before the start of the RXTE observations. Because there are
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no RXTE observations during the first two days, we cannot identify
the exact time of the transition between the hard state and the HIMS.

It can be seen in Fig. 1 that the source evolved in different ways
in the various parts of the electromagnetic spectrum. In almost all
wavebands we witnessed the rise of the source brightness, except
for our APEX submillimetre observations which do not have the
required temporal sampling, and the nIR observations which started
around the peak of the outburst at those wavelengths. The observed
trends in the optical, UV and X-ray light curves have been described
in Kennea et al. (2011), with a correlated fast rise and slow decay
at these frequencies, while the late-time X-ray behaviour has been
discussed in Homan et al. (2013). At radio frequencies the source
was already fairly bright at 1.7 d after the start of the outburst (MJD
55464.0), and reached maximum brightness around day 3. During
the following 5 d the radio brightness was constant, after which there
was a sudden large decrease of the radio emission (van der Horst
et al. 2010c). This radio flux drop was followed several days later
by a transition from the hard-intermediate to the soft-intermediate
state at X-ray energies (Belloni et al. 2010b), and the radio flux
started rising again after that. Other BHXBs have shown that at the
transition to the SIMS, fast radio jets in the form of optically thin,
discrete ejecta may emerge. This has, however, not been seen for
MAXI J1659—152 (Paragi et al. 2013). After the second rise, the
flux dropped significantly again at day 20 after the beginning of
the outburst, and subsequently it was only detected at very low flux
levels (Miller-Jones et al. 2011; Jonker et al. 2012).

4 BROAD-BAND SPECTRAL MODELLING

Given our rich broad-band data set we performed broad-band SED
modelling. The grey vertical bands in Fig. 1 indicate the 11 epochs
for which this was done. We made our selection of the epochs based
on the times for which we had radio data available. In the X-ray
bands we used Swift/XRT and Swift/BAT data.

The broad-band radio-to-X-ray spectra were fit within XSpPEC
(12.7.1), using x? statistics and accounting for interstellar extinc-
tion and absorption, which were modelled by REDDEN and TBABS,
respectively. The observed radio and optical flux densities F, at
frequency v were converted to flux per filter Fiy, in units of pho-
tons cm~2 s~!. This was done via Fier = 1509.18896F, (AL/A),
where A and A are the effective wavelength and width of respec-
tive filters. This flux was then used to produce XspEc compatible
files for spectral fitting, using the FTOOL FLX2XSP.

At all epochs the data were well fit by a phenomenological bro-
ken power law at radio frequencies, and by a physically motivated
irradiated disc model (piskIr) at optical/UV and X-ray frequen-
cies (Malzac, Dumont & Mouchet 2005; Gierlinski, Done & Page
2008, 2009). In the latter model the X-ray emission consists of
thermal emission from the accretion disc and a hard tail caused by
Comptonization of soft seed photons in a hot plasma of energetic
electrons. The Comptonized emission in turn illuminates the disc,
of which a large fraction gets reflected, but also a significant fraction
of the photons are reprocessed and add to the disc emission. The
parameters of this model are the unilluminated disc temperature,
k Tyisc, the power-law photon index I" of the Compton tail, the ratio
of luminosity in the Compton tail to that in the unilluminated, disc,
L/ Lgisc, the fraction of bolometric flux which is thermalized in the
outer disc, Foy, the log of the ratio of outer to inner disc radius, 7oy,
and a normalization, Norm, dependent on the apparent inner disc
radius. We note that it has been shown that spectra can be fit by an
irradiated disc model even in the hard state (e.g. Miller, Homan &
Miniutti 2006; Rykoff et al. 2007).
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Figure 2. Radio spectra of MAXI J1659—152 for the six epochs for which
we have at least three observing bands. The lines indicate the (broken) power-
law fits to the radio spectra. The solid and dashed lines for the spectrum at
day 13 show the fits with and without including the low-frequency WSRT
data below 3 GHz.

The x?2 of the fits presented in the next section ranges from 1.1 to
2.0 for ~10° degrees of freedom, which are relatively high but given
the disparity of the data (combination of many different instruments,
epochs and bands) we deemed those acceptable. Furthermore, any
variations from the model show no underlying structure, only noise-
like variations.

4.1 Modelling results

In our modelling the radio emission and the nIR to X-ray emission
appear to be due to separate components. Fig. 2 shows the radio
spectra for six of our 11 epochs for which we have at least three radio
bands. The behaviour of the radio SEDs seems more complicated
than a single flat or slightly inverted spectrum across all radio bands
(i.e. a spectral index ~0). We performed single and/or broken power-
law fits to the radio SEDs for the epochs indicated in Fig. 1 except
for the first two epochs in which there was only one observing
frequency. From Fig. 2 it can be seen that there are epochs where a
single power law is not sufficient to describe the spectrum, which
is the case for four out of the nine epochs we fit. For the latter
epochs we show both spectral indices in Fig. 3, while for the other
five epochs we only show a single spectral index. In the broken
power-law fits we fixed the break at 22 GHz for the SEDs at 6, 8
and 13 d after MJD 55464.0, while at 25 d it was fixed at 4.9 GHz. In
the former three epochs these break frequencies were fixed because
the spectrum is consistent with a single power law up to 22 GHz
and there is only one data point at 43 GHz to constrain the break,
which makes the parameters of a free broken power-law fit hard to
constrain. In fact, the break could be at any frequency in between
22 and 43 GHz and thus the high-frequency spectral indices can be
steeper that the ones plotted in Fig. 3. At day 25 there is only one
detection at 4.9 GHz, hence the lower limit on the low-frequency
spectral index and the upper limit on the high-frequency spectral
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Figure 3. Evolution of parameters from the broken power-law fits to the
radio SEDs indicated in Fig. 1 except for the first two epochs. The top panel
shows the spectral index, with the black circles indicating the low-frequency
power-law slopes, and the blue squares the high frequencies in those epochs
that are best described by a broken power law. The middle panel shows the
evolution of the spectral break for all epochs, including those for which we
can only put upper or lower limits. In the lower panel the 4.9 GHz light
curve and the X-ray spectral states are displayed for comparison purposes.

index. We would like to point out, however, that the observations
are not strictly simultaneous, so the 4.9 GHz detection could be a
short flare with a time-scale of hours. For those epochs where a
break is not required at radio frequencies, we show lower limits on
the break frequency in Fig. 3. In our broad-band radio-to-X-ray fits
we placed those breaks arbitrarily at 107> keV (*2.4 x 10'2 Hz),
with a steep cut-off.

An example fit to one of the epochs and the broad-band model
used here are shown in Fig. 4. E(B — V) displays no significant
variability with an average of 0.595 £ 0.008, consistent with the
Galactic value of E(B — V) = 0.599 (Schlegel, Finkbeiner & Davis
1998). This is significantly larger than the value of E(B — V) >~ 0.35
derived by Kaur et al. (2012). The measured values of interstellar
absorption are consistent with being constant with an average of
Ny = (0.319 £ 0.009) x 10%> cm~2. This value is greater than the
expected Galactic absorption of Ny = 0.17 x 10*2 cm~2 (Kalberla
et al. 2005) but less than that obtained by Kennea et al. (2011). It
should be noted, however, that Kennea et al. (2011) fit a different
model and only to the X-ray data, while we include nIR/optical/UV
data which add additional constraints to the thermal emission.

Fig. 5 shows the evolution of the well-constrained parameters
of the irradiated disc model. Although the fit parameter values we
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Figure 4. Example model plots for the broad-band SED at day 8 after the
outburst onset. The top panel shows the spectrum of the best-fitting model
for this particular epoch, with the dotted line showing the broken power-law
fit to the radio data, the dashed line the irradiated disc model fit and the
solid line the total spectrum. The middle panel shows the fit of the unfolded
spectrum, with the data in red symbols and the best-fitting model in black
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Figure 5. Evolution of the disc temperature (top left), photon index of the
Compton tail (bottom left), outer disc radius (top right) and inner disc radius
(bottom right). These parameters are based on spectral fits to the broad-band
SEDs indicated in Fig. 1, using the irradiated disc model.



obtain are slightly different than the ones from Kennea et al. (2011)
and Yamaoka et al. (2012), the trends in their evolution are similar.
The disc temperature, k7Tgis, rises from an initial temperature of
0.13keV to a relatively stable value of ~0.3 keV, while the photon
index of the tail rises from an initial value of ~2.0 to a peak of ~3.6.
As the disc temperature rises, the contribution that the Compton
tail makes to the disc luminosity, Lc/Lgis, decreases, although
this is poorly constrained on many epochs, and at late times is
consistent with zero. Likewise, the fraction of bolometric flux which
is thermalized in the outer disc, F\,, decreases although this is also
poorly constrained. Since L¢/Lgisc and Fo are poorly constrained,
we have not plotted them in Fig. 5. The ratio of outer to inner disc
radius, 7oy, increases with time which is due to the fact that the
inner disc radius is decreasing. Instead of displaying 7, and Norm,
we show the physical inner radius R;, and outer radius R, in Fig. 5.
The physical radius R;, is related to the apparent radius r;, of our
fit by Ry, & 1.19r, (see e.g. Soria 2007). We have determined 7y,
at all the epochs from the fit values of Norm, assuming a source
distance of 6kpc (see Section 5) and an inclination of 70°. Roy
was derived from R;, and the ratio r,. In the next section, we will
discuss further the trends in the fitted parameters.

4.2 Implications of spectral modelling

4.2.1 Radio SEDs and spectral breaks

In this paper we present several epochs with broad-band radio SEDs.
To help place our SED epochs in the overall context of the be-
haviour of the outburst, we indicate them on the HIDs of both the
RXTE and MAXI data (Fig. 6). In this figure we have indicated the
X-ray observation epochs for which we performed broad-band SED
modelling with (quasi-) simultaneous radio data. MAXI1J1659—152
was already in the HIMS when the RXTE observations started, but
from the MAXI HID we can deduce that the source was transitioning
from the hard state to the HIMS during the first radio observations,
1-2 d after the outburst onset. Our first radio SED with good broad-
band coverage is at ~3 d after the onset of the X-ray outburst. The
radio spectral index o, where F, o v*, is flat or inverted during
the first 10d over more than an order of magnitude in observing
frequency, namely from 1.4 to 22 GHz, as one would expect from
a synchrotron emitting, partially self-absorbed jet (Fender 2001)
and in full agreement with the observed VLBI structure (see Paragi
et al. 2013 and the references therein). The spectrum is not constant
over that time-span though, with an inverted spectrum at day 4 with
a = 0.20 £ 0.02, while it is flat at other epochs (see Fig. 3). More
striking is the sharp spectral break between 22 and 43 GHz that we
find on days 6 and 8. After ~10d the radio flux drops significantly,
but the spectrum is inverted even up to the submillimetre bands.
At day 13 the spectrum appears more complicated, with a sharp
spectral break above 22 GHz, and a best-fitting spectral index of
a = —0.49 £+ 0.07 at lower frequencies. We note, however, that
the 1.4 and 2.3 GHz WSRT data were taken roughly 8 h prior to
the higher frequency VLA data used to construct the spectrum
shown in Fig. 2, and since the source was undergoing a rapid de-
cay, may have overestimated the true low-frequency emission at the
time of the VLA observations. Furthermore, any variations from a
compact, partially self-absorbed jet will be detected later at lower
frequencies, since the lower frequency emission comes from fur-
ther downstream in the jets. Thus, for a rapidly decaying compact
jet, we might expect the lowest frequency emission to be slightly
overestimated, relative to the power law seen at higher frequencies.
Combined, these two effects could explain the deviation of the low-
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Figure 6. Hardness—intensity diagram for the RXTE (top) and MAXI (bot-
tom; up to MJD 55515) data. The black dots indicate the epochs of X-ray
observations for which we have (quasi-) simultaneous radio data. We have
indicated the epochs on days 3, 4, 6, 8, 13 and 25 from the radio spectra
shown in Fig. 2. Note that RXTE was not observing MAXI J1659—152
from the outburst onset, hence there is one less black dot in the top panel
compared to the bottom panel.

frequency spectrum on day ~13 from a pure power law. To mitigate
against this effect, we refitted the radio spectrum using only the
VLA data between 4.9 and 22 GHz, to give a low-frequency spec-
tral index of @ = —0.22 + 0.09, with a break to « < —2.3 above
22 GHz.

When the radio flux increases again and the source moves into
the SIMS, the spectrum remains flat, but we do not have the spectral
coverage at high radio frequencies to check for a spectral break. The
radio measurements at day 25 are also consistent with being flat or
inverted, but then with a sharp break in between 4.9 and 8.5 GHz.

From the radio light curves in Fig. 1 and the spectral index
evolution in Fig. 3 it appears that the decrease in the radio emission
around day 13 after the outburst onset did not coincide with a
significant steepening of the spectrum, as observed in other BHXBs
(e.g. Kuulkers et al. 1999; Fender et al. 2004; Miller-Jones et al.
2012). The low-frequency radio emission remained consistent with
a partially self-absorbed compact jet throughout the HIMS, with
no evidence for ejection events, in agreement with the absence of
ejecta in the VLBI images of Paragi et al. (2013).

At higher frequencies, however, the radio spectrum exhibited a
high-frequency break above 22 GHz from day ~6 until at least day
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~13, and the optically thin spectrum appeared to steepen with time.
This spectral break can be interpreted as the transition from opti-
cally thick and partially self-absorbed to optically thin synchrotron
emission, and has previously been observed in several other BHXBs
in hard X-ray states although usually at much higher frequencies
(Russell et al. 2013a). Recently, Russell et al. (2013b) have shown
that the BHXB MAXI J1836—194 has an inverted spectrum with
a break towards a steep spectrum moving from the mid-infrared
to lower frequencies as the source softens in the X-ray regime,
and then back to higher frequencies as it gets harder again. With
sufficiently dense monitoring over a broad radio frequency range
one could be able to see the spectral break pass through the radio
bands, which may explain what is happening between days 6 and
13 in MAXI J1659—152 (i.e. the inverse of what was seen during
the reverse transition in GX339-4 by Corbel et al. 2013a). There
appears to be a relatively rapid increase in the break frequency on
day 10, shifting up to >345 GHz briefly before dropping back to
22 GHz on day 13. Since this is based on a spectrum consisting of
flux density measurements at two frequencies, 4.9 and 345 GHz,
this break frequency limit is quite uncertain. An inverted spectrum
would shift it to a lower value, e.g. with a spectral index of 0.5
the break is at ~170 GHz, lower than the limit of 345 GHz but still
significantly larger than 22 GHz. Nonetheless, the evolution of the
break frequency at that time is fast, but this is not unprecedented: in
GX 339—4 the spectral break shifted in the mid-infrared by more
than an order of magnitude on time-scales of hours when it was in the
hard state (Gandhi et al. 2011). Given that the radio-emitting part of
the jetis significantly larger than the infrared-emitting region, strong
variability on a time-scale of days in the case of MAXI J1659—152
could be expected. Alternatively, this could be a short-lived flare
at submillimetre frequencies. Flares get smoothed out and have
reduced amplitude at lower frequencies, which could explain the
lack of a flare at 4.9 GHz.

The radio light curve shows an increase in flux between day
17 and 21, while the spectrum remains flat. In Figs 1 and 3 it
can been seen that this coincides with a state transition (back and
forth between the SIMS and the HIMS), consistent with what has
been found for other BHXBs (e.g. Corbel et al. 2013a,b; Russell
et al. 2013b). From these observations it seems that the jet started
quenching in the HIMS and finished in the SIMS, but then recovered
through a second HIMS and peaked in the second SIMS phase,
before quenching again after a transition into the soft state. These
changes in the radio emission coming from the jet and the X-ray
state changes suggest a strong link between the accretion flow and
the jet. It also shows that reaching the SIMS is no guarantee of a
full transition to a jet ejection event, because there is no major radio
flare when the sources moves into the soft state, and no discrete
ejecta were detected in the VLBI observations (Paragi et al. 2013).
Some other BHXBs in outburst also did not have ejection events,
for instance Cyg X—1 (Rushton et al. 2012), but that source did not
trace out a canonical track in the HID, while MAXI J1659—152 did
(Muiioz-Darias et al. 2011). The soft state in MAXI J1659—152,
however, was slightly harder than seen in BHXBs with ejection
events, and the minimum fractional variability in the soft state was
slightly higher (a minimum of 3 per cent, and rising to 8 per cent
when the X-ray emission was softest; Mufioz-Darias et al. 2011).
The authors attributed this to the high inclination of the system, but
if it was instead intrinsic, the implied difference in the behaviour
of the accretion flow could be related to the lack of jet ejection
events. Miller-Jones et al. (2012) have shown, however, that the
ejection event occurs well before reaching the soft state, at the
HIMS/SIMS transition (see also Fender, Homan & Belloni 2009).

Since the behaviour of MAXI J1659—152 was relatively standard in
the HIMS and SIMS, it seems unlikely that the unusual behaviour
in the soft state could be causally related to the lack of ejection
events.

4.2.2 Physical constraints from the irradiated disc model

In Fig. 5 we show the evolution of the parameters of the irradiated
disc model, in particular the disc temperature, the photon index of
the Comptonized tail and the inner and outer radius of the accre-
tion disc. From this figure we can see that the source is getting
spectrally softer (steeper photon index), the disc temperature is
increasing and the inner radius is decreasing, while the outer ra-
dius is fairly constant. The latter is not true for the first and sixth
epoch, where we have only few NIR/optical data points to constrain
the outer radius reliably. Excluding those epochs, the outer radius
has a value of ~0.9-1.6 x 10° km, physically realistic considering
the orbital separation (Kuulkers et al. 2013) and consistent with
the position of the Lagrangian point >10°km. The inner radius
of the disc is decreasing in time from ~890 to ~110km, as one
would expect in the standard picture of the disc evolution during
a BHXB outburst. From the final value of Ry, (at day 25 after the
outburst onset) we can put an upper limit on the black hole mass by
assuming that Rj, is larger than the innermost stable circular orbit,
Risco = 6GM/ ¢ km for a non-rotating, Schwarzschild black hole.
The resulting black hole mass of MAXI J1659—152 is <12Mg,
consistent with the mass derived by Yamaoka et al. (2012). We note
that these mass estimates would be larger if the black hole were spin-
ning and they should be treated with caution since they are model
dependent.

5 RADIO-X-RAY AND OPTICAL-X-RAY
CORRELATIONS

5.1 Radio versus X-rays

In Section 4.1 we have discussed the related behaviour between the
radio and X-ray regime for MAXIJ1659—152, and the implied link
between the accretion flow and the jet. We explore this further by in-
vestigating the correlation between the radio and X-ray luminosities
throughout the outburst. This correlation was originally suggested
for GX 339—4 when it was in the hard state (Hannikainen et al.
1998) and described by a power law with index ~0.7 extending
three orders of magnitude in luminosity with a turnover at high X-
ray luminosities caused by a quenching of the radio emission in the
soft state (Corbel et al. 2003; Gallo, Fender & Pooley 2003). This
correlation has not only been found and studied in detail for indi-
vidual sources (e.g. Corbel, Koerding & Kaaret 2008; Corbel et al.
2013a), but also for the sample of BHXBs as a whole (e.g. Gallo
et al. 2003). In recent years a more complex picture has revealed
itself, with two distinct tracks in the radio/X-ray luminosity plane
(e.g. Coriat et al. 2011; Gallo, Miller & Fender 2012). The second
track lies below the first one and has a steeper power-law index of
~1.4. For a few sources it has been shown that there is a transition
from the lower to the upper track at low luminosities (Coriat et al.
2011; Ratti et al. 2012).

Fig. 7 shows the correlation for MAXI J1659—152, and a com-
parison with other BHXBs in the hard state. Besides the radio
observations presented in this paper, we included the late-time data
from Jonker et al. (2012). The latter paper focused mainly on the
late-time evolution when the source was close to quiescence and
also showed the early radio fluxes that had been reported in the
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Figure 7. Correlation between the radio and X-ray luminosity during the
outburst of MAXI J1659—152, compared to other BHXBs (grey symbols).
The grey lines indicate the two tracks in the radio—X-ray correlation with
slopes of ~0.7 and ~1.4. The MAXI J1659—152 luminosities are calculated
for a source distance of 6kpc. The black solid circles indicate the early
times of the outburst when the radio emission in MAXI J1659—152 had not
dropped significantly yet (up to day 8 after the outburst onset) and the late
times when the source is almost in quiescence (> 135 d), while the red open
circles indicate the times in between.

literature (Paragi et al. 2010; van der Horst et al. 2010b). To calcu-
late the luminosities we adopted a distance to MAXI J1659—152
of 6 kpc, since the distances estimated in various ways span a range
from 4 to 8 kpc (Kennea et al. 2011; Miller-Jones et al. 2011; Kaur
et al. 2012; Kuulkers et al. 2013).

As shown by Jonker et al. (2012), MAXI J1659—152 was on the
lower track early in the outburst, and once the source had reached
quiescent levels, it seemed to transition to the upper track, although
we note that the lowest luminosity points have only radio upper
limits. With our extensive data set during the early phases of the
outburst we show in Fig. 7 that the source gradually evolved off
the correlation during the HIMS over the course of several days, as
seen before in GX 339—4 (Corbel et al. 2013b) and expected for
sources which are not in the hard state. However, the motion in the
radio/X-ray plane was not monotonic during this radio quenching,
with the radio emission fading and recovering between days 6 and
20, due in part to the repeated transitions between the HIMS and
the SIMS.

5.2 Optical versus X-rays

While the radio emission is produced in the jet and the X-ray emis-
sion in the accretion disc and/or the corona, the nature of the UV,
optical and nIR emission is less unambiguous. Most likely the UV
emission is also produced in the accretion disc, either intrinsically or
by reprocessing of X-rays, but in the optical and nIR there may also
be a contribution from the jet. In Section 4.1 we have modelled the
full SED from radio to X-ray frequencies with a combination of a
broken power law and a physically motivated irradiated disc model.
From these spectral fits we have concluded that a jet contribution
at nIR wavelengths is not necessary. This conclusion, however, is
model dependent and here we look deeper into this issue by inves-
tigating the correlations between the X-ray emission and the nIR,
optical and UV emission.

A correlation between the nIR/optical and X-ray luminosity was
first found for GX 339—4 in the hard state by Homan et al. (2005),
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Figure 8. Correlation between the nIR/optical/UV and X-ray luminosity
during the outburst of MAXI J1659—152. The MAXI J1659—152 lumi-
nosities are calculated for a source distance of 6 kpc. The black solid sym-
bols indicate the early times of the outburst when the radio emission in
MAXI J1659—152 had not dropped yet (up to day 8 after the outburst onset)
and the late times when the source is almost in or in quiescence (>135d),
while the red open symbols indicate the times in between. The light grey
symbols are for other BHXBs during the hard state (solid symbols) and soft
state (open symbols) as presented by Russell et al. (2006, 2007). The solid
lines show the best-fitting hard state nIR/optical-X-ray correlation from
Russell et al. (2006).

with a power-law slope of ~0.5. Russell et al. (2006) have shown
for a large sample of BHXBs in the hard state that there is such
a correlation with a power-law slope of ~0.6 over eight orders of
magnitude in X-ray luminosity. A correlation with such a power-
law slope can be expected both in the case of X-ray reprocessing
(van Paradijs & McClintock 1994) and jet emission at nIR/optical
wavelengths. Russell et al. (2006) have also shown that when these
sources are in a soft state, the nIR and, in some cases, the optical
emission is significantly suppressed. In Fig. 8 we show the cor-
relation between the UV/optical/nIR and X-ray luminosities for
MAXI J1659—152. Similar to Fig. 7 we have made a distinc-
tion between the early outburst before the radio emission strongly
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decreases (day 8 after the outburst onset; black solid symbols), the
second phase of the outburst (red open symbols) and the very late
times when the source has reached significantly lower luminosities
in the radio, optical and X-rays (black solid symbols). We have
also included the optical/nIR detections when the source is in qui-
escence, using the r-band magnitude at ~1.5 yr after the outburst
onset from Kong (2012), the J-band magnitude at ~2.9 yr from this
paper, and the quiescent X-ray flux at ~1.8 yr reported in Homan
et al. (2013). From the late-time magnitudes we have subtracted a
contribution from the companion star of the black hole. It has been
proposed (Kong 2012; Kuulkers et al. 2013) that this is an M2 or
MS5 dwarf star, which have an absolute V-band magnitude of 10 and
11.8, respectively (Kong 2012). We have converted these absolute
magnitudes to apparent magnitudes in the r and J band by correct-
ing for the typical colour of these dwarf stars (Johnson 1965) and
galactic extinction, and by adopting a source distance of 6 kpc. The
resulting r-band magnitude of the companion star is 24.3 (M2) or
25.8 (M5), and in the J-band it is 21.1 (M2) or 22.0 (M5). We have
corrected the very late time fluxes for these ranges in magnitudes,
resulting in the large uncertainties displayed in Fig. 8.

For comparison we plot in Fig. 8 the optical/nIR—X-ray relations
for the samples presented in Russell et al. (2006, 2007), although
here we show the luminosity divided by observing frequency for
optical/nIR frequencies, i.e. the measured flux scaled by the source
distance. For the other BHXBs the solid symbols indicate when they
are in a hard state, while the open symbols are for the soft state.
The top panel of Fig. 8 shows that the UV emission is consistent
with the hard state optical-X-ray correlation (Russell et al. 2006)
throughout the outburst. In the middle panel it can be seen that
MAXI J1659—152 resides in the same region of the correlation as
several other hard state BHXBs in the optical, both early in the
outburst before the radio emission is quenched and the late times
when the source is going towards or is in quiescence. The data
corresponding to times after the quenching of the radio emission lay
below the correlation of hard state BHXBs, but they are consistent
with other sources in the soft state. The bottom panel displays
different behaviour at nIR wavelengths: the data are well below the
correlation for other hard state sources throughout the main outburst
(no late-time nIR observations are available), but consistent with
some BHXBs in the soft state. This suggests that at the time of
our observations there is no significant contribution of the jet to
the nIR emission, which is consistent with our conclusions from
the broad-band modelling in Section 4.1. Given the detection of a
spectral break at radio frequencies the lack of nIR jet emission is not
surprising. We note, however, that our nIR observations started ~4 d
after the outburst onset, and our earliest detection of a break was
at ~6d, so there is a possibility that the nIR jet emission quenched
much earlier than at radio wavelengths. This is consistent with what
has been found in other sources, namely that the nIR emission from
the jet drops as soon as a source enters the HIMS (e.g. Homan et al.
2005; Coriat et al. 2009; Russell et al. 2010b) while the radio flux
quenches later (e.g. Fender et al. 2004), caused by the jet spectral
break shifting to lower frequencies.

6 CONCLUSIONS

In this paper we have presented the results of our observing cam-
paign of MAXI J1659—152 across the electromagnetic spectrum,
resulting in one of the richest broad-band data sets of a BHXB out-
burst with observations at radio, submillimetre, nIR, optical, UV
and X-ray frequencies, from 1d up to 3 yr after the outburst onset.
We have modelled SEDs from radio to X-ray frequencies at sev-

eral epochs with a broken power law plus a physical irradiated disc
model, and we have presented the radio—X-ray and nIR/optical/UV—
X-ray correlations for MAXI J1659—152 in the context of other
BHXBs.

We have found changes in the radio brightness and spectrum
which are correlated with X-ray state changes, suggesting a link
between the radio jet and the accretion flow that is dominating the
X-ray emission. We have shown this based on our broad-band SED
modelling and by investigating the correlation between radio and
X-ray luminosity. During the first weeks after the outburst onset
MAXI J1659—152 moved away from the hard state into interme-
diate X-ray spectral states, based on spectral and timing behaviour
at X-ray energies. This was further evidenced by (1) the increasing
disc temperature, steepening photon index and decreasing disc inner
radius we have found in our SED modelling, (2) the quenching of
the radio emission coming from the jet and (3) the deviations from
the radio—X-ray and nIR/optical/UV-X-ray correlations of BHXBs
in the hard state.

The broad-band radio light curves and spectra support the con-
clusions from Paragi et al. (2013), based on VLBI observations,
that there was no major ejection event. Our radio observations also
show the presence of a variable spectral break at radio frequen-
cies during the HIMS and SIMS, significantly lower in frequency
than typically found in hard state BHXBs. We have investigated
the nIR/optical/UV-X-ray correlations and concluded that there is
no significant contribution from the jet at nIR wavelengths, con-
sistent with our broad-band modelling. Taken with the results of
Russell et al. (2013b) and Corbel et al. (2013b), this suggests that
the spectral break, which lies at infrared frequencies during the hard
state, evolves down in frequency during the HIMS and SIMS until
it passes through the radio band.

Our findings for MAXI J1659—152 demonstrate that broad-band
observations covering several radio and nIR/optical/UV frequencies
at a high cadence during BHXB outbursts are important for a better
understanding of the jet and disc in these sources. On top of these
observations, denser sampling at submillimetre and mid-infrared
frequencies are crucial to accurately determine the evolution of the
spectral break and further our understanding of the jet physics in
these systems.
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Table 2. UV, optical and nIR observations (http://mnras.
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