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In this work, we present some preliminary results on a nwiielength
(radio/infrared/optical/X-ray) study of GRO J1655-40 idgr its 2005 outburst. We focus
on the broadband spectral energy distribution during tlileréint stages of the outburst. In
particular, using this unprecedented coverage, and edfyettianks to the new constraints given
in the mid-IR by Spitzer, we can test the physical self-cstesit disk-jet model during the hard
state, where the source shows radio emission from a comgtctThe hard state broadband
spectra of the observations during the decay of the outtanesfairly well fit using the jet model
with parameters overall similar to those found for Cyg X-H&X 339-4 in a previous work.
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power (at least a factor of 3), and that, most notably, theghsgems to underestimate the radio
emission.
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1. Introduction

Galactic black hole (BH) X-ray binaries (XRB) spend most of their time in cquaese, but
occasionally show transient outbursts resulting in an increase in luminositgmf orders of mag-
nitude at all wavelengths. These outbursts are explained as the redigk aristabilities, possibly
due to a dramatic increase of mass accretion rate. By means of multiwavelangthigns, espe-
cially in more recent years, we are obtaining unprecedented informatitregrhysical processes
in the binary systems. Each observing band can give us insights intoificspatiative component
of the X-ray binary: in the radio band we observe synchrotron radidttn the jet outflow, in X
rays we observe the accretion disk and the Comptonizing corona andimgbef the jet, and in
the optical/IR band the superposition of the companion star, the outer redithresaxcretion disk,
and the jet.

The different stages of an outburst can be described in terms of transsiigiween ‘X-ray
states’. The definition of the X-ray states is based on X-ray spectraieamgoral behaviour and
it is, in its details, still an area of controversy. In this work, we will follow themrenclature in
[L7ILE]. These X-ray spectral states are also associated with #ispadio (jet) behaviour (see
[B] for a review). During the hard state, an optically thick synchrotrafic@mission (a compact
jet) is observed. During the thermal state the radio emission is quenched,désdgiated to the
suppression of the compact jet. The Steep Power Law state, and in Igbedaransition hard-to-
thermal state, seems to be associated with radio optically thin flares, signatheeegection of
transient jets.

The BH XRB GRO J1655-40 was the second superluminal jet sourceveismbin our galaxy
[BZ] [LT]). The mass of the compact object has been dynamically estimatedte46.3+0.5M..,
and from the optical photometry also an inclination of the binary 6fZ4 1°.9 has been derived
[A]. From Very Long Baseline Interferometry (VLBI) observationstioé transient radio jets of
GRO J1655-40,[[11] derived, using a distance of 3.2 kpc (in agreewiém previous estimates:
(B2, a jet axis inclination of- 85° to the line of sight, with a possible precession of the jet around
the axis of~ 2°. Foellmi et al. [p], based on the estimated optical absorption towards G&&5J1
40, have recently put an upper limit to the distance of the source bf7 kpc. With this new
distance, the source would not be anymore superluminal. Note that, usmgrdistance of 1.7
kpc, the inclination of the jet axis as derived by the VLBI observationsldvbe a few degrees
lower.

After seven years of quiescence, GRO J1655-40 entered a newsiutibuFebruary 2005,
when the source showed an increase in the X-ray flux [15], opticahaadIR magnitudd [23[]1],
and a renewed radio activit J18]. The outburst lasted about eight mamithhas been extensively
followed, when possible on a daily basis, at all wavelengths. In Marstatea transition occured as
GRO J1655-40 entered a thermal state and the radio counterpart fadfed][ In May, the source
entered a highly variable, high X-ray luminosity stdfe [8] coupled with a redenadio emission
[]. GRO J1655-40 then entered a soft state, with no radio detectidneturned to a hard state
on September 23][9]. The source returned to radio activity on Septerhijgl. 2

In this work, we present some preliminary results on a multi-wavelength (maflared/optical/X-
ray) study of GRO J1655-40 during its 2005 outburst. We focus on thedband spectral energy
distribution during the different stages of the outburst. In particularguiis unprecedented cov-
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erage, and especially thanks to the new constrains given in the mid-IRitzgiSpve can test the
physical self-consistent disk-jet modgl][14] during the hard staterevine source shows an active
radio emission from a compact jet; the Spitzer observations fill the unabpertion of the previ-
ously studied energy broadband spectra of BHs, giving constrairsfimnating key parameters of
the jet, and ultimately to challenge the jet model assumptions.

2. Observations

We have observed the black hole X-ray binary GRO J1655-40 with Sfti#e$ during its
outburst that started in 2005, following the different stages from theofisiee outburst until qui-
escence in 2006: 1) in hard state on March 10, 2005, 2) after the firay Xux peak on April 6,
2005, 3) after the second and brightest X-ray flux peak, on Augtis2@05, 4) during the decay
of the outburst immediately after the BH returns in the hard state, on Septehb20@5 and,
finally, 5) after the outburst ended, during quiescence on April 16200 Fig. 1, we show the
X-ray light curve of GRO J1655-40 during the outburst (lower paned) the 24um flux densities
of the MIPS observations (upper panel). The f@pitzefMIPS observations during the outburst
were all simultaneous with pointed X-ray (RXTE), optical/near-IR (SMAR&8d radio (either
with the Very Large Array, VLA, or with the Australia Telescope Compaata} observations,
allowing us to study the evolution of the complete broadband spectrum of théuBhRyg the dif-
ferent stages. GRO J1655-40 was also observedSyitzefIRAC in the hard state on September
29, simultaneously with pointed observations of RXTE, SMARTS and quasiHeineously (on
October 2, 2005) with the VLA. The Spitzer/MIPS observation in quieseean April 1, 2006,
had no coverage in other wavelength, except for the 2-12 keV ddis@amof the all sky monitor
(ASM) onboard RXTE. See Migliari et al. (2007, in prep.), for more dettinformation on the
observations.

3. Results and Discussion

3.1 The Outburst Evolution

We can follow the evolution of our six observations during the outburstgusia X-ray light
curve (Fig. 1), the HID and the power density spectra (not shownyiggri et al. 2007, in prep.),
and the spectral energy distributions (Fig. 2).

1) On March 10, 2005 the source was in therd state The X-ray flux started already its
abrupt rising towards the first peak of the outburst. The power denmatstisim show a high rms of
~ 34% (the quotedmsare integrated over 2-15 keV) and broad features as well as a n@P@v
around 2 Hz, which is typical of a hard state. The X-ray energy spshtrev a power law flux of
~ 77% the total 2-20 keV flux, which is very close to the limit-0f80% in the definition of hard
state in [1]].

2) On April 6, 2005 the source is inthermal (high/soft) stateThe X-ray light curve shows
that during this observations GRO J1655-40 was in a steady high flux stdietween the two
outburst peaks. The power density spectrum shams- 5%, typical of a thermal state. The
disk component in the X-ray spectrum is about 90% of the total 2-20 ke¥dhd the source
is, accordingly, in the upper-left, soft region of the HID pattern. Thia@mission is already
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Figure 1: Top panel Spitzer/MIPS flux densities of GRO J1655-40 during the otgb Lower panel
RXTE/ASM light curve of the outburst. The squares represeatMIPS observations, the triangle shows
the IRAC observation.

quenched and the thermal emission dominates the energy spectrum in tizeo}tieal and mid-
IR bands: Spitzer/MIPS detected the IR tail of the bright disk a4 Note also that the hard
X-ray component above 30 keV disappears below the detectable threshold of HEXTE.

3) On August 28, 2005, GRO J1655-40 is itharmal (high/soft) stateThe light curve shows
that the source is still at a high flux level, but is starting its decay towardsaitedtate. Thems
noise in the power density spectrunxif%, typical of a thermal state. The energy spectrum shows
a still-bright disk in the soft X-ray, where the disk flux is still 95% of the tot&l@keV flux, and
in the optical band, but it shows also the reappeareance of the harglé6mponent above 30 keV.
The radio emission is not detected yet down tazaupper limit of~ 1 mJy and the source is only
marginally detected at 2dm, possibly - if real - the IR tail of the disk component.

4-5) On September 24 and 29, 2005, GRO J1655-40 was obsenied the decay of the
outburst, when it returned to thard state Thermsin the power density spectra increased signifi-
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Figure 2: Broadband energy spectra of GRO J1655-40. The differemre@nd markers show the five
spectra under study, with the Spitzer coverage during thieuost: blue squares are the March10 observa-
tion (hard state), purple diamonds are April 06, yellow stare August 28 (thermal state), red circles are
September 24 (hard state) and green triangles are Sept@kigard state).

cantly to~ 25% and some features, like a QPO around 0.3 Hz appears on Septemblee 8durce
reached the bottom right part of the HID and the X-ray spectra are dteditgy a non-thermal
power-law component whose 2-20 keV flux is about the 91% of the total Tlh& companion star
starts probably to contribute to the optical emission. The IR emission (IRAG@pteSiber 24 and
MIPS on September 29) shows an excess due to the re-brightening df thieigget re-brightening
is well visible in the radio band, where its flux density at 5 GHz increasesdegt\@eptember 24
and 29 (contrary to the X-ray flux that is still decaying in time).

6) On April 1, 2006 the source has already returned to quiescendeXm&/PCA, radio and
optical observations are available. The Spitzer/MIPS observationsribeatetect the source at

24 um.

3.2 Testing the jet model with the SEDs of GRO J1655-40

3.2.1 The jet model

For a detailed discussion of the jet radiative model, we refer the readeg.tfl&] and [TH].
We recall here some fundamental assumptions and a brief descriptionrabtled, as outlined in
[L4]: (1) the total power in the jet scales proportionally with the accretiavgpat the inner edge of
the disk, (2) the jet is expanding freely and, at the very base, only sligbtlglerated as a result of
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the pressure gradient, (3) the jet contains cold protons that carrieoftbstkinetic energy while
the leptons most of the radiating energy, (4) particles are eventually esteelénto a power-law
distribution, (5) the power law is mantained along the jet beyond the shotoregeometrically,
the base of the jet is attached to the disk &} aozzle radius, whose lower limit is the innermost
stable orbit of the disk around the black hole. The jet starts as a cilindiggahiith constant radius
ro. After this small nozzle region, above 30 gravitational radiir), the jet expands sideways at
the sound speed for a proton/electon plasma (:é.4c) and is only slightly accelerated by the
resulting pressure gradient. At a distance of 100-1Qa@e particles in the jet, that started with a
quasi-thermal distribution, are accelerated by a shock into a power-laibdisn.

3.2.2 The fits

We fitted the energy spectra of September 24 and 28, 2005, using thactiverSpectral
Interpretation System (ISI$ [1L0]). We started the fit by hand outsid®, i8fing to reach a reduced
x2 of less thany2, ~ 2. Then we use these parameters as a starting set of parameters for the fit
with ISIS. This procedure helps to avoid the automatic minimisation in ISIS fallinglseflocal
minima.

The fitting model of our observations consists of three componentsctedror photoelectric
absorption: 1) the jet model discussed above, self-consistently intdguatea multi-temperatre
disk blackbody, 2) a blackbody with a fixed temperature of 6900 K, to midetompanion star,
likely a F3-F5 IV, and 3) a disk reflection component with an iron emission linedrrahge 6.4-
7 keV. Given the large number of parameters in the model, we have fixed fbosvhich we
already have an independent estimate, and those known from previoks te fall in the same
range for other BHs (Cyg X-1, GX 339-4; this choice is somewhat arfyjtbait it is a starting point
to explore the parameters’ space, $eg [14] for a discussion). Wetiigenass of the BH to 6.3 M
[] and the distance to its inferred upper limit of 1.7 kfl [5]. We fixed the imtiom of the jet
to 75, which is consistent with the jet axis inclination inferred from the radio lolEs®vations
(L], revised with the new lower limit on the distance to the source of 1.7 khis Value is also
consistent with the disk inclination ef 70° inferred by [] and allowing a disk-jet misalignment
of less than 15(e.g. [13]).

3.2.3 A Comparison with other BHs

The jet model fit well the data of September 24, witkiZ, = 1.44(78d.0.f.), and of Septem-
ber 29, with ap(rzed =1.36(54d.0.f.) (see Fig. 3). In the September 29 fit, although¥Retatistics
seem reasonably good, the model somewhat underestimates the radioeniig&islope of the
optically-thick part of the synchrotron spectrum in the modeled jet is stabpearthe slope re-
quired by the observations. Moreover, the fit finds a solution for a niagiig dominated jet; the
equipartition parameter, as defined[in|[14kis 5, which is different from the value &f~ 1 found
for Cyg X-1 and GX 339-4[[14] and for GRO J1655-40 itself on Septen2de (Note, however,
that there is no reason other than the consistency with previous fits oftBlgseferk ~ 1 over
k~5.)

In order to obtain a flatter radio-IR synchrotron spectrum, we let the jéihation free; the
best-fit inclination obtained is 40°. We would like to stress that, at this stage, the free inclination
is meant to be an artificial modification to try to obtain a better fit. A jet inclinatiorn df’ seems
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Figure 3: Jet model fits with residuals of the radio-to-X-ray (uppengla) and X-ray spectrum (lower
panels) of the September 24 (left) and September 29 (ridig¢mations of GRO J1655-40, with the jet
inclination angle fixed to 75

unlikely, given a disk inclination of 70[f] and the previous estimates of the jet inclination (e.g.
[LT]). Furthermore, the uncertainties in modeling the jet emission are still tge tarattempt an
estimate of the jet inclination using these fits. The fit improves slightly as far g&’thatistics is
concerned, because the statistics is dominated by the X-ray (mainly) andl gatit of the spec-
trum, but we see a by-eye improvement in the fit in the radio band part. Aleathe equipartition
parameter is now also consistent with the values found for the Septembés@dsation and for
Cyg X-1 and GX 339-4, where the jet was close to equipartition.

A remarkable result of these fits is that the same model that can fit well ob&ridBoadband
spectra, seems not to reproduce seemingly well the optically thick part syttwhrotron emission
in GRO J1655-40, which is flatter than the model predicts. Possible ways te thakadio-IR
emission flatter would be 1) to have a more beamed jet (which is the case emul#ieditrby
the smaller jet inclination angle), and 2) to have a more collimated jet, maybe if thevaide
expantion in the post-accelerated jet region, would be somewhat lowethbasound speed in
vacuum as assumed in the model.
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As mentioned above, Markoff et al[_]14] fitted, using the jet model, someaypiard state
observations of the BH XRBs Cyg X-1 and GX 339-4, and discussedffieesthces and similarities
found in the best-fit parameters. Comparing the parameters of GRO 406&8h those of the
other two BHs, we find that the power that GRO J1655-40 put in to the jet iehigy a factor of
> 3. Also, the nozzle radius is smaller than that of GX 339-4 and very similar toft@yg X-1,
relfecting the higher X-ray/radio flux ratio. The electron temperature isoxppately the same as
that found for the other two BHs, as it is the spectral index of the elecistnlalition. The model
finds solutions for a jet close to equipartition in the case of September 24 &wptdmber 29, but
in this latter case, only if we let the jet inclination free to adjust the otherwisenastimated radio
emission.

The coverage given in the mid-IR by the Spitzer observations, allow usémgre stringent
constrains to the broadband emission of BHs, with the ultimate goal of testiligfaiag the
existing jet models. The analysis of the data is still ongoing, and the resulte obthplete study
will be reported in an upcoming paper.
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