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ABSTRACT

We present the results from a multiwavelength campaign of GRS 19154105 performed
from 2000 April 16 to 25. This is one of the largest coordinated set of observations
ever performed for this source, covering the wide energy hand in radio {13.3 0.3 cm).
near-infrared (J-H-I). X-ravs and Ganuna-rays {from 1 keV to 10 MeV). During the
campaign GRS 19154105 was predominantly in the “plateau”™ (or low/hard) state but
sometimes showed soft X-ray oscillations: before April 20.3. rapid. quasi-periodic (45
min) flare-dip cveles were observed. In the spectral energy distribution in the plateau
state, optically-thick svuchrotron emission and Comptonization is dominant in: the radio
and X- to Gamma-ray bands, respectively. The small luminosity in the radio band
relative to that in X-ravs indicates that GRS 19154105 falls in the regime of “radio-
quiet” microquasars. In three epochs we detected faint flares in the radio or infrared
bands with amplitudes of 10 20 mJy. The radio flares observed on April 17 shows
frequency-dependent peak delay, consistent with an expansion of synchrotron-emitting
region starting at the transition from the hard-dip to the soft-flare states in X-rays. On
the other hand. infrared flares on April 20 appear to follow (or precede) the beginning
of N-ray oscillations with an inconstant time delay of ~ 5 30 min. This implies that the
infrared emitting region is located far from the black hole by Z 10 ¢m. while its size
is < 10' cm constrained from the time variability. We find a good correlation between
the quasi-steady flux level in the near-infrared band and in the X-ray band. From this
we estimate that the reprocessing of X-rays, probably occurring in the outer parts of the
accretion disk, accounts for about 20 30% of the observed A magnitude in the plateau
stale. The OSSE spectrum in the 0.05 10 MeV band is represented by a single power
law with a photon index of 3.1 extending to ~1 MeV with no eutoff. We can model
the combined GIS-PCA-HEXTE spectra covering 1- 200 keV by a sum of the multi-color
disk model, a broken power law modified with a high energy cutoff, and a reflection
component. The power-law slope above ~30 keV is found to be very similar between
different states in spite of large flux variations in soft X-rays, implyving that the electron
energy distribution is not affected by the change of the state in the accretion disk.

Subject headings: accretion, accretion disks  Dblack hole physics  infrared: stars
racdio continuum: stars - stars: individual (GRS 1915+105)  X-rays: stars



1. Introduction

Up to present a few superluminal jet sources Lave
been identified in our Galaxy {for a review see Mirabel
& Rodrigues 1999): GRS 1915+105, GRO J1655—
40, possibly XTE J1748-288, XTE J1550-364 {Han-
utkainen ot al, 2001), and V4641 Sgr (Orosz et al.
2001). The similarity of the observed properties iu
these sources to those of AGNs indicates that the un-
derlying physics is comnon to a wide mass range of
the central black hole from ~ 10M. to ~ 10°M.,
except for scaling in luminosity, size, aud variability,
which are proportiounal to the black hole mass. These
objects, so-called “microquasars™, are ideal labora-
tories for understanding the wechanism of relativis-
tic jets and its relation with accretion flow onto a
hlack hole, owing to the brightness in X-ray bands
and fast variability. Studies in multiwavelength hands
are particularly hnportaut. because with Xorays and
Gamma-rayvs we can probe into the inuermost part of
the aceretion disk, while in radio and infrared bands
we can trace ejection of relativistic jets,

GRS 18154105 was discovered in 1992 as an X-ray
transient by WATCH / GRANAT (Castro-Tirado,
Brandt.& Lund 1992; Castro-Tirado et al. 1994).
Later, Mirabel & Rodriguez (1994) detected from this
source the first superluminal motion in our Galaxy.
By assuming a distance of 12.5£1.5 kpc estimated
from H I absorptiow, the kinematics of the two-sided
jets revealed its intriusic velocity of {0.9240.08)¢ and
the inclination of 70£2° (Mirabel & Rodriguez 1994).
The above distance has been confirmed by Chaty ct
al. (1996} with millimeter observations aud revised by
Dhawan, Gross, & Rodrigacz (2000} to be 1221 kpe
from an updated H I spectrun, although the uncer-
tainty may be larger than 1.5 kpe (see Chaty et al.
2001). Similar jet paramncters ((0.98¢ aud 66° at 11
kpe) were obtained from other ejection events in 1997
October / Novewber {Fender et al. 1999), Recently,
Greiuer et al. (2001) have identificd the companion to
be a K-M III star from the infrared spectroscopic ob-
servations, classifving GRS 19154105 as a low mass
X-ray binary, as earlier proposed hy Castro-Tirado,
Geballe & Lund (1996).The mass of the black hole
has been deterined to be 1444 M- (Greiner. Cuby.,
& MeCaughrean 2001). Tu X-rays. GRS 19154105
shows dramnatic temporal/spectral variations oceur-
ring in regular cycles (e.g.. Belloni et al. 2000). Si-
nultaneous observations in radio. infrared. and X-ray
bands indicated a close coutection hetween aceretion

disk iustabilities and cjection of plasmoids cruitting
via synchrotron radiation (e.g., Poolev & Fender 1997:
Mirabel et al. 1998: Eikenberry et al. 1998).

In this paper, we report results of a multiwave-
length campaign of GRS 19154105 performed from
2000 April 16 to April 25. This is one of the largest
coordinated set of obscrvatious ever performed for
this source, covering the wide energy band iu radio
(A =13.3-0.3 cm), infrared (J, H, K), X-ravs and
Gamma-rays (from 1 keV to 10 MeV), during a period
of 9 days 1 total. Results of thie Chandra HETGS ol-
servation made on 2000 April 24 are reported by Lee
et al. {2002}, which are not inchuded here. We re-
port a summary of the coordinated observationus in
§ 2. Then, data analvsis and highlights of the results
obtained froan this campaign are presented in § 3. fol-
lowed by discussion on three topics iu § 4. In § 5. we
summarize the conclusion.

2. Observations

We condncted the wnltiwavelengtl campaign when
the ASCA satellite performwed a long look at GRS
1915+105 from April 17.5 to April 25.5 {UT through-
out the paper). Simultancous observations were made
with Rossi X-ray Timing Explorer (RXTE)Y ou April
17, 200 22, 23, 24, and 25, with BeppoSAX from
April 21 to 24, and with OSSE / the Compton
Gamma Ray Obscrvatory (CGRO) from April 18 to
26. From ground facilitics, radio observations were
made at the Very Large Array (VLAY 17 (observers:
Mirabel and Dhawan) on April 17, 22, and 23, and at
the Nobeyama Millneter Array (NMA) from April
17 to 19 (Kohuo), and infrared ohservations at the
Calar Alto Observatory from April 18 to 25 {Castro-
Tirado and Sanchez-Ferndndez} and at the Buro-
pean Southern Observatory (ESOV® from April 17
to 25 {Chaty). In addition, mouitoring data of the
Green Bank Interferomneter (=GBI, 2.25 GHz and 8.3
GHz), All Sky Monitor (ASM) / RXTE (1.5-12 keV),
and BATSE / CGRO (20-100 keV) were available.
Rodrignez ot al. {2001) report timing analysis from
RXTE observatious on April 17, 22, and 23, and Fe-
roci et al. (2001) report the BeppoSAX results. More
detailed analysis of the frared A7 data taken at

"The NRAO VLA is a facility of the National Science Foun-
dation. operated under Cooperative Agreement by Associated
Universities. fne.

13 Based on ohservations collected at the LEuropean Southern Ob-
servatory. Chile {ESQ No 65.11-0247).



Calar Alto is reported in Sianchez-Fernandez {2001}
Below, we summarize observations and data reduce-
tion for cach observation. Table 1 gives a log of all
the observations.

2.1. C(CGRO Observations
2.1.1. OSSE

The OSSE instrumeut on the CGRO obscrved
GRS 19154105 over the period April 2000 18.7-25.6.
OSSE covered the low-cuergy ganuna-ray bauwd, from
50 keV to 10 MeV with good spectral resolution. It
liad a 3.8° x 11.4° field of view {at 50 keV}). Encrgy
spectra were accutnulated in an alternating sequence
of 2-minute measurcments of source and background
fields (Jolmsou et al. 1993). For these observations,
the long axis of the collinator was inclined with re-
spect to the galactic plane, and the backgrouud fields
were chosen to minimize and compensate for any con-
tamination from Galactic diffuse ciission.

The observations discussed liere were performed
late in the CGRO inission, following the last altitude
rehoost. At this high altitude, the OSSE instruiment
was subject to additional activation in the South At-
Jantic Anomaly (SAA). The radioactive decay of 1281
in the scintillator is the dowinant source of internal
backgrouud in the ~ 1-2 MeV band. which results

in a flattening of the seusitivity curve and — if the
background subtraction is inadequate - can create

positive or negative spectral features in this band.

2.1.2. BATSE
The BATSE experinent onboard CGRO (Fishtnat

et al. 1989) was used to monitor the hard X-ray emis-
siou from GRS 19154+105. The BATSE Large Area
Detectors (LADs) can monitor the whole sky almost
continuously in the energy range of 20 keV-2 MeV
with a typical daily 3 sigma scusitivity of better than
100 mCrab. Detector counting rates with a timing
resolution of 2.048 seconds are used for our data anal-
vsis. To produce the GRS 19154105 light curve, sin-
gle step ocenltation data were taken using a standard
Eartly occultation analysis techinigque used for mou-
toring hard X-ray sources {Harmon et al. 1992). In-
terference from known bright sources were removed.
A spectral analysis of the BATSE data indicated that
the data were well fit by a power law with a spectral
index of —2.8. The siugle oceultation step data were
then fit with a power law with this index to deterinine
daily flux measurements i the 20 100 keV band.

2.2, RXTE Observations

During the campaign, 8 poiuting observations were
made by RXTE on 2000 April 17, 20, 22. 23, 24, and
25, covering the 2-60 keV band with the Proportional
Counter Array (PCA: Jahoda et al. 1996) aud 15-250
keV band with the High Euergy X-ray Timing Ex-
peritnent (HEXTE: Rothschild et al. 1998). For data
reduction and analysis, we used the FTOOLS V5.0
package provided by GSFC/NASA. The good time
intervals {GTIs) of the PCA data were selected on the
two criteria: (1) the elevation angle was 107 or larger,
and (2) the offset poluting was less than 0.02 °. For
spectral analysls, we used the standard2 mode data,
which has 129 energy channels with a tiwe resolution
of 16 s. We nsed only events of the top laver from
PCUG, PCU2, and PCU3. wluch were always on duar-
ing the campaigu except for April 25.24-25.26, when
PCU3 was temporarily turned off. The background
spectruin was constructed from the standard model
prepared for bright sources, which includes coutribu-
tion of both the cosiic X-ray background and particle
background. The HEXTE data were selected with the
same GTIs as the PCA. We used the standard maode
data and subtracted the background taken from the
rocking motion. Data of cluster-0 and cluster-1 are
summed. Besides the pointing data with the PCA
and HEXTE, we also used the ASM data in the 1.5-
12 keV band'? .

2.3. BeppoSAX Observations

BeppoSAX joined the campaign as a part of the
on-going program for Target of Opportunity observa-
tions on this source. The Narrow Field Instruments
{(NFI, 0.1-300 keV, Boella ct al. 1997a) observed the
source from April 21 19:09 {(MJD 51655.798) te April
24 11:32 (MJD 51658.480) for a net cxposure of 80
ks iu the Medinim Energy Concentrator Spectrome-
ter (MECS, 2-10 keV, Boella et al. 1997h) and 76 ks
in the Phoswich Detection System {PDS, 15-300 keV',
Frontera et al. 19971, The two large data gaps are due
to the temporary suspension of the BeppoSAX oper-
ation during the nights of the week-cnds occurred in
2000. Unfortunately. this limitation to the satellite
operations prevented the simultancous observations
with some ground-hased telescopes. Standard data
reduction and cleaning procedures (Fiore et al. 1999)
were applied 1 order to extract the final scicutific

9provided by the ASM team at MIT and NASA GSI'C

SOV /GOL through the weh



products. The source appears bright during the en-
tire observation, with an average count rate of about
100 counts s~ ! in the MECS iustrument (2-10 keV)
and 30 counts 57! in the PDS (15-300 keV).

2.4. ASCA Observations

We observed GRS 19154105 with the ASCA satel
lite {Tanaka, Inouc & Holt 1994} in the 0.7-10 ke'V
baud from April 17.5 to 25.5. A net exposure of 271
ksee is achieved, the longest coutiunous observation
performed with ASCA for this source. ASCA car-
ries four N-ray telescopes, coupled with the two Gas
Imaging Spectrometers (Ohashi et al. 1996} and two
Solid-state Tmaging Spectrometers ( Yamashita et al,
1999). Throughout the observations. the GIS was op-
crated in the standard pulse height mode with the
nominal bit assignment, aud the SIS was operated in
the 1-CCD Bright mode.

In this paper, we present only results of the GIS
data, since extremely careful treatment is required for
the SIS data, which suffered from severe pile-up as
well as degradation of the response due to integrated
radiation damage at the end of the ASCA missions.
We only use data takew in the high bit-rate telemetry
mode, except when exaniniug the presence of flare
events from light curves (see below). In the medium
bit-rate, dead time becomes significant and mouitor
counts measured by non-reset counter {such as L1)
sometimes spilled over due to high count rate from
the source, which makes it difficult to apply dead-
time correction. The GIS data were selected with the
criteria of (1) the elevation angle of the source from
thie Earth limb was higher than 5 degrees aud (2) the
satellite was not in the SAA. This caused data gaps
witht a period of 90 winutes due to the satellite orbit.
We calculate the GIS spectra using events in a cirenlar
reglon within a radius of 6' centered at the peak., The
energy scale of eacl detector were finely tuned usiug
the instripental structure of the Gold M-edge and
Xenon L-edge. We estimate the resultant accuracy of
tlte absolute gain to be about 0.5%.

2.5. Near-Infrared Observations at the ESO

Near-infrared observations of GRS 19154105 were
performed with the 3.58 m New Technology Telescope
(NTT) at the European Southern Observatory (ESO)
at La Silla, Chile, during April 19-25, 2000. The tele-
scope was equipped with the infrared spectrograph

and imaging camera Sou of ISAAC {(SOFI). The ob-

servations were perfornted in the course of an on-going
program of Target of Opportunity observations on
Galactic hard X-ray sources (PL Chaty).

2.5.1. Imaging

In imaging the broad band filters J. H. and K
were used, in combination with the Large Field, giv-
ing a 4.9%4.9 arcmin? field of view, with a plate scale
of 0.292 arc-seconds pixel . The J-haud filter is cen-
tered on 1.24% g, with a width of 0.290 gan, rep-
resenting 23% of the wavelength, the H-band filter
1s centered on 1653 g, wicth a width of 0.297 ;an,
representing 18% of the wavelength, and finally the
Ks-band Klter Is centered on 2,162 g, with a width
of 0.275 pu, vepresenting 13% of the wavelength.

Ou each night of the April 19tl, 20th, 21st and
25th, the J. H, and R's band images were acquired
with auw integration time of 60s: four frames of 15s
cach were averaged for the J and H, and six frames
of 10s cach for the As. The combined magnitudes
given for these nights in Table 2 are the result of
9 co-added and median filtered 60s exposures, with
random offsets and direction between cach exposure.
The conditions were phiotometric for most of the camn-
paign. the seeing being typically (.8 arcsec.

Concerning the nights of the 23rd and 24th, we
coutinuously observed in the A's band, taking 60 ex-
posures with an integration time of 60s each, by av-
craging 6x 10s framnes, and randomly offseting in dis-
tauce and direction between cach frame, during nearly
1.5 honrs, The combined maguitudes given for these
nights in Table 2 are the result of the 60 co-added
and median filtered 60s exposures. A total of 229
60s-frames were acquired during those 6 uights,

The images were processed using IRAF reduction
software. Each of the iiages were corrected by a nor-
malized dome-flat field, and sky-subtracted by a sky
image created from combining with a wedian filter a
total of 3 consecutive imapes. The data were then an-
alyzed using the IRAF reduction task “apphot”, tak-
ing different apertures depeuding on the pliotometric
couditions of the night.

Absolute photometry was performed using 2 stan-
dard stars frott the new systemn of faint near-infrared
standard stars (Persson et al. 1998): No. 9164 (HST
P565-C) and 9178 (HST S808-C). Each exposure of
these staudard stars is the average of Tx1.2s inte-
gration time frames. and this 1s repeated 5 thines
by offsetiing the inages of 1 arciin to the North-



West., North-East, South-East and South-West from
the central position, and the final lmage is the co-
add and median filter of those individual frames.
The Zero-points in J. H, and A's during 19-25th of
April were respectively 1.87740.008, 2.09610.040 and
2.65240.062 maguitudes.

2.5.2. Spectroscopy

On April 22, we also performed some low resolu-
tion (£=0600) 1.53-2.52 pm wavelength range spece-
troscopy with a fixed width slit of 1 arcsecond. nsing
the GR Grism Red at 1st order, giving a dispersion
of 10.22, and a resolution of 1000.

We acquired 10 exposures of 2x120s each on GRS
19154105, giving a total exposure time of 40 min-
utes. We also acquired 8 exposures of 3x10s each on
the spectrophotometric standard Hip 95550, giving a
total exposure tine of 4 minutes. We corrected the
images by a dome-flat field, and sky-subtracted the
spectta by offset spectra. We wavelength-calibrated
the images thanks to a Xenon lamp spectrum ac-
quired with the Red Grism and the same setup. We
thereafter normalized the spectra.

2.6. Near-infrared Observations at the Calar
Alto Observatory

Infrared A7 observations of GRS 19154105 were
performed with the 1.23m Telescope at the German-
Spanish Observatory at Calar Alto, Spain, during
April 17-24, 2000. The telescope 1s equipped with the
/8 Mpi Fiir Astronomic General-Purpose Infrared
Camera (MAGIC) which provides a S-arciin field of
view, at a resolution of 1.2 aresec pixel ™!, The A7 fil-
ter has a central wavelength of 2.10 pm with a width
0f 0.34 pmn and a yquantwn efficiency of about 0.6. The
sceing was tyvpically 1.5 aresec. On each night, series
of nine 45s (co-added) exposures were obtained. with
offsets of ~15 arcsec between each exposure.  Oue
whole utght and two half-uights of the campaign were
lost due to bad weather conditions. A total of 924
zood frames were obtained.

The fmages were processed using IRAF reduction
software. For each of the iinages, a median-combined
sky image was created from a total of 9 comsceu-
tive images, time-centered in the immage to be sky-
subtracted. The resulthug sky-subtracted mages were
thien Hat-fielded with an image constructed from the
difference of dowe flats obtained with the flat field
lamps on and off.

The data were then analyzed using the TRAF re-
duction task “apphot™, with different apertures de-
pending on the photometric couditions of the night.
Relative photometry was performed using 5 field see-
ondary standard stars, calibrated during one of our
previous obscervational campaigns on this field.

2.7. NMA Observations

The Nobevamma Millimeter Array observatious of
3 mm coutinuum cmission toward GRS 19154105
were made on 2000 Aprll 17, 18, and 19. The NMA
cousists of six 10 1 antennas equipped with cryogeni-
cally cooled 8IS tunerless receivers. The systemn noise
temperatures toward the zenith were about 120 K in
double side band for the first two days, vet mcreased
to about 200 K in the last day due to a poor weather
coudition. The array was iu D configuration {the most
cotpact) for this period, and the resultant synthe-
sized beain were about 87 x 67 at the observing fre-
quencies ie., 88.6 GHz for the lower side baud, and
100.6 GHz for the upper side band. The side band
separation was achieved by 90 degrees phase switch-
ing to the reference signal. The backend was the Ultra
Wide-Band Correlator {UWBC), which is an XF type
digital-spectrocorrelator with a bandwidth of 1024
MHz (Okwmura et al. 2000). The passband across the
chanuels were calibrated by observations of 3C454.3,
and the quasar B1923+210, whick was about 3.5 Jv
during the observations, was observed every 20 nin-
utes to calibrate thie temporal variation of the visibil-
ity amplitude and phase. The uuncertainty in the ab-
solute iux scale is estimated to be about £10 %. The
raw visibility data were reduced with the UVPROC2
developed at NRO {Tsutsumni et al. 1997), and then
Fourier transfortned and deconvolved using a CLEAN
technique implemented with the NRAO AIPS (Astro-
nomical Image Processing System). Upper and lower
side band images were averaged to enhance signal-to-
noise ratios. The achieved rus noise levels after the
averaging were 1.3, 1.1, and 2.1 mJy for the three ob-
serving runs, respectively (indicated by the error bars
in Figure 1).

2.8. VLA Observations

The VLA is a multi-freguency, multi-coufiguration,
aperture synthesis imaging instrument, consisting of
27 antennas of 25m diameter. The receivers at 5.0,
8, aud 22 GHyz. were used in these observatious, with
2 adjacent bands of 50 MHz nominal bandwidth pro-
cessed in continnum mode. To get simultaneous time



coverage at 3 wavelengthis, we used the autennas in
3 subarrays with 11, 7 and 9 antennas respectively.
The corresponding 1-sigma sensitivities in 10 minutes
are 0.25, 015, and 0.15 mJy respectively for the 3
subarrays. {Tle rins noise is indicated by the error
bars on the plots of Figure 2). The array configura-
tion is varied every 4 mounths to ¢ycle between 4 sets
A, B, C, D, with maximuam basclines of about 36, 11,
3.4 and 1 kin, The € array was in use during these
observations,

For all observations reported here, GRS 19154105
was unresolved by the synthesized beams (0.9 arcsec
at A =13 em, 1.7 arcsec at 3.6 ¢, and 4.8 arcsec
at 6.0 cm) for any subarray and wavelength, Other
sources {HII regions, see e.g., Figure 4 of Rodriguez ¢t
al. 1995 and Figure 1 of Chaty et al. 2001) are present
in the field of view, maiuly at 1.4 GHz. These are well
separated in the images, and also are much weaker
aud resolved out by the narrower bearn at short wave-
lengths. so there is no confusion with GRS 19154105,

The primary flux density calibrators were 3C286
(13314305} and 3C48 (01374+331) and the phase eal-
ibrator was 19254211, Calibration and iimaging were
cartled out with standard tasks in the NRAO AIPS
package. In practice, the flux density errors are set
uot by the nns receiver (thermal) noise staved above,
but by errors in the Hux density scale, estiimated to be
3 5% of the measurement: and/or source variability,
depending ou the occasion.

2.9. Monitoring Observations by the Green
Bank Interferometer

The radio fluxes at 2.25 GHz (A=3.6 ¢m) and 8.3
GHz {A=13.3 cmn) were mouitored by the Green Bank
Iuterferometer {(GBI) on a 2.4 km baseline with a
band width of 35 AMHz for each frequency. Detailed
description of the flux calibration can be found in Fos-
ter et al. {1996 and references therein). Up to 12 scans
were performed every day with a 10-15 minutes in-
tegration time. The raudom noise (1o} is estimated
to be about 4 mJy at 2.25 GHz and 6 mly at 83
GHz when the flux was below 100 mly, and the data
are noise-dominated below 15-20 mty. The data on
2000 April 21 through 23 are not available duc to holi-
day weekend shutdown. According to the operational
notes rain wmay affect the 8.3 GHz data on April 17,

-1

3. Data Analysis and Results

3.1. Multiwavelength Light Curves

Multiwavelength light curves obtained from the
whole observationus are shown in Figure 1. sorted by
wavelengths. In this figure, data with high time reso-
lution are merged into longer time bins, For later dis-
cussions, we plot expanded light curves with higher
tine resolution in Figure 2 (PCA, GIS, and VLA on
2000 April 17.53-17.65), Figure 3 (PCA, GIS, aud in-
frared (A7) on April 19.95-20.23), Figure 4 (PDS and
MECS on April 23.78- 23.83), and Figure 5 (GIS aud
infrared (H-J-Ks) on April 25.35-25.41). Below, we
summarize the overall behavior of the source during
the campaigu.

3.1.1. Soft X-rays

It is immediately noticed from Fipure 1 that before
UT~2000 April 20.3 soft X-rays (<25 keV) showed
rapid “Hares™ or “oscillations™ in the formn of quasi-
periodic (~45 minates) flare-dip cvele. Detailed anal-
vsis using the L-see resolution data of the RXTEPCA
revealed that the flare phase corresponds to Class o
defined by Belloni et al. (2000}, After April 20.3, the
source entered luto a more stable state, classified as
Class y (also referred as the low/hard state or the
“platean” state in the literature). FEven after April
2.3, however, a few sudden, separated Hares were still
obscerved. Their epochs are marked by the arrows in
the GIS light curve of Figure 1. Here, to scarch for as
tmany Hares as possible, we also utilized GIS LD data
(oue of the monitor counts; see Ohashi et al. 1996) in
the bit-rate inediwm, which are not included in Fig-
ure 1. The preseuce of such flares makes the definition
of the state as a function of time untrivial.

The three flares observed after April 20.3 are essen-
tially the same (l.e., Class o} as the ones observed in
the flare-dip cycles at earlicr epochs. Tle flare that
occurred at 2000 April 23.825 was clearly detected
by the BeppoSAX: a blow up of BeppoSAX PDS and
MECS light curves is shown in Figure 4. As noticed.
this Hlare was detected only in the MECS data (<10
keV}, with no counterpart in the high energy detee-
tor PDS. We cliecked for any reasonable instrumental
cffect that may have caused a spurious flare like the
one we observed. and found nene. Unfortunately, the
flare occurred just before an observation gap due to
Earth occultation. and therefore the study of its time
history is truncated. For the portion that BeppoSAX



could observe. its duration was approximately 100 s
aud the profile seems similar to the start of oue o
mode eveut {of. Figure 2 and 3: Belloni ot al. 2000},

The frequency of the flares changed with tie, al-
though a correct estimate is difficult because of the -
complete tiime coverage due to the data gaps. Tu par-
ticular, the source showed a periodic flare-dip cycle
with a roughly constant interval of about 45 minutes
berween 2000 April 17.5-18.05. Then. the frequency
of Hares decreased aud becamne more irregular. There
is no evidence for any flare between April 19.54 19.96
at least in the available GIS or ASM data. After that
the source becamne more active again as recognized
from Figure 3. The variability pattern of the Hare-
dip cvele also changed with time. Oun April 17 (Fig-
ure 2}, the duraton of a dip was ronghly comparable
to that of oscillation between the two dips, whereas
on April 20 (Figure 3) the duration of the dip was
about 3 times longer thau that of the flarc. As we
will shiow it later, the spectral and timing properties
in the dip phase during the flare-dip evele observed
in the earlier epochs are very similar to those in the
quast-steady, “platean” state. Hence, we may regard
that during this campaign the systemn was basically
in the plateau state, occasionally exhibiting a single
class of flares with different rates.

3.1.2. Hard X-rays and Gamina-rays

Throughout the observatious GRS 19154105 was
guite bright in hard X-rays: the BATSE flux of ~0.10
photons e =2 571 (20-100 keV) was at a typical level
of the “plateau”™ state (Foster et al. 1996), The OSSE
flux (50300 keV) showed a siguificant variability at
a 20% level (peak-to-peak) on hours to days. After
April 21 when rapid soft X-ray oscillations ceased, the
daily averaged Hux increased by about 20%. Then, it
once decreased at UT~2000 April 21.5 hut recovered
at April 25.0 accompanied with decrease of the soft
X-ray flux in the 0.7-10 keV band. Oun much shorter
time scales, hard X-ray fluxes {above 20 keV) is mmuch
less variable than soft X-rays during the fare-dip cy-
cle (§ 3.5.2: sec also Rodriguez et al. 2001).

3.1.3. Ruadio und Infrared

The source showed weak fares in the radio and
infrared bands associated with the soft X-ray oscil-
lations on April 17 and 20 (Figure 2 and 3). Ou
April 25, a sinusoidal finx variation. which may be
regarded as a fare, was found in the combined in-

5). We present the detaiis

frared light curve {Figurce
i % 3.3 and discuss the origin of these radio/infrared
flares in § 4.1, The GBI data also show evidence for
such faint flares (e, on April 19). No major radio
flares exceeding ~100 nuly was detected,

The K and K's magnitudes observed during the
quasi-steady state is in the rauge of 13.2-13.6, which
is siguificantly Drighter than the faiutest level of
A'=14-14.5 ever observed {Chaty et al. 1996; Mirabel
et al. 1998). This result indicates that the source was
quite active throughout the campaigu, even when no
apparcut Hare was observed. Fiually, as noticed frow
Figure 1, the persistent infrared flux levels seemed to
correlate with the soft X-ray lutensity on thne scale
of hours (see § 3.4.2 and § 4.2).

3.1.4.  Temporal State of the Source

To summarize, the source was predominantly in
the so-called “platean™ or low/hard state (Class y.
or State C, in Belloul et al. 2000} with a flat radio-
mm-{infrared) spectrum (see Figure 6) during the
campaign.  Recently, it is revealed by VLBA that
this state is accompanied with compact jets of ~10
AU size (Dhawau, Mirabel & Rodriguez 2000H). The
source sometimes showed soft X-ray flares (oscilla-
tion) classified as Class o, Tn particular, before April
20, a rapid, quasi periodic flare-dip cyele was ob-
served, being associated with faint radio and infrared
Hares.

I the subsequent sectious, we present the detailed
resalts of (1) the whole spectral cuergy distribution
(SED) of GRS 19154105 iu the plateau state, (2) the
radio and infrared flares, (3) the quasi-steady infrared
ewission, and {4} the high energy spectra. The last
three topics are further discussed in § 4.

3.2. The Spectral Energy Distribution of GRS
19154105 in the Plateau State

In this subsection we present the whole speetral en-
ergy distribution of GRS 19154105 determined fromn
our data, to have the overall idea about emission
mechanisms at cach wavelength, Here we focus on
the spectra in the platean state {ie.. a guasi-steady
state) to aveld complexity with time variability. Note
that this state is most comnmonly observed from this
source (Belloui et al. 2000) being accompanicd with
the Al-scale (steady or variable) jet and is a poten-
tially very important phase to understand the mecha-
nism of superluminal jets because the state appears to



be present as a precursor of large ejection events (Fos-
ter et al. 1996). Figure 6 shows the cuergy spectrum
of GRS 19154105 1 »#f, over the wavelength range
of 12 orders of magnitudes. They are corrected for an
interstellar absorption (or extinction}: we assunie Ay
= 71202, Ay = 41202, and A, = 3.040.1 from
Chaty et al. (1996), which values are derived from
i observations and cousistent with X-ray observa-
tious of the source. The GIS-PCA-HEXTE spectra
are calculated from the data of April 22.4-22.6 and
the OSSE spectium is from April 21.0-25.6. (The
nortalization of the OSSE spectrum is multiplied by
afactor of 1.35 to match che GIS one.) Detailed spec-
tral models uscd to calculate unfolded speetra are de-
scribed in § 3.53.2. For the radio and infrared data, we
plot the sninimun and mwaximum flux deasities ob-
tained during April 21.0-26.0. when no obvious flares
were detected, As for the flux density at 3.2 mn,
we use the NMA data taken on April 16, 17, and 18,
whicl may contain a contribution of Hares.

The emission in the X-ray to Gamma-ray bands
is dominated by Comptonization, which is approx-
mated witlt a power law with different stopes below
~0 keV and above 2250 keV. In the soft band, there
is a contribution of thermal emission from the op-
tically thick aceretion disk. which is rather small in
the platean state as widely reported in the literature
(Belloni et al. 2000: Muauwo et al. 2001). The esti-
mated contribution of the reffection compouent and
of the disk compouent {modeled by the Multi-Color
Disk (MCD) wodel, Mitsuda er al. 1984) are plotted
separately from the hest-fit parameters of Table 4.

Thie emission in the infrared band has, as we will
show 1t Later, at least 3 different components: a black-
body cmission from the companion star, a reprocess-
g of Xerays in outer parts of the accretion disk, and a
synchrotron emission from quasi-steady compact jets,
whose contributions to the total are estimnated at 20--
40, 20-30%. < 60- 30%. respectively (see § 4.2), In
the figure we plot the contribution frown the compan-
ion star assuming a blackbody temperature of 4800 &
and a K maguitude of 15.0 (Greiner et al. 2001). We
can sce that a contribution of the multi-color disk
cotponent itself whose parmneters are determined
from the Xeray data is negligible to the observed iu-
frared Hux, as far as the standard disk is assumed,

Iu the radio band, we sce a flat spectrun (o ~ 0 for
I, x v*). The cission is wost likely attributed to an
optically-thick synchrotron radiation from compact,
quasi-steady jets. Fitting to the wean VLA fluxes at

1.3 ¢ 3.6 em. and 6.0 ¢ vields o = —0.03 4 0.09,
0.04 + 0.03, and —0.12 £ 0.07, ou April 21, 22, and
23, respectively. The best-fit power law spectrum for
the April 22 data, simuitancons ones to the presented
Xeray spectrum. is plotted in Figure 6. The extrap-
olation of this spectrum toward shorter wavelengths
roughly agrees with the third component of the in-
frared emission (see above). This is consisteut that
the Hat synchrotron spectrum continues, at least, till
the A band (1.4x10° GHz) (Ogley et al. 2000: Feuder
2001). The absolute radio Huxes showed daily vari-
ations, at least by a factor of 3, indicating different
Jet activities on a time scale of a day but stable ou a
time scale of hours.

It would be interesting to compare the SED of GRS
19154105, a mucroguaser, with those of quasars. Ac-
cording to typical SEDs of AGNs presented by Elvis et
al. (1994) in their Figure 1 and Figure 10, the ratio of
v, between the radio (¢ = 10'° Hz) and X-ray (102
Hz) bands is roughly ~ 1072 for radio-loud guasars
and ~ 1077 for radio-quiet quasars. (If we use fluxes
in UV bands mstead of Nerays as a measure of acere-
tion power, where an optically-thick thermal crnission
from the aceretion disk has a peak, the ratio becomes
~ 1073 and ~ 1079, respectively.) Ou the other Liand,
Figure 6 shows that the radio-to-X-ray ratio is about
1077 for GRS 19154105 in the platean state {and at
most 107% even when large radio flares reaching ~1 v
were observed). This indicates GRS 19154105 should
fall in the regime of “radio-quiet™ microquasars. The
Hat radio spectrum in the plateaw state resetubles that
of radio-guict quasars below ~ 107 Hz, Howoever, in
the case of GRS 19154105 the flat spectrum secius
to continue till 10" Hz, while radio-guiet guasars
have the so-called mmm-break around 10" He, above
which the spectrum steepens {0 2 — 1), The reasou
s unclear but the difference should be taken into ac-
count when applying the same jet wodel developed
for AGNs to GRS 19154105, as disecussed by Feuder
et al. (2000).

3.3. Radio and Infrared Flares

I three epochs we deteeted faint Hares in the radio
and infrared bands with a duratiou of 10 20 wminutes,
although none of them was shmultancously observed
in radio and infrared bands, unfortunately, They are
most likely artributed to the ejection of jots crmitting
via synchrotron radintion. We prescut these results in
association with the snnnltancous Neray light curves.
Detailed discussions on the origin of these events are



made in § 4.1,

Figure 2 shows the VLA light curves and simul-
taneous X-ray light curves on 2000 April 17 taken
with the PCA and GIS. As noted, the radio fuxes
were variable on a time scale of about 45 win. with
the short wavelength varving carlier aud more than
the longer wavelengths.  This behavior has often
heew scen previously during the X-ray dip/flave eyeles
of about 30 40 min period (Pooley & Fender 1997
Eikenberry et al. 1998: Mirabel et al. 1998) and is
probably due to the injection of plasina into the flat-
spectrm eptically thick AU scale jet w the platean
state. The X-ray counts show ftare-dip eycles, which
are probably caused by the associated disk instability
{e.g.. Belloni et al. 1997). Although the time resolu-
tion is limited, we see flux enhancement in the NALA
3 data on April 18 awd in the GBI 3.6 e data on
April 19, which could be attributed to shnilar radio
Hares. Ou the other hand, the VLA data ou April
21, 22, 23 indicate that the source is weaker and the
variability is not much more thau the random uoise.
During these epochs X-ray light curves did not show
oscillations. The radio spectruin of April 17 was also
“Hat” i.e., showing approximately the same radio flux
density at 6, 3.6 and 1.3 e, at the peak of the vari-
ation evele. This is expected since the souree size in-
ferred from the variability {=1 minute) is small, and
thus optically thick. (The optically thiu, steep spec-
truin cjecta, if present at all, would not be resolved
by the large beam > 17).

Similar faint flares were also detected in the RY
baud on April 20. Figure 3 shows a blow up of the
K’ baad light curve at 1 miuute resolution, plotted
with the ASCA GIS and RXTE PCA counts. The
X-ray flares correspond to the same class {Class o)
as April 17, although the whole variability patteru
secwns slightly different frown the previous epoch in the
sense that the duration of the dip relative to tie Hare
is longer and that the amplitude of the fiest peak is
utore prowinent compared with the subsequent peaks.
As seen frown the figure, four {or five if the begin-
ning of the data is counted) separated infrared flares
are deteeted, each has a peak-to-peak amplitude of
about 0.3 maguitudes (about 20 1Ty if dereddencd).
Unfortunately, due to the gaps in the GIS data, we
could detect only one peak that marks the beginuing
of the Hare at April 20.07. Nevertheless, the linear
rise patterns of the X-ray intensity suggest the pres-
ence of such Hares between them, supporting ole-to-
oune correspordence between the infrared and X-ray
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Hlares. For later discussion. we estimate the timing
of the flares that were not directly observed. In the
last pauel of Figure 3, the estiimated positions of the
first peak in cach oscillation phase are marked by the
dowuward arrows with a larger width representing the
probable error (those with a smaller one are actually
observed peaks). Here we lLave assumed. based on
the variability pattern observed in the GIS and PCA
data around this epoch, that (1) the duration of the
oscillation phase 1s 15 minutes, and that (2) the flux
level at the bottom of the dip, just following the oscil-
lation pliase. can be known by a linear interpolation
fromn those hefore and/or after the cyele.

Figure 5 shows comwbined iunfrared light curves
taken at the ESO on Aprnil 25, together with the GIS
light curve. The first 8 points correspond to the J
band data, next 3 ones to H, and the rest to A's. To
make it easy to see the variability over the whole pe-
riod, we add offsets to the J and H maguitudes to
plot them at the same level as Ks, so that the data
points are smoothly conuected by a linear extrapola-
tion. The light curve suggests the preseuce of a sig-
uificant, sinusoidal variability with a period of about
10 minutes with a peak-to-peak amplitude of about
0.5 magnitude. Although, nnfortunately, most of the
strictly sitnultancous epoch is not covered by the GIS,
there is no evidence for any X-ray flare around tlas
tinie within offsets of 20- 30 winutes,

3.4.
3.4.1.

Quasi-Steady Infrared Emission
Infrered Spectra

The infrared spectra (1.53-2.52 g} taken ou 2060
April 22 with a resolution of 600 are shown in Fig-
ure 7. The visible lines. as already seen by e.g., Mart{
et al. (2000} and Greiner et al. (2001) are summarized
in Table 3. The presence of He I is consistent with
the fact that rhe source was i a low state on April 22
as scen on the X-ray and radio light curves. We also
detect the 2C0 and P*CO absorption band hieads, as
discovered by Greiuer et al. (2001). The preseuce of
both He I and 2CO/3CO absorption band heads
being a sipuature of a low-mass svstew, this confirms
the clanns of these authors that the companion star
15 & K-M III star. The A maguitude of the star is es-
timated to be 14.0-15.0 {Greiuer et al. 2000). which
accounts for about 20-40 % of the total magnitude
observed m the plateau state,



2.4.2.

Correlation between Infrared and X-rays Fluxes
i the Plateau State

It carefully comparing the GIS aud infrared A’
light curves tn Figure 1, one may notice a good corre-
lation between the quasi-steady flux levels in the two
bands, except for the data of April 20, where flares
were observed. Suclh correlation is clearly seen also
from the data on April 25 alone, where both soft X-ray
aud infrared fluxes gradually decreased with similar
profiles. Figure 8 shows the correlation between the
K" magnitnde, taken at the Calar Alte observatory,
and the corresponding GIS count rates (0.7-10 keV)
using exactly shinultancous exposures. Differeut sym-
hols correspond to different days. Sixteen data poiuts
are merged into one point for the A7 magnitude, thus
giving averaged Huxes with a time resolution of about
16 minutes. We do not include the Ks data taken at
the ESO, for which available simultaneous GIS data
are lmited, to avoid systematic errors by instramen-
tal effects.

Fipure 8 demoustrates the good corrclation be-
tween them except for the data on April 24, Such
correlation can be most easily explained in terms of
reprocessing of irradiating X-rays. The reprocessor
caunot be located far away from the black lole by
larger than ~ 1017 ¢ because the time delay is less
than ~10 minutes as seen from the April 25 data, and
hence it is most likely the outer parts of the acere-
tion disk. We discuss this correlation quantitatively
i § 4.2, The reason for the deviation of the April 24
result is not ¢lear at present.

3.5. High Energy Spectra

3.5.1. 0855E Spectra

We analyze the OSSE spectrune, covering the high-
ost energy band from 50 keV to 10 MeV. As men-
tioned above. GRS 19154105 was in active states
sliowing rapid soft X-ray oscillations before 2000 April
21, and then became wore stable. To see if there is
any difference of the high eucrgy spectra between be-
fore and after UT = April 21.0. we separately caleu-
lated OSSE spectra in the two epochs. from April 18.7
to April 21.0. and from April 21.0 to April 25.6. {1t
is not feasible to extract the OSSE spectra with the
exactly saine GTIs as the X-ray data due to limited
plioton statistics.) Assuning a power law, we find
no significant difference in ters of the photon index
except that the normalization in the second epocl is
larger by about 20%. Hence, we sum the whole data
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from a total exposure of 169 ks. We find that the
whole OSSE spectrumn from 0.05 to ~1 MeV can be
well described by a single power law (2 /dof=5.8/16).
We obtained a plioton index of 3,1240.06 with a flux
of {2.220.1)x 1072 ergs em ™2 571 (0.05-10 MeV: this
value is not corrected for any calibration difference
from the other instruments), confinming the results
of Zdziarski et al. (2001). The flux is the largest ever
observed with OSSE aud the photon index is the typ-
ical value of this source (Grove et al. 1998: Zdziarski
ct al. 2001). Figure 9 show the uufolded QOSSE spec-
trum. It is apparent that the data show no evidence
of a spectral cutoff. The data appear to suggest a
slight hardening of the spectrun above 500 keV, but
we note that the total sipuificauce of the excess over
the power law model is less than 1.6o. Given the addi-
tional systeinatic uncertainty {not shown in the error
bars) in encrgies above an McV (sce the discussion in
§ 2.1.1), we do not consider the excess to be signifi-
cant. am] we make no claim to the existence of any
spectral hardemng above the best-fit power law. If we
combine it with the RXTE HEXTE spectrun taken
on April 22 to cover a wider energy range over 25 keV-
10 MeV, we find a spectral break at 56+ 8 keV., below
which the photow index is about 2.67420.05. Note that
the presence of the spectral break is confirined by the
HEXTE spectrum alone (Figure 10}, which gives a
break energy at 421%2 keV, consistent with the above
result.
3.5.2.

GIS-PCA-HEXTE Spectra

In this section, we perforin joint spectral analysis
from the ASCA/GIS, RXTE/PCA, and RXTE/HEXTE
data, covering the 1 200 keV band. The detailed
analysis of the spectral evolution during the fHares
is bevond the scope of this paper, and we present
the overall spectral properties in typical states, In
the joint spectral fitting. we paid special attention to
avold systematic ervors. We wade cross-calibration
between the instruments using the spectra of Crab
Nebula and effectively corrected the quantum efficien-
cies in the respouse matrices for the slight difference
in the obtained best-fit Crab photon index hetween
different mstruments. whicl is turned out to bhe about
0.05 between GIS and PCA with the use of the latest
responses. Absolute normalizations presented in this
paper are determined from the GIS (whicl gives the
2-10 keV Crab fux of 2.2 x 1077 ergs e 2 s~ 1), For
all the spectra, we added a 1.5% systematic error in
each enerpgy bin, and couservatively, 3% for the GIS



data below 2.2 keV, cousidering possible uncertainties
in the respouses for highly absorbed sources. We lim-
ited the cuergy range of the GIS, PCA aud HEXTE
spectra to 1.2-10 keV, 3.5-25 keV and 20-200 keV,
respectively,

As mentioned above, during the RXTE observa-
tious ot April 17 and 20. the source showed a peculiar
pattern of variability, characterized by a rapid oscil-
lation lasting for typically 300-1000 sec, followed by
adecline of ~ 200 sec aud a slow rise of ~ 1000~ 2000
see. The soft X-ray intensity and the harduess have
correlatious: wlen the intensiey is high, the spectrum
becomes hard in the 0.7-10 ke'V range but soft in the
3-31 keV range. We here define four characteristic
states: (State 1) = the “oscillation high™ state, when
the soft Xeray flux is larger thau roughly the mcan
value during the oscillation phase {>1800 ¢ s™! per
PCU in the 16 sec resolution light curve). (State 11)
= the “oscillation low™ state (<1800 ¢ s71 per PCU),
(State III) = the “dip™ state, when the mtensity in-
creases lnearly with tiie between oscillations, and
(State IV) = the plateau state, observed after 2000
April 22,

We create the spectra separately for the 4 states
defined above, although the ASCA and RXTE data
are not strictly simultancous: for State I, IT and 11T,
we use the RXTE data from the April 17 observa-
tion and the GIS data taken between April 17.51 and
18.90. For State IV, we calculate thew separately for
April 22 and 23 from each epoch covered by RXTE
but mainly present the results from thie April 22 data
unless otherwise mentioned. For modeling of the con-
tinuum, we use the multi-color disk model plus a hard
component whose form is described below, moditied
with the interstellar absorption. Based on the analy-
sis of freguency-resolved energy spectrmm at frequen-
cies hipher than several Hz done by Yawmaoka (2000).
we adopt a phenomenological inodel for the hard com-
porent. a broken power law with a break energy at 6-
7 keV obelow which the photon index is fixed at 1.65.
multipliedd by the high energy cutoff (“highecut™ in
the XSPEC package). The cutoff 1s necessary to ac-
count for the spectral break (or curvature) around 50
keV as mentioned above, Note that this approxima-
tion is ouly vald for spectral fit in the range below
~200 keV because no cutoff is present at higher en-
ergies as we have shown above.

Figure 10 shows unfolded spectra for each state.
We find that the fit with this continnum model alone
is acceptable for State T and IT but not for State

T and IV (\#/dof=1%1/154. 178/154. 332/154. and
T94/154, respectively). Nevertheless, the vesidunals iu-
dicates the continuum is reproduced within a 5% level
with this model for any state, which is sufficient to see
the difference of the continuum from these unfolded
spectra. As noticed from the figure, the spectra in
the dip (State III) and platean {IV) states are very
shinilar to each othier and thie coutribution of the soft,
disk component seems muel weaker than in the os-
cillation states (State T and 1I). In contrast, the dif-
ference of the hard band spectrum above ~30 keV
is not conspicuous between these states, except for
a slight difference in the normalization. We can sce
that a cauouical “MCD plus power law™ model can-
uot be used to reproduce the coutinnum appropriately
at least for State IIT and IV, because the soft X-ray
emtssion below ~6 keV is weaker than the extrapola-
tion of a single power law determined in higher energy
bauds.

In the spectra of State I and TV, wve notice a
broad absorptiou-cdge like structure above ~7 keV
atd a hump aronnd 25 keV, whiclh are most likely
duc to the presence of a reflection comnponent. Thas
is alveady discussed in Zdziarski et al. {2001). Alter-
natively, such feature might be explained by a par-
tial covering. In our case, however, the derived col-
umn densities (Ny ~ 3 x 102 L'IIFQ) exceed oue
Thoemson optical depth. which would lead to a sig-
nificant inerease of the intrinsie lminosity corrected
for Thomson scattering, for example > 2 x 10°% erp
s~! iu State IIL This is above the Eddington luni-
uosity of the 14 M, black lole, and hence we think
the “pure” partial covering case is unlikely, We finally
find that the combined GIS-PCA-HEXTE spectrain
tliese states can be fit with a sum of the MCD model,
a broken power law woditied with the high energy
cut, and a reflection component. In addition, an ab-
sorption edge s regquired at 9.3 keV: this is expected
when H-like iron ious are present in the line of sight.
as indicated by the iron-K absorption line at 7.0 keV
in the Chandrea HETGS data taken at a quast simul-
tancous cpoch (Lee et al. 2002). For the calculation
of the reflection component, we use the “pexriv’ code
by Magdsarz & Zdzlarski (1995). approxnmating the
incident spectrum by a cutoft power law model with
the parameters determined fromw the observed spec-
trum for cach state, Since the reflection component
should be accompanicd by an iron-K emission fine, we
include it in the fit, assuning a narrow one fixing its
cuergy at 6.5 keV. The H-like iron-K absorption line



is also included with the same parameters as Lee et
al. (2002). which has an equivalent width of about 20
A

Table 4 swimmarizes the hest-fit parameters in cach
state {we do not include the reflection component or
edge structure at 3.3 keV in State T or IT since they
are uot required), The best-fit model for the spectra
on April 20 (=State IV) are plotted in Figure 6. We
obtain the iunermost radius of the MCD component
to be 30£2 km, 3242 km, 5233 ks aud 6127 ki
ou April 22 (4948 km on April 23) for State 1, IL
I and IV, respectively, assuming the distance of 11
kpe and inclination of 66°, Note that these values
may be referred only for relative estimates for the
disk radims hetween different states, sinee the absolute
radius obtained from the fit strongly depends on the
modeling of the hard component in the soft-energy
range. which is highly uncertain.

4. Discussion

4.1. Origin of the Radio and Infrared Flares

4.1.1. A Brief Summary of Radio/Infrared Flares
Previowsly Reported from GRS 1915+105

From GRS 19154105 at least 3 classes of jets have
been observed so far according to the classification
by Eikenberry et al. {2000): {Class-A) major cjec-
tion events with radio fluxes of ~ 1 Jy {Mirabel &
Rodrigucz 1994: Fender ot al. 1999} (Class-B) re-
peated fares with a period of 30 -60 minutes with
(dereddened) amplitudes of ~100-200 mJy, associ-
ated with the Xeray hard-dip/soft-flare cyele (e.g.,
Mirabel et al. 1998: Eikenberry et al. 1998), and
(Class-C) faint infrared flares with amplitudes of ~10
mJy observed in the soft-dip/soft-flare cycle (Eiken-
berry et al. 200(: sece also Ferocl et al. 1999). In-
terestingly, the infrared peak of these Class-C events
appeared to precede the X-ray dips by 200-600 scc
(uuless there were titne delavs of longer than 2000 sec
that varied flare by flare). Accordingly they suggest
“outside-in” origins for the disk-jet connection. Note
that the above classification is ouly phenomenological
at present and distinetion between Class-B aud Class-
C jets is sometiines ambiguous particularly when X-
ray data are not available.

For Class-B jets observed in the 4 state {Belloni et
al. 2000}, many authors consider that they are trig-
gered by a “spike” in the soft Xeray light curve sepa-
ﬁmtiug the hard-dip and soft-dip phases (e.g.. Mirabel

et al. 1998: Yadav 2001). The similar decay times
hetween the radio and infrared bands indicates that
the adiabatic cooling dominates the radiative cooling
{(Feuder et al. 1997: Fender & Pooley 1998). As a re-
sult, intrinsic power of jets is estimated to be much
larger than that ohserved as radiation {by > 0.057!,
Fender 2001). The frequency-dependent peak delay of
the flare peaks (higher frequencies peak ecarlier) cau
be explained in terms of expanding plasinoids radiat-
g throngl synchirotron emission (c.g.. Mirabel et al.
1998). However, as argued by several authors {e.g.,
Fender & Pooley 1998). the Hlat spectra of their peak
fluxes in the radio to A-band is difficult to explain by
a simple “vaw der Laan™ nodel {(van der Laan 1966;
Mirabel et al. 1998). rather favoring the partially self-
absorhed conical jet models applied for AGNs (Bland-
ford and Konigl 1979). More updated models for the
quasi-steady jets are proposed by e, Falcke & Bier-
mann {1999) and Kaiser, Sunyaev, & Sprait {2000).

4-1.2.  Interpretation of Our Results

The flares observed on April 17 by VLA, in partic-
ular at 1.3 ¢, and those in the AY band on April 20
are very simnilar i their amplitudes, time profiles, and
assoclated X-ray state (Class v ). This tempts us to
consider that these flares are essentially the same class
of events. The (dereddened) amplitudes, about 10-20
mJy, may suggest thetr classification as Class-C jets
in terms of the Hux, The fast rise the, typically ~ 1
win, constrains the size of the cuitting region to be
less than ~ 102 ¢, The decay time seale of the Hares
{about 10 minutes) is also sinilar between A =1.3 ¢
and 2.2 g, supporting previous claims that the adi-
abatic cooling is dotninant in the frequency range at
least below 1.4 x 10° GHz. By assutuing a fat spec-
trum below 1.4 x 10° GHz with an intensity of 15
mJy and the distance of 11 kpe, the power of the
jet calculated according to Fender (2001) 2* becomes
Lijcy = 6x 10““(%);«"&. iyerg st Here gy is the ratio
of the observed power to the total power, which is esti-
mated at < (.05 (Fender & Pooley 2000}, and F{T'.{)
is the correction factor for relativistic bulk wotion. If
we assuine the inclination of 1 = 66% and the velocity
of 0.98¢ {thus giving F(I".7) >~ 140} weasured for the
Class-A event of 1997 October/November (Fender et
al. 1999), the minimum jet power reaches 8 x 10°3% erg
s~ This value amounts to about twice the observed

201y the formula for Lj. given in Section 7 of Fender (2001) 103¢
should Le replaced by 1.4 x 10%5.



N-ray to Gamna-ray luminosity, 4 x 10%% erg 571 (1
keV'-10 MeV) on April 22,

Timing of the radio/infrared flaves with respect to
the X-ray varlability 1s nopeortant to counstrain the
mechanisin of jets.  For the radio Hares ou April
17. the observed frequency-dependent peak delay can
be explained by an expausion of a plaswoid or an
internal-shock repion {see Kaiser, Sunyvaev, & Spruit
2000). which predicts a time delay of At x A*/* (van
der Laan model for an electron energy distribution
of p = 0 for N(E) x E7%) or At x A! {self similar
regine of the Blandford & Koénigl jet). respectively.
As seen from Figure 2, Af ~ 5 minutes between A =
1.3 and 3.6 cin. In either model, At at 1.3 ¢ 1s es-
timated at ~3 wtnutes, indicaring the start time of
cach radio flare colncides with the time of the first
peak in the X-ray oscillation phase. The timning of ra-
dio flares on 1996 October 25 associated with Class «
{Figure 5 of Pooley & Fender 1997) seems cousistent
with this picture, although their amplitudes, about
50 mJy, were about 3 times larger than ours. These
first N-ray peaks may correspoud to the soft X-ray
“spike” observed i the o state, which separates the
states with hard and soft spectra, possibly triggering
Class-B jets {e.g., Yadav 2001). Obviously, the du-
ration of the 1.3 cm fHlare is shorter than that of the
N-ray oseillation phase. This rules out the scenario
that the radio Hare is a superposition of many short
Hares of a similar amplitude produced by “every™ X-
rav peak during the whole oscillation pliase.

Ou the other hand, the uterpretation for the in-
frared Hares observed on April 20 is not straightfor-
ward. As noticed froin Figure 3, the timing of the
rise of cach iufrared flare does not match any of the
first peak in X-ray oscillation. which are indicated by
the arrows i the third pauel. (This argumnent is firm,
at least for the infrared flare on April 20.08-20.09.
which is free from the data gap problein.) Therefore.
if we relate the timing of infrared flares to the start
time of each X-ray oscillations, as done for the April
17 events. two possibilities arise i.e., (1) the infrared
flare followed the first peak of X-ray oscillation phase,
or (2) tlhe infrared preceded the Xeray {as the case sug-
gested by Eikenberry et al. 2000). In either case, as
seen from Figure 3, the time delay seewms to be dif-
ferent flare by flare. ranging from =3 to 30 minutes
(plus integer times the oue cycle period, o245 tin-
utes). We favor the first possibility {iufrared delay)
Decause it is wore natural to attribute the ejection to
chauge of the state of the aceretion disk observed in
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X-rays and hecause it scetns difficult to find phystcal
mechanisms causing suell a long delay in the second
case, In the first case, the lonpest delay time indicates
the distance of the infrared emitting region can be far
by 5 x 10'* ¢ from the black hole assuming the jet
velocity of ~ 0.9¢.
of the quasi-steady jet in the plateau state. 2 AU (=
3% 10" em, Dhawan et al. 2000). The Lighly delayed
infrared flare can then he nnderstood by an internal
shock that occurred far away from the jet base, being

Tlhits 1s consistent with the size

triggered by a matter ejected at the beginning of the
X-ray oscillation. Ou the other hand, the size of the
“lit-up” region by the internal shock must be < 1012
cm from the constraints of the time variability, whick
is much smaller than the scale of jet length. This imn-
plics that the jet is well collinated with an opeuing
angle of < 1/10, which is consistent with the values
derived from other obscrvations (e.g.. Feuder et al.
1999: Claty et al. 2001).

We counsider it unlikely. though cannot rule out,
that the cjections occurred at the end of the oscilla-
tion 1.e., start of the dip. If the first two flares at April
20.08-20.09 and 20.125 -20.135 had been triggered by
the starts of the dip within ~20 minutes, the infrared
flare at April 20.15 would Lave occurred before the
start of the dip by ~5 winutes, contrary to the previ-
ous causality. Therefore, in either case where the in-
frared Hares followed or preceded the start of the dip,
we have to introduce a long time delay, larger than
45 minutes, to reconcile the timing relation for the
event at April 20015, Fiunally, there could be even an
extreme possibility that the ejections oceurred during
the dip phase without showing no apparent signature
in X-rays. Indeed, the infrared flare-like Hux varia-
tion detected on April 25 appeared not to be accom-
panied by any stroug X-ray variability, although this
is not conclusive due to the data gap. The detection
of such variability inight be cousistent with the plic-
ture that the platean is a quite active state exhibiting
continuous internal shocks where a weak perturbation
in the jet How could cause faint radie/infrarcd flare
even without a dramatic change i the aceretion state
observable i X-rays.

In summary, it 1s not clear whether or not all the
faiut { < 40 mJy} radio/infrared flares observed so far
indeed belongs to a single class of events. Although
one-to-oue correspotidence between radio/infrared and
XN-ray variability pattern strougly indicates a tight
disk-jet conmection, it is not obvious yet what kiud
of trausition scen it X-ravs actually triggers the cjec-



tions, For example, the events detected by Eikenberry
et al. {2000} are associated with the soft-dip/soft-flare
cyele, while ours seetns to be associated with the tran-
sition from the hard-dip to the soft-Hare phase, siwi-
larly to the case of class-B jets (Mirabel et al. 1998).
Even within similar states, as in our obscrvations on
April 17 and 20, the timing relation between the ra-
dio/iufrared flare and X-rays scems to be different.
More observatious are necessary to reveal the nature
of these “faint™ flares. They are potentially very -
portant to understand the pliysies of the guasi-steady
jet in the platean state, considered to exist in many
X-ray binary systems {Fender et al. 2600},

4.2.  Origin of the Quasi-Steady Infrared Emis-
sion

Here we swinmarize possible origins of iufrared
emission of GRS 181541035, as listed iu e.g., Mirabel
et al. (1997): (1) emission from the companion star,
(2) reprocessing of X-rays in the outer parts of the
accretion disk. (3) optically thin free-free emission
frotn an X-ray driven wind {van Paradijs ot al, 1094),
(4} synchirotron cwission from jets (Sams. Eckard &
Sunvaev 1996), (5) Doppler-shifted line emission from
ious in the relativistic jets (Mirabel et al. 1997). and
(6) therial dust reverberation of energetic outbursts
{Mirabel et al. 1996). Below we coustrain the contri-
bution of the secoud origiu.

As we have shown tn Figure 8, we find a good cor-
relation hetween the flux of the quasi-steady infrared
emission and that of X-rays. To be yuautitative, we
fit the relation between the infrared flux Fiy (unit:
mly) dereddened with 4 = 3.0 versus the Neray flux
Fy (unit: GIS ¢ s71) with a lincar function in the
form of

Fig = Fipo + €' x Fy,

based on a simple assmption that the reprocessed
infrared flux was proportional to the irradiating Xeray
flux and other components were constant. The data of
April 24 are not included. The fit is quite good and we
obtain the best fit parameters of Figg = 37 mJy and
C' =7 x 107", This indicates that the contribution
of the reprocessing of N-rays is about 20-30 % of the
total obscerved maguitude (A = 13.25-13.4 on 2000
April 21-25).

Thus, the contribution from the companion star
and from reprocessing of X-rays in outer parts of the
aceretion disk is likely to acconnt for about 20 409
aud 20-30% of the observed, guasi-steady K mag-

nitudes in the platean state, respectively. The rest
60-30% of the total iufrared Hux (i.c.. 30-15 mly)
must have other origins than (1), {2) and {6) listed
above. As mentioned earlier, if we attribute this te
syuchrotrou radiation from the jets, the result is con-
sistent with the picture that the emission from quasi-
steady cowpact jets coutinues from the radio to near-
infrared bands with a nearly Hat spectrum.

4.3. Origin of the High Energy Spectra

We hiave presented the cuergy spectra of GRS1915+1605

in the 1 keV - 10 MeV band combining the con-
temporancous ASCA GIS, RXTE PCA and HEXTE,
and CGRO OSSE obscrvatious. These data provide
the most complete coverage in high energy bands
ever presented in the literature for GRS 19154105
aud arc used to construct the spectral model (Fip-
ure G). In the 1-200 ke V band, using the simultancous
data, we could obtaiu the cncrgy spectra separately
in the three typical states during the soft X-ray flare
{Class «¢) and in the platcau state (Class y).

Power law spectra with photon indices of ~ 2.5
extending above ~1 MeV without cutoff are often
observed from black hole candidates (BHCs) in the
“soft state”™ (c.g., Grove et al, 1998; Gierliniski et al,
1999), in which most of the encrgies are cuitted be-
low ~ 5 keV via thermal emission from the optically
thick accretion disk. These soft-state cucrgy speetra
are obviously different from the typical energy spec-
tra in the hard state, which show power-law spectra
with photon indices 1.7 and a thermal entoff arouund
100-260 keV (e.g., Gierhiiski et al. 1997; Grove ot
al. 1998). The fact that GRS 19154105 has a very
“soft™ (' = 3) spectrum indicate that its spectral
state corresponds to the soft state rather than the
hard state, althougl, in the platean state, a contribu-
tion of the disk component seems much weaker than
in the soft-state spectra of other BHCs. The abseuce
of ligh cuergy cutoff suggests the presence of non-
thermal eleetrons, as Zdziarskt et al. (2001) indicate
that the spectra of GRS 19154105 can be explained
by Cemptonization model with a hybrid plasma with
thermal and non-thernnal elecerons,

The spectral change in the oscillation phase have
been reported by many authors, which is considered
to be caused by thermal-viscous instability {c.g.. Bel-
lont et al. 1997). In fact, as pointed by Yawmaoka
(2000), the apparently high temperature aud small
rading in the oscillation high stare, as coufiviued from
our observatious, can be explained by emission from



optically-thick advection dominated aceretion flow,
so-called a shim-disk {Wataral ot al. 2000), as a cou-
sequence from sueh transition. Such transition may
trigger ejection of jets observed in radio and infrared
bands {4 4.1).

We found that the spectrumn in the dip phase be-
tween rapld oscillations and that in the more stable
platean state look similar. confinning that they are
essentially the same class of spectral state (State €|
Bellond et al. 2000).
lar timing properties, showing QPOs with harmonics
{Rodrigucz et al. 2001}, The correlation between the
QPO frequency and the disk radius in the plateau
state berween April 22 and 23 is consistent with the
clalins by previous authors, in the seuse that a higher
frequency QPO is observed with a smaller disk radius.

Indeed, thev also share shini-

Sach correlation could be explained by the accretion
cjection lustability {Tagger & Pellat 1999: Rodrigues
ot al, 2001).

For State IIT and IV, we find the solid angle of the
reflector subtending the X-ray source is §/2m ~ 0.6
0.9. This value predicts a total equivalent width of
ron-K emission hnes of 50-100 ¢V {e¢.g., Basko 1978:
George & Fabian 1991), whereas we obtain ouly ~10
eV from our fits. Also, the Chandra HETGS data also
show very small equivalent widths for {narrow) einis-
sion lines in the rauge of 6.4-6.6 keV, which are con-
sistent with our resubts, Such apparcutly small line
intensities could be explained by signtficant blurring
of the line profile via Doppler redshift and/or Comp-
ton scattering, or other physical mechanism such as
Auger destruction {Ross, Fabian & Braudt 19906).
Note that the obtained edge depth from H-like iron.
7 =~ (.05, correspouds to the iron colnmn deusity of
tog Npeog = 18.7, which is by about one order of mag-
nitudes larger than that derived from a simple curve
of growtl analysis of the absorption line (Lee et al.
2002). Tlas nnplies that the resonance absorption
Hones are partially refilled by the emission line pho-
tous at the samne encrgy.

In our ohscrvations, we find that the spectrum
above ~30 keV does not significantly differ hetween
different states. The spectrun keeps the same slope
(I & 3 above 50 keV). and shows similar fluxes even
during the oscillation phase in spite of the large flux
variation below £ 10 keV. The eight OSSE obser
vatious sununarized by Zdziarski et al. {2001} also
show that, on much louger time seales. the power law
slope above 50 keV s almost always constant around
I' >~ 3.0 and the flux stavs within factor of 2 except
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for one occasion. Thus, the constant slope aud the
lack of correlation with soft X-ray states may be per-
sistent features of the hard X-ray spectrum of GRS
19154-165. The stable emdssion above ~ 50 kel -
plies that the energy distribution of high-cuergy clec-
trous respousible for Comptoulzation is regulated hy
sowe (nnknown) mechanism. not beiug affected by
the chanpe of the state in the aceretion disk, These
results give strong constraints for theoretical model-
ing of the aceretion flow in GRS 19154105,

5. Conclusion

We have performed a multiwavelength campaign
of GRS 19154105 frowm 2000 April 16 to 25, cover-
ing the wide energy band in radio (A =13.3-0.3 c),
near-infrared (J, H., K}, Xerays and Gamma-rays
(from 1 keV to 10 MeV), with ASCA, RXTE, Bep-
poSAX, CGRO, and ground facilitics including the
VLA, the NATA, the ESO, aud the Calar Alto Obser-
vatory. This is one of the largest coordinated obser-
vations ever performed for this source. Main results
obtained from this campaign are summarized as fol-
lows.

(1) The source was predominantly in the “platean”
state {Class ) and sometimes showed soft X-ray
tlares (oscillation) classified as Class o Before April
20.3. a rapid, guasi periodic Hare-dip cvele was ob-
served, being associated with faint radio and infrared
flares.

{2) The spectral cuergy distribution of GRS 19154105

i the platean state is preseuted covering the energy
range of 12 orders of maguitudes. The radio to uear-
imfrared spectra are flat, consistent with the presence
of optically-thick compact jet. The X-ray to Gaumna-
ray cuission is dewinated by Comptonization.

{3} It three epochs we detected faiut flares in the
radio or infrared bands with amplitudes of 10-20
mJy. The radio flares observed on April 17 shows
frequency-dependent peak delay, consistent with an
expaunsion of synclirotron-emitting region starting at
the transition frow the hard-dip to the soft-Hare
states In X-ravs. On the other hand. the infrared
Hares on April 20 appear to follow {or precede) the
beginning of X-ray oscillations with an inconstant
time delay of ~ 5-30 min. This implies that the -
frared emitting region. probably the place of an iuter-
nal shock in the guasi-steady jet, is located far frow
the black hole by 2 10 cnu while its size is < 1012
cm coustrained from the tiine variability.



{4) A good corrclation is fouund hetween the quasi-
steady flux level in the near-infrared band and that
it the X-ray band after 2000 April 21, This indicates
that a part of the observed ufrared ewnission is at-
tributable to reprocessing of X-rays. probably in outer
parts of the aceretion disk. The contribution from the
conpanion star and from reprocessing of N-rays ac-
counts for about 20-40% and 20 30%, respectively,
of the gquasi-steady A maguitude {A'=13.25-13.4} in
the plateau state.

{5) The time averaged OSSE spectrui from 50 ke
to ~1 MeV is represeuted by a single power law with
a photon index of 3.1 with wo significant high en-
crpy cutoft, confirmmug the results of Zdziarski et al.
(2001). It did not show significant differcnce, except
for the normalization, between before and after April
21.0 when the rapid soft X-ray Hlares ceased. The con-
tinuuny i the 1 200 keV band can be wodeled by a
broken power law with a break energy at 6-7 keV,
modified with a high encrpy cutoff, plus the walti-
color disk model. In addition, we significantly detect
a reflection component from a cold {or slightly warn)
watter with a solid angle of /27 = 0.6 — 1.0 in the
spectra of the dip and platean states. The power-
law slope above ~30 keV is fouud be very similar be-
tween different states in spite of larpe Hlux vanations
i soft X-rays, implyving that the energy distribution
of ligh enerpy electrons responsible for Comptoniza-
tion is regulated by sonwe {unknown) wechanism, not
being affected by the chanpge of the state in the accre-
tion disk.

We thank Neil Gelirels for making the OSSE ob-
servation possible coordinated with the campaign and
Robert Fender for discussion. 5.C. is very grateful to
the ESO/NTT team, aud cspecially Leonardo Vanzi,
for all the high guality service observations performed
every day during one week of this multiwavelength
campaign, as a target of opportunity. 5.C. also ac-
kuowledges support from graut F/00-180/A from the
Leverhinkme Trust. We also thank Kazuhivo Sckiguchi
(Subaru telescope) and Taichi Kato {(variable star net-
work) for thelr efforts and Lelp in organizing the can-
paign. This research has made use of the data of the
Green Bauk Iuterferometer (GBI, which is a facility
of the National Science Foundation operated by the
NRAQO in support of NASA High Energy Astroplivsics
prograums,
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Fig. 1.— The whoelc wmultiwavelength light curves of
GRS 19154105 obtained from the 2000 April cam-
paigu, covering between April 16 and 25, They
are sorted in energy band (higher energy in upper).
Trow upper to lower panels, CGRO OSSE (150 300
keV: unit Crab}, OSSE (50-150 keV: Crab), CGRO
BATSE (20-100 keV: photous ¢ s~ 1), BeppoSAX
PDS (15 300 keV: ¢ s~ 1), RXTE HEXTE (15-120
keV: ¢ 571 s of cluster-0 and -1), RXTE PCA
(4-25 keV: ¢ 571, sum of PCUD. 2 and 3: the data
when PCU3 was off are not plotted), RXTE ASM
(L.5-12 keV: 57 1), BeppoSAX MECS {1.5-10 keV: ¢
s™1), ASCA GIS (0.7-10 keV: ¢ s s of GIS2 and
GIS3), near-infrared J- mag (ESQ), H-mag (ESO).
Rs- mag (ESOQ). A mag (Calar Alto). NMA (A =3.2
e nedvi, VEA (L3 coe mJy), VLA (3.6 cine ]y ).
VLA (6.0 ci; mJy), GBI (3.6 e mJy), and GBI
{13.3 cn: mJy ). The arrows i the GIS panel indicate
the times of the first peak of soft X-ray flares scen in
the GIS medium bit-rate data.

Fig.  2.— Multiwavelength light curves of GRS
19154105 on 2000 Aprit 17.533-17.65. From upper
to lower panels: RXTE PCA at 16 5 resolution (4-25
keV: unit ¢ s71), the PCA hardness ratio 4-10 keV
and 10-25 keV, ASCA GIS at 4 s resolution (L7 10
keV: e s7™1), and radio fluxes by VLA (1.3 cm, 3.6 ¢,
and 6.0 ¢ my).

Fig.  3— Multiwavelength light curves of GRS
19154105 on 2000 April 14.95-20.25. Frow upper
to lower panels: RXTE PCA at 16 s resolution (4 25
keV: unit ¢ s71), ASCA GIS at 4 s resolution (0.7-
10 keV: ¢ s71), and infrared K magnitude taken at
the Calar Alto observatory. The arrows with a large
{smadl) width in the bottom panel indicate the esti-
nated (observed) time of the first peak of the soft
Neray Hares (see § 3.3).

Fig. 4.— DMultiwavelength light curves of GRS
19154+105 on 2000 April 23.78-23.83. Frow apper to
lower panels: BeppoSAX PDS at 4 s resolution (15—
300 keV: unit ¢ s71) and MECS (1.5-10 keV).

Fig. 3.— Multiwavelength light curves of GRS
19154105 ou 2000 April 25.35-25.41. From upper
to lower panclss ASCA GIS at 4 s resolution (0.7-10
keV: unit ¢ s71) and near-infrared magnitudes (J. H,
and Rs) taken at the ESO. Offsets of —4.6294 and
-1.9179 are added to the J and H magnitudes, re-
spectively.

Fig. 6.— The spectral cuergy distribution of GRS
19154105 in the platean state (except for the 94 GHz
data) obtained from the canpaign. Interstellar ab-
sorption and extinction are corrected. The 1-200 keV
data are calculated from the simnltancous GIS-PCA-
HEXTE spectra on April 22.4-22.6 and the 0.05--10
MeV data are from the averaged OSSE spectrun on
April 21.0-26.0. The near-infrared data correspond
to the minimmum and maxiinum Hux densities during
April 21.0-26.0 observed at the ESO. The three Huxes
in the radio band (5, 8. and 22 GHz) are takeu from
the VLA data on April 21, 22, and 23, while those at
094 GHz (A=3.2 mum) are from the NMA data on April
16, 17. and 18, Models from right to left: the long
daslied line correspouds to an estimated coutribution
of the reflection component (/27 = 0.64, £ = 2: see
Table 4 for detailed explanation) with an iron-Iv cis-
sion line (at 6.5 keV witly an equivalent width of 1 ¢V),
the solid line the wulti-color disk (AT, = 0.70 keV,
Ry, = 61 k). short-dashed line (right) the blackbody
spectrutn of the companion star with a temperature
of 4800 K, and the short-dashed straight line {left) the
best-fit power law determined from the 3 radio Huxes
on April 22 (I, x ¢"™), which are simultancons data
to the 1-200 keV spectra plotted here.

Fig. 7.— The infrared spectra of GRS 1915+105
taken at the ESO ou 2000 April 22 at a resolution of
A/AMN =600 (upper: the 1.53-1.80 pm range, lower:
2.03-2.55 pm). The spectra are normalized and there-
fore vertical units are arbitrary.

Fig. 8.— The correlation between the infrared R’
maguitude (taken at Calar Alto) and the GIS count
rates {0.7-10 keV), caclh averaged for ~16 minutes
with exactly shmultancous exposures. Diflerent syme-
bols correspond to different days (open circles; April
21, diamonds: April 22, open squares: April 24, filled
circles: April 25). The data of April 20 are not in-
chuded, which showed iufrared flares.

Fig. 9— The OSSE unfolded spectrun in the 0.05-
10 MeV ranpge taken during 2000 April 18,7 to 25.6.
The model is the best fit power law with a photon
index of 3.12.

Fig. 10.— The combined GIS-PCA-HEXTE uunfolded
spectra in the 1-200 keV band in the four differ-
cnt states (sce text), {I) the oscillation-high. {II) the
oscillation-low. (ITI} the dip. and (IV) the plateau
state, each multiplied by a factor of 8, 4, 2. aud 1,



respectively, for clarity of the plots.



TaBLE 1

LoG oF THE MULTIWAVELENGTH (OBSERVATIONS

Qbservatory /Telescope Instrument Band Observation Dlate (U, 2000 Apr)
CGRO OS85k 50 keV-10 McV 1R.7-25.6
BATSE 20-100 keV monitor
BeppoSAX PDS 15-300 keV 15.80-22 .89, 23.35-23.89, 24.34-24 48
. MECS/LECS 0.1-10 kev same as above
RXTE HEXTE 15-250 keV 17.54-17.61, 20.20-20.36, 22.39-22.55, 23.32-23.42, 24.05-24 41,
24.78-24.82, 25.18-25.26, 25.85-25.88
PCA 2-60 keV same as above
ASM 1.5-12 keV monitor
ASCA GIS/518 0.5-10 keV 17.57-25.50
EsSQ / NTT S501°1L {(lmaging) J-H-Ks 19.35-19.37, 20.35-20 .43, 21.34-21.36, 25.37-25.39
.- SOF! (Imaging) Ks 23.34-23.40. 21.35-24.40
SOFL (Spectroscopy) 1.53-2.52 pym 223
Calar Alto / 1.23m MAQGIC K’ 20.06-20.19, 21.07-21.21, 22.08-22.21, 24.03-24.20, 25.05-25.21
NMA &R G, 100.6 GHz 16 3R-17.01, 17.76-17.94, 18.72- 18 .81
VLA 5, R, 22 GHz 17.34-17.64, 21.533-21.538, 22.35-22.54, 23.33-23.15
GBl 2.25, 8.3 GHz monitor (except 21-24)

o]
o]



TABLE 2

AVERAGED NEAR-INFRARED MACNITUDES OF GRS 19154105 QBSERVED AT THE ESO

Date (UT, 2000 Apr)

J

H

Ks

19.35-19.38
20.39-20.43
21.33-21.36
23.34-23.40
24.34-24.40
25.37-25.40

17.6124+0.034
17.58610.037
17.707£0.025

18.086+0.054

14.856+0.012
14.87240.032
£4.9004:0.022

15.290+0.048

13.38540.054
13.396+0.063
13.48440.027
13.49010.032
13.380+0.018
13.48440.062

TABLE 3
Ling FEATURES IN THE INFRARED SPECTRA

Ld. (A observed A EW. (1) FWHM (1)
He I (2.0587) 2.0558 -8.83 37.3
Br gamina (2.1661) 2.1600 -2.16 19.14
He IT (2.1891) 2.1895 4.65 39.25
Na 1 ({2.20624-2.20897) 22044 -4.91 35.2




TaBLE 4

RestLrs oF THE Fir 10 THE GIS-PCA-HEXTE SrrCTRA
FParameter State 1 State 11 State L1l State 1V State 1V
(April 22) (April 23)
Ny (10%% em™F) 1.840.1 16401 1.240.1 4.040.1 4.140.1
ki, (keV)® 146005 1.28 2004 0.85%0.02 $.70+0.03 0.8440.05
Ry, (km)® 3042 3242 243 6147 40£8
AY 3.6104 2.840.2 1.7240 04 2.1640.04 2.4440.09
re 2.60+0.10 2 1440 06 2.5240.05 2.4140.05 2.5440.00
Ebrest (keV)® 6 140.5 6.340.2 6.6+0.2 65302 67103
Erog (kev)® 115%5) Tl 1000 (fix) 20078 2901330
Q/2r¢ 0.85+0.10 0.64+0.08 0.6610.14
£ <0.02 <24 <73
W, (6.5 keV) (eV)! <12 <13 <21
Tedge (9.3 keV ) 0.0840.03 0.0520 02 0.01+0.03
2-10 keV Flax (10~ %f 2.23 154 0.77 0.80 0.97
10-200 keV Flux (10~5)f 0.9% 0.88 0.88 1.09 1.10
x ! /dof 174/154 178/154 1637151 142/150 1037150

* The component of the multi-color disk medel {Mitsuda et al. 1984). k1), and R,, iz the (apparent) inncrmost temperature and radius,
respectively. To ealculate R, a distance of 11 kpe and an inclination of 66° are assumed.

Y “I'he component of a broken power law: A is the normalization at 1 keV in units of photons em ™% 7! keV ™!, I'is the photon index above
the break energy Eyceek. below which the photon index is fixed at 1.65. Migh energy cutoff { “highceut” in XSPEC) is multiplied with an cutoff
energy of 17 keV {fixed) with a folding energy Lioq.

“ The reflection component by Magdziarz & Zdziarski (1995, “pexriv” in XSPEC). 2 1s the snlid angle of the reflector and £ is the ionization
parameter. ‘L'he disk temperature, elemental abundance, and inclination are fixed at 3 x 10*K, 1 solar, and 66°, respectively. The input
specirum is approximated by a cutoff power law model with a photon index and a folding energy of 2.4 and 200 keV (State HI), 2.0 and 70 keV
(State 1V, April 22), and 2.2 and R0 keV (State IV, April 23).

¢ The equivalent width of an iron-K emission line fixed at 6.5 keV with a 1o width of 10 ¢V.

¢ The optiral depth of the 9.3 keV edge from I1-like iron iong. An absorptien line from the same ions are included with the parameters as
measured by Chandra HETGS (Lee et al. 2001},

[ “I'he absolute flux is normalized to the G1S value.

NotTE.-—Errors are 989 confidence limits for a single parameter.
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Figure 2
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Figure 3

Minutes Since 2000 April 20.0 (MJD 51654)
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10

Photons/em?/sec/keV

10l

- -

T

I {xB)
T

- —

. -
T (x4 T~
t“’" -‘:~

I (x2} TN

- .
e, "-__— T *z&
e S *ﬁg‘ Qﬂ
"—____"—-. ™ Q-QG
'-.:B‘_B‘ ** B~
E}B T g
k:b-aag* &
- w
4-"‘..'9" E S
" e
-o-ﬂﬂ* —é—
- EB'
-
-
o
'+
L
e o
——

10 20
Energy (KeV)

34



