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Abstract. We have analyzed in detail a set of Rossi Xwhich a dynamical estimate of the mass is available (Orosz
ray Timing Explorer (RXTE) observations of the galacti®ailyn 1997).
microquasar GRS 1915+105 corresponding to times when Four years of monitoring with the All-Sky Monitor
quasi-periodic oscillations in the infrared have been reportddSM) on board RXTE showed that the 2-10keV flux o
From time-resolved spectral analysis, we have estimated tBRS 1915+105 is extremely variable, considerably more th
mass accretion rate through the (variable) inner edge of tuey other known X-ray source (see Bradt et al. 2000). See B
accretion disk. We compare this accretion rate to an estimatédasfi et al. (2000) for a complete reference list of RXTE obse
the mass/energy outflow rate in the jet. We discuss the possim¢ions of the source.
implications of these results in terms of disk-instability and Belloni et al. (1997a,b), from the analysis of selected X-ra
jet ejection, and in particular note an apparent anti-correlatispectra, showed that the X-ray variability of the source can
between the accretion and ejection rates, implying that the gaterpreted as the repeated appearance/disappearance of th
expelled in the jet must leave the accretion disk before reachimgr portion of the accretion disk, caused by a thermal-visco
its innermost radius. instability. During the low-flux intervals, when the source spec
trum hardens considerably, the inner disk up to a certain rad
becomes unobservable and is slowly re-filled again. A mo
Key words: accretion, accretion disks — stars: binaries: closecemplete picture of these variations, where the observatia
stars: individual: GRS 1915+105 — X-rays: stars were classified into twelve different classes and another type
(soft) low-flux intervals was presented, was shown by Bello
etal. (2000). Additional spectral analysis has been presented
Markwardt et al. (1999) and Muno et al. (1999), who analyze
in detail the connection between QPOs and energy spectrs
GRS 1915+105. One of the problems caused by the exceptio
GRS 1915+105 is a transient X-ray source discovered in 19¢&iability of the source is thatitis difficult to estimate the accrg
with WATCH (Castro-Tirado, Brandt & Lund 1992). Since therion rate through the disk or even to rate observations accordi
it has probably never switched off completely and it has ré& accretion rate.
mained as a highly variable bright X-ray source (see Sazonov Quasi-periodic variability in the radio, infrared and millime
et al. 1994; Paciesas et al. 1996; Bradt et al. 2000). It is the first bands has been discovered (Pooley 1995, Pooley & Fen
Galactic object that was found to show superluminal expansid®97; Fender et al. 1997; Fender & Pooley 2000). Fender
in the radio (Mirabel & Rodiguez 1994). The interpretation ofal. (1997) suggested that these oscillations could correspond
this phenomenon in terms of relativistic jets (Rees 1966) implismall ejections of material from the system. Indeed, these 0s¢
bulk velocities of the ejecta gf 0.9¢ at an angle of 60—70 de-lations have been found to correlate with the disk-instability
grees to the line of sight (Mirabel & Roidluez 1994, Fender etobserved in the X-ray band (Pooley & Fender 1997; Eikenber
al. 1999, Rodguez & Mirabel 1999). Because of the high valuet al. 1998,2000; Mirabel et al. 1998). This suggests that (so
of the extinction on the line of sight, no optical counterpart igf) the gas is ejected from the inner disk during each low-fl
available, but an infrared counterpart has been found (Mirabelrterval. On longer time scales an analogous pattern is obser
al. 1994). The source is suspected to host a black hole because dfe form of major relativistic ejections occurring at the en
its high X-ray luminosity and its similarity with another Galacef a 20-day X-ray dip or ‘plateau’ (Fender et al. 1999).
tic superluminal source GRO J1655-40 (Zhang et al. 1994), for In this Letter we present the results of detailed time-resolvg
spectral analysis of RXTE/PCA data of observations wh

1. Introduction
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(quasi-)simultaneous infrared data are available. We estimat

the value of the accretion rate through the disk for each obser

vation and show that it is anticorrelated with the estimated jet,
power.

2. Data analysis . of

The published infrared observations of GRS 1915+105 fof*}
which there are simultaneous or quasi-simultaneous (ie. Withiﬁ,
2 days) RXTE/PCA data are those from Mirabel et al. (1998),.|
Eikenberry et al. (1998), Fender et al. (1998), Eikenberry &t}
al. (2000), Fender & Pooley, (2000). All observations reveal’L
very variable X-ray light curves (see Table 1), corresponding tG |
classess, v andd in the classification by Belloni et al. (2000).5;”"’

For each observation, we produce light curves at 1s time:

resolution (fromStandardl data) and isolated the long hard
low-flux intervals corresponding to state C (unobservable inner
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disk) of Belloni et al. (2000). For each interval, we measurddg. 1.PCAlight curves and corresponding timing evolution of selected
its length from the light curve (see Table 1). Then we accumgiectral parameters (power-law photon intighner disk temperature

lated spectra on a time scale of 16 seconds f&emdard2
data, thus retaining the full energy resolution and coverage

the PCA. From each spectrum, we subtracted the backgronﬁ)ﬁar

estimated withpcabackest vers. 2.1b. We did not correct®

for deadtime effects, but we do not expect this effect to be too
important. For each observation in PCA epoch 3 we produced
a detector response matrix usipgarsp , while for epoch 4

we used the response provided on line by K. YaHowé fitted
each spectrum with the “standard” model used for black-hole
candidates, consisting of the superposition of a multicolor disk-
blackbody and a power law. By assuming a distance of 12.5 kpc
and a disk inclination of 70(Mirabel & Rodiiguez 1994), we £
can derive from the fits the inner radius of the accretion disK.
Correction for interstellar absorption (fixed 6ox 1022 cm~2,

see Belloni et al. 2000) and an additional emission line (fixed
at 6.4 keV) were also included. A systematic error of 1% was
added. The value of the reducgd was usually around 1, al-
though some fits were slightly worse. The resulting interest-

ing parameters (inner disk radius and temperature, slope of thess

power law) as a function of time are shown in Fig. 1 for three of

the five observations, for which this automated procedure gave

kTin, and radius R) from the three observations for which detailed
a(gnralysis was possible (see text). Light curves have a 1s time resolution,

meters are from 16s bins. The parameters are shown only for the
e C intervals (see Belloni et al. 2000).
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2. Evolution of temperature at the inner disk radius versus inner

isk radius for the four observations for which a reliable estimate could

good results. The remaining two observations had to be trezigfﬁ

more carefully. The observation from 1997 Sep 15th, the o

obtained (see text). Only the low-flux sections of the data from Fig. 1

one from clas®, resulted in an extremely strong power law, e shown. Typical errors are shown for each observation. The dashed

component, with a photon index Steep?r_than 3. The SOfmﬁﬁés correspond to different values of disk accretion rate according to
and intensity of this component made it impossible to obtajRe thin disk model.

sensible values for the disk parameters, although there is evi-

dence of its presence. This enhanced power law is probably the . . . ..
. . |teoarameters, corresponding to the largest inner radius. This is

reason of the difference between this class and the others %eereason whv there is onlv one point for this observation in

Belloni et al. 2000). The observation from 1998 July 10th did. y y P

. ; o ig. 2.

not include full state-C intervals: in this case, we measured t g

length of the intervals from the infrared (Eikenberry et al. 2000).

Also, the inner disk radius resulted to be larger and theref@eResults

more difficult to measure as this component is softer. In order to

estimate the disk parameters. we produced a 325 spectrum Itn0 orinciple, from each spectrum the accretion rate through the
P y P b {asured inner radius of the disk could be measured from the

responding to the bottom of the dip only and obtained the b%%

ues of kT,, and R, (see Belloni etal. 1997a) by using the ex-

1 http://lheawww.gsfc.nasa.gov/users/keith/epoch4/ pression from a standard thin accretion disk. However, given the
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Table 1. Log of PCA observations and summary of spectral parameters (see text). Classes in column 3 correspond to the classificat
Belloni et al. (2000).

Date Obst# Class Ture(UT) At(s) Ruax(KM)  Maisk Molyr) M (Mglyr) Py (ergs™)
14/8/97 20186-03-03-01 3 4:02 530-690 178 14 1.3x10°7 6x107"(a) 9 x 10%7
09/9/97 20402-01-45-03 3 6:00 500-720 128 13 7.1x1078 3x1077(b) 1x10%®
15/9/97 20186-03-02-00 ¢ 12:31 600-1000 < —c 5x1077(d*) 9 x 10%7
10/7/98 30182-01-03-00 v 5:05 2250-3500 288+ 27 2.7%1077 1077(F) 4 % 10%7
22/5/99  40702-01-02-00 v 20:41 1100-1370 5513 8.0x107° 2x1075(g*) 3 x 10%

2 from Eikenberry et al. (1998} from Mirabel et al. (1998)° not measurable® from Fender & Pooley (1998Y; determined from IR data;
f from Eikenberry et al. (2000¥; from Fender & Pooley (2000); quasi-simultaneous

errors on these parameters, this measurement is too uncersogiate this minimum value with the innermost stable orbit.
In order to obtain an improved estimate of the disk accretion rasanteresting to compare these values, or at least their ranki
or, better, a ranking of the observations in terms of accretion ratih the rate of ejection in the jets. As we mentioned above, t
(since the actual values of the inner disk radii obtained with tlagcretion rate measured through this procedure is associate
multicolor disk-blackbody model are probably underestimatasatter flowingthroughthe observable inner edge of a geome
see Merloni, Fabian & Ross 1999), we plotted the values coically thin accretion disk. Some of the accreting gas must lea
responding to the deepest parts of the X-ray light curves irttee accretion disk to form the jet, unless it is entirely compos
KT, vs. R, plane (see Fig. 2). If for each observation the dissf pairs generated by photon-photon interactions. and how t
accretion rate was constant, the points should lie on the di&gppens is basically unknown. There are two extreme possi
onal lines corresponding to a slopes/4 (as, for a givenV/, ities: either matter ejected in the jet leaves the accretion di
T x R—3/* — Belloni et al. 1997a). Their actual distribution isbefore entering the innermost regions, thus not contributing
flatter, showing that there is a deviation from the expected lagyr measured disk accretion rate (case 1), or it leaves it af
but it is interesting to note that the distributions lie on parallglassing through our measured inner disk radius, in which ¢
curves in the log-log plane. This indicates different values dfis a fraction of the accretion rate we measure (case 2). Inc
the disk accretion rate. Lines corresponding to the larger mda4f the fraction of matter in the jet is constant and the tot
sured radius for each of the four observations are shown in Figex@ernal accretion rate (disk+jet) is variable, we expect a po
with their associated accretion rate value. Typieaktrors are tive correlation between disk accretion rate (from X rays) a
also shown. Although the actual values for the accretion ratisk ejection rate (from the infrared). If the fraction is variabl
are probably not accurate, on the basis of this plot we can raamd the total is constant, these quantities should be antico
the observations by accretion rate. It is important to note tHated. In case 2, if the fraction of matter in the jet is constant,
the accretion rate measured this way correspond to matter paspect a positive correlation, while the constant total is in th
ing throughthe observed inner radius of the disk only: if somease not possible as the total would be what we measure, wi
matter leaves the disk before that radius, its presence cannoisheot observed to be constant. If both fraction and total va
detected with this procedure. This estimate of accretion rate ¢ha situation is complicated. Of course, there is a spectrum
be double checked by considering the length of the state Cimtermediate possibilities, where the jet production is connect
tervals, which Belloni et al. (1997a,b) interpreted as the viscotgsthe inner region of the disk in a way that would not allow t
time scale of the disk at the edge of the unobservable regidissociate the two processes. With the paucity of existing d
which is refilled. The observation from 1999 May 22nd haswe limit ourselves to the extreme cases. Notice that measur
smaller inner disk radius (see Fig. 2) than the 1997 ones andreanti-correlation would be an indication against case 2.
longer re-fill time (Table 1), indicating a lower value of the ac- Table 1 also lists an estimate of the mass ejection¥ate
cretion rate. The 1998 July 10th observation has a much lardéis is based upon an equipartition calculation for one proton f
inner disk radius than the 1997 ones, by a factor of 1.7 and 23ch electron, negligible kinetic energy associated with the
which would correspond to a re-fill time longer by a factor 6.geated ejection events, and an average over the repetition pe
and 18 respectively, while it is much shorter, indicating a highef the oscillations. Note that there is a systematic uncertai
accretion rate. in these numbers due to lack of knowledge of the intrinsic ele

tron spectrum which corresponds to the observed flat-spectr
4. Discussion radio—infrared emission. However, unless the spectral form

_the distribution changes between observations then the effe

The results of our analysis indicate that, at least for observathﬁg same for all data sets and the ranking remains the same

of classy andg (which have many similar traits), we have away, rse we may be observing synchrotron emission from a p

to estimate the disk accretion rate during an instability eveEiasma with no baryonic content, in which case the amount

when the inner disk radius grows frqm its “minimum” value of, ;\var being supplied to the je;, makes more useful compari-
~30km and slowly moves back to it. Although we know thal, , it the accretion rate: this value is also listed in Table 1.
the measured value is only an underestimate, it is natural to as-
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more details of how these quantities are calculated, see FengtshowledgementsiVe thank G. Ghisellini and M. Tagger for useful
& Pooley (2000). Either way, there appears to beaticorre- discussions.

lation between accretion rate inferred from the X-ray spectral

fits and the outflow rate of mass/energy in the jet. The Iow NUuferences

ber of points in our sample prevents us from saying something

more firm. Notice that an anticorrelation is also suggested Bglloni, T., Méndez, M., King, A.R., van der Klis, M, & van Paradijs,
the strong flat-spectrum radio emission observed during long J-+ 1997, ApJ, 479, L145 . )
‘plateau’ intervals; periods when Belloni et al. (2000) estimaf¥!loni: T., Mendez, M., King, A.R., van der Klis, M, & van Paradijs,
that the accretion rate must be very low. We also note that @&J" 1997, ApJ, 488, L109

L . oni, T., Klein-Wolt, M., Mendez, M., van der Klis, M., van Paradijs,
faint infrared flares reported by Eikenberry et al. (2000) do not J., 2000, ARA, 355, 271

appear to be different from the others in other respects, as gy, 1., Levine, A.M., Remillard, R.A., Smith, D.A., 2000, Mem
X-ray light curves are too undersampled to allow a detailed cor- gajt, vol. 71, in press.
relation. Castro-Tirado, A. J., Brandt, S., & Lund, S. 1992, IAU Circ., 5590

If future observations show that disk accretion rate and jeikenberry, S.S., Matthews, K., Morgan, E.H., Remillard, R.A., Nel-
ejection rate are indeed anti-correlated, the following scenario son, R.W., 1998, ApJ, 494, L61
could be speculated. A fraction of the accreting gas leaves ffkenberry, S., Matthews, K., Muno, M., Blanco, P., Morgan, E., Remil-
geometrically thin accretion disk before reaching the inner edge lard, R., 2000, ApJ, 532, L33
(from which it would fall into the black hole) and goes into a ho%e“gir'st-ga FI’_%(;Iey, G.G., Brocksopp, C., Newell, S.J., 1997, MN-
corona. The details are not known, but our results indicate that ) I
this does not happen after the inner edge. As the disk refills, E]eenger, E'FP,' i ioo:ey, gg ;ggg’ msgﬁg’ 308’ S'tZSd
inner radius moves inwards, more soft photons from the dis neer, ~.r- & T o0y, 5. 3, 4 ; Submive

. . o L nder, R.P., Garrington, S.T., McKay, D.J., etal., 1999, MNRAS, 304,
reach the corona, which causes its Comptonization emission to 865

soften gradually. At the end of the instability period, when th@arkwardt, C.B., Swank, J.H., Taam, R.E., 1999, ApJ, 513, L37
disk is refilled down to the innermost stable orbit, this “resefgerloni, A., Fabian, A.C., Ross, R.R., 2000, MNRAS, in press.
voir” of hot gas is expelled to produce the jet, resulting in thirabel, I. F., & Rodiguez, L. F. 1994, Nature, 371, 46
observed infrared / mm / radio emission, causing the pow@firabel, I.F., Duc, P.A., Rodguez, P.A., etal., 1994, A&A, 282, L17
law component to steepen dramatically and to cause the sudiléabel, I.F., Dhawan, V., Chaty, S., etal., 1998, A&A, 330, L9
change in the X-ray count rate and spectral parameters. Nofi#no, M.P., Morgan, E.H., Remillard, R.A., 1999, ApJ, 527, 321
that, as we remarked earlier, the distributions of points in Fig@©sz J., Bailyn C.D., 1997, ApJ, 477, 876
are flatter than the expected curve for a constant disk accretj?(?r’ffg‘sas' W.S., Deal, K.J., Harmon, B.A., et al., 1996, AZAS, 120,
rate acpordmg to a standard thln_ disk: in cher words, as tlgeoley, G.G., 1995, IAU Circ.. 6269
inner disk radius d(_acreases, the disk accretion rate seems t Sley, G.G.. & Fender, R.P., 1997, MNRAS, 292, 925
crease as well. This could mean that the process that re-rogss “m.j. 1966, Nature, 211, 468
some gas from the disk to the corona becomes more efficigghiiguez, L. F., & Mirabel, I. F., 1999, ApJ, 511, 398
closer to the central object, and therefore the fraction of mattgizonov, S.Y., Sunyaev, R.A., Lapshov, LY., et al., 1994, Astr. Lett.,
going into the corona increases as the disk refills. 20, 787

Zhang, S. N., Wilson, C. A., Harmon, B. A., et al., 1994, IAU Circ.,
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