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ABSTRACT

Microquasars occasionally exhibitmassive jet ejections that are distinct from the continuous or quasi-continuousweak
jet ejections. Because these massive jet ejections are rare and short events, they have hardly been observed in X-rays so
far. In this paper, the first X-ray observation of a massive jet ejection from the microquasar SS 433 with the Rossi X-Ray
TimingExplorer (RXTE ) is reported. SS 433 undergoing amassive ejection event shows a variety of new phenomena, in-
cluding aQPO-like feature near 0.1 Hz, rapid time variability, and shotlike activities. The shotlike activitymay be caused
by the formation of a small plasma bullet. Amassive jet may consist of thousands of such plasma bullets ejected from the
binary system. The size, mass, internal energy, and kinetic energy of the bullets and the massive jet are estimated.

Subject headinggs: X-rays: binaries — X-rays: individual (SS 433)

1. INTRODUCTION

Microquasars are stellar X-ray binaries (neutron stars or black
holes) from which relativistic jets emanate via an unknown, very
efficient mechanism (Mirabel & Rodrı́guez 1999). Microquasars
such as SS 433 and GRS 1915+105 occasionally exhibit massive
jet ejections, which are recognized as sporadic flares in their ra-
dio light curves (Fiedler et al. 1987; Foster et al. 1996). Because
the massive jet ejections are rare (a few per year), short (within a
few days), and aperiodic, pointing X-ray observations of these
events have hardly been performed so far. As for SS 433, no
X-ray observation has been confirmed to coincide with a radio
flare, except for one or two possible coincident observations
with Einstein in 1979 (Band 1989). A monitoring observation
over 10 days and a long-look observation lasting 13 days were
performed with ASCA (Advanced Satellite for Cosmology and
Astrophysics) in 1995 and 2000 (Kotani 1997; Namiki et al.
2001), respectively, but there was no radio flare coinciding with
these periods. A multiwavelength observation with the Rossi
X-Ray Timing Explorer (RXTE ) and the GiantMeter Radio Tele-
scope in 2002 also missed radio flares (Chakrabarti et al. 2003).
It should be stressed that the massive jets are distinct from the
stable continuous jets of SS 433 and the quasi-continuous or
weak jet of GRS 1915+105. The radio activity of SS 433 moni-
tored by the Green Bank Interferometer over several years may
be characterized as a clustering of flare events separated by pe-
riods of quiescent emission (Fiedler et al. 1987). In these spo-
radic radio flare events, the radio flux density at 2.3 GHz exceeds
1 Jy, and massive jet blobs, which are recognized as bright ex-
tended spots in radio images, are ejected from the core of SS 433
at one-quarter of the speed of light (Vermeulen et al. 1993). The
ejection of massive jet blobs from GRS 1915+105 with a radio
flux exceeding 100 mJy, by which the source was recognized as
a microquasar in the first place (Mirabel & Rodrı́guez 1994;

Fender 2001), has hardly been observed in X-rays (Muno et al.
2001), in contrast to a number of reports on the X-ray observa-
tion of the quasi-continuous or weak jet ejections (Mirabel et al.
1998; Klein-Wolt et al. 2002; Ueda et al. 2002).

We report on a successful X-ray observation of a massive jet
ejection from SS 433 with RXTE. The observation scheme is de-
scribed in x 2, and the data are analyzed and discussed in x 3.

2. OBSERVATIONS

Formerly, a radio flare was the only indicator of a massive
jet ejection. Unfortunately, an X-ray observation triggered by a
radio flare is too late to catch the moment of the ejection, as ex-
perienced in the cases of several previous target-of-opportunity
(ToO) X-ray observations. Because the X-ray activity precedes a
radio flare, a ToO X-ray observation will not work for a massive
jet ejection event. So we have built a strategy to observe a second
massive jet ejection event following the first event. In the ac-
tive state of SS 433, radio flares are clustered with an interval of
8–23 days (Fiedler et al. 1987). Therefore, a series of monitoring
observations triggered by a massive jet ejection may cover the
moment of a second ejection within 23 days.
We planned a 30 day long ToO monitoring observation of

SS 433 with RXTE to be triggered by a radio flare. The proposal
was accepted in Cycle 6 of the RXTE Guest Observer Program
carried out for 1 yr beginning in 2001 March. The daily radio
activity of the source has been monitored with the RATAN-600
radio telescope (Korolkov & Pariiskii 1979) of the Special As-
trophysical Observatory of the Russian Academy of Sciences
(SAO RAS) since 2001 September. After 2 months of static ac-
tivity with an average flux density of 0.7 Jy at 2.3 GHz, a sig-
nificant flare occurred on 2001 November 2 (MJD ¼ 52;215),
indicating that the source entered its active state (Fig. 1). Flux
densities reached 1.3 Jy at 2.3 GHz onMJD ¼ 52;216:6 (Kotani
& Trushkin 2001; Trushkin et al. 2003). We started a series of
X-ray observations with RXTE onMJD ¼ 52;222 (Kotani et al.
2003; Safi-Harb & Kotani 2003). Except for a break at MJD ¼
52;231, SS 433 was observed for 3 ks every day. In the X-ray
light curve, a temporal variation with timescales of 10–100 s
appeared on MJD ¼ 52;225, and the amplitude increased day
by day (Fig. 3). OnMJD ¼ 52;232, the amplitude reached amax-
imum, and the 2–10 keV X-ray flux reached a local maximum of
2:5 ; 10�10 ergs s�1 cm�2. The X-ray emission, thought to orig-
inate in the hot part of the jets as long as or longer than 1012 cm,
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had never shown such a variability in past observations (Safi-Harb
& Kotani 2003). Following the maximum of the flux and the
variation amplitude, a second radio flare was detected onMJD ¼
52;235. Due to a missing radio data point at MJD ¼ 52;234, the
precise onset time and peak flux of the second flare are un-
fortunately not known, but they are not likely out of the range
52;233 < MJD� 52;235 and 1:5 Jy < F < 2 Jy. Thus, we con-
clude that the moment of a massive jet ejection was observed
in the X-ray band. After the peak, the X-ray flux dropped due to
a binary eclipse. The X-ray monitoring observation lasted until
MJD ¼ 52;238, for 17 days, providing 16 data sets. An observa-
tion log is shown in Table 1. Optical spectroscopic observations
were performed on MJD ¼ 52;220:6, 52,221.6, and 52,225.6
with the 0.7 m telescope at the observatory Kamenskoe Plato
(Mironov & Tereshchenko 1998) and onMJD ¼ 52;229:39 and
52,233.38 with the 0.65 m telescope at the Gunma Astronomi-
cal Observatory (Hasegawa et al. 2004; Kinugasa et al. 2002).

Based on the spectroscopic data, the variation of the Doppler
shifts of the jets during the campaign are estimated. The Doppler
parameter of the receding jet is estimated to increase from 0.07
on MJD ¼ 52;222 to 0.13 on 52,238, and that of the approach-
ing jet to decrease from �0.02 to �0.07.

3. DATA ANALYSIS AND DISCUSSION

3.1. The QPO-like Feature

First, we have searched for a periodicity in the data. No coher-
ent pulsation has been detected from the 16 data sets, but a fea-
ture that can be interpreted as a quasi-periodic oscillation (QPO)
has been found at 0.1 Hz in the sum of the 16 power density
spectra. The sumof the power density spectra is shown in Figure 2.
The fraction of the flux accounting for the QPO-like variation is
estimated from the ratio of theGaussian normalization to the area
under the power-law continuum.

TABLE 1

Observation Log

Date (2001)

Start

(MJD)

End

(MJD)

Exposure Time

(ks) PCUa

Nov 9 ................... 07:10 (52,222.299) 08:11 (52,222.341) 3.6 0234

Nov 10 ................. 05:19 (52,223.222) 06:21 (52,223.265) 3.7 0234

Nov 11 ................. 06:47 (52,224.283) 07:47 (52,224.325) 3.6 0234

Nov 12 ................. 06:35 (52,225.275) 07:35 (52,225.316) 3.5 0234

Nov 13 ................. 04:46 (52,226.199) 05:46 (52,226.240) 3.5 0234

Nov 14 ................. 06:11 (52,227.258) 07:13 (52,227.301) 3.7 0234

Nov 15 ................. 06:00 (52,228.250) 07:01 (52,228.293) 3.7 0234

Nov 16 ................. 07:26 (52,229.310) 08:32 (52,229.356) 4.0 023

Nov 17 ................. 07:14 (52,230.302) 08:20 (52,230.349) 4.1 023

Nov 19 ................. 03:41 (52,232.154) 04:33 (52,232.190) 3.1 0234

Nov 20 ................. 06:40 (52,233.278) 07:46 (52,233.324) 4.0 02

Nov 21 ................. 08:05 (52,234.337) 09:16 (52,234.387) 4.3 023

Nov 22 ................. 07:54 (52,235.330) 09:05 (52,235.379) 4.2 024

Nov 23 ................. 04:32 (52,236.189) 05:29 (52,236.229) 3.5 024

Nov 24 ................. 01:11 (52,237.050) 01:54 (52,237.080) 2.6 02

Nov 25 ................. 05:45 (52,238.240) 06:47 (52,238.283) 3.7 012

a Proportional counter units in operation.

Fig. 1.—2.3 GHz radio light curve (squares with error bars) and 2–10 keV X-ray light curve (circles with error bars and solid line) of SS 433. The radio flux taken
with RATAN-600 shows two flares, or massive jet-blob ejections, indicated by filled triangles. The epochs of eclipse are indicated by dashed lines. The first flare
triggered RXTE monitoring observations. The rise of the second flare is not prominent because of a lack of monitoring data on MJD ¼ 52;234 due to bad weather
conditions. The X-ray fluxes show a peak just before the second radio flare and then a dip coinciding with an eclipse.
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This is the first detection of any periodicity or quasi period-
icity shorter than 1 day from this source. Interestingly, other
microquasars such as GRS 1915+105 also show 0.5–10 Hz low-
frequency QPOs, which are considered to represent a charac-
teristic timescale in the accretion flow (Muno et al. 2001). A
supercritical accretion flow, which SS 433 is believed to have,
had not been observed in the X-ray band because of the bright
jets. The 0.1 Hz QPO-like feature may be the first detection of
the supercritical accretion flow or disk in the X-ray band. The sim-
ilarity to the QPO in other microquasars suggests the presence of
a common mechanism working in other systems and SS 433, at
least when the latter is undergoing a massive jet ejection.

3.2. Spectral Fitting

The 16 data sets have been reduced with the standard reduc-
tion method.7 The spectra are fitted with an empirical model,

e��(E )NH ; ½bremsstrahlung(kT )

þ FN ; narrow-line(EN ; �N )þ FB ; broad-line(EB; �B)�; ð1Þ

where �(E ) is the absorption cross section, FN and FB are line
fluxes, EN and EB are line center energies, and �N and �B are
line widths. The hydrogen column density NH and the width of
the narrow line �N are fixed to 6 ; 1021 cm�2 and 0 keV, re-
spectively. The results are shown in Table 2. The model has
been applied to SS 433’s spectra obtained with the Large Area
Counter (LAC) on board Ginga (Kawai 1989; Yuan et al. 1995),
a proportional counter array whose energy resolution and en-
ergy band are similar to those of the PCA on board RXTE.
This model is a simple approximation of the complicated,
line-abundant spectrum revealed with the finer energy resolu-
tions of ASCA SIS (Kotani et al. 1996) and Chandra HETGS
(Marshall et al. 2002). In this model, the Doppler-shifted pairs
of Fe xxv K�, Fe xxvi K�, and Ni xxvii K� lines are blended
into the ‘‘narrow’’ and ‘‘broad’’ iron lines. The parameters that
cannot be determined from an RXTE spectrum, such as line flux
ratios Fe xxvi /Fe xxv and red/blue, are naturally eliminated
from the model. The average spectrum of each data set and its
evolution can be reproduced with the model and the spectral
parameters in Table 2, together with the 2–10 keV fluxes in
Figure 1.
In the eclipse at MJD ¼ 52;234, both the bremsstrahlung tem-

perature and the line fluxes drop, as observed with Ginga LAC
(Kawai 1989; Yuan et al. 1995). The equivalent widths of the
two lines at the flux maximum (MJD ¼ 52;232) and the eclipse
(MJD ¼ 52;234) are 1.76 and 1.56 keV, respectively. The equiv-
alent width is not sensitive to eclipse because the base of the jet,
which is responsible for both the Doppler-shifted line emission
and the continuum emission, is occulted in eclipse (Kawai 1989;
Yuan et al. 1995; Gies et al. 2002).

3.3. The Rapid Variability

3.3.1. Data Analysis

Then we examined the rapid variation seen onMJD ¼ 52;232
(Fig. 3). The variation, which might appear irregular or cha-
otic, can be interpreted as a series of ‘‘shots’’ or ‘‘spikes’’ with
widths of tens of seconds. Their intervals are random and do not
show any periodicity. We have sampled 12 shots as indicated in
Figure 3 and folded the light curve to make the average profile
of the shots (Fig. 4). The shot rises fast then slightly softens

Fig. 2.—Sum of power density spectra of the X-ray data. The sum of all
16 spectra and the best-fit model of a power-law model plus a Gaussian (solid
line) are plotted. The data points and upper limits are marked as filled circles and
T-shaped bars, respectively. A feature that can be interpreted as a QPO centered
at 0:1127� 0:0072 Hz with a Gaussian � of 0:011� 0:006 Hz is seen.

TABLE 2

Spectral Parameters

Start

(MJD)

kT

( keV)

EN

( keV)

FN

(;10�4 photons s�1 cm�2)

EB

( keV)

�B
( keV)

FB

(;10�3 photons s�1 cm�2) �2/dof

52,222.299..................... 35 � 2 6.5 � 0.1 5.1 � 1.4 6.92 � 0.06 0.83 � 0.07 2.2 � 0.2 30.5/31

52,223.222..................... 49 � 3 6.4 � 0.1 4.7 � 1.2 6.98 � 0.06 0.81 � 0.10 2.2 � 0.1 51.5/31

52,224.283..................... 47 � 3 6.5 � 0.1 4.7 � 1.5 6.98 � 0.08 0.83 � 0.05 2.2 � 0.2 29.7/31

52,225.275..................... 56 � 5 6.7 � 0.1 5.2 � 1.4 6.95 � 0.06 1.00 � 0.07 2.9 � 0.2 57.0/31

52,226.199..................... 55 � 4 6.7 � 0.1 6.5 � 1.2 6.90 � 0.05 1.07 � 0.07 3.1 � 0.1 82.8/31

52,227.258..................... 45 � 2 6.8 � 0.1 5.5 � 1.2 6.90 � 0.05 1.10 � 0.05 3.1 � 0.2 45.0/31

52,228.250..................... 37 � 2 6.8 � 0.1 4.8 � 1.5 6.92 � 0.06 0.99 � 0.07 2.8 � 0.1 39.9/31

52,229.310..................... 48 � 3 6.8 � 0.1 6.3 � 1.4 6.94 � 0.05 1.07 � 0.05 2.9 � 0.2 38.7/31

52,230.302..................... 37 � 2 6.9 � 0.2 3.4 � 1.4 6.97 � 0.05 0.95 � 0.05 2.3 � 0.2 49.6/31

52,232.154..................... 38 � 2 7.0 � 0.1 5.9 � 1.1 6.88 � 0.06 1.21 � 0.08 3.3 � 0.2 72.2/31

52,233.278..................... 25 � 1 7.0 � 0.2 2.2 � 1.4 7.06 � 0.07 0.93 � 0.08 2.0 � 0.2 87.1/30

52,234.337..................... 21 � 1 6.8 � 0.4 2.2 � 1.2 7.11 � 0.08 1.07 � 0.06 2.1 � 0.2 42.1/30

52,235.330..................... 48 � 3 7.0 � 0.1 6.0 � 1.3 6.88 � 0.08 1.12 � 0.11 2.5 � 0.2 38.4/30

52,236.189..................... 53 � 4 7.0 � 0.1 5.1 � 1.5 6.92 � 0.07 1.05 � 0.10 2.7 � 0.2 53.1/30

52,237.050..................... 55 � 5 7.0 � 0.1 6.6 � 1.2 6.74 � 0.10 1.24 � 0.13 3.0 � 0.3 51.9/30

52,238.240..................... 42 � 2 7.1 � 0.1 6.9 � 1.0 6.92 � 0.07 1.27 � 0.06 3.4 � 0.2 42.9/30

Note.—For 2–10 keV flux, see Fig. 1.

7 See RXTE GOF, http://heasarc.gsfc.nasa.gov/docs/xte/xhp_proc_analysis
.html.
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during the decay. The 8.4–21 keV profile is fitted with a burst
model,

constant þ A ;

0; t � t0;

(t � t0)=�t0; t0 � t � 0;

exp (�t=�dec); 0 � t;

8><
>: ð2Þ

where A is a normalization factor, t is the time from the peak, t0
is the time of the onset of the shot, and �dec is the decay time-
scale. The onset time and decay timescale are fitted to be�23þ5

�4

and 41þ12
�9 s, respectively.

We have divided the profile into three phases, namely, the
‘‘preshot’’ phase, the ‘‘peak’’ phase, and the ‘‘decay’’ phase, and
made a spectrum from each phase.We have subtracted the preshot
spectrum from the peak spectrum and from the decay spectrum to
extract the pure shot component. The pure shot component is

shown in Figure 5, together with the preshot spectrum. The 3–
20 keV fluxes in the peak and decay phases are 1:9 ; 10�10 and
5:7 ; 10�11 ergs s�1 cm�2, respectively. The shot component is
well fit by either an absorbed power-law model or an absorbed
thermal bremsstrahlungmodel. No emission line is detected. The
total spectrum integrated over all data taken on MJD ¼ 52;235
is expressed as an attenuated bremsstrahlung model and re-
quires the addition of a broad iron line of 7:00� 0:02 keV. The
hydrogen column density decreases in the decay phase from
60þ50

�32 ; 10
22 to 18þ20

�13 ; 10
22 cm�2 in both models used to fit the

data. The best-fit thermal bremsstrahlung temperature and power-
law photon index at the peak are kT1 ¼ 14þ86

�9
keV and 1:6þ0:3

�0:3,
respectively. Neither the index nor the temperature changes sig-
nificantly during the decay. The unabsorbed 2–10 keV lumi-
nosity at the peak is fitted to be L1 ¼ 4:7þ1:5

�1:9 ; 10
35 ergs s�1

assuming a distance of D ¼ 4:85 kpc (Vermeulen et al. 1993).

3.3.2. Interpretation

This is the first detection of a rapid X-ray variability with a
timescale less than 300 s from SS 433 (Kotani et al. 2002, 2003;
Safi-Harb & Kotani 2003). Although this source had been ob-
served numerous times by various X-ray observatories, only var-
iability with timescales�1 day had been reported. For example,
Einstein observed the source to vary by a factor of 2 on time-
scales of 1 day (Band 1989), and daily variations other than the
orbital and precessional modulations are seen inGinga and ASCA
data (Yuan et al. 1995; Kotani 1997). Temporal analysis of ROSAT
(Röntgensatellit) data shows flickering around 3–10 s, but this
variability does not appear consistently (Safi-Harb 1997). Since
the detection with RXTE in 2001 (Kotani et al. 2002, 2003;
Safi-Harb & Kotani 2003), evidence of rapid X-ray variability
has been accumulated. Chakrabarti et al. (2003) report on X-ray
variability with timescales of a few minutes detected in 2002
with RXTE, and Revnivtsev et al. (2004) detected a significant
X-ray variability with timescales as short as 100 s with RXTE in
2004.

The absence or weakness of a rapid X-ray variability had been
explained in terms of an X-ray–emitting jet of length�1012 cm.
Together with theQPO-like feature in the power density spectrum,
this shotlike variability implies the presence of X-ray sources
smaller than 1012 cm in the system. Considering that these shots

Fig. 3.—Blown-up X-ray light curves taken on MJD ¼ 52;222 (top), 52,225
(middle), and 52,232 (bottom). Only the energy band higher than the iron and
nickel lines (8.38 keV for blueshifted Ni xxvii K�) is shown. Typical 1 � errors
are plotted as crosses. The amplitude of variations on MJD ¼ 52;222, if any, is
not larger than the error bar. On MJD ¼ 52;225, the variations become signifi-
cant, and the amplitude reaches maximum on 52,232. The variation on MJD ¼
52;232 can be interpreted as a series of ‘‘shots’’ or ‘‘spikes.’’ By picking up local
maxima in the light curve above a threshold of 74 counts s�1 after at least two
successive increasing bins (30 s), 12 shots are sampled as indicated by the filled
triangles in the bottom panel. The criterion of successive increasing bins is neces-
sary to cut local maxima due to fluctuation. The threshold of 74 counts s�1 (13 �)
is chosen so that most shots are sampled only once. This sampling is not ex-
haustive, and a different set of shots may be selected under another criterion.

Fig. 4.—Average profile of the 12 shots sampled from the data on MJD ¼
52;232 (Fig. 3). In the 8.4–21 keV band, the shot rises in �10 s and decays
slowly (�30 s). In the 2.4–5.7 keV band, the profile is less pronounced: the peak
lags behind that in the hard band by �30 s, and both the rise and decay time-
scales are �30 s. The peak is indistinct in the 5.7–8.4 keV band as well. That
implies that the iron line intensity does not contribute much to the shot. For a
spectroscopic study, we have divided the profile into three phases: the ‘‘preshot,’’
‘‘peak,’’ and ‘‘decay’’ phases.
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coincide with amassive jet ejection event, we further assume that
they are related to the ejection in the following discussion.

Since the spectral fit is consistent with a decrease of the ab-
sorption hydrogen column density during the evolution of the
shots, we attribute the rise of the shots to the decrease of atten-
uating matter, or in other words, the emergence of an X-ray–
emitting small plasma bullet from behind the attenuating matter.
Each shot corresponds to the shot of a small plasma bullet from
the nozzle. This interpretation is different from that of the X-ray
variability seen in GRS 1915+105, which is explained in terms
of the rapid removal and replenishment of matter forming the
inner part of an accretion disk (Belloni et al. 1997). Since both
thermal and nonthermal spectral models are consistent with the
observed spectrum, it is difficult to determine the emissionmech-
anism. But in either case, physical quantities of the emitting bul-
lets would be derived as follows.

3.3.3. Thin-thermal Emission

Given a spherical, thin-thermal, freely expanding plasma bul-
let with a temperature T (t), a radius R(t) ¼ vexpt, an expanding
velocity vexp ¼ const, and a total number of electronsNe ¼ const,
the cooling would be governed by the equation

3

2
(1þ X )NekB

dT

dt
¼� �(T )XN2

e

(4=3)�R3

�3(� � 1)
3

2
(1þ X )Ne kB

Tvexp
R

; ð3Þ

whereX ¼ Ni /Ne is the ratio of the total number of ions to that of
electrons, assumed to be 0.93117; kB is the Boltzmann constant;
and � is the adiabatic index, assumed to be 5/3. The first term on
the right-hand side corresponds to radiative cooling, and the
coefficient �(T ) is defined so that �(T )Ne /(4�R

3/3)Ni /(4�R
3/3)

equals the emitted power per unit volume. The last term corre-
sponds to expansion: for expanding plasma with a volume V (t),

V ��1dT ¼ �T (� � 1)V ��2dV ð4Þ

is derived from the relation TV ��1 ¼ constant. Substituting V ¼
4�R3/3 in equation (4), the cooling rate by expansion, dT /dt ¼
�3(� � 1)Tvexp /R, is obtained, which is equivalent to the last
term of equation (3). The time parameter t is defined so that
t ¼ 0 at R ¼ 0, although the radius can never be zero. If the
coefficient �(T ) is proportional to

ffiffiffiffi
T

p
and written in the form

�(T ) ¼ �T

ffiffiffiffi
T

p
, equation (3) has an analytic solution

ffiffiffiffi
T

p
¼

ffiffiffiffiffi
T1

p
� �TNeX

4�½7=2� (3=2)��(1þ X )kBvexpR2
1

� �
R

R1

� �� 3=2ð Þ�þ3=2

þ �TXNe

4�½7=2� 3=2ð Þ��(1þ X )kBvexpR2
1

R

R1

� ��2

¼
ffiffiffiffiffi
T1

p
1� L1�exp

2E1

� �
R

R1

� ��1

þ L1�exp
2E1

R

R1

� ��2
" #

; ð5Þ

E1 ¼
3

2
(1þ X )Ne kBT1; ð6Þ

L1 ¼
3�T

ffiffiffiffiffi
T1

p
XN 2

e

4�R3
1

; ð7Þ

�exp ¼
R1

vexp
; ð8Þ

where the subscript ‘‘1’’ denotes the value at the peak; E1, L1,
and �exp correspond to the thermal energy, the luminosity of the
bullet at the peak, and the timescale of expansion, respectively.
The ratio L1�exp /(2E1) represents the fraction of the thermal

Fig. 5.—Spectra and best-fit models of the preshot phase (crosses), the peak phase (open circles), and the decay phase ( filled circles). To emphasize the spectral
evolution of the shot component, the preshot spectrum is subtracted from the peak and decay spectra. The background spectrum made with the tool pcabackest is
subtracted from the preshot spectrum.
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energy in the bullet lost by radiation (cf. Kotani et al. 1996).
Using equation (5), the luminosity of the bullet can be written
as

L ¼ L1 1� L1�exp
2E1

� �
R

R1

� ��4

þ L1�exp
2E1

R

R1

� ��5
" #

: ð9Þ

The expansion velocity vexp is estimated from the observed
temperature as vexp ¼ kBT1 /(�mH)½ �1=2¼ 1:5þ2:5

�0:6 ; 10
8 cm s�1,

where mH is the mass of a hydrogen atom and � is the mean
molecular weight, assumed to be 0.587922. In 40 s, the lumi-
nosity of the plasma decreases by a factor of 1/e. Substituting the
factor into equation (9), we obtain

L2

L1
¼ 1

e
¼ 1� L1�exp

2E1

� �
R2

R1

� ��4

þ L1�exp
2E1

R2

R1

� ��5

; ð10Þ

where the subscript ‘‘2’’ denotes the value at the decay phase.
Because the ratio of the radiation loss to the internal energy
L1�exp /(2E1) is between 0 and 1, the expansion in 40 s is con-
strained as exp 1

5
< R2 /R1 < exp 1

4
from the above equation. Sub-

stituting R2 ¼ R1 þ vexp ; 40 s, we obtain the radius as R1 ¼
2:2þ3:6

�0:9 ; 10
10 cm. From this radius and an observed quantity L1,

all other parameters are derived; 1:06 ; 102 s < �exp < 1:35 ;
102 s, the number of electrons Ne ¼ 1:0þ2:1

�0:5 ; 10
45, the number

density of electrons ne;1 ¼ 4:1þ9:2
�3:7 ; 10

13 cm�3, and the thermal
energyE1 ¼ 0:7þ13:7

�0:6 ; 1038 ergs.Assuming that the bullet ismov-
ing at 0:26c, the kinetic energy of the bullet is estimated to
be 0:6þ1:2

�0:3 ; 10
41 ergs. The assumption is consistent with the ob-

served rise time of 20 s, which is naturally explained by the time
it takes for a bullet to appear from a nozzle. Equation (5) is writ-
ten with these estimates as

ffiffiffiffi
T

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
14 (keV)

p (
0:3

R

1:6 ; 1010 (cm)

� ��1

þ 0:7
R

1:6 ; 1010 (cm)

� ��2
)
; ð11Þ

where errors are omitted.
Since a shot and the unmodulated component coexist, the bul-

lets and the continuously emanating jet may coexist. In that case,
the small plasma bullets can be interpreted as bright knots in the
continuous jet. The knots are created when the mass outflow rate
or the density of the continuous jet is temporarily increased. A
temporal increase of temperature is not plausible because it would
result in a change of the spectrum, which has not been observed.
The properties of the knots would not be much different from
those of the small plasma bullets discussed above, and the esti-
mates above are valid if the knots or bullets coexist with the
continuous jet.

3.3.4. Synchrotron Emission

Because the spectral shape does not change much in the decay
and because no iron line is detected in the shot component, a
nonthermal emission from expanding bullets also can account
for the shot component. As for the steady nonvariable compo-
nent, it is definitely a thin-thermal emission with Doppler-shifted
iron lines. Therefore, it is natural to interpret the shot component
as a thermal emission, and an interpretation of nonthermal emis-
sion is rather eccentric. In the following paragraph, we show

physical parameters of a plasma bullet assuming that the bullets
emit X-rays via synchrotron radiation.

A power-law distribution of synchrotron electrons,

f (�)d�

�
�pþ 1

��pþ1
max �1

ne;syn�
�pd� � ( p�1)ne�

�pd�; 1 < � � �max;

0; �max < �;

8<
:

ð12Þ

is assumed, where � is the Lorentz factor of electrons, ne; syn is
the synchrotron electron number density, and p ¼ 2:2þ1:4

�1:0
is the

electron energy index derived from the photon index � ¼
( pþ 1)/2. The maximum Lorentz factor should be at least
�max > 1:4 ; 105 to account for the X-ray emission up to 10 keV.
Optically thin synchrotron flux from such a sphere is expressed
as

F� ¼
�( p)

4�
ne;syn

e3

mc2
Bp=2þ1=2 4�mc�

3e

� ��p=2þ1=2
4�R3=3

D2
;

ð13Þ

�( p) � 31=22p=2�1=2( p�1)

( pþ1)

;
� p=4þ19=12ð Þ� p=4�1=12ð Þ� p=4þ5=4ð Þ

� p=4þ7=4ð Þ ; ð14Þ

where � is the frequency andB is the magnetic field strength in the
plasma (e.g., Hjellming & Han 1995). By substituting the ob-
served fluxF�(1 keV)¼1:0þ1:0

�0:5 ; 10
�2 photons cm�2 s�1 keV�1

into equation (13), themagnetic field strengthB and the total num-
ber of electrons in a bullet Ne are constrained as

log NeB
p=2þ1=2 (G)

h i
¼ 44:6þ3:0

�2:9; ð15Þ

where the rather large uncertainty is due to the uncertainty of the
electron energy index p.

As the bullet expands, each high-energy electron loses energy
as E ¼ (R/R1)

�1 and the magnetic field and the luminosity de-
crease as B ¼ B1(R/R1)

�2 and L ¼ L1(R/R1)
�2p, respectively.

Radiative cooling and heating are neglected. Thus, a decrease of
flux by a factor of 1/e corresponds to an adiabatic expansion by

1:26þ0:25
�0:10

of the radiating bullet. Further assuming that the bullet
is proceeding at 0.26c with an expanding half-angle of 2N1,
which are the same value as the velocity and the half-opening
angle of the continuous jet (Namiki et al. 2003), the expansion
velocity is estimated as vexp ¼ 2:9 ; 108 cm s�1. From this ex-
pansion velocity and the expansion factor obtained above, the
radius of the plasma is determined as R ¼ (4:5� 1:4) ; 1010 cm,
which is consistent with the rise time of 20 s.

The synchrotron electron number density and the strength of
the magnetic field can be estimated if their energies are assumed
to be in equipartition, i.e.,

B2

8�
¼

Z �max

1

p� 1

��pþ1
max � 1

nemc
2��pþ1d� ð16Þ

�

p� 1

�pþ 2
��pþ2
max nemc

2; 1 < p < 2;

p� 1

p� 2
nemc

2; 2 < p:

8>><
>>: ð17Þ
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Substituting an electron energy index of p ¼ 2:2, we obtain
B ¼ 1:8 ; 102 G and ne ¼ 2:4 ; 108 cm�3. The total number of
electrons and internal energy in a bullet are estimated as Ne ¼
9 ; 1040 per shot and Esyn ¼ 5:3 ; 1035 ergs, respectively. The
numbers of electrons and internal energy derived here are smaller
by orders of magnitude than those of the thin-thermal case.

3.3.5. Comptonized Emission

If the emission mechanism is inverse Compton scattering
of optical photons, the seed photon density would decrease and
the emission would decay as the plasma bullet gets away from the
central engine. Based on this Comptonized emission model, the
parameters of the plasma bullet, such as the electron number den-
sity, the total number of electrons, and the total energy of elec-
trons, are estimated. They are found to be not much different from
those in the case of synchrotron emission, although the uncertainties
of parameters are larger in the case of inverse Comptonization.

3.4. The Massive Jet

Based on the bullets model, we suggest an explanation of the
massive jet ejection: During the massive jet ejection event, small
discrete plasma bullets, or knots in the continuously emanating
flow, are successively ejected at random intervals of�150 s. The
radius of bullets is estimated as R1 ¼ 2:2þ3:6

�0:9 ; 10
10 cm. The

X-ray emission from the small plasma bullets, either thermal or
nonthermal, decays in 40 s as it expands. Assuming that the most
active state lasts 3 days, the total number of small bullets ejected
in a single massive jet event is estimated to be 1700. The total
mass and total kinetic energy of all 1700 bullets are 3:3þ6:7

�1:8 ;
1024 g and 1:0þ2:1

�0:5 ; 10
44 ergs, respectively. The average mass

ejection rate and average kinetic luminosity over 3 days are
0:7þ1:6

�0:4 ; 10
16 g s�1 and 3:9þ8:0

�2:1 ; 10
38 ergs s�1, respectively. In

the case of synchrotron emission from baryonic plasma, only the
lower limits of mass and kinetic energy are derived; the total
mass and total kinetic energy of the 1700 bullets would be at
least 3:0 ; 1020 g and 9:1 ; 1039 ergs, respectively, and the av-
erage mass ejection rate and average kinetic luminosity would
be at least 1:1 ; 1015 g and 3:5 ; 1034 ergs s�1, respectively.

The estimated average kinetic luminosity of�1038 ergs s�1 is
considerably lower than estimates based on the quiescent or nor-
mal state. For example, Kotani (1997) has calculated the kinetic
luminosity as 1 ; 1040 ergs s�1 based on ASCA data, Marshall
et al. (2002) as 3:2 ; 1038 ergs s�1 based on Chandra HETGS
data, and Brinkmann et al. (2005) as 5 ; 1039 ergs s�1 based on
XMM-Newton EPIC data. It is puzzling that the mass outflow
rate and kinetic luminosity in the massive jet ejection are not so
‘‘massive’’ compared to those of the steady continuous jet flow
seen onmost occasions. There are several possibilities to account
for the inconsistency in terms of the bullets model: (1) The mass
outflow rate and kinetic luminosity of a massive jet are not larger
than those of a quiescent steady jet, but the efficiency to accel-
erate electrons contributing to synchrotron radio emission is far
larger. (2) The massive jet is not an assembly of the small plasma
bullets but is mainly supplied with the steady flow that coexists
with the bullets. (3) In spite of the monitoring observation with a
sampling rate of 3 ks day�1, we have missed the moment of

the true massive jet ejection, which lasts only, say, hours, and a
massive jet of 1044–1045 ergs is ejected at a maximum outflow
rate of 1040–1041 ergs s�1. We do not yet have any evidence sup-
porting one of these scenarios, but we suggest that the second
case is unlikely, in which the unvariable X-ray component is
expected to rise as the radio flux densities rise.
Another question is whether X-ray variability is really related

to radio flaring, which is associated with blob rebrightening
events out of the system core. At 1.6 GHz, radio flares peak at
35 AU from the core (Paragi et al. 1999). If radio flares are
caused by an environmental condition, it would not be detectable
in the X-ray band at the ejection, and the coincidence of the rapid
X-ray variability and the massive jet event would have been
accidental. However, Paragi et al. (1999) suggest that the re-
brightening is due to attenuation by out-flowing gas around the
core. If the cause of radio flares is not an environmental condition
but a core activity, the activity that changes the radio flux by a
factor of 2 might be detectable in the X-ray band. That should be
tested in future multiwavelength observations.
X-ray shots are first seen in the data from MJD ¼ 52; 225,

1 week before its maximum activity and the onset of a second
radio flare. Provided that shots precede a radio flare, we can pre-
dict a massive jet ejection event on the basis of X-ray monitoring
data. Upon detection of X-ray shots, notice of a massive jet ejec-
tion to occur in 1 week can be sent to ground and space obser-
vatories. An observation campaign covering amassive jet ejection
is possible. There is still a possibility that the duration of a mas-
sive jet ejection is shorter than 1 day and the moment has been
missed even in our observations. This can be confirmed in future
observations. In addition, this technique may be applicable for
the prediction of massive jet ejections from other microquasars.
In spite of numerous observations performed so far, it is not yet
known whether massive jet ejections from other microquasars
such as GRS 1915+105 are also preceded by a precursor or not.
As a specially coordinated observation is required to detect the
shotlike variability from SS 433, a carefully coordinated obser-
vation plan is desirable to observe GRS 1915+105 in a massive
jet ejection event with an X-ray mission. The findings reported
here imply that new and important physics of a microquasar is
revealed by observing massive jet ejections. The observation
of these events is essential to explore the nature of microqua-
sars. Therefore, the technique for observing massive jet ejec-
tions is one of the most important results from this study. Future
observations of massive jet ejections from microquasars are
encouraged.
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