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We study the correlations between the jet ejection eventhadges in the continuum emission
of the radio-loud galaxy 3C 390.3, using the archived mairitpdata in radio, optical and X-ray.
We present evidence for the link between the variable dptimatinuum and a stationary radio
feature in the jet. The ejection of radio components hapdarisg, or after, the dip in the X-ray
light curve. Moreover, during the X-ray dip the flux variatyilis significantly reduced while the
hardness ratio and its variance becomes harder. Thesegmstirengthen the idea of similarity
between active galactic nuclei (AGN) and microquasarsptpag towards a common physical
mechanism acting in the disk-jet system. Other similegitiee also discussed on the basis of
comparision between 3C 390.3 and the microquasars GRS 195%%nd Cyg X-1. If the analogy
(based on linear mass scaling) between the ejection rateg aficroquasar GRS 1915+105 and
3C390.3 is correct, then the rate of ejections in 3C 390.3ulsheary between~(0.01 to 1)
ejections per year on a time scale of thousand years.
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1. Introduction

The AGN are the most powerful objects radiating over thererglectromagnetic spectrum.
The bulk of continuum emission is thought to be produced lyeaion of surrounding material
onto the central massive nucleus (or black hole) which gjgdh the form of a relativistic col-
limated outflow (jet) of radio emitting plasma. On sub-pelss, the radio jet exhibits typically
stationary and moving features of enhanced emission délectvith the Very Long Baseline In-
terferometry (VLBI) technique [1]. Moving components ajeated from the base of the jet very
near to the central nucleus (or black hole). Stationary aomapts of the jet can be associated with
the internal oblique shocks, the emission and geometry aéhwitepend strongly on the density
distribution of the external medium [2]. The efficiency obedinated radio VLBI and X-ray moni-
toring for investigating the disk-jet couplings was dentoated by Marscher et al. [3]. They found
that the dips in the X-ray continuum emission are associituthe epochs of ejection of radio
blobs in the radio-loud galaxy 3C 120 and interpreted thisetation as resulting from accretion
of some part of the X-ray emitting disk into the black holeldaled by ejection of a new radio
component. Little is known about continuum emission valiigand jet ejection coupling mainly
because of the lack of coordinated multiwavelength moainigpcampaigns in radio (VLBI) and
other wavebands. To examine this coupling, we combine thej¢etion epochs in a radio-loud
galaxy 3C 390.32£0.00561) and archived monitoring data in radio, optical drray (ROSATand
RXTH bands. The dense X-ray data allows zooming into the regbn&ray dips to study the
X-ray emission characteristics at the epoch of a jet ejpaient.

2. Correlations between the sub-pc-scale jet and variability of continuum emission
in 3C 390.3

Ten epochs of Very Long Baseline Array (VLBA) imaging at 15 Gfdbtained between 1994
to 2002 as a part of the 2cm VLBA survey [1]) revealed the stmecof the jet, the kinematics
of jet components and the evolution of their emission on krgcales ofv 3 milliarcseconds (1
mas=1.09 pc) [4]. Three stationary features (D, S1 and S2F&g 1) and five moving compo-
nents (C2-C6) with apparent speeds from 0.8 tochre identified. The linear fits of moving
components were used to estimate the epoch of their ejeftionthe D component (Fig. 2, red
triangles), and the time at which they pass the stationatufe S1 (gray triangles). It was found
that the bulk of variable radio emission (>90% on scales af tmilliarcseconds) is radiated pre-
dominantly by the two stationary components D and S1 of thegparated by .28+ 0.03 mas
(=~ 0.3 pc of projected distance).

2.1 Thelink between radio and optical continuum emission

In Fig. 2, the long-term variations of radio emission from3l, and the total radio emission
(from D and S1) are superimposed onto optical continuum farkations at 5100A. There is a
significant correlation (>95%) between variable radio amis from component S1 and optical
continuum emission for a time delay ef 0.2 yr [4], while the total radio flux does not show
any significant correlation with changes in the optical flitkis indicates that there is a physical
link between variable optical continuum emission and \@@aadio emission from the stationary
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Figure 1: VLBA image of 3C 390.3 made in 1998.21 at 15 GHz [4]. Model fittloé jet identified three
stationary (D, S1, S2) and five moving components. The innsttwo stationary components D and S1 are
separated within 0.28 mas0.3 pc of projected distance. D is identified with the baséhefjet and S1 is
likely to be a standing shock of the jet

component S1 of the jet, suggesting that the bulk of optioatinuum emission in the radio-loud
galaxy 3C 390.3 is non-thermal and produced in the jet. Nwdéthe variability amplitudes (see
e.g. [5]) of the stationary components S1 and D of the jet gledn than those of the total radio,
optical and X-ray continuum emission, with the variabilggnplitude of the S1 component being
higher by a factor of> 2 (Fig. 3). This is a strong argument in favor of the fact tieg source
of variable continuum is localized in the innermost parth@ jet and most likely to be associated
with the S1 stationary feature of the jet.

2.2 Thelink between the S1 component of thejet and optical continuum emission

Further support for the link between S1 radio component arthble optical emission is
provided by the correlation between the characteristie tigray triangles in Fig. 2) at which the
moving components C4—C7 pass the stationary feature Slefddwhs of passing of four C4-C7
components at S1 are delayed with respect to the maxima iogteal continuum (the average
time delay is 018+ 0.06 years). The null hypothesis that this happens by chanegeisted at a
confidence level of 99.98% [4].

2.3 Thelink between the D component and characteristics of the X-ray emission

The D component is likely to be the base of the jet, which iselvel to be located near the
central nucleus at a distance2eR00 Schwarzschild radii in or above a hot corona [6]. Thet&jac
of plasma material from the base of the jet is thought to belealiwith the accretion of a part of
disk material on the central nucleus. This scenario is sup@dy the correlation found between
the dip in the X-ray flux associated with the accretion precasd subsequent ejection of the jet



Coupling between jet ejection and continuum emission imat® galaxy 3C 390.3 Tigran Arshakian

o

: O—0 D+S1 flux density at 15 GHz (VLBA) A ejection epochs at Df n 300

| ©—< D flux density at 15 GHz (VLBA) A epochs of passing SL(t 7
‘_I"_‘ [ 0—o S1 flux density at 15 GHz (VLBA) u-m optical flux at 5100 A |
< 4 S
«~ L
e b £
st 200
;) [ I
o3 o
5] L 1o}
ot -
Ir_‘, [ o
= af 1005
o 2 2
o [O]
— =]
wor x
= = b g ]
@ i - . 3
x 4 o
ERS
o L -0

3 ca 25 Go & cs 1

3 4 c5 < cs N

L % C6 4

1l Ll 1l l - l L1l Ll 1 1 l - l L1l l lAl 1l l L1 1 l Ll 1 1 l 1

1992 1994 1996 1998 2000 2002

Year

Figure 2: The long-term variations of the optical continuum light\eiat 5100A [7] (black squares) and
variations of radio flux density from the D, S1 and D+S1 comgrda (empty blue diamonds, circle and
empty black squares) are superimposed onto the times dfagjexf radio components from the presumed
base of the jet D (red triangles) and the times of their sejparérom the stationary component S1 (gray
triangles). Adopted from [4]
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Figure 3: Amplitude of variability of continuum emission in 3C 390.8different frequencies: radio at 15
GHz (single dish total radio fldx VLBA flux of D component, S1 and D+S1 components [4]), ot
5100A [7], soft X-ray at 0.1-2 keV [8] and hard X-ray at 2-20k9].
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Figure 4: The epochs of ejection of the C5 and C6 radio components fi@ogtes) in 3C 390.3, time
variations of the soft X-ray flux at 0.1-2 keV (in units of Crilebula) and its variance taken over a sliding
box with a width of 0.05 years.

component in the radio galaxy 3C 120 [3]. To check this catieh for 3C 390.3 and to explore
new correlations, we used the archived X-ray monitoringa qtite dense sampling of X-ray data
allows the properties of the X-ray emission to be studiedroe scales from 7-30 days).

The superposition of the ejection epochs of the C5 and C6 oaems and the soft X-ray
light-curve (Fig. 4, upper panel) shows that the ejectiacioduring or after the dip in the X-ray
flux. An interesting finding is that the variability of the Xy flux becomes significantly lower
during the dip in the X-ray flux (Fig. 4, lower panel) similarwhat observed in the microquasar
GRS 1915+105. The average X-ray flux is higher by factor 1tér difie radio ejection ir-1995.6,
and there is a marginal evidence that the flux variabilityl$® dnigher after the ejection of the
C5 component. This may indicate that the total X-ray flux isarced by beamed variable X-ray
emission of a new born relativistic radio component.

Leighly et al. [13] pointed out the remarkable feature ofragk flare in 1995.3: the variance
of the X-ray flux before and after the flare is reduced, evidenthat the X-ray variability is
nonlinear. Another interesting feature is the increasehefftux after the flare by a factor of 2
(Fig. 4) which may indicate that the inner radius of the X-eaitting disk shrinks after the flare.
An interesting question is whether this isolated flare is aratteristic feature preceding the jet
ejection.

The disk-jet coupling in 3C 390.3 is further evidenced frdma hard X-ray monitoring data.
In Fig. 5, the ejection time of the component C8 is compareith warious characteristics of the
X-ray light-curve at 2-20 keV [9]. The jet ejection epochmmdes with the dips in the intensity of
the X-ray flux and of the flux variability (left upper panelhethardening of the spectrum (similar
to 3C 120) and a large variance of the hardness (left loweelpaBimilar characteristics such as
minimized flux variability, increased hardness and varmamicthe hardness are observed during the

1Data are taken from the University of Michigan Radio AstraryoObservatory online database (H.D. Aller and
M.F. Aller, private communication).
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Figure 5: Left panels The epoch of ejection of the component C8 (red vertical) Iswgerimposed onto
the changes of thRXTElight curve (at 2-20 keV [9]) and its variance (top panel)ddhe hardness ratio
(defined as (15-6) keV/(6-2) keV), its variance and meanevghottom panel) for a time period of about
two years. Right panels The daily changes of thRXTElight curve (at 2-10 keV [12]) and its variance
(top panel), and hardness ratio ((10-6) keV/(6-2) keV)y#sance and mean value (bottom panel) during a
period of nearly two months. Note that component C7 was ejeict 1996.64 (see Fig. 2), approximately
two months after the minimum in the X-ray light curve and i$ inaluded here.

dip in the X-ray light-curve at 2-10 keV (Fig. 5, right panels

Similar to 3C 120, the X-ray dip and the hardening of the gpactare followed by the ejection
of a radio component in the 3C 390.3. This is a clear evidemagthis correlation is a characteris-
tic feature for radio-loud galaxies (see also [10] in thisqgaredings). In addition, we showed that
during the X-ray dips the variance of the hardness increabils the variance of flux variability
sharply becomes lower (Figs. 4,5), similar to what happenghfe microquasar GRS 1915+105
[11]. This is a strong evidence for a common physical meamarof disk-accretion and jet pro-
duction processes in microquasars [14] and AGN.

3. Similarities and differences with microquasars

AGN and microquasars share similar activities displayingesluminal ejections of radio
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blobs from the central nucleus. The difference is in the ggneutput and mass, suggesting that
microquasars are scaled-down versions of AGN. The scadicf between 3C 390.3 and a typical
microquasar isv 10’ assuming a linear scaling between the central Bis(~ 3 x 10°M,, for

3C 390.3 and 10-18/,, for GRS 1915+105). The X-ray light-curves of AGN harboringuper-
massive black holes can be used to interpret small time sagl#ions occurring in microquasars,
which are not achievable by present observations. Theidaraf the X-ray dip is about one to
three months (see Figs. 4 and 5, left panel) which transtateq0.3 to 1) seconds for a micro-
guasar. Another useful parameter is the jet ejection ratgimg from months to years in AGN
[1]. The rate of ejections in 3C 390.3 is about one componemtvo years (Fig. 2) which scales
to a one ejection in every six seconds in a microquasar. Tgie djection rate of radio blobs in
microquasars is associated with X-ray dips occurring irépeatable transitions between the hard
and soft states [14]. In GRS 1915+105 the dips can take platiene scales from 1-2 seconds (see
[15] in this proceedings) to 200 seconds in the X rays [14]e Tiyh dip rate (one dip every two
seconds) is comparable with the rate of expected ejectiedaad from the mass scaling. The
low dip rate in GRS 1915+105 translates to one ejection iubbondred years in 3C 390.3. If the
analogy is correct, then the ejection rate in 3C 390.3 sheartg from ~(0.01 to 1) ejections per
year on time scales of thousand years. We should bear in matdhe ejection of radio compo-
nents in radio-loud AGN occurs always in the hard state.eStansitions (hard to soft), at which
the component is ejected in microquasars, have not beenvelddsea AGN so far.

The 3C 390.3 shares also similar characteristics with th&cta black hole candidate Cyg
X-1 in the low/hard state. Gliozzi et al. [9] argued that tlhmwdtaneous variations of spectral
and intrinsic timing properties in 3C 390.3 are similar toi@gons observed in Cyg X-1 and other
galactic black holes. In the same low/hard state, the rdtiimescales of the FWHM of X-ray
flares in 3C 390.3 and Cyg X-1 is roughly consistent with theaagical mass scaling [13] suggest-
ing that the flare time scale is proportional to the mass obtaek hole.

This research has made use of data obtained from the Highg¥wetrophysics Science
Archive Research Center (HEASARC), provided by NASA's GardidSpace Flight Center.
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