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Abstract. We present a phenomenological jet model whicBear|(198b, hereafter MG85) and Hughes et al. (1985) proposed
is able to reproduce well the observed variations of tleemodel for the emission of a shock wave propagating down a
submillimetre-to-radio emission of the bright quasar 3C 2&mple relativistic jet. Both groups assumed that the jet is con-
during the last 20 years. It is a generalization of the originfihed to a cone of constant opening angle and that the jet flow
shock model of Marscher & Gear (1985), which is now able is adiabatic. The computer code of Hughes et al. (1989a) was
describe an accelerating or decelerating shock wave, in a cunagale to describe the low-frequency flux density and polarization
non-conical and non-adiabatic jet. The model defines the pravariability of BL Lacertae (Hughes et al. 1989b). The model of
erties of a synchrotron outburst which is expected to be emittetf585 has however the advantage to include the effects of syn-
by the jet material in a small region just behind the shock frorthrotron and inverse-Compton energy losses of the electrons,
By a proper parameterization of the average outburst's evolhich cannot be neglected at higher frequencies. It provides a
tion and of the peculiarities of individual outbursts, we are abs#mple explanation for the distinct components in the jet ob-
to decompose simultaneously thirteen long-term light-curvesrved using very long baseline interferometry (VLBI). Multi-
of 3C 273 in a series of seventeen distinct outbursts. It is thavelength total flux measurements were found to be difficult to
first time that a model is so closely confronted to the long-terase to constrain the shock model of MG85, because the emis-
multi-wavelength variability properties of a quasar. sion of all distinct features in the jet often overlap to form a
The ability of the model to reproduce the very differemearly flat total spectrum, as illustrated by Marscher (1988) for
shapes of the submillimetre-to-radio light curves of 3C 2#Be quasar NRAO 140.
gives strong support to the shock model of Marscher & Gear It is only since 1995 that the very well sampled total flux
(1985). Indirectly, it also reinforces the idea that the outburstsllimetre and radio light-curves of a few sources allowed to
seen in the light-curves are physically linked to the distinct featudy the spectral evolution of individual synchrotron outbursts.
tures observed to move along the jet with apparently superBy subtracting a quiescent spectrum assumed to be constant,
minal velocities. The more than 5000 submillimetre-to-radioitchfield et al. [1995) and Stevens et al. (1995, 1996, 1998)
observations in the different light-curves are able to constrainuld follow the early evolution of single synchrotron outbursts
the physical properties of the jet. The results suggest, for in-3C 279, PKS 0420014, 3C 345 and 3C 273, respectively.
stance, that the magnetic field behind the shock front is ratidrese studies gave additional support to the MG85 model, but
turbulent. There is also some evidence that the jet radius déeifed to constrain it strongly, mainly because they could only
notincrease linearly with distance down the jet or, alternativefgllow the evolution of an outburst until the onset of the next
that the synchrotron emitting material decelerates with distarmee.
and/or bends away from the line-of-sight. To overcome this problemFler et al.[(1999b, hereafter Pa-
per ) proposed a new approach to derive the observed properties
Key words: radiation mechanisms: non-thermal — galaxies: aof synchrotron outbursts, which consists in a complete decom-
tive — galaxies: jets — galaxies: quasars: individual: 3C 273pesition of long-term multi-wavelength light-curvesinto a series
radio continuum: galaxies of self-similar flaring events. Two different approaches are pre-
sented in Paper | to describe the evolution of these events with
both time and frequency. The so called “light-curve approach”
1. Introduction is model-independent and describes empirically the shape of
the light-curves of individual outbursts at different frequencies.
The theory of SynChrotron emission in relativistic jetS was d%‘ second approach based on three_stage shock mode's7 like
veloped around 1980 mainly by Blandford &Kigl (1979), those of MG85 or Valtaoja et al. (1992), describes directly the
Marscherl(1980) and &igl (1981). In 1985, both Marscher & eyolution of the flaring synchrotron spectrum. Finally, the “hy-
Send offprint requests 1. Tirler 1ISDC) brid approach” of Tirler (2000) models strictly_the shape of the
(Marc. Turler@obs.unige.ch) synchrotron spectrum, but leaves the evolution of the spectral
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turnover as free as possible. The results of this third approa@Bl light-curves (cf. Trler et al1999a), we average all GBI
based on self-similar outbursts as in Paper I, were found to ddeservations into bins of 10 days. Finally, we do not consider
in very good agreement with the spectral evolution expected tiye GBI measurements before 1980, to avoid a flux increase in
the shock model of MG85. the light-curve due to an outburst that started before 1979. We
After this last test, the next step, which is presented heregisd up with a total of 5234 observational points to constrain the
to adapt the shock model of MG85 in order to describe physhock model.
ically both the average evolution of the outbursts and their in-
dividual specificity. This generalized shock model, describ .
in Sect[B, takes into account the effects of an accelerating%(c'jwPhySIcal shock model
decelerating synchrotron source in a curved, non-conical andhe original shock model of MG85, the shock front was as-
non-adiabatic jet. This model is confronted to the observatiosismed to propagate with constant speed in a straight conical and
by fitting seventeen distinct outbursts simultaneously to thirteadiabatic jet. Partial generalizations of this model were already
submillimetre-to-radio light-curves of 3C 273. The proper palerived by Marschef (1990) and Marscher etlal. (1992) in the
rameterization to achieve this fit is described in $dct. 4 and ttese of a bending jet, and by Stevens et[al. (1996) in the two
results of this light-curve decomposition are given in 9dct. 5. t@ases of a straight non-adiabatic jet and a curved adiabatic jet.
Sectl 6, we discuss the implications of our results, both on tHere we further generalize the shock model of MG85 to account
global properties of the inner jet and on the peculiarities of inder the effects of an accelerating or decelerating shock front in
vidual outbursts. The main results of this study are summarizedurved, non-conical and non-adiabatic jet. In $edt. 3.1, we de-
in Sect[T. scribe the typical three-stage evolution of all outbursts, whereas
Throughout this paper, we use the conventignc v+ for  in Sect[3.2 we show how the physical conditions at the onset of
the spectral index: and we uselg”, rather than fog”, for the the shock can influence the evolution of individual outbursts.
decimal logarithm log, ", because of a lack of space in tables
and long equations. 3.1. Typical three-stage evolution
2. Observational material Following MG85, we consider the synchrotron radiation emitted
just behind a shock front in a cylindric portion of a jet having
The light-curves fitted here are part of the multi-wavelengt radiusR across the jet and a lengthalong the jet axis, as
database of 3C 273 presented biylér et al. (1999a). The 12j||jystrated in Fig[l. Within this volume, we assume that the
light-curves from 5 GHz to 0.35 mm are as described in Papepdagnetic fieldB is uniform in strength and nearly random in
except that we now consider the observations up to 1999, Hirection and that the relativistic electrons have a power law
cluding the most recent measurements from the Metgi Ra- energy distribution of the foriV (E) = K E~*, with N(E)dE
dio Observatory in Finland and from the University of Michigameing the number density of the electrons. Measured in the rest
Radio Astronomy Observatory (UMRAO). frame of the quasar, these synchrotron emitting electrons have
We extend to lower frequencies the analysis of Paper | Byrelativistic bulk velocity3 = v/c, with ¢ being the speed of
adding a new light-curve at 2.7 GHz. This light-curve is conslj'rght, and a corresponding Lorentz factbr= (1 — 32)~1/2,
tuted of observations from the Green Bank Interferometer (G% a consequence, the Synchrotron emission observed with an
and from the 100 m telescope at Effelsberg in Germany (ReigRgles to the jet axis is Doppler boosted with a bulk Doppler
et al. 1998) The fluxes obtained with the GBI at 2.7 GHz aﬂgctor given byD — I‘—l(l _ 6008 9)—1_ We further assume
2.25GHz include both 3C 273B (the inner jet) and 3C 273hat the jet opening half-angl is smaller thard at any time
(the hot spot at the far end of the jet), but these two componegfger the onset of the shock and thaitself is small enough
combine partially out of phase (Ghigo F.D., private communig verify sin (6 + ¢) < 1/I, so that the line-of-sight depth of
cation). As a consequence, the GBI measurements are only gastemitting region is directly proportional to its thickness
of the total flux of 3C 273 and have to be multiplied by a scaling/arscher et al. 1992).
factor. The observed optically thin flux density, and turnover

To scale the GBI measurements at 2.25 GHz we use the cByuencyw,, of the self-absorbed synchrotron spectrum are
temporaneous Effelsberg single dish observations at 2.7 Gken given by

The nearly flat spectral index of 3C 273 at this frequendyrigr

et al.[19994) allows us to neglect the small difference in fré, oc R?z K BUTH/2plets)/2,~(s=1)/2  gng 1)
quency. We obtain thr_:tt the GBI fluxes at 2.25 QHz havc_e tg lb/e ~ (I K Bs+2)/2 D(s+2)/z)2/(5+4) @
multiplied by 1.66 to fit the Effelsberg observations. A similar™ ’

callbrgltlog of tthetﬁarlllerkGI?l metasurements at 2.'7?H§, 'Sh '\%}nereK and B are measured in the comoving frame of the
possible due 1o Ihe fack of contemporaneous singie dish o nitting plasma and,,, v, vy, R, z andD are measured in the
servations. We therefore let the scaling factor of these flu

f ter of BT th out the dios in th server's frame.
as afree parameter or ourtiitio smooth out the dips N e e thickness: of the emitting region behind the shock

1 We obtain a best-fit value df 12 for this factor with the jet model front is the crucial parameter that changes the outburst’s evo-
presented in Se¢il 5. lution from one stage to the other. If radiative losses are the
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black hole shock onset =7 ¥
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[0 — > Be _ . .
Fig. 1. Sketch of the jet geometry discussed
in Sect[B, as observed in the rest frame of
T the quasar. We assume the contribution of
K ‘ the inner jet to be negligible with respect to
on - - Lo .
R= 5 region of synchrotron K~KonR the _synchrotron emission _of th(_e grey region
on emission B ~ By RD t_>eh|nd the §ho_ck fron_t. This cyllndrlpal por-
D tion of the jet is moving along the jet axis
on D~D R‘d . L
on with a relativistic speed ¢

dominant cooling process of the electrons accelerated at Bwring the final stage of the shock evolution synchrotron losses
shock front,z is approximatively given by v.. tco01, Where become less important than adiabatic expansion losses and the
Urel IS the excess velocity of the shock front relative to the emihock is assumed to remain self-similar so thatc R.

ting plasma and... is the typical cooling time of the elec- By substitutingz in Egs. [1) and{2) by the corresponding
tronsB During the first stage of the shock evolution Compexpression of; (1=1,2, 3) for each of the three stagesf the

ton scattering is the dominant cooling process of the eleshock evolution we obtain:

trons a_nd Fhe Compton limited thickness of the emitting S,1 oc RAL=9)/8 Bls+1)/8 p(s+4)/2 ), =5/2 (5)

region is given byr; oc u_ BY/2D1/2,=1/2 where the en- " D (ea2)/2 (b)) s/

ergy density of the synchrotron photong, can be expressed Sv2 o R* K B~ )2 pletd)/2y,=s/ (6)

asuy, o K (B3¥+7 R5t5)1/8 (Eq. (13) of MG85f] By com- S, 5 o R3K BGEtD/2p(s+3)/2,,~(s-1)/2 7)

bining these two equations, we obthin B R-1/4 g1/4 p(s+3)/(s+5) )

T X R—(s1+5)/8 gr—1 g—3(s+1)/8 pl/2 ,—1/2 (3) Vg [K2 Bl Ds+3]1/(s+5) 9)
The shock evolution enters the synchrotron stage as soens o [R K BE+2/2plst2)/2)2/(s+4) (10)

as the ph°t°.” energy density;, is _equal_to the magnetic field Finally, by using these six last equations, it is straightforward
energy density.z = B2 /(87). During this second stage, SYN14 obtain the eXPressions f6t, ; = Sy.;(vm.i) as
chrotron radiation is the dominant energy loss process of t%e T T
electrons. Due to the similarity between Compton and syfn,,; o R'Y/® BY/8 pEs+10)/(s+5) (11)
chrotron expressions of the cooling timg,, of the electrons, S5 x R [K5 B25—5 P3s+10 ]1/(s+5) (12)
the synchrotron limited thickness, of the emitting region is ' s s . s
simply obtained by replacing,, in the expression af; by us, Sm3 o [R*F K B2+ P +7]1/( . (13)
so thatr, becomes We now assume that each of the quantitiés B and D
2y x B2 D212 @) evolves as a pc'Jwer-Iaw. with the radids of the jet and we
parameterize this evolution as

2 The centre of the emitting region is given by the typical distancl% x R* Bo R Dox R (14)
Urel teool from the shock front reached by the electrons in the upstream ’
direction before loosing substantially their energy. The full widthf  If we replace these relations into the expressions/fpr and
the emitting region is thus about twice that distance. Sm,i (Egs. [8) to [IB)), the turnovefvy,, Sw) of the self-

® This calculation assumes that only first order Compton scatterigsorbed synchrotron spectrum will also evolve as a power-law

is important. The effect of higher order Compton losses would bejgth 1 during each stageof the shock evolution as
steepen even more the initial rise of the spectrum (Marscher etal. 1992).

4 g, andz, in Egs.[3) and{¥) are actually expressed in the comoving, ; o< R™ and Sy, ; o< RT = S, ; urff_/i"i , (15)
frame of the emitting plasma. The transformation oo the observer’s ’
frame would be obtained by dividing these expressions by the Lore
factorT" to correct for length contraction and by multiplying them by,, — —(b+1)/4 —d(s+3)/(s+5) (16)
the Doppler facto® to correct for front-to-back time delay (Marscher

M\{Qere the exponents; and f; are given by

A.P., private communication). This tricky transformation is due to th&? — —[2k+b(s—1) +d(s+3)]/(s+5) (17)
non-spherical shape of the emitting slab, which appears rotated inthe= —[2 (k—1) 4 (b + d)(s+2)]/(s+4) (18)
observer's frame (cf. Marscher 1987; Marscher et al. 1992). Howev?rl, — (11—b)/8 —d (3s+10)/(s+5) (19)
since the viewing angleé is assumed to be smaller than aboyk', D

is proportional td" (e.g. Marscher 1980), so that these two correction’g2 =2— [5k+b(25=5)+d(35+10)]/(s+5) (20)

cancel out when using proportionalities. f3=12s4+13 =5k —b(25+3) —d(3s+7)]/(s+4). (21)
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Marscher(1987) shows that even a geometrically thin sourse that L — L,,, tends rapidly towardd, during, or just after,
in arelativistic jet appears inhomogeneous when observed wiitie Compton stage. Under this assumption and by considering
a small angled between the jet axis and the line-of-sight. Théhat 3T D is proportional toD? for I' > 1 and# < 1/T (e.g.
optical depth of the source will therefore depend on the friarscher 1980), we havex D~2 L. Finally, by parameterizing
quency, which has the effect of broadening the self-absorptithe opening radiug of the jet with the distancé asR « L"
turnover and leads to alower optically thick spectralindgx.. and by remembering th@ o R~ (Eq. [13)), we obtain
than the typical value of-5/2, which holds for a homogeneous
synchrotron source. To estimate the value of the spectral ind

below the turnover frequenay,,, we can cut the source intoyy, this relation, the three-stage evolution of gl (15) can now
many self-similar cylindric portions of the jet having a lengtiy, expressed as a function of tiheather than radiug®, as
| < x proportional to their radiug and chosen small enough

for their synchrotron emission to be homogeneous. The emitted, ; oc t%  with 3; = n;/p

spectrum of each section will have a self-absorption turnoves,, ; x t¥:  with ~; = f;/p }
Vm, Sm) depending om? according to E 5) with=3, be- . .

E:ause in)thispcasieng replaces: ingleqs. [%[)Ign()ﬂ]zy The inho- Wher_eﬁi and~; are defined as m_Paper I and depend now on
mogeneous source behind the shock front is therefore expeétbe'df've ex‘ponents, r, k, b andd via the Eqgs.[(I6) ta{21) for

to have an optically thick spectral index @fy;c = f3/ns due " andf; (i=1,2,3).

to the superimposition of the homogeneous spectra of the indi-

vidual sections. However, the finite size of the emitting regiah2. Specificity of individual outbursts

should limit the frequency range over which this flatter spectre?g

1%

& D 2RY" o RP with p=(2rd+1)/r. (24)

Yi _ fi
:>E_ni, (25)

| . : . .
index pertains. We therefore expect a spectral break at a e described in the previous section how the spectral turnover
quencyw, (< vu), at which the spectral ind@Xenic. — f/ns m, Sm ) Of the emitted synchrotron spectrum behaves accord-
returns 1o its hon";ogeneous value-ef /2 ¢ ing to the physical properties of the jet and during each of the
A high-frequency spectral break is also expected in the GB'€® stages of the shock evolution. What we describe here is
tically thin part of the spectrum due to a change in the eled®V the transitions from one stage to the other are influenced by

tron energy distribution induced by synchrotron and/or Com 1e physical quantities at the onset of the shock. The first transi-

ton losses. In the case of continuous injection or re-accelerat bcH:r:rom tr:je_tpomptgn to theh_syrr: chrotron stc?gteﬁlsiharactgnzed
of electrons suffering radiative losses, the optically thin spect € conditionu,, = up, WICh corresponds to, = 2 an

index aynin IS expected to steepen by a value-ef /2 above a can be expressed by the proportionality

frequencyy, (Kardashev 1962). The break frequengyof the R-G+8) g8 p3s—3) (26)
spectrum in the observer's frame is related to the break energ}? 1252 o

Ey, of the electron energy distribution ag o« BD E} (e.g. where Ko = K(t)2), Rija = R(t1j2) andByjy = B(typa),
Marschef 1980). For our analysis at submillimetre-to-radio frgjith the subscript |2 referring to the transition from the first to
quencies, the evolution of, with the jet radiusi is only rele-  the second stage of the shock evolution at a timeafter the
vant during the final stage of the shock evolution. For adiabafiset of the shock.

expansion in two dimensions, the enefgyf the electrons de- A similar expression can be derived for the second transi-

creases withR asE o« R~%/3 (e.g. Geaf 1988). By using thistion from the synchrotron to the adiabatic stage by imposing
relation and Eq[(14), we find that the evolution of the breathamj2 — 3, which corresponds t&y3 o B-3/2pl/2,,~1/2

; ; ; C 2l13 23 Vo3 o
frequency, during the adiabatic stage is given by wherevy s = v (ty)3), with the subscripg|3 referring to the

Vb3 < R™ with ny, = —(4/3+b+d). (22) transition from the second to the third stage of the shock evo-

i lution. By replacingy, 3 in the condition above by the propor-
_ Untilnow, we related the spectral turnover,,, S, ) and the ignity ‘of Eq. [9) fOr vm,2(t93) — Or equivalently by that of
high-frequency spectral break to the radiusk of the emitting Eq. [ID) foruy, 3(t5(3) — We obtain

region. But since we are interested in the temporal evolution of

these quantities, we have to reldt¢o the observed timeafter p—(s+5) Ky3 B2 7D, L 27)

the onset of the outburst. According to the geometry of[Big. %3 A3 T2

and the basic principles of superluminal motion (e.g. Pearson We can now further parameterize the proportionalities of

& Zensus 19817), we obtain Eq.[13), as
(1+2) sinf (1+2) KxKnwR* BxBuwR'" DxDunR % (28)
t= O (L Lon) = ~——2 (L—Loy), 23 on on on R,
5appc ( o ) ﬁCFD( o ) ( )

where the subscriptoh” refers to the onset of the shock. By

where f,,,, is the apparent transverse velocity of the sourgge,ding these relations expressed at the particular fadi

in units ofc and L measures the distanpe along t_he jet axis. iR1|2 andR = Ry3 into Eq. [26) and Eq[{27), respectively, we
the rest frame of the quasar. To continue working only withy:-i

proportionalities, we are forced to assume thgt is small

with respect tal during the major part of the shock evolution,Rfllg2 o« K8 B3s=3)  and Rgi‘f’ o Kon BETTD L, (29)
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where the exponentg|, and(,; are given by Table 1. Expressions of the parametéfsl” andW of Eqgs. [35) to{3]7)
and of Eq.[(4D) for the logarithmic shifts Ig P of the parameter® in

Cuz = 8k +3b(s—3) — (s+5) (30) " ihe first column. These expressions characterize the effect of varying
C2|3 = k+0b(25+7) —d — (s+5). (1) the physical quantitie&’, B andD at the onset of the shock.
The expressions of Eq.(R9) relate the rdglij, and 3 of
the jet atwhich the two transition$2 and2|3 occur to the values U 4 w
of the physical quantitieX’, B andD at, or just after, the onset n 8p 3(s=3)p 9
e C1)2 C1)2
of the shock. Any change of these quantities at the onset of the p (2047)p ,
shock will therefore have the effect of displacing the positiof?!? Coy3 T T
in the jet (viaL o« R'/") at which the two transitions occur. A v1)2 55+ o2 =1y % ot
stronger magnetic fielé,,,, for instance, will have the effectto ,, 2 | mp s—1 | (2547)ny s43 _ ng
prolong the synchrotron stage, by making it start slightly further Y e s
upstream in the jet and finish much further downstream for a2 s+ T Qe st T i s+5
typical value ofs ~ 2 and comparable values Ofi, and(y3. Sz st b 4 <254J;‘73)f2 Se410 _ c%
The values ofK,,,, B,, andD,,, will also influence the Va3 ny 14 CstDmy oy
=l Ca3 Ca3 C23

timest;, andty 3 after the onset of the shock at which the
two transitions are observed, as well as the frequencigs
andry 3 and flux densitiess; |, and Sy 3 of the self-absorption must be verified, in accordance with Eg.(25).

turnover(vy,, Si) at these times. By including the proportion-  Finally, we can also derive the influence &f,,,, B,,, and
alities of Eq.{28) into Eq[(24) for the observed timand into  D,,, on the high-frequency spectral breaks;s = 14 (tg)3),
Egs. [9) and[(12) for the evolution during the synchrotron staggich is given by, 53 < Don Bon R;Ll*é (cf. Eq.[22)) and
of turnover frequencyy, » and the corresponding flux densitycorresponds to the logarithmic shift

Sm,2, We obtain for the first transition

Alg vy, 913 =U,, AlgKon +V,, AlgBon +W,, AlgDyy,,  (40)

ti2 o< D2 Ry, (32)
s with the expressions of Tallé 1 fét, , V,, andW,, .
e o (D K2, 85 R, (33) P vt A

S1\2 - (Dgrslﬂo K(?n 325’5)1/(S+5) RS2

on 12 (34) 4. Parameterization

Exactly the same expressions apply also to the trans‘m&,n In the previous section, we described in detail the physical ba-
because both transitions are related to the synchrotronistagsis of the light-curve decomposition that we present in §éct. 5.
If we now substitute the expressions of Eq](29) for, Here, we are more concerned by the practical aspect of the de-
andRy 3, we obtain the proportionalities which define the placeomposition and particularly by the proper definition of the 85
in the (S, v, t)-space (cf. Fig.J5) where the transitions from onparameters used by the fit.
stage to the other occur according to the values gf, B,,,, and
Don- These proportionalities can be expressed as logarith
shiftsAlg P =1g P — (lg P) from an average valu@g P) of
the parameteP, which stands either fak,,,, B,,,, andD,,, or According to Secf.3]1, the evolution of a shock wave in a jet fol-
for S, v andt. The set of equations relating these shifts for thews three distinct stages to which correspond different evolu-
first transition can be written as tions of the self-absorption turnover of the synchrotron spectrum

Algty iy =Uy  AlgKon+ Vi, AlgBon+W;. . AlgD (35) emitted by the plasma behind the shock front. The evolution of
Al | e Al Kon 1 Al Bon 1 Al 2;“ ag) (€ tumover(vs, Si,) during each of the three stages is fully
gV1j2 = Uy AlgKon + Vi, , AlgBon + Wiy, AlgPon (36)  gatermined through E4._(R5) by only five indices, which are the
AlgSy2 =Us, ,AlgKon+Vs,,AlgBon+Ws, ,AlgDoy. (37)  three indicesk, b andd defined by Eq[{14), the indexof the
Similar expressions can be written for the second transition Bigctron energy distributioV(£) and the index of the rela-
replacingl |2 in Egs. [35) to[(37) by|3. The2 x 9 expressions fion R oc L” defining h_ow fast thejet_opens with distanceln
of the parameter, V andW obtained for both transitions arethe model presented in Ségt. 5, we impose the valuétofbe
displayed in Tabl€]l. There is a great symmetry among thex¥0 and leave the four other indices as free parameters of the
parameters, which reflects the fact that the two equations ~ fit. They are constrained by éhe S|0Iﬁ9n;1% (i=1,2, S)Q%f
B the outburst’s evolution in th@g S, lg v, g t)-space (cf. Fid.[5)
Algrys = Algrip = Ba(Algtys = Algtyp) and (38) 5456 the most interesting parameters of the light-curve de-
Alg Sz — Alg Sy = 72(Algtys — Algtyye) (39) composition, because they describe physical properties of the
5 We would have obtained other proportionalities by using the el€l: The tWO pointSt s, 1), S112) @nd(tys, vaj3, Sai) in this
pressions of the Compton stage for the first transition or those Y#@c€ at which the transitiori$2 and 2|3 from one stage to
the adiabatic stage for the second transition. However, the end e other occur are defined by only four of these SIX quantities,
sult of Egs. [(36) and{37) would have been the same, becayse=  because the slopgks andy can be used to determing ;3 and
Vim,1(t1]2) = Vm,2(t1)2), and similarly forSy s, 23 andSy)s. Sy3 from the four other values.

9. The synchrotron spectrum and its average evolution
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Until now, we have used eight parameters, namely, k,

i t. thick tically thi
b, Igty)2, Igtas, lgvy2 andlg Syje, to fully characterize the °p < opriealy Jwa
path in the(S, v, t)-space followed in average by the maximum v, v, v,
(vm, Sm ) Of the self-absorbed synchrotron spectrum. The shape y v

of this spectrum is defined by the general expression (cf. Paperl) | ¢+

5 _g v Fehick ] _exp (=T (1 gy ) emin — Oenick) @)
v m Um 1— exp (_Tm) ) S\
z

whereri, ~ 5 (\/ﬁ - 1) is a good approximation of .2

the optical depth, at the turnover frequenay,, andS,, isthe %

real maximum of the spectrdﬁWe choose to impose the value=
of the optically thick spectral indexy;cx to f5/n3 according

to the discussion in Se€t.8.1. The optically thin spectral index
auhin 1S @lso determined by the model and has the valug2
during the first two stages before flattening-t6s—1)/2 at the
transition2|3 to the adiabatic stage, according to Egk. (5)io (7).
This flattening byAaynin = +1/2 is assumed to end at the time
to)3 Of the transition, but since it cannot be instantaneous we are
forced to use one parameter to define the imehen it starts. Frequency
Because this spectral change is expected to begin slowly before

accelerating until the transitioh|3, we choose to describe itFlg. 2. The shape of the synchrotron spectrum (solid line) assumed to
with a logarithmic expression of the tinieas be emitted behind the shock front during the final stage of the shock

evolution. We show the effect of adding two spectral breaks to the

1 lg(t/t simpler spectrum (dashed line) used in Paper |
e L W)y . a2) TP ( ) P
2 2 1g(tys/tr)

According to the considerations of Sect]3.1, we further akaquencies. The evolution with time of the break frequengcy
low the spectrum defined by Eq.{41) t_o have a hlgh— a”diégiven byvh, = Vb.ajs (t/t2|3)nb/p' wherev, 53 = v (ta)3)
low-frequency spectral break as shown in Eig. 2. Since the X free parameter of the fit and the raiig/p is fixed by the
act shape of the breaks is difficult to assess (cf. Marscher 1974 ,es ofr, b andd through Eqs[{22) an@(R4).

Band & Grindlay 1985), we choose to keep them sharp, rather
than smooth them arbitrarily, because sharp breaks have the ad- o ]
vantage to define precisely the frequency at which they occfir2- Characteristics of different outbursts

The spectrum therefore simplifies$@ (v/vn)*® atthe lowest The 11 parameters defined above suffice to describe fully the
frequenciegv < v1,) and to;, (v/1,)~*/* at the highest fre- gpectral evolution of the average outburst shown infFig. 5. The
quencies(v >v,), whereSy, = S, () andS, = S, (1) are  pehaviour of the spectral turnover during each of the three stages
calculated by using Ed.(#1). The frequency raigim, of the  f the evolution will be exactly the same for all individual out-
low-frequency break to the spectral turnover is a free paranysts. What can change from one outburst to the other is the
ter of the fit and is assumed to remain constant throughout ﬁf@sition inthe(lg S, g v, 1g t)-space where the two stage transi-
outburst’s evolution. This ratio might actually slightly increasggons occur. In Paper I, the two transition points were not allowed
with time due to the increase of the thicknessf the emitting {5 move separately and therefore all outbursts were self-similar
region behind the shock front, but, for simplicity and becauggthe sense that they all had exactly the same evolution patternin
the effect might change from one stage to the other, we do pet (1g S,1gv,1gt)-space. Here, the distance between the two
take this possible increase into account. transition points can change and hence make the synchrotron
Since we do not extend the light-curve decomposition Wage relatively longer or shorter.
to infrared frequencies, we do not need to consider a high- Although this new effect makes the light-curve modelling
frequency spectral break during the two first stages of the op{pre complex, we do not introduce a further free parameter per
burst’s evolution, which would have the effect to further steep@pitpurst to describe it. Instead, we now give a physical origin
the optically thin spectral index i, t0 —(s+1)/2. For fre- {5 the three logarithmic shiftd 1g S, Alg v andAlgt in flux
quencies above the break frequengyayy;, remains therefore densitys, frequency and timet of Paper I, by replacing them
always at its value of-s/2, even when it s flattening at lowerpy ghijfts of the values at the onset of the shock of the factor
® Note thatS,, as defined in Se¢t3.1 is not the real maximum, bt in the expre;sion of the electron energy distributio(),
the extrapolationS, ™™™ = S, (1) down to v of the optically the magnetic fieldB and the Doppler factoP. The change
thin spectrum. The real maximusi, is related toS,."" by S,, — Of the three physical quantitieSor, Bon and Doy results in
S.thin (1 — exp (—7m))/7m, but this distinction is not important for different shifts in flux, frequency and time for the two transitions
this work, which is based on proportionalities. 1|2 and 2|3 according to Eqs[(35) td (B7). The shifts used in

Qhin(t) =
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Paper | appear therefore to be quite unrealistic, because ahg quantityt}, acts as a characteristic timescale of the power-

such displacement in thiég S, 1g v, 1g t)-space will also result law decay at a frequenay* and its frequency dependence de-

in making the synchrotron stage longer or shorter. scribes how this timescale increases towards lower frequencies.
Actually, the physical link between the shift of an outburdh Eq. (43),a4nin can be replaced by (s—1)/2, if we do not

and its shape is able to solve some problems we had in Papesrsider a possible effect of the optically thin spectral break,

(cf. Sect[®), but does notimprove the overall quality of the lightvhich arises only at later times, once the break frequency

curve decomposition. To obtain a satisfactory fit, we have to allds reached the frequencey.

two outbursts, one in 1988 and one in 1991. Three other out- On this basis, we can model the contribution at a given fre-

bursts were added to extend the modelling of the light-curvesgoencyr of the superimposed decays of the outbursts peaking

the most recent observations included here (cf. Bect. 2). We dxefore 1979 by the decay of an hypothetical outburst having an

up with seventeen outbursts, each characterized by four paramplitude Ay (v) at the dately = T, + tm(v) = 1979.0 and

eters, namely the date of its onggt, and the three logarithmic then decaying as

changed\ Ig K, Alg By, andA 1g D, of the physical quan-

.. T-1979 Y3+B3(s—1)/2

tities K, B andD at the onset of the shock. We therefore needgall/(T) = Ay(v) (1 + ) 7 (44)
total of 17 x 4 = 68 parameters to model the specificity of the pitm(v)

seventeen individual outbursts. where we have used EF_{43) withreplaced by’ —T,, =

tm(v) + T—1979 and we have introduced a factor(> 1),

4.3. Contributions from the outer jet and previous outbursts Which is frequency independent. There is no physical justifica-

) ) ) ) tion for introducing this factoy:, but it was found to be a sim-
The outer jet and especially its terminal hot spot called 3C 27 way to take into account the fact that the superimposition

contributes significantly to the observed flux density atlow radi seyeral outbursts with different onset dates does decay with
frequencies, but this contribution can be considered as cons@ifnger characteristic timescale as a single outburst. For the
during the 20 years of this work. The sp(r:ectrum of the hot spph gle range of frequencies covered by the thirteen light-curves
3C 273A is shown by Conway et al. (1993) and correspongdgsidered in this workd, (v) in Eq. [@4) is the millimetre-to-
roughly to a power-law with a spectral m%eo(of 0.85 above 4o spectrum of 3C 273 in 1979.0. This spectrum is modelled
~ 1GHz, as described indrler et al. (199Sa). As in Paper |,y 5 cupic spline parameterized at the four frequencies defined
the fit of the light-curves by the series of outbursts is done abo[y)?lg (v/GHz) = 0.3, 0.5, 1.0 and 1.5 and is extrapolated to
this constant power-law con_trlbl_mon. ) higher frequencies. We choose this low frequency range, be-
Another important contribution at low frequencies COmes,  se the influence of the spectrui(v) is the greatest in the
from the superimposed decays of the outbursts peaking befplgin qomain and becomes negligible at submillimetre wave-
1979. In Paper |, we modelled this contribution by an exponejayqihs (cf. Fig). The value and the frequency dependence of
tial flux decay, which was appropriate because the decline of fpe timescale,.,(v) is completely determined by the right part
individual outbursts was also modelled by an exponential decgnyq. [@3) withv* replaced by, so that the contribution from

in the light-curve approach, so that the characterisfilding e oythursts prior to 1979 is only modelled by five free param-
time was well constrained at all frequencies. It would be unsaf

h A ers, namely the values df,(v) at the four above-mentioned
isfactory to take here the same exponential decays, becausg, encies and the frequency independent parameter

declining phase of a three-stage evolution implies that the final A fiq) parameter of the fit is the GBI scaling factor men-

I|ght-cu_rve depay of each outbur_st isa power-law and not_ an 6ned in Secf and therefore the total number of free parame-
ponential, as illustrated by the linear ending of the logarithmjg,s \seq to adjust the 5234 observational points in the thirteen
light-curves of Fig. ba. o light-curves isl 1+ 68 + 6 = 85. We fit all light curves simulta-
The observed flux decagy(t) = S,(v",t) with ime a5y but usually with not more than ten of #ieparameters
t at a given frequency” can be written asSy(t) = a4 time. The four indices, r, k andb are adjusted together,
S () (V7 [vm (8)) >, whereﬂ;he equality holds strictly 8. fo|1owed by the seven other parameters defining the spectral
is actually the extrapolatiofi,,”™ of the optically thin SPECUUM eyo|ytion of the average outburst. The specificity of individual
(cf. footnotel6). During the final stage of the outburst's evolus, i rsts is adjusted by a series of fits concerning only two
tion, the time dependence of this quantity can be expressed,ayree outbursts at a time. Finally, we fit together the six re-
Sm(t) = S (8/t5,)7° (cf. Eq. [25)), where}, = tu(v") iSthe  aining parameters, which define the initial flux decay and the
time after the onset of the outburst when the spectral tumoveg) scajing factor. This procedure is repeated many times until
(m, Sm) passes at the frequeney, i.e. the timet for which 6 \aes of the parameters converge to their best-fit values.
vn(t) = v*. The corresponding equation for the turnover frg;, 1o1a) several hundreds iterative fits are needed to obtain the
quency isv, () = v (t/t)7. With these two equations, thelight—curve decomposition of Fifg 3.
light-curve decay at a given frequeney during the adiabatic

stage is given by 5. Result
. Results

t*

m

S (4 ¢\ 72 s crenin th 1 —¢ v\ VP 43 We present here the results obtained by fitting the submillimetre-
MO v Wi m = "2[3 Va3 - (49) to-radio light-curves of 3C 273 according to the jet model de-
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Fig. 3. Ten out of thirteen submillimetre-to-radio light-curves of 3C 273 (grey points) decomposed into a series of seventeen synchrotron
outbursts. The best-fit light-curve (solid line) is the sum of the constant emission from the outer jet (long-dashed line), the global decay of all
outbursts peaking before 1979 (short-dashed line) and the seventeen superimposed outbursts (dotted lines) starting at.trgveatas

Table3

scribed in Sedf]3 and with the set of parameters definedisralso apparent at a wavelength of 2mm anditisonlyat1.1 mm
Sect{#. We choose to focus in this section on the results dbat the model light-curve is again on average at the same flux
tained by assuming that the synchrotron emitting plasma bevel than the observations. Finally, at the highest frequencies,
hind the shock front moves with constant speed and directidhe model light-curve does not decrease enough between the
so that the Doppler factdP remains constant during the out-outbursts to adjust the lowest flux observations.
burst’s evolution. The index characterizing the decreaselof This general discrepancy at millimetre and submillimetre
with jet radiusR (cf. Eq. (14)) was therefore fixed at a valudrequencies is probably responsible for the relatively high re-
of zero. All following figures and tables correspond to this paducedy? value of y% , = x?/d.o.f. = 20.5 obtained for the
ticular jet model. In Sedt. 8 1, we will however also discuss tlwverall fit as compared to the values quoted in Paper I. Apart
results of an alternative jet model, in which the Doppler factérom this global problem, which will be discussed in Secil 6.1,
is free to vary, but we impose the jet to be conical. we note that the detailed structure of the light-curves is now
The best-fit decomposition we could achieve with the jéetter reproduced by the set of outbursts than it was in Paper I.
model having a constant Doppler facis illustrated in FiglB. In particular, the fast decay around 1985 is now more satisfacto-
We note that the light-curves which are the best reproducely accounted for by the model. The rapid variations of the flare
by the model are the radio light-curves, and especially thosepatking near 1996.0 are also better described by the new param-
15 GHz and at 8 GHz. Inthe 22 GHz light-curve, the rapid varigterization. If we compare the high-frequency light-curves of
tions from 1981.0 to 1983.5 are not well described by the modElg.[4 with those shown in Fig. 7b of Paper |, we see that the im-
and at 37 GHz, there is mainly a problem with the promineptoved description of this outburst starting in 1995.8 is achieved
peak of 1991.5. At 90 GHz, it is striking to note that the modelith a faster decline just after the peak of the high-frequency
reproduces quite well the features of the observed light-cunlight-curves. This faster decline results from the introduction of
but cannotreach a sufficiently high flux level. The same probldime new parametef, which defines the time when the optically



858 M. Turler et al.: Modelling 20 years of synchrotron flaring in the jet of 3C 273

20 Table 3. Individual characteristics of the seventeen outbursts start-
ing at the date%,, given in the first column. The three next columns
display, respectively, the logarithmic shifts of the normalization,

of the electron energy distributioN (E), of the magnetic fieldBon

and the Doppler factdP.,, with all three quantities evaluated at the
onset of the shock. The two last columns show the effect of these shifts
on the relative maximum flux reached by each outburst, as expressed
by Alg S,j3, and the relative duration of the synchrotron stage, as
expressed big(t3/t1)2). In Fig[3a, these two last quantities charac-
terize, respectively, the flux density level of the circles and the distance
between them and the corresponding triangles

-
(o))

(o))

Flux density [ Jy ]
=)

Time [ year ]

Ton Alg Kon AlgBon AlgDon Alg Sas 1g(tas/t2)

Fig. 4. Model light-curves of the average outburstin 3C 273 at differeay79 56 +0.08 —021 —0.07 —0.09 0.90
frequencies spaced by 0.1dex (grey lines). The six highlighted lighiyggg 41  +0.42 4022 —0.02  +0.23 1.21
curves are atfrequenciesiefined bylg (v/GHz)=3.0, 2.5,..., 0.5, 198230 +0.49 —058 —0.09 -+0.19 0.14
in order of increasing timescales 1983.05 +0.67 —0.43  —0.07  40.36 0.21
1984.02 +0.57 —0.41  —0.07  +0.27 0.30
Table 2. Best-fit values of the parameters defined in $éct. 4 and cdp86.32 —-0.18  +0.08  +0.06  —0.01 1.43
responding to the evolution of the typical outburst shown in[Big.3987.90 +0.17 ~ +0.19 ~ —-0.05  +0.00 1.34
Other related quantities defined in SEtt. 3 are also displayed here &%8.19 —0.48  +0.05  +0.06  —0.20 1.60
are distinguished from the adjusted parameters by the symbol 1990.34 —0.04 +0.56 +0.07 +0.10 1.95
1990.92 —0.24 +0.19 +0.09 +0.01 1.61
Par. Val. Par. Val. Par. Val. Par. Val 1991.12 +0.28 —0.32 —0.21 —0.26 0.63
1993.33 —0.39 +0.18 +0.09 —0.10 1.69
s 205 r 082k 303 b 158 199464 —050 —0.01  +0.04 —0.26 1.53
tiz 0.07yr w2 442GHz Syp 1421y (|, 127 1995.84 —0.15  +0.09  +0.08  +0.08 1.42
tos 1.06yr vj, 36.7GHz S}, 16.0Jy (|, 135 1996.74 40.11  +0.21  —0.03  +0.00 1.40
te 0.75yr 193 16.3THZ v, /v 040 o 4.13 1997.35 —0.11 +0.08 —0.00 —0.09 1.39
nl  —064 nl -1.09 nj 173 nl —291 1998.30 —0.71  +0.10  +0.13  —0.22 1.81
T 4118 f) +0.05 fi  -153 pf +1.22
I —053 gl -0.89 gI —141
M +0.96 +f +0.04 i  -1.25 is the steeper rise of,, with v, by nearly a factor 2+;/3;
v1/B{ —1.83 /B —0.05 ~s/8] +0.88 is now of —1.83 instead 0f—0.99). This might be due to the

introduction of the low-frequency spectral break, but it must
be noticed that this initial part of the evolution is the less con-

thin spectral index begins to flatten and from the fact that thetrained stage of the outburst’s evolution. Its behaviour could
time is delayed with respect to the timg, of the first stage therefore be imposed by the best-fit valuesspf, & andb,
transition. This flattening, occurring now just at the end of thehich are more strongly constrained by the two other stages of
synchrotron stage, is in very good agreement with the shdtle evolution. Nevertheless, both the steeper rise and the flatter
model of MG85. The above-mentioned better description of thecline obtained here are in better agreement with the original
decay around 1985 is not due to the same effect. A satisfactburst’s evolution proposed by MG85.
tory fit of 3C 273’s behaviour at this epoch could indeed only The value 0f2.05 that we obtain for the index of the elec-
be achieved once we took into account the possibility that thren energy distributiorV (E') corresponds to an optically thin
stage transition points|2 and2|3 could be shifted separatelyspectral index ofvi, =—(s — 1)/2~ —0.53 for the final adi-
as itis the case here (cf. Sdct]4.2). The appropriate shape ofahatic stage of the outburst’s evolution. These values ford
last three outbursts peaking before 1985 was obtained by redugs,, are slightly higher than those obtained in Paper I, but are
ing very much their intermediate synchrotron stage, as shostill well below the values of = 2.4 anday,;, = —0.7 measured
by the values in the last column of Talble 3. by MG85 for the strong flare of 1983. The paraméieof the

The best-fit values of the adjusted parameters and the aglectron energy distributioV (E) is found to evolve with the
responding values of other interesting quantities are displayeitith of the jetR approximately ag{ o« R—39, which is just a
in Table2. These values define the three-dimensional evolutlihsteeper than the decredsex R—2(512)/3 « R—2-7 expected
of the average outburst in 3C 273, as shown in[Big. 5. We naté¢he jet flow was adiabatic (e.g. Gear 1988). The decrease of
that the decline of the turnover flu, with turnover frequency the magnetic field3 with R is found to be between the two
vm is now flatter than obtained with the three-stage approaektreme cases db < R~2 expected ifB was parallel to the jet
of Paper |. Instead of3 /33 =1.14, we now findys /33 =0.88. axis andB « R~! expected ifB was transverse to the jet (e.g.
This difference could be due to the introduction of the higiBegelman et al. 1984). The obtained indexX ef1.58 suggests
frequency break in the spectrum (cf. Fi§y. 2). Another differencieat the parallelB; and the perpendiculaB, components of
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the magnetic field are roughly equal. Finally, the best-fit vale Discussion

of r=0.82 obtained with this model having a constant Doppler
factorD suggests that the inner jet of 3C 273 is not really coni-

cal, but tends to open slightly less with distaricalong the jet
axis (cf. Fig[1).
The individual characteristics of the outbursts are presen
in Tabld3. They are expressed by the logarithmic shiftg P =
lg P — (lg P) from an unknown average valug; P) of the
physical quantitied<,,,, B,, andD,,, at the onset of the shock.

The dispersiong of the seventeen values in the columns cﬁ]

Table[3 arer ~0.40 for Alg K,,; 0~0.29 for Alg B,,; and
0~0.09 for Alg D,,. We note that the Doppler factd? is the
guantity with the smallest relative changes from one outburstdd.. On the global properties of the inner jet
the other. To study the possibility that the logarithmic shifts
the three physical quantitids,,,, B,, andD,,, are correlated,
we applied a Spearman rank-order test (e.g. Presd et al. 199

these three data sets. We find out that there is a very significgg

anti-correlation between the values s&flg K, and those of

Alg D,,. The probability that a stronger anti-correlation coul

occur by chance is less tha&i0—>. A weaker trend, with a

On the other

Alg B,,. These relations are discussed in Sect. 6.2.

&

N

[ £¢ ] Ay1susp xnig
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Fig. 5a—d. Logarithmic evolution of the av-
erage outburst in 3C 273. Panglshows
the three-dimensional representation in the
(lg S,1gv,lgt)-space. The other panels
show the three Cartesian projections of this
surfacea logarithmic light-curves at differ-
ent frequencies spaced by 0.2 déxsyn-
chrotron spectra at different times spaced by
0.2 dex;c contour plot in the frequency ver-
sustime plane. Thethick solid line isthe path
followed by the turnover of the spectrum.
This line is a broken power-law having three
different indices in each panel. From left to
right, these indices arg@, 2, v3 in panela;
v3/B3,7v2/B2,v1/B1 in panelb; andBi, B2,

(s in panelc, with the values given in Ta-
ble[2. The dashed line is the line connecting
the peak fluxes of the light-curves at differ-
ent frequencies. The points show for each
of the seventeen outbursts the position that
would have the two stage transition2 (tri-
angles) an®|3 (circles) as a consequence
ofthe logarithmic shifta\ 1g Kon, Alg Bon
andA lg Do, given in TabldB

Paper |, we discussed the relationship between the onset of
an outburst and the ejection of a new VLBI component in the

jet and we concluded that the identified outbursts do fairly well

(%{respond to the VLBI knots. The model presented here does

not change this conclusion and therefore we postpone a further
discussion of this relationship until more recent VLBI measure-
ments of 3C 273 are published. We focus, in $ect. 6.1, on the

lobal properties of the inner jet, before discussing, in §edt. 6.2,
e peculiarities of individual outbursts.

%e have shown in Fi§]3 the decomposition of a series of light-

urves. It is, of course, also possible to show the corresponding

e%omposition of the observed spectrum at different epochs.

an example, we give in Figl 6 the spectral dissection of the

two most different submillimetre-to-radio spectra observed in
C 273 during the last 20 years. Until now, such a spectral dis-

probability of non-correlation of less than 2%, suggests thsr:,;lef‘ctlon could only be achieved with VLBI observations and the

Alg D,y is positively correlated withA Ig B,,.
hand, no significant correlation is found betwe®ty K, a

est example of this is probably the decomposition by Marscher
nd (1988) of the radio spectrum of the relatively high redshift

guasar NRAO 140. Actually, the great similarity between the
dissection of NRAO 140, based on a single epoch VLBI image,
and the dissection of Figl 6, based on multi-wavelength vari-
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Fig.6a and b. Spectral dissection of
3C 273's submillimetre-to-radio emission in

1 the 2-2000 GHz range at the epochs of high-
esta and lowesb flux levels in the submil-
limetre range during the last 20 years. These
epochs correspond to the famous spectra of
3C 273 published by Robson et al. (1983,
1986). The model spectrum (solid line) is
the sum of the constant outer jet contribu-
tion (long-dashed line), the slowly decaying
contribution from the outbursts peaking be-
fore 1979 (short-dashed line) and the follow-
ing individual synchrotron outbursts (dotted
lines) evolving from high to low frequencies
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ability observations, gives strong support to the idea that VLBI Itis possible that this problem could be solved by adding an
knots, observed in the jet, are physically linked to the outburstederlying nearly constant spectrum with a maximum around a
seen in the light-curves. frequency of 90 GHz, in association with a steeper optically thin
The kind of spectral shape shown in Hijy. 6a, with a relatipectral index for the individual outbursts. This would imply a
maximum of the spectrum in the millimetre range, was observbijher value for the index of the electron energy distribu-
in several blazars by Brown et dl. (1989) and interpreted as timn, in better agreement with the value2ot inferred from the
evidence of two synchrotron components contributing to timeasure of the millimetre-to-infrared slope of the flaring spec-
spectrum. The two decompositions of FiY. 6, suggest that théxsen during the initial stage of the 1983 outburst (MG85). Such
two components are not of distinct nature, but that the flarimapn underlying contribution from the inner jet to the millimetre
component progressively becomes part of the more slowly vaand submillimetre emission of 3C 273 could possibly be re-
ing component as it evolves towards lower frequencies. It medated to the so calle® component identified in the blue-bump
that, apart from the contribution of the outer jet, the quiescesit 3C 273 by Paltani et al. (1998). Indeed, this slowly varying
radio emission of 3C 273 can be entirely attributed to the supesmponent, which dominates the optical spectrum, can be inter-
imposed decays of earlier outbursts. preted as synchrotron emission and might reveal the blazar-like
We have assumed in this work that the emission of the inngraracteristics of 3C 273.
jetis negligible outside of a small region containing the shocked As mentioned in Sedil5, the obtained valuel df for the
plasma just behind the shock front (cf. Kip. 1). It means thmdexb suggests that the parallBl, and the perpendiculds .
we have implicitly made the hypothesis that the emission ocdmponents of the magnetic fieB are roughly equal. The
the unresolved VLBI core is due to the emission of the one simplest interpretation of this result is that the magnetic #2ld
two most recent outbursts observed during the earlier phasesafirbulent behind the shock front, leading to a re-isotropization
their evolution. This is a rather extreme assumption, since itaéthe field. Another possibility, but which requires much more
usually believed that the base of the jet is also contributing fioe tuning, is thai3| is dominant in the underlying jet and that
the emission, because of the higher electron and magnetic fidle shock amplifies just enough tBe component (see MG85)
density at the narrow end of the jet. The present work shows thaend with 3, ~ B);. The obtained value of ~ 0.8 suggests
the main features of submillimetre-to-radio emission of 3C 27Bat the jet opens less with distantealong the jet axis than
can be understood as being only due to shock waves. There #iri¢,was conical. Such a behaviour was recently observed in
however, some indications that there is still some place left 87 (Virgo A, 3C 274) on an image of its very inner jet (Junor
an underlying contribution of the inner jet. The presence of &b al.[1999). A non-conical jet can arise due to an accelerating
inner jet contribution is suggested by the relatively poor fit &t flow (Marschef~1980), but this interpretation would be in
millimetre and submillimetre wavelengths and especially by tlentradiction with the constant Doppler facidassumed in this
fact that it is not the shape of the variations which is the greatesbdel. Another possibility is that there is an external pressure
problem, but much more the average flux level reached by tlvbich confines the jet, so that the jet does not expand freely
model, which is too low at some frequencies and too high iattwo dimensions. Such a collimation could be of magnetic
others (cf. Sedtl5). The idea behind this is that the model seewniglin, either in the case of a magnetically self-confined jet (cf.
to make a compromise between the opposite requests of,Begelman et al. 1984) or in the case of the two-flow model (Sol
the one hand, the millimetre observations asking to flatten taeal.[1989), which assumes that a highly relativistic electron-
optically thin spectral index to have more flux during the sloywositron beam is confined within the magneto-hydrodynamic
decline of the outbursts and, on the other hand, the submillimesteucture of a mildly relativistic electron-proton jet.
observations asking to steepen this index, in order to decreaseThe discussion above concerns the results obtained with a
the flux level at the end of the outbursts. shock model in which we assume a constant Doppler fa@tor
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by imposing a zero value for the indéxWe obtain a compara- to changes of the compression rajiof the shock, because in
ble x? of the fit using an alternative model in which we assunthis case we would expect correlat&d,, and B,,, variations
that the jet is conical and thus that the indeaquals 1. For this due to their similar dependence gr(cf. MG85). Changes of
model, we obtained very similar values for most parameteks§,, which are independent aB,, could be possible if the
given in Tabld®, including the indicasandb, which therefore acceleration process of the electrons crossing the shock front
seem to be strongly constrained by the light-curve decomposis not adiabatic. In this case, the energy gaihthe electrons
tion. What changes with this conical jet model are the valueswbuld not simply be related to the compression ratic as

the indicesk andd. The value of: decreases .72, which is  1'/3 (MG85), but might have different behaviours from one
now almost the value df,q = 2(s+2)/3 ~ 2.70 corresponding outburstto the other. Since the normalizatiog, of the electron

to an adiabatic jet flow and the best-fit valuefas 0.10, which  energy distribution is proportional t*~! (MG85), changes
suggests either that the emitting region is slightly deceleratinfythe electron energy gaig for different shocks in 3C 273
while it travels down the jet or that the jet is bending away frormould lead to the observed change&@f,. This interpretation is
the line-of-sight. Even if the shock front is not decelerating, supported by the significant anti-correlation found betwkgn
slight deceleration of the centre of the emitting region is a natnd the Doppler factdp,,,,, because a non-adiabatic shock wave
ural consequence of the continuous increase of its thicknessonverts bulk kinetic energy into internal energy (e.g. Begelman
during the whole shock evolution. Therefore, even for a straigitt al.[1984). Outbursts with a small value Bfand a great
jet, this positive value of might not be in contradiction with a value of K, would therefore be associated with more efficient
value ofk typical for an adiabatic jet flow. On the other hand, ishocks, for which a greater fraction of their bulk kinetic energy,
is well established that the path projected on the sky followad measured b, would be converted into internal energy by
by the VLBI components in the parsec-scale jet of 3C 273 iiscreasing the average energy géiof the electrons.

curved (e.g. Abraham et al. 1996). It is therefore also possible

that the slight decrease of the Doppler factisuggested by 7. Summary and conclusion

the conical jet model is related to this overall bending of the jet. . ] .
The fact that both the model with a constant Doppler factdhis Work presents a phenomenological model describing the

D and the conical jet model give an equally good fit suggegi¥olution of synchrotron outbursts expected to be emitted by
that the light-curve decomposition cannot uniquely determi§8OCk waves in a relativistic jet. This model, which is a general-
the values of the three parameters andd. Indeed, by leaving 1Zation of the original shock model of MG8S5, is then confronted
all these parameters free to vary, we could not achieve a belf€ very well sampled long-term submillimetre-to-radio light-
fit than obtained with one of them fixed. It means that besidedrves of 3C 273. Many iterative fits are needed to adjust the

the two models discussed above, jet models with other comBIOTe than 5000 observations with a series of seventeen suc-
nations of the values of, k andd cannot be excluded by ourcessive outbursts defined by 85 parameters of the model. This
light-curve decomposition. fitting procedure allows us not only to define the average out-

burst’s evolution in 3C 273, but also to study the peculiarities

o o of each individual outburst during the last 20 years. The main
6.2. On the peculiarities of individual outbursts results are the following:

Concerning the specificity of individual outbursts, we noted in. The quiescent low frequency emission can be understood as
Paper | that short- and long-lived outbursts in 3C 273 are usu- being entirely due to the superimposition of slowly decaying
ally not peaking at the same frequency. Long-lived outbursts outhursts, which flared a few years before, and a constant
were found to peak at lower frequencies and we proposed that contribution from the hot spot (3C 273A) of the outer jet.
this relationship m|ght be related to the distance down the Jet at The values of the indices describing how the physica' quan_
which the shock forms. The proper interpretation of the pecu- tities characterizing the jet evolve with its opening are found

liarities of individual outbursts is now complicated by the fact o pe in general agreement with the simple jet model con-
that the outbursts are not self-similar anymore, because of thesigered by MG85.

differentbehaviour of the two stage transitidfizand2[3when  _ The best-fit values of these indices suggest however either
the physical quantities’, B andD change (cf. Sedt.3.2). For  that the jet opens slightly less than a conical jet if we assume
instance, relatively high values @, and low values of3,, that the emitting region has a constant bulk Doppler factor

result in a shorter synchrotron stage. This effect is particularly o, alternatively, that this Doppler factor decreases if we
pronounced in the three successive outbursts between 1982 angimpose the jet to be conical.

1984 (cf. TabléB). The apparent absence of a flat peaking stagein hoth cases, the magnetic field in the emitting region be-
in 3C 345 (Stevens et al. 1896) could therefore be due to arela- hind the shock front seems to be rather turbulent and the

tively low magnetic field3 as compared to the factéf of the jet flow is found to be nearly adiabatic, especially for the
electron energy distribution. conical jet model.

We note in Secl]5 that there is apparently no correlation The peculiarities of individual outbursts can be understood
from one outburst to the other between the two quantitigs as being due to changes at the onset of the shock of the mag-

and B,,, at the onset of the shock. This result suggests that netic field strengthB, the normalization of the electron
differences from one outburst to the other are not primarily due energy distribution and the Doppler factbr
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— Shocks with a high value ok have usually a lower value Hughes P.A., Aller H.D., Aller M.F., 1989a, ApJ 341, 54
of D. This anti-correlation might be related to the shockughes P.A., Aller H.D., Aller M.F., 1989b, ApJ 341, 68

efficiency to convert bulk kinetic energy into internal energyunor W., Biretta J.A., Livio M., 1999, Nat 401, 891

Konigl A., 1981, ApJ 243, 700
In the past, shock models were found to be difficult to tekitchfield S.J., Stevens J.A., Robson E.I., Gear W.K., 1995, MNRAS
and constrain with total flux measurements. We show here that 274, 221
very strong observational constraints can be derived from lod§arscher A.P., 1977, ApJ 216, 244
term multi-wavelength monitoring campaigns. This new abilit)/arscher A.P., 1980, ApJ 235, 386 _
together with interferometric imaging techniques and nume —ar:Cher A'?_"Jlgsd?' 'nésuie.r(;um'gal. Rgd'o Sourzcgg’ Zensus J.A.,
cal simulations of shocks in relativistic jets (e.gbiBez et al. arsfﬁé‘:&np' iéggsﬁbﬁ&”ﬁ M. Fress, p.
1997) should lead in a near future to important progresses in R’YI/'I‘ 5 ' ’
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