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ABSTRACT
Centimeter to submillimeter total Ñux and polarization monitoring data are used to investigate the

nature of a prominent Ñare in the quasar 3C 273 during 1995/6. After removal of the quiescent level, the
resulting ““ Ñare spectra ÏÏ are well Ðtted by a simple homogeneous synchrotron source model, which in
turn allows the movement of the self-absorption turnover to be tracked during the Ñare. Both the Ñare
amplitude/time delay relationship and the overall spectral evolution are qualitatively consistent with
existing models. The early evolution of the spectrum is best determined and is shown to be in excellent
agreement with the Compton stage of the Marscher & Gear shock model. However, the polarization
behavior during the Ñare is di†erent at millimeter and centimeter wavelengths and the observations are
difficult to reconcile with a simple transverse shock. They are, however, consistent with a conical shock
for which the observed polarization properties vary with distance along the jet. Such variations may be
caused, for example, by a change in cone angle owing to disruption caused by the growing component of
the magnetic Ðeld parallel to the jet axis or by a moderate change in viewing angle.
Subject headings : galaxies : jets È polarization È quasars : general È quasars : individual (3C 273) È

radio continuum: galaxies

1. INTRODUCTION

The quasar 3C 273 is a well-studied source at all wave-
lengths. On milliarcsecond (mas) scales its radio com-
ponents display superluminal speeds et al.(Unwin 1985),
which, together with rapid multifrequency variability (e.g.,

et al. et al. et al.Robson 1983 ; Courvoisier 1988 ; Aller 1985 ;
et al. has led to its classiÐcation asMcNaron-Brown 1997),

a blazar. The broadband continuum energy spectrum (lSl)
of 3C 273 displays components peaking at mid-IR, UV, and
low-energy c-ray wavelengths (e.g., et al. ThisLichti 1995).
work is concerned with the centimeterÈsubmillimeter emis-
sion from the Ðrst of these components. At these wave-
lengths the observed Ñux is synchrotron radiation from the
base of the relativistic jet, and the spectra often show the
turnover characteristic of self-absorption (e.g., et al.Gear
1994).

Observations of the Ñux and polarization variability of
3C 273 (e.g., et al. and other blazars, such asRobson 1983)
BL Lacertae et al. have provided evidence that(Aller 1985),
the ““ Ñares ÏÏ in these sources are produced by shock waves
that propagate along the relativistic jet (e.g., &Marscher
Gear & Blandford Hughes, Aller, & Aller1985 ; Lind 1985 ;

At frequencies above D90 GHz (3.31985, 1989a, 1989b).

1 Also at Mullard Space Science Laboratory, University College
London, Holmbury St. Mary, Dorking, Surrey RH5 6NT, UK.

2 Also at Centre for Astrophysics, University of Central Lancashire,
Preston PR1 2HE, UK.

mm) such monitoring data enable studies of the radio jets
on scales that are currently inaccessible to VLBI, thus pro-
viding the only means of investigating the early stages of
Ñare evolution (e.g., et al.Stevens 1994).

During late 1995 and early 1996, 3C 273 produced a
prominent Ñare at millimeter and submillimeter wave-
lengths that subsequently propagated to the radio part of
the spectrum. In this paper the spectral and polarization
variability during the Ñare are analyzed, the main motiva-
tion being to investigate the extent to which the data are
consistent with the shocked-jet hypothesis.

2. OBSERVATIONS

Millimeter and submillimeter monitoring data have been
collected at the James Clerk Maxwell Telescope (JCMT)
since 1989 at 670, 375, 270, 230, and 150 GHz (0.45, 0.8, 1.1,
1.3, and 2.0 mm, respectively). Recent observations have
included data at 400 and 345 GHz (0.75 and 0.85 mm)
rather than at 375 GHz in order to avoid the strong atmo-
spheric water line in this region. Of the 17 sources moni-
tored, 3C 273 is one of the better sampled, and a previous
paper has discussed the data up to and including 1992

et al. Most of the data were taken with the(Robson 1993).
common-user bolometer UKT14 et al. and(Duncan 1990),
the observing techniques and data reduction procedures are
discussed by et al. and by & RobsonRobson (1993) Stevens

A single 230.5 GHz measurement was made on 1996(1994).
June 1 with a heterodyne instrument in continuum mode,
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which measures the total power. The calibration was identi-
cal to that employed with the continuum instrument.

Data at frequencies close to 90 GHz are from the
Berkeley-Illinois-Maryland Array (BIMA) at Hat Creek,
California. The Ñux densities are calibrated from obser-
vations of the planets using surface brightness values given
by Ulich (1981).

The 37 and 22 GHz data are from Metsa� hovi Radio
Research Station, Finland (see et al. whileTera� sranta 1992),
observations at 14.5, 8.0, and 4.8 GHz are from the Uni-
versity of Michigan Radio Astronomy Observatory
(UMRAO; see et al. These observatories haveAller 1985).
dedicated monitoring facilities and provide excellent cover-
age.

3. RESULTS

3.1. T he L ight Curves
The multifrequency light curves for the period 1994È1997

are shown in where only the best-sampled JCMTFigure 1,
wavelengths are included. At frequencies of 90 GHz and
higher, the most prominent feature is the large Ñare peaking
at the end of 1995 (hereafter, the 1995 Ñare). This Ñare is also
apparent on the 37È8.0 GHz light curves, but with increas-
ing time delay with respect to the higher frequencies. For
comparison with model predictions, gives the ÑareTable 1
amplitudes and time delays between di†erent frequencies
for the 1995 Ñare. The amplitudes are simply the di†erence
between maximum and minimum Ñux levels. Time delays
were estimated with application of the discrete correlation
function (DCF; & Krolik and the inter-Edelson 1988)
polated correlation function (ICF; & PetersonGaskell

The entire data trains were used for time delay deter-1987).
mination. Figures and show the resulting correlations2 3
between the best-sampled high-frequency light curve (270
GHz) and those at lower frequencies. Robson, &LitchÐeld,
Hughes have discussed in some detail the application(1995)
of these methods to blazar light curves, but in particular, it
should be noted that the ICF performs more satisfactorily
on the least well-sampled data streams and(Peterson 1993
references therein). This Ðnding is evident from inspection of

the DCF produces noisy results for the Ðrst threeFigure 2 :
panels (270 GHz versus 230, 150, and 90 GHz), whereas the
ICF is smoother and single peaked. For the better sampled
data streams, the two techniques give very similar results,
but, particularly at low frequencies, the absolute value of
the lag is difficult to determine because of the broadening of

TABLE 1

FLARE AMPLITUDES AND TIME DELAYS FOR THE

1995 FLARE

Frequency Flare Amplitude Time Delay
(GHz) (Jy) (days)

375 . . . . . . . . 12.6 0
270 . . . . . . . . 14.4 . . .
230 . . . . . . . . 16.2 0
150 . . . . . . . . 20.1 0
90 . . . . . . . . . 20.6 0È20
37 . . . . . . . . . 12.2 80
22 . . . . . . . . . 12.1 160
14.5 . . . . . . . 11.5 200È400
8.0 . . . . . . . . 7.3 300È500
4.8 . . . . . . . . . . . [400

NOTE.ÈThe time delays are all with respect to
the 270 GHz light curve.

FIG. 1.ÈSubmillimeterÈcentimeter (375È4.8 GHz) light curves of 3C
273 from 1994È1997. Note the prominent Ñare in the millimeter regime
during late 1995 and its subsequent evolution to longer wavelengths.

the Ñare and, in some cases, the sparse sampling close to the
Ñare peak. At the very lowest frequencies (4.8 and possibly
8.0 GHz), the Ñare does not even reach its maximum. In
these cases a range of probable lags or a lower limit is given
in It should be noted that the precise value of theTable 1.
time delay is not required for comparison with the model
(see ° 4).

The amplitudes grow between 375 and 150 GHz, and no
time delays are observed between these light curves. There
may then be a small plateau in Ñare amplitude between 150
and 90 GHz, with a correspondingly small time delay of 20
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FIG. 2.ÈApplication of the DCF (points and dotted line) and ICF (solid
line) between the 270 GHz and (a) 230, (b) 150, (c) 90, and (d) 37 GHz light
curves.

days. At frequencies below 90 GHz, the amplitudes drop o†,
and increasing time delays are apparent between the light
curves.

3.2. Polarization Observations
The polarization data will be discussed in relation to the

milliarcsecond-scale VLBI jet, which at 10.7 GHz (2.8 cm)
has a position angle of approximately 230¡ (e.g., etCohen
al. and at 100 GHz (3 mm) has a position angle of1987)
about 240¡ et al.(Ba- a- th 1991).

The 270 GHz polarization of 3C 273 has been measured
on 10 occasions between 1989 and 1996 at the JCMT

et al. The major results from these obser-(Nartallo 1998).
vations are the following : (1) The polarization is low during
quiescent periodsÈduring 1992, when the Ñux at millimeter
wavelengths was relatively low (see et al. theStevens 1994),
270 GHz polarization was typically only 0.7%È1.4%. (2)
During Ñares the polarization is higherÈfor example,
during the 1995 Ñare, the polarization was 6%È7%. (3) For
all except the lowest polarization measurement, the electric
Ðeld vector was observed to be perpendicular to the VLBI
jet axis. Taken together, points (1) and (2) produce the
correlation of polarization with Ñux density reported by

et al.Nartallo (1998).
At centimeter wavelengths (the 14.5 GHz data are the

most revealing ; see we Ðnd that (4) during quiescentFig. 4)
periods the polarization is typically D6%. (5) During Ñares
the polarization is lower, but not hugely so, with typical

FIG. 3.ÈApplication of the DCF (points and dotted line) and ICF (solid
line) between the 270 GHz and (a) 22, (b) 14.5, (c) 8.0, and (d) 4.8 GHz light
curves.

FIG. 4.È14.5 GHz Ñux, polarization, and position angle monitoring
data from UMRAO. Note how the Ñux and polarization are anti-
correlated. The structural position angle of the VLBI jet is between 230¡
and 240¡, and so polarization position angles of 140¡È150¡ correspond to
perpendicular alignment of the electric vector.
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values of 3%È4%. (6) The polarization position angle sug-
gests that the electric vector is aligned perpendicular to the
VLBI jet structural axis at all epochs, similar to what was
found at millimeter wavelengths. Points (4) and (5) suggest
that at centimeter wavelengths the Ñux and polarization are
anticorrelated, the opposite of what was found at 270 GHz.
Additionally, the polarization of the underlying jet is higher
at centimeter wavelengths than at millimeter wavelengths.

3.3. Spectral Shape and Evolution
Important clues to the origin of the Ñares in radio-loud

active galaxies can be gained by studying the shape and

evolution of the spectrum during the outburst. It is Ðrst
necessary to subtract the emission from the underlying jet,
which is assumed to be steady or only slowly variable. The
last point appears to hold well for 3C 273, since inspection
of the light curves shows that the source returned to
approximately the same low-level Ñuxes as for 1988È1990

et al. The 670È22 GHz quiescent spectrum(Robson 1993).
presented in that paper is thus adopted here. At frequencies
lower than 22 GHz, the adopted quiescent Ñux is simply the
lowest datum. The previous outburst is typically still decay-
ing at low frequencies, and so these values may not deÐne
the true quiescent level but rather a ““ preÑare ÏÏ level.

FIG. 5.ÈQuasi-simultaneous linearly interpolated spectra of 3C 273. The date on the panels refers to the epoch of the JCMT observations.
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FIG. 6.ÈQuiescent subtracted or Ñare spectra. The Ðts (to Ðlled symbols only) are homogeneous synchrotron spectra.

shows a sequence of composite spectra (noFigure 5
subtraction) for late 1995 and early 1996, a period com-
mensurate with the 1995 Ñare and also with the unusual
polarization behavior described above. These spectra were
constructed by selecting dates on which JCMT data were
available, then linearly interpolating the better sampled

lower frequency light curves, taking care to avoid large gaps
in the coverage. The spectra are discussed brieÑy below.

The Ðrst panel from 1995 August shows an almost
smooth spectrum between 4.8 and 400 GHz (750 km),
although there are one or two slight discontinuities that are
most likely related to the small Ñare at JCMT frequencies
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TABLE 2

PARAMETERS FROM HOMOGENEOUS SYNCHROTRON CURVE

FITS TO THE QUIESCENT SUBTRACTED (FLARE)
SPECTRA OF 3C 273

log l
m

log S
mDate (Hz) (Jy) s a

(1) (2) (3) (4) (5)

131195 . . . . . . . . . . . . 11.12 1.116 1.90 [0.45
251195 . . . . . . . . . . . . 11.10 1.226 1.99 [0.50
271195 . . . . . . . . . . . . 11.06 1.183 2.05 [0.53
281195 . . . . . . . . . . . . 11.06 1.252 2.36 [0.68
101295 . . . . . . . . . . . . 11.03 1.263 2.22 [0.61
141295 . . . . . . . . . . . . 11.03 1.315 2.39 [0.70
231295 . . . . . . . . . . . . 10.99 1.344 2.13 [0.57
271295 . . . . . . . . . . . . 11.00 1.322 1.96 [0.48
050196 . . . . . . . . . . . . 10.95 1.315 2.40 [0.70
010296 . . . . . . . . . . . . 10.83 1.289 2.51 [0.76
080396 . . . . . . . . . . . . 10.67 1.145 1.80 [0.40
240396 . . . . . . . . . . . . 10.61 1.105 1.68 [0.34
210496 . . . . . . . . . . . . 10.52 1.027 1.84 [0.42
050596 . . . . . . . . . . . . 10.44 1.022 2.13 [0.57
080596 . . . . . . . . . . . . 10.45 1.039 2.05 [0.52
210596 . . . . . . . . . . . . 10.39 1.047 2.23 [0.61
220596 . . . . . . . . . . . . 10.38 1.027 2.23 [0.61
010696 . . . . . . . . . . . . 10.39 1.071 2.30 [0.65

during earlyÈmid 1995 and its subsequent time-lagged evo-
lution. The next eight panels correspond to the rise of the
1995 Ñare ; here the spectrum shows at least two com-
ponents, one peaking at the lowest frequency, which prob-
ably represents the decay of a previous event, and a second
peaking at around 90 GHz. The remaining panels show the
evolution of this second peak to lower frequencies.

shows the result of quiescent subtraction on theFigure 6
composite spectra described above. Spectra constructed on
dates prior to 1995 November 13 could not be Ðtted,
because the Ñare Ñux was only marginally ““ detected ÏÏ after
quiescent subtraction, i.e., the data were too noisy. Note
also that includes all spectra that could be Ðtted,Figure 6
whereas, for brevity, omits epochs closely spaced inFigure 5

FIG. 7.ÈEvolution of peak Ñux with peak frequency The(S
m
) (l

m
).

dashed line is a ““ Ðt ÏÏ to the Ðrst eight points ( Ðlled circles) and has a slope
of [1.5.

FIG. 8.ÈEvolution of the peak frequency and peak Ñux with(l
m
) (S

m
)

time. The dashed line on the lower panel ““ Ðts ÏÏ the same eight points ( Ðlled
circles) as in and has a slope of [0.85. The date of 1995 August 2Fig. 7
corresponds to time t \ 0 (see text).

time. In order to determine the observational quantities
necessary for comparison with theory, the spectra have been
Ðtted as simple homogeneous synchrotron sources, i.e., with
the equation

Sl \ S1(l/l1)5@2M1 [ exp [[(l/l1)~(s`4)@2]N , (1)

where is a constant. The Ðtted spectra return the ÑuxS1 (Sl)and frequency at the point where the optical depth(l1)reaches unity. The details of converting these values to peak
Ñux and peak frequency are given by, e.g.,(S

m
) (l

m
) Stevens

et al. (1995).
Because of the multicomponent nature of the spectra,

only points indicated by Ðlled symbols were included in the
Ðts. This complicated spectral shape in the centimeter
regime is almost certainly a result of the slow decay of the
previous outburst. By 1996 March the 1995 Ñare dominates
sufficiently for the entire spectrum to be represented by a
single homogeneous component. The Ðtted parameters are
given in which also includes details of the thirdTable 2,
parameter determined by the Ðts, s, the index of an assumed
electron injection spectrum. Column 1 has the date, column
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2 the logarithm of the peak frequency, column 3 the
logarithm of the peak Ñux, column 4 the electron parameter
s, and column 5 the optically thin spectral index Thea.3
values of s and hence of a are poorly determined, owing to
lack of mid- to near-infrared data during the Ñare.

The Ðtted peak Ñux is plotted against Ðtted peak fre-S
mquency in The initial rise of occurs betweenl

m
Figure 7. S

m1995 November 13 and 1995 December 27. From this date
until 1996 February 1, is approximately constant, andS

m
l
mmoves to lower frequency. After a gap in the coverage, both

and have decreased by 1996 March and continue toS
m

l
mdo so through 1996 April. Throughout 1996 May, S

mremains constant while moves slightly toward lower fre-l
mquency. The dependences of and on time can be fol-S

m
l
mlowed by estimating the epoch at which the Ñare began

(t \ 0). This date is taken to be that of the last measurement
immediately before the rise of the Ñare at the highest moni-
toring frequency giving 1995 August 2. showsFigure 8
that moves smoothly toward lower frequency with time.l

mThe dashed lines in Figures and in the lower panel of7
are ““ Ðts ÏÏ to the Ðrst eight points ( Ðlled circles) andFigure 8

give slopes of approximately [1.5 and [0.85, respectively.
The latter value is quite sensitive to the choice of epoch,
t \ 0. However, we note that the 90 GHz Ñux was already
rising by 1995 August 25, and so, given that this frequency
may lag the JCMT frequencies by about 20 days this(° 3.1),
date provides a Ðrm upper limit. It is not possible to put
similarly tight constraints on the earliest date for which
t \ 0, but for example, if t \ 0 occurred either 2 weeks
before or after 1995 August 2, then the respective indices are
[0.75 and [0.95. A detailed analysis of the evolution of
the self-absorption turnover is given in ° 4.

4. DISCUSSION

The analysis presented in the previous sections is now
used to investigate the mechanisms responsible for the 1995
Ñare. A realistic model must successfully explain the three
major observational results, namely the amplitude/lag
relationship, the multifrequency polarization behavior, and
the spectral evolution.

4.1. Spectral Evolution
As stated earlier, the Ñares in blazars are often attribut-

able to relativistic shocks, and the only model that
addresses the variability during the early stages of shock
evolution is that of & Gear A briefMarscher (1985).
summary of the model predictions follows.

The model consists of an adiabatic relativistic jet that is
oriented toward the observer and contains transverse shock
waves that form in response to changes in bulk Ñow or
pressure. The magnetic Ðeld B in the jet is assumed to vary
radially as a power law such that BP R~a, where a \ 1 for
a magnetic Ðeld aligned perpendicular to the Ñow, and
a \ 2 for a parallel magnetic Ðeld. The evolution of the
shock is described in terms of and and is Ðxed at anyS

m
l
mone time by the dominant energy loss mechanism. When the

emitting region is compact, inverse-Compton losses pre-
dominate (Compton stage), but these fall o† rapidly with

3 The electron energies are assumed to be distributed as N(E) dE\
kE~s dE, which leads to an optically thin spectral index a \ (1 [ s)/2
above the break frequency where radiative losses are unimportant.

radius as the shock expands and are superseded by synchro-
tron losses (synchrotron stage). As the shock expands
further, the radiative lifetime of the electrons becomes large
with respect to the time needed to traverse the emitting
region, and losses caused by adiabatic expansion (adiabatic
stage) become more important. Since electron radiative life-
times are proportional to l~1@2, the e†ective shock thick-
ness is frequency dependent during the Ðrst two stages.

All three stages are approximated by power laws on the
As the emitting region expands, is predict-(S

m
, l

m
)-plane. l

med to move to lower frequencies with time. increasesS
mduring the Compton stage, remains approximately constant

during the synchrotron stage, and decreases during the
adiabatic stage. The maximum Ñare amplitude for monitor-
ing frequencies on the Compton stage occurs when the spec-
trum transits onto the synchrotron stage. Light curves at
monitoring frequencies on the Compton stage are thus pre-
dicted to peak simultaneously, and because of the spectral
shape, the Ñare amplitudes are expected to increase toward
lower frequency. Flare amplitudes at monitoring fre-
quencies commensurate with the later stages are determined
by the details of the spectral evolution and are thus
expected to be approximately constant during the synchro-
tron stage and to decrease during the adiabatic stage. Fur-
thermore, such light curves will display time-lagged
behavior with a delay between any two frequencies equal to
the time taken for the spectrum to evolve between them and
become optically thin. A detailed discussion of the Ñare
lag/amplitude relation can be found in et al.Valtaoja (1992).

The Ñare amplitudes and time delays presented in Table 1
for the 1995 Ñare follow the predicted pattern very well. The
amplitudes increase between 375 and 150 GHz, and no time
delays were measured between the light curves at these fre-
quencies. Between 150 and 90 GHz the amplitudes prob-
ably plateau, and there may be a small time lag between
these wavelengths as found by et al. for theRobson (1993)
1987È1992 data streams. Below 90 GHz the light curves
show increasing time delays with respect to the 270 GHz
data, and the Ñare amplitudes fall o† as expected.

The shape and evolution of the Ñare spectrum are also
qualitatively consistent with the model (° 3.3). Figure 7
shows all three phases of the predicted evolution : a steep
rise of with possibly followed by a short-lived plateauS

m
l
m
,

stage, after which both and fall as the spectral peakS
m

l
mmoves into the radio regime. The lower panel of Figure 8

shows the smooth progression of toward lower fre-l
mquencies with time and is very similar in appearance to that

for the 1991/1992 Ñare of 3C 345, which was modeled suc-
cessfully as an adiabatically expanding shock et al.(Stevens
1996).

A detailed comparison with the model is possible for the
rise of with which should correspond to the ComptonS

m
l
m
,

stage. & Gear predict thatMarscher (1985)

S
m

P l
m
~(11~a)@*2(a`1)+ , (2)

and assuming that the radius of the jet R is proportional to
time t,

l
m

P t~(a`1)@4 . (3)

The 270 GHz polarization data discussed in indicate° 3.2
that the magnetic Ðeld was aligned along the jet axis during
the early stages of the 1995 Ñare (see and so a value° 4.2),
a \ 2 is appropriate in this case. then givesEquation (1)
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and gives in excellentS
m

P l
m
~1.5, equation (2) l

m
P t~0.75,

agreement with the observed dependences, which have
indices of [1.5 and [0.85, respectively The(° 3.3).
Compton stage should be accompanied by a steepening of
the optically thin spectral index because of the frequency-
dependent radiative losses su†ered by the electrons in the
shock. Unfortunately, although the Ðts of are ofFigure 7
sufficient quality to pinpoint the turnover, lack of mid-IR
data hinders an accurate determination of the spectrum at
high frequencies. The model also predicts that high Ñuxes of
X-rays and possibly of c-rays should be associated with
such a millimeter Ñare. These short wavelengths are predict-
ed to lead the millimeter emission by about 1 month, but no
data exist in the literature to verify this prediction, and
unfortunately, the X-Ray T iming Explorer (XT E) did not
produce data until after the Ñare peaked (I. M. McHardy
1997, private communication).

4.2. Polarization Behavior
The analysis so far supports the notion that the 1995 Ñare

resulted from enhanced emission from a relativistic shock,
but the interpretation of the polarization data is not so
straightforward. The compression produced by a simple
transverse shock will result in enhanced polarized Ñux if the
magnetic Ðeld in the jet is largely tangled. The net magnetic
Ðeld direction will be parallel to the shock front and thus
perpendicular to the jet axis Alternatively, if(Laing 1980).
the underlying jet has a signiÐcant component of magnetic
Ðeld aligned parallel to the jet axis, as has been observed for
several quasars (Cawthorne et al. then shock1993a, 1993b),
compression may lead to a reduction of the percentage
polarization with no change in net magnetic Ðeld direction.

This latter e†ect is likely to occur in the jet of the quasar
3C 345, on scales coincident with the centimeter wavelength
emission et al. and, as was seen in also(Stevens 1996), ° 3.2,
appears to hold for 3C 273 in the same wave band where
Ñux and polarization are anticorrelated. Assuming optically
thin radiation, the implied magnetic Ðeld direction is
approximately parallel to the VLBI jet at all epochs. This
assumption may at Ðrst sight appear unjustiÐed, but note
that the dominant contribution to both the total (from
inspection of Figs. and and polarized Ñux comes1 6) (° 3.2)
from the underlying jet and occasionally from older, opti-
cally thin, radio components, rather than from the (initially)
opaque new component.

At 270 GHz, however, the polarization behavior is incon-
sistent with both scenarios outlined above ; the percentage
polarization increased, and the polarization position angle
remained orthogonal to the jet. Polarization measurements
were made at two epochs during late 1995 et al.(Nartallo

and on both occasions the spectra presented in1998),
show that the Ñux at this frequency was opticallyFigure 6

thin ; therefore, the implied magnetic Ðeld direction must
also be parallel to the jet. This magnetic Ðeld orientation,
coupled with the observed increase of percentage polariza-
tion during the Ñare, is not readily produced by a transverse
shock.

One possible, but unsatisfactory, interpretation is that a
bend at the base of the jet contrives to produce an observed
polarization position angle that is perpendicular to the jet,
when in reality it is parallel. A second possibility is that the
longitudinal component of the magnetic Ðeld at the base of
the jet is enhanced by a pinch-mode instability that will also

produce the observed increase in intensity. However, it is
difficult to envisage how such a scenario could result in the
smooth evolution of the turnover from millimeter to centi-
meter wavelengths while closely following the predictions of
the shocked-jet model. Instead, a more likely interpretation
is suggested, in which the polarization and spectral variabil-
ity are produced in a conical shock & Blandford(Lind
1985).

4.2.1. Conical Shocks

The polarization properties of conical shock waves have
been modeled by & Cobb who show thatCawthorne (1990),
both parallel and perpendicular polarizations can be pro-
duced. Net parallel polarization arises at small viewing
angles (h), for which relativistic beaming causes emission
from the top (or bottom) of the cone to dominate over that
from the sides. At larger h, however, perpendicular E
vectors from the sides of the cone just dominate over the
parallel E vectors from the center. In such cases the degree
of polarization cannot exceed about 10%, which is consis-
tent with the observed maximum polarization of 6%È7%
during the Ñare. Because of this beaming e†ect, a shock with
a narrow cone angle will display a net perpendicular polar-
ization over a larger range of h than one with a broad cone
angle.

The model also assumes that the magnetic Ðeld in the
upstream plasma is tangled, which certainly appears to be
the case at 270 GHz, given the minimum polarization of
0.72^ 0.13% measured by et al. Note thatNartallo (1998).
the correlation of polarization with Ñux at this wavelength

rules out the possibility that this low value is a result(° 3.2)
of the magnetic Ðeld ““ cancellation ÏÏ e†ect seen at 14.5 GHz.

Support for a conical shock model comes from a 22 GHz
VLBI image of 3C 273 made in 1994 Zensus, &(Leppa� nen,
Diamond a discussion of which follows. The com-1995),
ponent that is identiÐed with the core has no detectable
polarization to a limit of less than 0.5%, which, coupled
with a similar lack of polarization at 5 GHz et al.(Roberts

argues that the Ðeld at the base of the jet is tangled,1990),
rather than depolarized by Faraday rotation. For the com-
ponent closest to the core, the polarization and total inten-
sity maxima coincide, but at larger distances the
polarization maxima occur between the knots. The mag-
netic Ðeld direction in the Ðrst knot is roughly parallel to
the jet, and its polarization is only D3%. Finally, the paral-
lel component of the magnetic Ðeld becomes stronger with
increasing core distance, as found at 5 GHz et al.(Roberts
1990).

Leppa� nen et al. suggest that the data for each knot may
be explained as cancellation of an underlying parallel mag-
netic Ðeld by transverse shocks of varying strength. The
centimeter-wavelength single-dish polarization data pre-
sented here support their interpretation of magnetic Ðeld
cancellation for the outer knots, although the shocks are
not required to be transverse. The inner knot, however, is
unlikely to be associated with a transverse shock, since the
total and polarized intensities coincide, but with an implied
magnetic Ðeld direction parallel to the jet.

Furthermore, an important conclusion from the results
presented here is that both parallel and perpendicular mag-
netic Ðeld orientations are implied for the same shock, but at
di†erent frequencies, and thus, given the evolution of the
Ñare spectrum with time, in di†erent parts of the jet. A
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suggested interpretation is that the shocks in the jet of 3C
273 are conical. At the base of the jet the conditions favor a
shock with a cone angle that gives a parallel magnetic Ðeld,
but further out in the jet the shock is disrupted by the
growing parallel component of magnetic Ðeld, and its cone
angle broadens, causing the polarization to Ñip by 90¡.
Alternatively, the same e†ect can be reached by allowing the
inclination angle of the cone to change with respect to the
observerÏs line of sight. Under certain conditions this varia-
tion need not be large. Inspection of ofFigure 3b

& Cobb shows that, for a cone angle ofCawthorne (1990)
10¡, a maximum perpendicular polarization is reached for
h D 25¡. However, if h then becomes smaller by about 10¡,
then the polarization Ñips into a parallel orientation. Such
““ wiggles ÏÏ in the jet have been observed in a VLBI map at
100 GHz et al.(Ba- a- th 1991).

It is also possible that future high-frequency VLBI
observations could resolve such structures, in which case,
for a net perpendicular polarization, higher degrees of
polarization would be seen toward the edges (with Eo) and
center (with Ep) of the knot. Additionally, VLBI polariza-
tion monitoring data should show that a knot initially situ-
ated at the base of the jet will change its polarization
properties as it expands outward. We predict that the polar-
ization and total intensity maxima will initially be cospatial,
and that the magnetic Ðeld at this point will be parallel, but
sometime later, for the same knot the total intensity
maximum will occur at a local minimum in polarized inten-
sity. The magnetic Ðeld direction at this epoch will depend
on whether the shock is sufficiently strong to dominate over
the increasing component of magnetic Ðeld oriented parallel
to the jet axis.

5. CONCLUSIONS

1. The Ñaring between 375 and 150 GHz is simultaneous,
but time delays exist between these frequencies and the
radio regime. The dependence of the lags with the Ñare
amplitudes at the various monitoring frequencies follows
the predictions of the shock model.

2. After separation of the variable and quiescent com-
ponents, the Ñare spectra are well Ðtted as homogeneous
synchrotron sources. The movement of the self-absorption
turnover could thus be tracked during the outburst. The
peak frequency evolved smoothly to lower frequencies with
time, suggesting that the emitting region was expanding.
During this period the turnover Ñux traced out the three
stages predicted by the shock model of & GearMarscher

Good sampling of the rise phase of this spectral(1985).
evolution allowed a detailed comparison with the model,
and here the data are in excellent agreement with the pre-

dicted Compton stage. The production of X-rays during
this outburst is thus a key question, but so far no data exist
in the literature to verify the model prediction.

3. The polarization behavior during the outburst was
found to be di†erent at millimeter and centimeter wave-
lengths. For the latter regime the polarization monitoring
data are consistent with the depolarization produced by a
transverse shock as it propagates along a jet with a parallel
magnetic Ðeld. However, the millimeter polarization
properties are not consistent with such a structure. At 270
GHz (1.1 mm) the percentage polarization increases during
the outburst, and the electric vector aligns across the milli-
arcsecond VLBI jet, implying a parallel magnetic Ðeld
orientation, since the radiation was optically thin. We thus
observe di†erent polarization behavior for the same shock,
but, due to the observed lags, at di†erent times. Since the
time lags are produced by expansion of the emitting region
along the jet, we thus observe di†erent polarization behav-
ior in di†erent parts of the jet.

4. We suggest that the spectral and polarization data are
consistent with a model in which a conical shock propa-
gates along a ““ wiggling ÏÏ jet that contains a largely tangled
magnetic Ðeld at its base and a growing component of the
magnetic Ðeld parallel to its axis. Such a shock can exhibit
both parallel and perpendicular magnetic Ðeld orientations,
and the transition from one state to the other may be
caused by disruption of the shock owing to the growing
magnetic Ðeld alignment in the underlying jet or to a change
in viewing angle caused by a moderate bend in the jet.

Further modeling of the polarization properties of
conical shocks propagating in di†erent environments of
magnetic Ðeld is encouraged. We would like to stress the
importance of the multifrequency polarization observations
to the correct theoretical interpretation of the outbursts in
active galactic nuclei.
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