PROCEEDINGS

OF SCIENCE

Studying the continuum spectrum of the parsec
scale jets by multi-frequency VLBI measurements

Tuomas Savolainen*
Max-Planck-Institut fir Radioastronomie, Auf dem Hiigel®®121 Bonn, Germany
E-mail:  savol ai nen@rpi fr - bonn. npg. de

Kaj Wiik, Esko Valtaoja

Tuorla Observatory, Dept. of Physics and Astronomy, Umsitgof Turku, Vaisalantie 20, 21500
Piikkio, Finland

E-mail: kaj . wi i k@Kki . fil lal t aoj a@itu. fi

Merja Tornikoski

Metséhovi Radio Observatory, Helsinki Unversity of Tedbgy Metséhovintie 114, 02540
Kylméala, Finland

E-mail: rer j a. t or ni koski @ut . f i

Multi-frequency VLBI observations allow studies of the tiomum spectrum in the different parts
of the parsec scale jets of AGN, providing information on piwysical properties of the plasma
and the magnetic fields in them. Since VLBI networks cannaidaded, the range of spatial fre-
quencies observed differs significantly between the difieobserving frequencies, which makes
it difficult to obtain a broadband spectrum of the individeatission features in the jet. In this
paper we discuss a model-fitting based spectral extractahad, which can significantly relieve
this problem. The method usagriori knowledge of the source structure, measured at high fre-
guencies, to allow at lower frequencies the derivation efdtzes and flux densities of even those
emission features that have mutual separations signifjcke®s than the Rayleigh limit at the
given frequency. We have successfully used this methodeiatialysis of 5-86 GHz VLBA data
of 3C 273. The spectra and sizes of several individual jetifea were measured, thus allowing
derivation of the magnetic flux density and the energy dermdithe relativistic electrons in the
different parts of the jet. We discuss the results, whichuike e.g. a detection of a strong gradient
in the magnetic field density across the jet of 3C 273.
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Figure 1: Radio spectra of the emission features in the parsec s¢alé3€ 273 observed with the VLBA
on February 28, 2003. The figure shows also Stokes | maps atdl$3GHz. In the spectral plots, axes are
frequency in GHz and flux density in Jy. Downward arrows repn¢ upper limits.

1. Introduction

Despite the large steps that have been taken in our understanding ofuhe ofarelativistic
outflows in active galactic nuclei during the last three decades, we stillimeégr@orant of many
of the key issues of the subject: the launching mechanism, the matter cordehtanrigin of the
high energy emission are among the hitherto poorly understood aspeetatifistic jets [B]. One
of the reasons for slow progress in these questions is our poor ability suneesome of the key
physical parameters of jets.

There are basically two ways to determine the energy of the relativistic pairiicjets: one is
to assume equipartition between the magnetic and particle energy densitigbgthis tb measure
the size and spectral turnover of the synchrotron self-absorbediemisatures. The latter gives
magnetic flux density and the normalization factor of the electron energy distrbseparately,
but it requires a measurement of the 2-D spectrum of parsec scaleijegswudti-frequency VLBI
data [§]. Such measurements are possible, yet challenging. In this pemscribe a new method
for the extraction of the spectral information from a multi-frequency VLBladset and apply this
method to a set of six-frequency VLBA observations of the quasar 3G2D.158). Throughout
the paper, we use a cosmology whig = 71 km s Mpc™1, Qu = 0.27, andQ = 0.73. This
corresponds to a linear scale of 2.7 pc mafer 3C 273.

2. Model-fitting based spectral extraction method

There are several complications in the analysis of multi-frequency VLBéokations of ex-
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tragalactic jets if the aim is to measure a 2-D spectrum of thd]jet [4]. Since thet &ources are
typically variable, measurements at different frequencies need to bsijsimmultaneous. Fortu-
nately, this is possible with the VLBA due to its frequency agility. Also, the fluxsiky calibration
should be accurate to 5-10%. This is typically the case with the VLBA at éegjaes< 22 GHz,
but at higher frequencies special care is required. Registering themzaglifferent frequencies
can be tricky, but there are methods to correct misalignments between theéareapacceptable
precision [P]. The most severe limiting factor, however, stems from thettiac VLBI networks
are not reconfigurable like e.g. VLA. Therefore, the range of pilapatial frequencies differs sig-
nificantly at different observing frequencies. When comparing VL&hdt two or more observing
frequencies, the traditional solution has been to matclithg coverages either by discarding the
data of the londu, V) spacings at high frequencies or by tapering the data to a common resolution.
This has the consequence that a significant amount of data are n@ngetich of the attainable
angular resolution is lost. A broad frequency coverage, which is wetedeeliably measure the
synchrotron self-absorption turnover, exacerbates the problem.

We propose a model-fitting based spectral extraction method to alleviate the-dbscribed
problem of the unevefu,v) coverage. The idea is to uagriori knowledge of the source structure,
measured at high frequencies, to derive, at lower frequenciesizéeand flux densities of even
those emission features that have mutual separations significantly less ¢hlagatin size at the
given frequency. The model of the source structure at high frexyuisntaken as a template of
the source’s brightness distribution, and the visibility data at lower frequisnfitted with this
template. If the data has high enough signal-to-noise ratio, it is possible taufitiges that are
smaller than the Rayleigh limif][3]. This is equivalent to an out-of-band estedion of spatial
frequencies, which is the basis of so-called “super-resolution” teaksiq

In practice, our method can be described as follows (see Also [8]) visindity data at the
frequency which gives the best angular resolution with good SNR, is fifitthda model consisting
of a small number of two-dimensional Gaussian components. This model igightness distri-
bution template, which we use to fit the visibility data at the next lower frequdBefore fitting,
we align the model with the lower frequency data by assuming that optically tatargs in the
jet have frequency-independent positions. This is done in two stepspfiter alignment is done
by using the cross-correlation method [f [2], and fine-tuning is done hyngdahe whole model
around this position in small steps and fitting the component flux densitiestasegcwhile keep-
ing the mutual separations of the components fixed. The best alignmening ligucomparing
the post-fit merit functions. The next step is then to inspect the residuaainthpdd new compo-
nents to the model if significant emission, which is not accounted for by thefemed model, has
emerged. Also, all the components that have mutual separations of les'%hafrthe beam size
are merged into one component. This is to ensure that we do not extrapatpegial frequencies
beyond thgu, v) radius that corresponds to the typical positional accuracy of the VLBA.dVith
these modifications to the model, one more round of fitting is run with componenddlusities
and sizes as free parameters. The obtained model is now the brightrtebsitii® template for
the next lower frequency and the above steps are repeated.

Finally, we apply another piece afpriori knowledge by assuming that the angular size of the
component varies smoothly over the frequencies. The sizes are indps@dunction of frequency
and fitted with either a constant value or a power-law. Then componestisitee models are fixed



Studying the spectra of the parsec scale jets Tuomas Savolainen

10
10

Cc2 /
e *

s [1y]
1
5 [3y]

4 Feb 282003 /
/
$ May 11 200: /
/

/ L
1 10 100

, 01

May 11 2003

arcsec)

5 [Iy]

Relative Declination (m:

10
10

B4 B3

s [Iy]

$ Feb 28 2003]
$ May 11 200:

. ] .
10 100 <y 10 100

0.1

v [GHz] v [GHz]

Figure 2: Evolution of the spectrum for five emission components initiver part of the jet between
February (red) and May (blue) 2003. The component positiwasnarked in the 43 GHz map from May
2003. Black arrows highlight the evolution of the spectuahbver. In the May data, components B2 and B3
seem to have a break in their optically thin part of the speetwhich is marked with a dashed line.

to the values obtained from these fits and the last round of model-fitting isiththe& component

flux densities as the only free parameters. This gives the final spedtie.ma@in error sources
in the final spectra are: 1) inaccuracies in the alignment, 2) uncertainemdypatial frequency
extrapolation, and 3) errors in the calibration of the flux density scale. effeet of (1) can be

estimated when the alignment is fine-tuned, (2) has to be addressed with Gadesimulations,

and (3) is best dealt by calibrating with a single-dish telescope.

3. Spectrum of the parsec scale jet of 3C 273

To illustrate the feasibility of the method described in Sect. 2, we preseritsésam the
spectral analysis of the multi-frequency VLBA observations of 3C 278 weae carried out at
five epochs in 2003]7] 8]. At every epoch, the source was obdesix frequencies (5.0, 8.4,
15.3, 22.2, 43.2 and 86.2 GHz) with individual scans at different #aqies interleaved to obtain
practically simultaneous multi-frequency data set. An example of the obtaimegornt spectra
are shown in Fig[]1. As can be seen in the figure, the components locatéa vittas from the
core have a spectral turnover in the observed frequency rangeefbhe, we could fit them with
a function describing self-absorbed synchrotron spectrum fronnaaneble of electrons with a
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Figure 3: Peak flux density (left) and peak frequency (right) of thecsyotron spectrum as a function of
distance from the core. The dashed line corresponds to tlwerdaw function that best fitsy, of the non-
core components. The spectra of the core and the appar&tiynsry component S1 at= 0.15 mas were
combined in the May data. Sd} [8] for a discussion about tbecetof the zero point for.
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Figure 4: Left: Magnetic flux density of the jet components as a functd distance from the core. The
dashed and dotted lines show examples of power-law fursfahr® with b= —1 andb = —2, respectively.
Right: Ratio of the magnetic and (radiating) particle eyatgnsities of the components as a functiom.of

power-law energy distribution in a homogeneous magnetic field, and deextarnover frequency,
Vm, the flux density at the turnove®,, and the optically thin spectral index. Fig. 2 shows a

comparison between the spectra observed at two consecutive eposbsiie of the components.
It is striking how consistent the spectra and their evolution ayg:and Sy, decrease with time

as expected. This gives confidence in the reliability of the applied spestn@ction method.

When more epochs are analyzed, the spectral evolution can be comytrete predictions of

the shock-in-jet models (seld [6] and references therein).

The turnover frequencies and flux densities are plotted against theadistam the core in
Fig.B. The peak frequency decreases with the distaneg &s ~%7=0-1 while the peak flux density
does not seem to have any clear dependence ©his neatly confirms the compound nature of the
flat radio-mm spectrum of 3C 273.

Since we had measureh, vy, anda as well as the sizes and Doppler factors (§ge [7]) of
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the components within 2 mas from the core, we were able to estimate their magneterikity,

B, and the normalization factor of their electron energy distributin(without having to assume
equipartition) ﬂi]. The left panel of Fid] 4 shovigsas a function ofr. The core has magnetic
flux density of~ 1 Gauss, which is compatible with the values derived from infrared andabptic
variability []. At ~ 1.5mas from the core, there is a large discrepandy between the southern
side (components B3 and B8;~ 50 mG) and the northern side of the jet (component B2;

1 mG). The strong gradient in the magnetic field density is coincident with thevieese velocity
structure found in[[7]: the components on the southern side of the jethighier bulk velocity
than components on the northern side. This may indicate a structured jet.

Based on the derived values®andNy, we calculated the ratio between magnetic and particle
energy densities in the components. The right panel of Fig. 4 showsshisteThe uncertainties
are large, but some trends can be seen: the jet starts as magnetically ddrinmateore) but
quickly moves towards equipartition. Beyond the core, there is one compthvatns clearly out
of equipartition: B2 is strongly particle dominated. Taking into account the skdacity, weak
magnetic field and position of component B2, we possibly see a mixing regiereviirbulence
introduced by velocity shear converts kinetic and/or magnetic flux into efeetmergy.
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