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Abstract

We have investigated whether a pc-scale jet of 3C 279 is dominated by a normal plasma or an electron—
positron plasma. By analyzing Very Long Baseline Interferometry data between 1983 and 1990, and utilizing
the theory of synchrotron self-absorption, we have derived the lower limits for the proper electron number
density. Comparing the lower limit with another independent constraint for the electron density that is
deduced from the kinetic luminosity, we find that the core and components C3 and C4 are likely dominated

by an electron—positron plasma.
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1. Introduction

One of the central problems of extragalactic astronomy
concerns the composition of the relativistic jets of plasma
that stream from the nuclei of quasars and active galax-
ies. The two main candidates are a ‘normal plasma’ con-
sisting of protons and relativistic electrons (for numerical
simulations of shock fronts in a VLBI jet, see Gémez et
al. 1993, 1994a,b), and a ‘pair plasma’ consisting only of
relativistic electrons and positrons (for theoretical stud-
ies of two-fluid concept, see Sol et al. 1989; Despringre,
Fraix-Burnet 1997). Distinguishing between these possi-
bilities is crucial for understanding the physical processes
that occurr close to the central ‘engine’ (presumably a
supermassive black hole) in the nucleus.

VLBI is uniquely suited to study the matter content of
parsec-scale jets, because other observational techniques
cannot image at milliarcsecond resolution and must re-
sort on indirect means of studying the active nucleus.
Reynolds et al. (1996) analyzed historical VLBI data
of the M87 jet at 5 GHz (Pauliny-Toth et al. 1981)
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and concluded that the core is probably dominated by
an et plasma. In the analysis, they utilized the stan-
dard theory of synchrotron self-absorption to constrain
the magnetic field B [G] and the proper electron num-
ber density N} [cm™3] of the jet, and derived the fol-
lowing constraint for the core to be optically thick for
self-absorption: NYB? > 0.5. Extending the work by
Reynolds et al. (1996), Hirotani et al. (1998) investigated
the matter content of the 3C 345 jet on parsec scales,
and demonstrated that its five components (C2-C5,C7)
are likely to be dominated by a pair plasma. Recently,
studying the circularly polarized radio emission from the
jet of an optically violent variable quasar, 3C 279, Wardle
et al. (1998) revealed that its parsec-scale jet is composed
of a pair plasma. To reinforce this important conclusion,
it is desirable to investigate the composition by an inde-
pendent method.

On these grounds, we applied the same method as that
developed by Reynolds et al. (1996) and Hirotani et al.
(1998) to the 3C 279 jet on parsec scales. In the next sec-
tion, we briefly describe the method used to address the
matter content of an AGN jet. We next discuss our ap-
plication of the method to 3C 279 jet in section 3. In the
final section, we discuss the validity of the assumptions
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Table 1. Table of coefficients.

@ —0.25 -0.50 —0.75 -1.00
b(a) 1.8 3.2 3.6 3.8
d(a) 0.93 1.79 4.12 11.6
e(a) 2.27x10* 342x10° 1.08x 107 5.75 x 108

that have been made in this paper. We use a Hubble con-
stant of Hy = 75h km s~! Mpc~! and qo = 0.5 through-
out this paper for computing physical sizes. For 3C 279,
z = 0.538; therefore, 1 mas corresponds to 4.9hr7! pc.
The spectral index « is defined by S, x 2.

2. Constraints on Magnetic Flux and Particle
Densities

In this paper, we model the components in an AGN jet
with redshift z as homogeneous spheres of angular diam-
eter 64 [mas], containing a tangled magnetic field B [G]
and relativistic electrons which give a synchrotron spec-
trum with optically thin index o and maximum flux den-
sity Sy, [Jy] at frequency vy, [GHz). We can then compute
the magnetic field density as follows (Ghisellini 1992):

_ _ )
B =10"°b(a)S;%v3 04 T2 (1)
where § is the beaming factor, defined by
1
o= I'(1 - Bcosyp)’ 2)

where I' = 1/4/1 — 32 is the bulk Lorentz factor of the
jet component moving with velocity fc, and ¢ is the ori-
entation of the jet axis to the line of sight. The coefficient
b() is given in Ghisellini (1992) and presented in table 1
for user convenience. Both I' and ¢ can be uniquely
computed from § and B.ppc, the apparent velocity of the
component, as follows:

2 2
+62+1
_ Papp
I= 55 (3)
- 26
_ 1 app
¢ = tan ( 3PP+<52—1)' (4)

Secondly, in order that a jet component may become
optically thick for synchrotron self-absorption, the follow-
ing constraint must be satisfied (Hirotani et al. 1998):

(1+2)2h singp
z (1 +z / 4) 04

1 —a+1.5
N ( —(;—z) V;]a+2.5’ (5)

NB~2*15 5 1074d()
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where the coefficient d(c) is tabulated in table 1. Sub-
stituting equation (1) into (5), we obtain the lower limit
of NZ,
(1+2)*hsing da—7, 4a—>5

Z(l+2z/4) 4 ™

><S—2cvz+3 Y 2oms (6)
m 1+z )

Ny = e(a)

The coefficient e(c) is also tabulated in table 1.
We can judge whether the possibility of normal plasma
dominance is excluded, by comparing No ™™ with Ny

"derived from the kinetic luminosity, Ly, [erg s‘l]. Lyin

is expressed in terms of NJ as follows:
Lyin = WRzﬁCNgF(F = D[{(v-)me + <'y+>m+]cz, (7)

where (y_) and (v, ) refer to the averaged Lorentz factors
of electrons and positively charged particles, respectively;
m designates the mass of the positive charge. In a pure
pair plasma for instance, we obtain (y;) = (y_-) and
my = m,, while in a normal plasma, we obtain (y;) =1
and m4 = my, where my, is the rest mass of a proton.

For a pure pair plasma, solving equation (7) for Ne, we
obtain

(1+2)%h ]2 Ly

0+ 2/8)| BFT-D0)
(8)

where Ly7 = Lyin/(1047ergs™). Supposing (y_) =~

10 [for a detailed argument, see e.g., equation (5) of
Reynolds et al. 1996], we obtain

Nx(Pain) — 1 1 % 103 [

u+a%r Lar

*(pair) ~
N~ 110 [z(l +2/4)| 03T(T —1) )

On the other hand, for a normal plasma, equation (7)
gives an electron density of 0.0LNs®*”) Therefore, the
possibility of normal plasma dominance can be excluded,
if 0.01NF (P Nx(min) o NP2 b former inequal-
ity is equivalent to Ny P /N*min « 100. The discus-
sion presented in this section can be applied to arbitrary
components or cores of parsec-scale AGN jets.

3. Application to 3C 279 Jet

Let us apply the method described in the previous sec-
tion to the 3C 279 jet on parsec scales and investigate
the matter content. 3C 279 was the first source found to
show superluminal motion (Cotton et al. 1979; Unwin et
al. 1989, 1998). The expansion velocity of the jet com-
ponents was reported to be Bupph = 2.8/0.75 = 3.7 for
C3 and C4 (Carrara et al. 1993).

The values of a, vy, and Sy, of several components
have been reported in the literature. Unwin et al.
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No. 2] Pair Plasma Dominance in the 3C 279 Jet
Table 2. Magnetic field and electron densities of components.

Component D C3 C4 C4
EDOCh ...\ e eet et 1983.10 1983.10 1989.26 1990.17
PR MAS] . 0.0 1.23/0.75% 1.18/0.75° 1.26/0.75°
N 2.2/0.75% 2.2/0.75 2.8/0.75° 2.8/0.75°
Vm [GHZ] oo 13.0* 6.8 1142° 11+2°
S [JY] oo 6.22 9.4® 4.38+ .36° 4614 .21°
PP -1.0° -1.0* -0.9° -0.9°
Ba [rad]. ... 0.75% 0.95° 0.55 & .22° 0.66 + .11°
Beq + et 2.5 9.5 467357 3.2+ 7
Leq ettt ettt ettt et e 3.2 5.3 3.9753 3.9707
Wea [rad]®. .o 0.40 0.060 0.21751% 0.317093
B G et 0.19 0.031 0.08615-952 0.1119:93
N fem =3 350 14 100%3% 150+10,
NP [em =3¢ 450L47 8.4L47 480729 Lar 3401120 Ly
N2 ylminde 1.3L47 0.59L47 4.8%352 Ly 2.2477 Lay
NP Nxlmin) g = 067) L 0.20L47 1.8L47 0.9571%.9L,; 0.367240 L4y
NZPn) Nz (min) (= 133)° L 0.43L47 1.3L47 14178 Ly, 0.72+230L,,
et dominated? likely yes likely yes likely yes likely yes

* From Unwin et al. (1989).

> From Carrara et al. (1993). They gave vm ~ 11 GHz and o = —0.9 above their equation (1). In addition, Sy are 84 listed

in their table 2.

© The values for Ho = 75 km s™! Mpc™! are presented. La7 = Lyin/10*"erg s~

! (see text).

4 The values for Ho = 50 km s~ Mpc~! are presented for comparison.
© The values for Ho = 100 km s~ Mpc~! are presented for comparison.

(1989) presented these parameters for D (core) and the
C3 component from observations at 5, 11, and 22 GHz,
and derived 64 and the error determined from model-
fitting a homogeneous sphere. Subsequently, Carrara et
al. (1993) gave those parameters for C4 component at
epochs 1989.26 and 1990.17. These parameters are listed
in table 2. )

To compute Ng ™™ from equation (6), we must con-
strain d and ¢. In order to obtain a severe constraint
in N2™"  we must know the upper limit of § or its
appropriate value, calculated based on some reasonable
assumptions. Unfortunately, we cannot constrain its up-
per limit. Nevertheless, assuming energy equipartition
between the magnetic field and the radiating particles,
we can estimate d by the so-called equipartition Doppler
factor (Readhead 1994),

§ = beq

{[103F(a)]34 [ 2(h/1.33)

2
1 15—2a
04 1—1/\/1+z] (1+2)

1/(13—2a)
X S,l,?(103um)—35—2a} , (10)

where F() is given in Scott and Readhead (1977). The
resultant values of deq of each component computed from
04, Sm, and vy, are presented in table 2.

There is much justification in adopting the equiparti-
tion Doppler factor. As Giiijosa and Daly (1996) pointed
out, the deq’s of various AGN jets have a high correlation
with §(min), the minimum allowed Doppler factor derived
by comparing the predicted and observed self-Compton
fluxes (Marscher 1987; Ghisellini et al. 1992). (If a ho-
mogeneous moving sphere emits all of the observed X-ray
flux via synchrotron self-Compton process, the § equals
Jeq.) Moreover, the ratio deq/d depends weakly on the ra-
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tio up/up, where uy, and up refer to the energy densities
of radiating particles (i.e., electrons and positrons) and
the magnetic field, respectively. For a = —0.75 for in-
stance, we obtain deq/6 = (up/up)?'” (Readhead 1994).

Instead of substituting § = Jeq in equation (6), we can
actually compute N} from u, = up, provided that B is
known from equation (1). The results of NS do not sig-
nificantly differ from N2 ™™ obtained from equation (6).
We thus adopt equation (10) as a good estimate for § in
this paper.

First, let us consider the magnetic field strength B.
We can easily see that the core contains the most dense
magnetic field compared to the component, as expected.
The same tendency can bee seen for NJ.

Secondly, we consider Ni®*” To investigate this
quantity, we must estimate the kinetic luminosity Ly,
[erg s7!]. For this purpose, we use the observed y-ray
luminosity. Since the observed -ray luminosity is com-
parable to that across all other frequencies (Maraschi et
al. 1994; von Montigny et al. 1995), it may be reasonable
to suppose that about 10% of the kinetic luminosity is
radiated in 7y-rays:

Q ..
0.1Lyin ~ 4—7rLg'S°>, (11)

where Q is the solid angle in which y-rays are beamed;
L% is the v-ray luminosity that would be realized if
~-rays were to be radiated isotropically. Substituting
L{%) ~ 10475 erg s~! in the quiescent state of 3C 279,
we obtain Ly, ~ 3 x 104" Qergs™!.

Consider the case when isotropic nonthermal electrons
in the relativistically moving blobs Thomson-scatter an
external isotropic radiation field. Then, the beaming pat-
tern of the y-rays goes as (T, ) = 6*72%(1 4 cos p)} ™=
(Dermer 1995). For a fixed value of I', f is maximized at
¢ = 0 and decreases with increasing ¢. When a = —1.0
and T = 3.0 for instance (see table 2), f(3, ¢) declines to
0.1 x f(3,0) at ¢ = 0.24 rad. Even if all of the v-rays
are produced isotropically in the blob frame via SSC [and
hence the beaming pattern goes as 63, see equation (2)
in Dermer (1995)], the flux decreases to 10% of its max-
imum (at ¢ = 0) at ¢ = 0.31 rad. Therefore, Q will be
at most 0.3%27 = 0.3 ster. On these grounds, we estimate
the upper limit of kinetic luminosity of 3C 279 to be

Lyin ~ 10*7ergs™1 (12)

in this paper. It may be worth comparing this upper limit
of Ly, with the value of 10%64! given by Celotti et al.
(1997). They further considered 18 other core-dominated
high-polarized quasars to find that 10%7 is a reasonable
estimate as the upper limit of Ly, for this class of AGNs.
If Ly, decreases from this value, the possibility of normal
plasma dominance further decreases.

[Vol. 51,

Using Ly, we can compute Ni®¥" by equa-

tion (9). The results of No®*") are presented in ta-

‘ble 2, together with the ratio Né‘(pair)/Ne*(mi"). If1 <

Ng®2in) Nx(min) - o 900 is satisfied, the component is
likely to be dominated by a pair plasma. Unless Ly, is
underestimated, N P / Nz (min)
unity.

It follows from table 2 that D, C3, and C4 are likely
to be dominated by a pair plasma. Unfortunately, for D
and C3, the errors cannot be calculated, because those

in v, and S, were not presented in the literature.

should be greater than

4. Discussion

In summary, we have derived a general condition that
a homogeneous component is optically thick for syn-
chrotron self-absorption. This condition gives the lower
limit of the proper electron number density, No (min) ,if it
is combined with the surface-brightness condition, which
gives the magnetic field. Comparing N; ™™ with the
density derived from the kinetic luminosity of the jet, we
can investigate whether we can exclude the possibility of
normal plasma (e”—p) dominance in an AGN jet in par-
sec scales. Applying this method to the “superluminal”
quasar 3C 279, using the published spectrum data of D,
C3, and C4, and adopting the equipartition Doppler fac-
tors, we find that all the three components are likely to
be dominated by a pair plasma.

If Ly, were to become comparable with 10*® erg s=1,
then the possibility of normal plasma dominance would
not be ruled out. However, we conjecture that such a
large value of Ly;, is unlikely, because most of the ob-
served vy-rays flux of 3C 279 is expected to be beamed
along the local propagation direction of the jet.

For a normal plasma, the energy distribution of elec-
trons may cut off at higher values, such as 102m.c?. In
this case, we have (y_) = 700 for @ = —0.5. Thus, the
electron density will be ~ 0.007Ns ") which further
lowers the possibility of normal plasma dominance.

Let us finally discuss how the ratio Ng (P2 /g (min)
depends on the Hubble constant. The results for Hy =
50kms~! Mpc~! and Hy = 100kms~!Mpc~! are pre-
sented in table 2. Note that the functions Ne (min) and
NZ2®*) depend on h, not only through the explicit fac-
tors in equations (6) and (9), but also through 4, I', and
¢. Nevertheless, there is no significant difference in their
ratio among h = 0.67, 1.00, and 1.33 cases. The con-
clusion of pair plasma dominance for the 3C 279 jet on
parsec scales is, therefore, not affected at all by the choice
of the Hubble constant.

Although the quasar 3C 279 is a ‘famous’ source, very
limited VLBI data are available to determine the spectral
profile of each component. Therefore, multi-frequency si-
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‘multaneous observations are required to conclusively ad-

dress the matter content of other components of 3C 279.
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