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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 Gomez 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) 

* Present address: National Astronomical Observatory, Mitaka, 
Tokyo 181-8588. 

f Present address: The Institute of Space and Astronautical Sci
ence, Yoshino-dai, Sagamihara, Kanagawa 229-8510. 

and concluded that the core is probably dominated by 
an e± 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 iVe* [cm-3] of the jet, and derived the fol
lowing constraint for the core to be optically thick for 
self-absorption: N*B2 > 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 
d(a) 0.93 
e(a) 2.27 x 104 

3.2 
1.79 

3.42 x 105 

3.6 
4.12 

1.08 x 107 

3.8 
11.6 

5.75 x 108 

t ha t have been made in this paper. We use a Hubble con
s tant of HQ = 75h km s _ 1 M p c - 1 and qo = 0.5 through
out this paper for computing physical sizes. For 3C 279, 
z = 0.538; therefore, 1 mas corresponds to 4.9fo_1 pc. 
The spectral index a is defined by Su oc va. 

2 . C o n s t r a i n t s o n M a g n e t i c F l u x a n d Part i c l e 
D e n s i t i e s 

In this paper, we model the components in an AGN jet 
with redshift z as homogeneous spheres of angular diam
eter #d [mas], containing a tangled magnetic field B [G] 
and relativistic electrons which give a synchrotron spec
t r u m with optically thin index a and maximum flux den
sity 5m [Jy] at frequency i/m [GHz]. We can then compute 
the magnetic field density as follows (Ghisellini 1992): 

B = 10-56(a)S-2i4«3 
1 

where S is the beaming factor, defined by 

1 

T{l-0cos<pY 

(1) 

(2) 

where T = 1 / \ A - (32 is the bulk Lorentz factor of the 
jet component moving with velocity /3c, and ip is the ori
entation of the jet axis to the line of sight. The coefficient 
6(a) is given in Ghisellini (1992) and presented in table 1 
for user convenience. Both T and ip can be uniquely 
computed from 5 and /3appc, the apparent velocity of the 
component, as follows: 

/?a2pp + *2 + 1 
26 

(3) 

where the coefficient d{a) is tabulated in table 1. Sub
st i tut ing equation (1) into (5), we obtain the lower limit 
o f j v ; , 

JV*(min) = e ( a ) (1+ z)2h sin if 4a_7 Aa-5 

xs: -2a+3 
1 + 2 

2 a - 3 

(6) 

The coefficient e (a ) is also tabulated in table 1. 
We can judge whether the possibility of normal plasma 

dominance is excluded, by comparing JVe
 m with iVe* 

derived from the kinetic luminosity, L^-m [erg s - 1 ] . Lkin 
is expressed in terms of iVe* as follows: 

Lkin = TTR2PCN;T(Y - l ) [ ( 7 - ) m e + <7+>™+]c2, (7) 

where ( 7 . ) and (7+) refer to the averaged Lorentz factors 
of electrons and positively charged particles, respectively; 
ra+ designates the mass of the positive charge. In a pure 
pair plasma for instance, we obtain (7+) = ( 7 - ) and 
ra+ — rae, while in a normal plasma, we obtain (7+) = 1 
and ra+ = rap, where rap is the rest mass of a proton. 

For a pure pair plasma, solving equation (7) for iV"e, we 
obtain 

jvr<pair) = i . i x 103 (l + z)2h MI 

z(i + z/4)\ 6>^r(r-i)(7_>' 
(8) 

where L47 = Lk i n / ( 10 4 7 e rgs _ 1 ) . Supposing ( 7 - ) « 
10 [for a detailed argument, see e.g., equation (5) of 
Reynolds et al. 1996], we obtain 

W*(pair) _ 1 1 Q 
(l + z)2h 

z(l + z/4) 
L47 

^r(r- i ) -
(9) 

On the other hand, for a normal plasma, equation (7) 

gives an electron density of O.OliVe lr . Therefore, the 

possibility of normal plasma dominance can be excluded, 

if 0.01iVe*
(pair) « 7Ve*(min) < iVe*

(pair); the former inequal-

ity is equivalent to iVe *(pair) /yy*min < 100. The discus
sion presented in this section can be applied to arbi trary 
components or cores of parsec-scale AGN jets . 

(p = t an 2A app 

/%>o + * 2 - l 
(4) 3 . A p p l i c a t i o n to 3C 279 J e t 

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

N:B - a + 1 . 5 > 10" 4 d(a ) 

1 + 2 

(1 + z)2h simp 

z(l + 2/4)"£T 
- a + 1 . 5 

- a + 2 . 5 (5) 

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

The values of a, i/m, and Sm of several components 
have been reported in the literature. Unwin et al. 
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Table 2. Magnetic field and electron densities of components. 

265 

Component D C3 C4 C4 

Epoch 1983.10 1983.10 1989.26 1990.17 

ph [mas] 0.0 1.23/0.75a 1.18/0.75b 1.26/0.75b 

(3apph 2.2/0.75a 2.2/0.75a 2.8/0.75b 2.8/0.75b 

i/m [GHz] 13.0a 6.8a 11 ± 2C 11 ± 2C 

Sm [Jy] 6.2a 9.4a 4.38 ± .36b 4.61 ± . 2 1 b 

a - 1 . 0 a - 1 . 0 a - 0 . 9 b - 0 . 9 b 

0d [rad] 0.75a 0.95a 0.55 ± .22b 0.66 ± . l l b 

Seq
c 2.5 9.5 4 .6^° 6

7 3.21J;* 

1 eq 0.2 O.O « 3 . 9 _ Q i ^ ' ^ — 0.2 

ipeq [rad]c 0.40 0.060 0.21±°;if 0.311°;°^ 

B [G]c 0.19 0.031 0.0S6t°o°ott O-H-o'.Sa 

AC (min) [cm"3]c 350 14 100±J| 150itoo 

JVe*
(pair) [cm"3] c 450L47 8.4L47 4 8 0 i ^ 0 L 4 7 340 l J^L 4 7 

iVe*
(pair)/AT;(min)c I.3L47 O.59L47 4.8i36

3
2L47 2.2lJ;5L47 

ATe*
(pair)/Ar;(min) (h = 0.67)d O.2OL47 I.8L47 0.95iJ°7°L47 0.36iJ;^L4 7 

A^e* (pa i r )/^; (min) (h=l.S3)e 0.43L47 ' 1.3L47 1.4lJ;|L47 0.72J£?°Z,47 

e1*1 dominated? likely yes likely yes likely yes likely yes 

a Prom Unwin et al. (1989). 
b From Carrara et al. (1993). They gave i/m ~ 11 GHz and a = —0.9 above their equation (1). In addition, Sm are 0d listed 

in their table 2. 
c The values for Ho = 75 km s _ 1 M p c - 1 are presented. L47 = Lkin/1047erg s - 1 (see text). 
d The values for Ho = 50 km s - 1 M p c - 1 are presented for comparison. 
e The values for Ho = 100 km s _ 1 M p c - 1 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 0& 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 AC from equation (6), we must con
strain S and (p. In order to obtain a severe constraint 
in 7\C , we must know the upper limit of 5 or its 
appropriate value, calculated based on some reasonable 
assumptions. Unfortunately, we cannot constrain its up
per limit. Nevertheless, assuming energy equipartit ion 
between the magnetic field and the radiating particles, 
we can estimate S by the so-called equipartition Doppler 
factor (Readhead 1994), 

S — SeQ 

103F(a) n 3 4 r 

0d 

2(A/1.33) 
(1 + *) 

15-2a 

1 - 1/N/T + ^J 

N l / (13-2a) 

x S ^ I O 3 ^ ) - 3 5 - 2 * (10) 

where F(a) is given in Scott and Readhead (1977). The 
resultant values of 8eq of each component computed from 
#d> Smi and i/m, are presented in table 2. 

There is much justification in adopting the equiparti
tion Doppler factor. As Giiijosa and Daly (1996) pointed 
out, the 5eq 's of various AGN jets have a high correlation 
with (J(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 S equals 
5eq.) Moreover, the rat io Seq/5 depends weakly on the ra-
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tio UP/UB, where up and UB 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 8eq/8 = (UP/UB)2^17 (Readhead 1994). 

Instead of substituting 8 = Seq in equation (6), we can 
actually compute iVe* from up — ug, provided that B is 
known from equation (1). The results of N* do not sig
nificantly differ from Ne obtained from equation (6). 
We thus adopt equation (10) as a good estimate for 8 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 TV*. 

Secondly, we consider Ae* (pair) To investigate this 
quantity, we must estimate the kinetic luminosity Lkin 
[erg s - 1 ] . For this purpose, we use the observed 7-ray 
luminosity. Since the observed 7-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 7-rays: 

j lr( iso) 
4TT ^ ' 

0 . 1 L k i n « ^ L V s ° ; , (11) 

where Q is the solid angle in which 7-rays are beamed; 
L^so) is the 7-ray luminosity that would be realized if 
7-rays were to be radiated isotropically. Substituting 
- (iso) 10 ,47.5 -,-1 erg s~" in the quiescent state of 3C 279, 

we obtain Lkin ~ 3 x 104 7f iergs - 1 . 
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 7-rays goes as / ( r , (/?) — 84~2a(l + cos y?)1_a 

(Dermer 1995). For a fixed value of T, / is maximized at 
tp = 0 and decreases with increasing ip. When a = —1.0 
and T = 3.0 for instance (see table 2), / ( 3 , (p) declines to 
0.1 x /(3,0) at <p = 0.24 rad. Even if all of the 7-rays 
are produced isotropically in the blob frame via SSC [and 
hence the beaming pattern goes as 83~a, see equation (2) 
in Dermer (1995)], the flux decreases to 10% of its max
imum (at tp = 0) at (p = 0.31 rad. Therefore, ft will be 
at most 0.327r = 0.3 ster. On these grounds, we estimate 
the upper limit of kinetic luminosity of 3C 279 to be 

Lku 1047ergs_1 (12) 

in this paper. It may be worth comparing this upper limit 
of Lkin with the value of 104 6 4 1 given by Celotti et al. 
(1997). They further considered 18 other core-dominated 
high-polarized quasars to find that 1047 is a reasonable 
estimate as the upper limit of Lkin for this class of AGNs. 
If Lkin decreases from this value, the possibility of normal 
plasma dominance further decreases. 

*(pair) 
Using Lkin, we can compute Nc by equa

tion (9). The results of JVe are presented in ta

ble 2, together with the ratio Ae* (pair )/AC (min). If 1 < 
*(pair) M r*(min) /AC <C 100 is satisfied, the component is N< 

likely to be dominated by a pair plasma. Unless Lpair is 

underestimated, i\C r /Ne should be greater than 
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 i/m and 5m were not presented in the literature. 

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, Ne n , if it 
is combined with the surface-brightness condition, which 
gives the magnetic field. Comparing N* :(min) 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 Lkin were to become comparable with 1048 erg s - 1 , 
then the possibility of normal plasma dominance would 
not be ruled out. However, we conjecture that such a 
large value of Lkin is unlikely, because most of the ob
served 7-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 102mec2. In 
this case, we have (7.) « 700 for a = —0.5. Thus, the 
electron density will be ~ 0.007iV"e a , which further 
lowers the possibility of normal plasma dominance. 

Let us finally discuss how the ratio AC r '/AC m 

depends on the Hubble constant. The results for Ho = 
5 0 k m s _ 1 M p c _ 1 and H0 = lOOkms -1 M p c - 1 are pre
sented in table 2. Note that the functions 7V"e* and 
Ne depend on /i, not only through the explicit fac
tors in equations (6) and (9), but also through 8, T, and 
(p. 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 mat te r content of other components of 3C 279. 

R e f e r e n c e s 

Caxrara E.A., Abraham Z., Unwin S.C, Zensus J.A. 1993, 
A&A 279, 83 

Celotti A., Padovani P., Ghisellini G. 1997, MNRAS 286, 415 
Cotton W.D., Counselman C.C. Ill, Geler R.B., Shapiro 

I.I., Wittels J.J., Hinteregger H.F., Knight C.A., Rogers 
A.E.E. 1979, ApJ 229, L115 

Dermer C.D. 1995, ApJ 446, L63 
Despringre V., Fraix-Burnet D. 1997, A&A 320, 26 
Ghisellini G., Celotti A., George I.M., Fabian A.C. 1992, 

MNRAS 258, 776 
Gomez J.L., Alberdi A., Marcaide J.M. 1993, A&A 274, 55 
Gomez J.L., Alberdi A., Marcaide J.M. 1994a, A&A 284, 51 
Gomez J.L., Alberdi A., Marcaide J.M., Marscher A.P., 

Travis J.R 1994b, A&A 292, 33 
Guijosa A., Daly R.A. 1996, ApJ 461, 600 
Hirotani K., Iguchi S., Kimura M. Wajima K. 1998, ApJ sub

mitted 

Maraschi L., Grandi P., Urry CM., Wehrle A.E., Madejski 
G.M., Fink H.H., Ghisellini G., Hartman R.C. et al. 1994, 
ApJ 435, L91 

Marscher A.P. 1987, in Superluminal Radio Sources, ed J.A. 
Zensus, T.J. Pearson (Cambridge University Press, Cam
bridge) p280 

Pauliny-Toth I.I.K., Preuss E., Witzel A., Graham D., 
Kellerman I.I., Ronnang B. 1981, ApJ 86, 371 

Readhead A.C.S. 1994, ApJ 426, 51 
Reynolds C.S., Fabian A .C , Celotti A., Rees M.J. 1996, MN

RAS 283, 873 
Scott M.A., Readhead A.C.S. 1977, MNRAS 180, 539 
Sol H., Pelletier G., Asseo E. 1977, MNRAS 237, 411 
Unwin S.C, Cohen M.H., Biretta J.A., Hodges M.W., Zensus 

J.A. 1989, ApJ 340, 117 
Unwin S.C, Wehrle A.E., Xu W., Zook A .C , Marscher 

A.P. 1998, in IAU Colloquium 164: Radio Emission from 
Galactic and Extragalactic Compact Sources, ASP Conf. 
Ser. 144, p69 

von Montigny C, Bertsch D.L., Chiang J., Dingus B.L., 
Esposito J.A., Fichtel C.E., Fierro J.M., Hartman R.C. 
et al. 1995, ApJ 440, 525 

Wardle J .F .C , Homan D.C., Ojha R., Roberts D.H. 1998, 
Nature 395, 457 

© Astronomical Society of Japan • Provided by the NASA Astrophysics Data System 

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/51/2/263/2949133 by U

.S. D
epartm

ent of Justice user on 16 August 2022


