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Abstract.

The matter content of jets in active galactic nuclei is exadiin a new way. We model the
dynamical expansion of its cocoon embedded in the intrateiumedium (ICM). By comparing
the observed shape of the cocoon with that expected fromhrmrdtical model, we estimate the
total pressureR:) and electron temperatur@sf of the cocoon. The number density of the total
electrons ife-) is constrained by using the non-thermal spectrum of thespot and the analysis
of the momentum balance between the jet thrust and the russyme of ICM. Together with the
obtainedR;, Te andn,-, we constrain the matter content in the jets. We find thathendase of
Cygnus A, the ratio of number density of protons to that otetms is of order of 10° . This
implies the existence of a large number of positron in the jet

INTRODUCTION

The matter content in extragalactic jet is one of the prinsalies for resolving the
jet formation mechanism in active galactic nuclei (AGNs) [2owever it has been a
longstanding problem over the years, since it is hard tolgetetectromagnetic signal
from the component such dkermal electrons and/or protons co-existing with non-

thermal electrons. So far, at the sub-pc scale inner jetnlynainree approach have
been proposed to constrain the plasma content in AGN jety &he based on the (i)
synchrotron self-absorption analysis [7| 12, 8], (ii) tHeserved circular polarization
[17], and (iii) the constraint from the absence of bulk-Caompemissioni[14]. As a
complementary approach, the constraints from the hydraxayecal interaction between
the large scale jet (100kpc-Mpc) and intra-cluster medil@M) has been recently
proposed![9]. In the proceeding, a new approach to consbraithe matter content is
presented, by the combination of cocoon dynamics and nematil emission analysis
at the hot spot (see Figl. 1).

THE COCOON MODEL
Here we define a key parametgidescribing the degree of baryon loading

Np = NNe-, (1)

wherenp andng- are the total number densities of protons and electronseidisoon,
respectively. The case gf= 0 corresponds to pues” plasma while) = 1 corresponds
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FIGURE 1. Left: X-ray image of Cygnus A bghandra[L€]. Right: A cartoon of the cocoon expansion
in powerful FR Il sourcel]3,10].

to the pure electron-proton plasma. The total number dessif positron is expressed
ashe: = (1—n)ne- by the charge neutral condition. The number density of memrbal
(hereafter “NT”) electrons is written ag)'. Main assumptions in this work are as
follows; (i) a jet velocityv;(= Bic) is a relativistic one, (ii) the kinetic powdr; and
mass fluxJ; of the jet is constant in time, (iiil; is all deposited into the cocoon as the
internal energyl[13], (iv) the shocked matter pressure isidated by thermal plasma,
and (v) the electrons and protons are separately therrddigshock heating and they
become two temparature phase (i(@,= %Tp) whereTe andTp are the electron (and
positron) temperature and proton temperature).

The time-averaged mass and energy injection from the vedaiti jet into the cocoon,
which govern pressur@. and mass densitg. of the cocoon are written as
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wherefs, Ve, tage T, Jj, Ay, are the adiabatic index of the plasma in the cocoon, the
volume of the cocoon, the source age, the energy and masd the jet, and the cross-
sectional area of the jet, respectively. The condition ¢fi get lead toT.%! = pc*I Py,

J = pjv; wherep;, andl’; are mass density and bulk Lorentz factor of theljet [4]. It is
useful to define the ratio of "the volume swept by the unshockéativistic jet" to "the
volume of cocoon" which is written ag’ = (AVjtage) /Vc. Here we sefy = rrRﬁs and

Ve = (211/3) %213, whereRys, #, andlps are the size of the hot spot, the aspect-ratio of
the cocoon and the distance from the central core to the lodt igspectively. Together
with these basic equations and two temperature conditiercam expres, Tp, Ne, and
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CONSTRAINTSON THE BARYON LOADING

In principle, we can determing if we know the value offe, n.-, andFP, since the sum
of the pressures of electrons, positrons and protons isenrésP. = (Ng- + Ne+ )KTe +
NpkTp = (2 — N)Ne-KTe + Nne- (Mp/me)KTe. RegardingkTe, we have directly obtained
the result ofkTe = 3F,-mec2 (in Eq. (3)). As forP., we independently obtained it by
solving the dynamics of cocoon expansion! [18]. can be constrained with the aid
of the observational property of the hot spot (see detailjrL0]). In general, the
number density of NT electron is smaller than that of totatipes. From this, we
can estimate the minimum value of the total electromasy, = min[ljn; - &/] ~

5x 10-°(n{T/10~3cm=3) (.7 /0.05) wheren)T is the number density of NT electrons
in the hot spot. Here we used the relativistic shock juncbetween the jet and hot
spot [5]. The upper limit of the number density of total eteas can be obtained by
solving the balance between the thrust of the jet and the rasspre of the ICM. The
maximumn,- corresponds to the case of puge plasma sustaining the ram pressure
of the ICM. Ng- ey = Max(T"j o7 /me] ~ 1 x 10-3(I"j/10) (<7 /0.05)(nicm/10-2cm3).
Here the mass-density ratio can be estimated, agyx/picm = (Brs/Tj)? ~ 1074 (Eq.
(8) in [<]).

In Fig.[d, we show the resultant- andnp of Cygnus A. Based our study of Cygnus
A [10, [11], we estimate the allowed range Rf as 8x 10~ %yn cni? < P, < 4 x
10~%dyn cn1? is P (in gray-color) which is consistent with other estimate &fl6].
Since we do not have a consistent valuengf below P; = 8 x 10-1%yn cnt 3, the
region below it is ruled out. It is useful to define the criticacoon pressure &8 =
max[2nekTe] = 3 x 10-8dyn cnm2. WhenP;, > P is satisfied, the baryon loading
is determined byn = (2mg/mp)(P: — PY)/P:. In other words, the baryon loading is
inevitably required to support the cocoon. Furthermoresabse of the condition of
NpKTp > (Ng- + N+ )KTe, “proton-supported” cocoon will be realized. Bel®y, n only
has an upper limit such as0n < (2me/mp)(P. — PY)/P:. We find that the Cygnus A
corresponds to this regime and the baryon loadings ¢’ (10-3).

SUMMARY AND DISCUSSION

The matter content of jets in active galactic nuclei is exadi The key point is that the
quantities ofTe, Ne-, andP; can be constrained independently. By comparing theotetica
model of cocoon expansion and observation, we constraif.ttwedT.. The value oh,-

is constrained is constrained by using the non-thermaltgpamf the hot spot and the
analysis of the momentum balance between the jet thrustrenidiim pressure of ICM.
Combining these quantities, we constrain the matter comethe jets. The analysis is
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FIGURE 2. The number densities of electrons and protons in Cygnus AITM pressure is estimated
asP; = 8 x 10 dyne cnv? [[1]. The proton number density is orderf10-2 of electrons.

focused on Cygnus A. We find thgt~ ¢(10~3) in the case of Cygnus A. As for the
number density, this agree with the suggestion of largerbairdensity ok~ e™ plasma
by [€,114,15]. Furthermore [14, 15] suggest that kinetic ppof baryon is larger than
that of leptons. We keep this as the important future ingasion.
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