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ABSTRACT

We examine the plasma composition of relativistic jets in four FRII radio galaxies by
analyzing the total cocoon pressure in terms of partial pressures of thermal and non-
thermal electrons/positrons and protons. The total cocoon pressure is determined
by cocoon dynamics via comparison of theoretical model with the observed cocoon
shape. By inserting the observed number density of non-thermal electrons/positrons
and the upper limit of thermal electron/positron number density into the equation
of state, the number density of protons is constrained. We apply this method to four
FRII radio galaxies (Cygnus A, 3C219, 3C 223 and 3C 284), for which the total co-
coon pressures have been already evaluated. We find that the positron-free plasma
comprising of protons and electrons is ruled out, when we consider plausible parti-
cle distribution functions. In other words, the mixture of positrons is required for
all four FRII radio galaxies; the number density ratio of electrons/positrons to pro-
tons is larger than two. Thus, we find that the plasma composition is independent
of the jet power and the size of cocoons. We also investigate the additional contribu-
tion of thermal electrons/positrons and protons on the cocoon dynamics. When ther-
mal electrons/positrons are absent, the cocoon is supported by the electron/proton
plasma pressure, while both electron/positron pressure supported and electron/proton
plasma pressure supported cocoons are allowed if the number density of thermal elec-
trons/positrons is about 10 times larger than that of non-thermal ones.
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1 INTRODUCTION

Formation mechanism of relativistic jets in active galac-
tic nuclei (AGNs) and its connection to the accretion
disk remain as an open issue in astrophysics (e.g., Rees
1984; Meier 2003; McKinney 2006; Komissarov et al. 2007;
Tchekhovskoy et al. 2011; McKinney et al. 2012; Toma &
Takahara 2013; Nakamura and Asada 2013; McKinney et
al. 2014; Ghisellini et a. 2014). The plasma composition is
one of the issues that impede our understanding of AGN
jets (e.g., Begelman et al. 1984 for review), because it is
difficult to explore properties of bulk population such as
low energy electrons/positrons and protons, whose emission
timescale is too long and the relevant frequency is far be-
low the observable range. Since the total kinetic power of
AGNs is proportional to the mass density of jets, the power
depends on the composition of outflowing matter. Thus, an
uncertainty in matter contents results in an uncertainty of
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the total power, which is one of the basic physical quan-
tities describing the jets. The evaluation of the actual ki-
netic power of jets is essential to understand the energetics
and evolution of radio lobes (e.g., Falle 1991; Bicknell 1994;
Kaiser & Alexander 1997; Kino & Kawakatu 2005; Ito et
al. 2008; Kawakatu et al. 2008; Nakamura et al. 2008; God-
frey & Shabala 2013; Maciel & Alexander 2014). Also, the
composition is closely linked to the formation mechanism
of relativistic jets since the acceleration and deceleration of
jets near supermassive black holes strongly depend on the
plasma compositions (e.g., Blandford & Znajek 1977; Bland-
ford & Payne 1982; Phinney 1982; Konigl 1989; Sikora 1996;
Inoue & Takahara 1996).

Up to now, the plasma composition of AGN jets, espe-
cially the fraction of kinetic energy stored in protons and
cold leptons, has been investigated by a large number of
papers. Because of the low radiative efficiencies, it is diffi-
cult to detect electromagnetic signals from these particles.
To constrain the plasma compositions of discrete blobs in
blazar jets, a variety of approaches have been proposed, on
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the basis of the synchrotron self-absorption for M87, 3C279
and 3C 345 (e.g., Reynolds et al. 1996; Hirotani et al. 1999,
2000; Hirotani 2005) and on the basis of the detection of
circular polarization of the radio emission in 3C 279 jets
(Wardle et al. 1998; Homan 2009). These indirect arguments
have suggested the existence of electron/positron plasma in
jets (see, however, Celotti & Fabian 1993; Ruszkowski &
Begelman 2002). Another approach to estimating the elec-
tron/positron pair plasma composition of blazar jets is the
detection of bulk-Compton emission, which was proposed
by Begelman & Sikora (1987) [see Sikora & Madejski (2000);
Moderski et al. 2004; Celotti, Ghisellini & Fabian 2007]. This
method is applied to the blazar-scale knots (Kataoka et al.
2008; Watanabe et al. 2009; Ghisellini & Tavecchio 2010;
Ghisellini 2012; Sikora et al. 2013) and the kiloparsec-scale
ones (Georganopoulos et al. 2005; Uchiyama et al. 2005;
Mehta et al. 2009). They have concluded that the kinetic
power in AGN jets is carried mainly by protons, although
the electron/positron pairs can dominate in the number of
particles in the jets. The jet composition was derived by the
dynamics of the internal shock scenario and/or the compar-
ison of the total radiated power with bulk kinetic energy of
cold electrons. Thus, the concrete answers depend on un-
known parameters, especially the actual total kinetic power
L;. Note that it is essential to consider the thermal compo-
nent of AGN jets in discussing the jet power (e.g., Kino &
Takahara 2008).

Kino, Kawakatu & Takahara 2012 (hereafter KKT12)
proposed a new approach for testing plasma composition of
AGN jets by using cocoon dynamics, since invisible plasma
(low energy electrons/positrons and protons) as well as non-
thermal particles plays a role for the expansion of cocoons
(e.g., Hardcastle & Worrall 2000; Croston & Hardcastle
2014). In particular, we focused on FRII radio galaxies, to
avoid the contamination due to jet/lobe entrainment pro-
cess of surrounding medium via the boundary layer of FRI
jets (Bicknell 1994; Kaiser 2000; Laing & Bridle 2002; Laing
et al. 2006). In contrast to FRIs where entrainment occurs
via the boundary layer of FRI jets (Bicknell 1994; Kaiser
2000; Laing & Bridle 2002; Laing et al. 2006), the relativis-
tic hydrodynamic simulations have shown no significant jet
entrainment for FRIIs (Sheck et al. 2002; Mizuta et al. 2004;
Mizuta et al. 2010). As a pilot study, in KKT12 we applied
this method to Cygnus A, which is one of well-studied FRIIs
(e.g., Carilli & Barthel 1996), and found that plenty of elec-
tron/positron pairs are required in Cygnus A.

Our goal of this paper is to investigate whether not only
Cygnus A jets but also jets of other FRIIs include a signifi-
cant amount of electron/positron pairs. For this purpose, to
increase the number of samples is evidently crucially impor-
tant for exploring general properties of FRII jets. In order to
increase samples, in this paper we constrain the minimum
number density of electrons/positrons by the non-thermal
X-ray emission of the lobes, instead of using the particle
supply from hot spots. On the other hand, the surround-
ing ICM densities and pressures are essential to estimate
the AGN jet power and the source age, and in particular
total cocoon pressure. Although non-thermal X-rays have
been detected for nearly a hundred objects, good quality ob-
servations of surrounding ICM is available only for several
FRIIs. Thus, we apply this method to four well-examined
FRIIs (Cygnus A, 3C219, 3C223, and 3C284), for which the

total cocoon pressure has been already evaluated by Ito et
al. (2008) (hereafter 108). Moreover, the jet power and the
cocoon size of Cygnus A are smaller than the other three
FRIIs. Thus, by using these four FRIIs, we can examine
whether the plasma composition depends on a jet power
and a size of cocoon, which could be useful to consider the
formation mechanism of FRII jets.

In §2, we briefly describe the method, problem setting
and dynamical estimate of the total pressure in the AGN
cocoon, following KKT12. In §3, using this method, we in-
vestigate the plasma composition of four FRII radio galaxies
(Cygnus A, 3C 219, 3C 223 and 3C 284). Summary is given
in §4.

2 METHOD OF CONSTRAINING PLASMA
COMPOSITION

2.1 Basic idea of the method and problem setting

On the basis of KKT12, we briefly summarize our method to
constrain the plasma composition in AGN jets. The method
can be divided into three steps as follows; (i) The total co-
coon pressure P°" is determined by cocoon dynamics follow-
ing 108 where they obtained P°® via comparison of the ex-
panding cocoon model with the observed cocoon shape. Note
that the estimation of P!' is independent of the plasma
composition. (ii) The total cocoon pressure is expressed by
the equation of state as the sum of partial pressure of each
plasma component and magnetic field. Importantly, in the
equation of state Pt°* depends on the plasma compositions
and particle distribution functions; e.g., if the positrons are
absent in cocoons, the required proton pressure would be
larger than the total cocoon pressure, while the pure elec-
trons/positrons jets may result in too many thermal elec-
trons/positrons which would conflict with X-ray observa-
tions. We here take the average energy per each particle
(electrons/positrons and protons) in the cocoon into ac-
count. This strongly depends on the interaction between
protons and electrons/positrons, and thus several represen-
tative cases should be considered. (iii) The number den-
sity of electrons/positrons can be bounded by maximum
and minimum values derived by the absence of relativis-
tic thermal bremsstrahlung emission from the cocoon and
the non-thermal emission from the cocoon, respectively. By
inserting obtained quantities (the number density of elec-
trons/positrons and the average energy per each particle)
into the equation of state along with the assumption of
charge neutrality condition, we can constrain the number
density of electrons/positrons and protons. In the following
sections, we will explain the individual steps in §2.2, 2.3 and
2.4.

2.2 Total cocoon pressure P:°

The over-pressured cocoon model was initially proposed by
Begelman and Cioffi (1989) in which the dissipated energy
of jet bulk motion is the origin of the total pressure of co-
coon and a cocoon of FR IIs is expected to be over-pressured
against ICM pressure (Prcm) with a significant sideways ex-
pansion. Therefore, the assumption of P!°* = Picm is not
valid. Kino & Kawakatu (2005) proposed a new method
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to estimate the total jet power and source age, by using
a cocoon model which includes the growth of head cross-
sectional area of the cocoon and the declining mass density
of ICM. By comparing the revised cocoon model with the ac-
tually observed morphology of the cocoons, we have already
suggested the method of dynamical constraint on P°* (Kino
& Kawakatu 2005; 108). Note that the reliability of the ex-
panding cocoon model was well examined in Kawakatu and
Kino (2006), was supported by the results of relativistic hy-
drodynamical simulations (Scheck et al. 2002; Perucho &
Marti 2007; Mizuta et al. 2010) and was applied to various
radio lobes (e.g., Machalski et al. 2010).

Following 108, for the given density of ICM, picwm, the
total pressure of cocoon, P!°*and the head cross-sectional
area of the cocoon, Ay are given as functions of the jet
power Lj and the source age tage. Thus, from the condition
of overpressure, P{°* > Picm (Kino & Kawakatu; 108), and
the comparison with observed Ay, we can dynamically con-
strain L;j and ¢age (see Table2 in 108). Moreover, the energy
equation of cocoons is obtained as

5 PV
A—1 tage

2L;. (1)

We here assume 4 = 4/3, since the cocoon is expected to be
dominated by relativistic particles for FRIIs (e.g., Begelman
and Cioffi 1989, Kino et al .2007). Note that for FRIs some
evidence for the non-relativistic thermal emission has been
reported (e.g., Garrington & Conway 1991; Seta et al. 2013,;
O’Sullivan et al. 2013; Stawarz et al. 2013), but not for FRIIs

Since P = Lijtage/2V, we can dynamically estimate
total pressures Pi°" by measuring the volume of cocoon V =
2(m/3)R?LS?, where the linear size of the cocoon along the
jet axis LS, the aspect ratio of the cocoon R =1./LS < 1,
where [. is the lateral size of the cocoon. Since the observed
quantities (i.e., LS and R, An, picm and Picm) have some
uncertainties, the actual Pf°" is bounded by maximum and
minimum values

Pmin < —PctOt < Pmax« (2)

Thus, we can constrain the total pressure of cocoon
P!°' which includes the partial pressures of non-radiating
particles, i.e., thermal electrons/positrons and thermal /non-
thermal protons. The estimation of P°* has been already
performed by 108 for four FRII galaxies (Cygnus A, 3C 219,
3C 223 and 3C 284), and here we adopt these values in 108.

2.3 Equation of State in Cocoons

We first express the total pressure as the sum of the par-
tial pressures, and then the partial pressures are evaluated

1 From a theoretical point of views, a mass transfer to extended
lobes of FRIIs may occur (Kaiser et al. 2000). This would hap-
pen through Rayleigh-Taylor instability in the interface between
the lobe and the ambient ISM and/or ICM. However, such an in-
stability starts to grow after the jets have stopped supplying the
cocoon with the energy (e.g., Reynolds, et al. 2002). This process
would be less important for supersonic expanding cocoons like
FRIIs.

© 2015 RAS, MNRAS 000, [HI3I

by setting reasonable particle distribution function of non-
thermal/thermal population and the average energy per par-
ticles.

Firstly, a total cocoon pressure P°" is generally ex-
pressed as

P =P+ P+ Py + PY 4 Py P P, (3)

where PT, Pf7 PPT7 PNT, PJFNT7 PII,\IT7 and Pg are, the par-
tial pressures of thermal (T) electrons, thermal positrons,
thermal protons, non-thermal (NT) electrons, non-thermal
positrons, non-thermal protons, and a magnetic pressure re-
spectively. In relativistic regime, distinction between ther-
mal and non-thermal components is not trivial but they
can be characterized by average random Lorentz factor. In
this paper, we suppose that the thermal component has a
Maxwellian-like distribution characterized by its tempera-
ture, while the non-thermal one refers to particles following
a power-law or a broken power law distribution characterized
by the power-law index and minimum and maximum ener-
gies, and by break energy for a broken power law. Since we
consider relativistic plasma, thermal particles correspond-
ingly have relativistic temperature. Details are described be-
low (see also §2.2 in KKT12). Observationally, ratio of mag-
netic pressure to that of non-thermal electrons/positrons is
Ps/PYT =0.01 -1 (e.g., Isobe et al. 2002; Isobe et al. 2005;
Kataoka & Stawarz; Croston et al. 2005; Tashiro et al. 1998,
2009; Hardcastle & Croston 2010; Yaji et al. 2010; Isobe et
al. 2011; Stawarz et al. 2013; Isobe & Koyama 2015). The
total energy stored in the cocoon exceeds the energy derived
from the minimum energy condition for the energy of radi-
ating non-thermal electrons and magnetic fields by a factor
4 — 310 for four FRIIs applied in this paper (see Table 3 in
108). It means that the magnetic pressure is a minor con-
tribution for cocoon dynamics. Thus, we here neglect the
magnetic pressure in a large scale lobe (> 10kpc) .
Secondly, we evaluate the partial pressure of each
plasma component. As a standard case, we suppose a single
power-law distribution with a spectral index of non-thermal
electrons/positrons and protons, s, is larger than two, as the-
oretical work on relativistic shocks suggests (e.g., Bednarz
and Ostrowski 1998; Kirk et al. 2000; Achterberg et al. 2001;
Spitkovsky 2008; Sironi and Spitkovsky 2011; Park, Capri-
oli & Spitkovsky 2014) and as the radio lobes of Cygnus A
show 2 < s, < 3 (e.g., Carilli et al. 1991; Yaji et al. 2010) as
well as other FRIIs (e.g., Comastri et al. 2003; Croston et
al. 2004). The particles at the lowest energy are main car-
rier of non-thermal electron/positron and proton pressures.
As an additional case, we also consider a broken power-law
for non-thermal electrons/positrons. If this is the case, the
electrons/positrons at the break energy are main carrier of
non-thermal electron/positron pressure. Using these parti-
cle distributions, we can describe the total cocoon pressure
as a function of five number densities and four average en-
ergies per particle using the charge neutrality condition (see
§2.3.1). Theoretically, the determination of lowest energy for
the non-thermal particles is one of the most important issues
because it is directly linked to the injection processes from a
thermal pool to a non-thermal component (e.g., Spitkovsky
2008; Sironi and Spitkovsky 2011). Moreover, the acceler-
ation efficiency of electrons/positrons and protons and the
coupling between the electrons/positrons and protons are
still under debate. Therefore, we pick up several plausible
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Figure 1. Sketches of the particle distribution function for elec-
trons/positrons and protons in cases (I) , (II) and (III). Case (I) is
expected by the standard Fermi acceleration which predicts that
some fraction of thermal particles are converted into non-thermal
one with the inefficient coupling between electrons/positrons and
protons. Case (II) corresponds to the efficient coupling between
electrons/positrons and protons. In case (III) non-thermal elec-
trons/positrons obey a broken power law distribution function
with se;1 < 2 and se2 > 2.

cases of the particle distribution functions and then deter-
mine these nine quantities for each case (see cases (I) , (II)
and (III) in Fig. 1) in §2.3.2 and 2.3.3.

2.8.1 General properties

We denote the number densities of protons, np, positrons,
n+ and electrons, n_ as follows:

e = g tny
n. = nt + nle,
ny = n$ + niT,
ny = n_+ng, (4)

where n4 is the sum of the total number densities of
electrons and positrons. Hereafter, the superscripts T and
NT represent thermal and non-thermal components, respec-
tively. In this paper, the number density of electrons, n_,
positrons, ny and protons, n, are related by the charge neu-
trality conditions;

ni=n_—n,=(1-nn-, (5)

where we define the number density ratio of total protons
to total electrons 7 as follows;

- ™
no= (6)
The case of n = 0 corresponds to pure et plasma, while
1 = 1 corresponds to the pure e/p plasma. Thus, the number
of unknown is five. On the average energy (Lorentz factor)
per particle for each population, we set four quantities as
follows, i.e.,

T NT T NT 7
€+ ,€+ € ,€p ()

where we here suppose e = e} = €= and fT = T = 7T,

As a result, we have in total nine unknown parameters here.
Using these nine quantities, we describe the total cocoon
pressure, P°* below.

For the the standard cases, for the non-thermal popula-
tions, we assume the power-law distribution functions with
Y4+,min = Y4,min = Y—,min, Y4+,max = Y+,max — Y—,max, Vp,min
and Yp,max -

nlz\éT (’Yi) X '7;:50 (’Yi,min < Y+
<

<
ngT(’Yp) x ’Y;sp (Yp,min < ¥p < Yp,max)- (8)

The spectral indices satisfy s, = se (> 2). Note that the val-
ues of the maximum energy of non-thermal pairs and protons
are largely uncertain.

As an additional case, we also consider a broken power-
law distribution function with v+ crit = Y4 crit = V—,crit-

nIiT(ryi) . { ’Y;SC’I (’Y:l:,min <7+ < ’Y:i:,crit)7

Se,2—Se,1 __—Se,2
Viycrit 'Y:E ('yi,crit < Y+ < ’Yi,max)7

nyT(’Yp) < Yp P (Yp,min < Yp < Yp,max), 9)
where se;1 < 2 and se,2 = sp > 2 are assumed. This model
may be realized due to the absorption of electron-magnetic
waves emitted at the harmonics of cyclotron frequency of
cold protons (e.g., Hoshino et al. 1991; Amato & Aronos
2006). The average energy of non-thermal electrons, eyt
is determined by the critical Lorentz factor v+ crit. Actu-
ally, this type of spectra has been shown to well explain the
observed spectra at hot spots of Cygnus A (Stawarz et al.
2007), blazars (e.g., Kang et al. 2014) and Cen A (e.g., Abdo

et al. 2010).
Thus, the total pressure in the cocoon is given by
P = PR
1
= 3 [(n? +n})eimec® + ngegmpcﬂ
1
+ 3 [(nle + 23N T mec® + nyTengpcz] , (10)

where the first terms and second terms in the square brack-
ets correspond to the partial pressure of electrons/positrons
and protons, respectively. Here we assume n)' =

Y+, ma: NT NT _ (7p.max NT
s g (ve)dyx and np T = [P g (yp)dp.
,min p,min

On the other hand, by using eq. (1) and the particle
(electrons/positrons and protons) number conservation, the
total cocoon pressure is expressed as

Pt = ifjmec2 (ni + :pnp) = llﬂjmec2 [(2 -n)+ n% n_, (11)

4

where I'j is the bulk Lorentz factor. When we specify par-
ticle distribution functions, four average energy per particle
(el 761T76576§T) can be determined. By using egs. (10)
and (11), we will estimate Y+ min, Y+, crit a0d Yp,min, for plau-

sible particle distribution functions in §2.3.2 and 2.3.3.

e

2.3.2 Standard distribution function with inefficient ei/p
coupling : case (I)

We consider the situation that the terminal shock first con-
verts the bulk population of particles into thermal ones with
Maxwellian-like distribution and accelerates some of them
from the thermal pool via the first-order Fermi acceleration

© 2015 RAS, MNRAS 000, [THT3
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with the power-law distribution. For the first case, which
we regard the canonical case, we investigate the equation of
state for the inefficient coupling between electrons/positrons
and protons (case (I)). In this case, the average energy of
thermal electrons/positrons and protons are the same as the
minimum energy of non-thermal ones, i.e.,

€r = eg =T = eET.
Using egs. (10) and (11), the average energies are deter-
mined by the bulk Lorentz factor of AGN jets, I'j, which is
supported by the current particle-in cell simulations (e.g.,
Spitkovsky 2008; Sironi and Spitkovsky 2011). If this is the

case, €1 765 ,eb T eET are generally supposed as

T
€ ~ -Ij,
+ 1)
3
T
€p ~ ZF‘”
3
61T X  Y4,min ~ er7
3
6];1\)IT ~  Yp,min = er7 (12)

which are expected when protons and electrons/positrons
are separately heated and accelerated at termination shocks
with a bulk Lorentz factor of jets I'j. Thus, for this case
to be self-consistent, the number density and pressure of
thermal particles should be larger than those of the non-
thermal particles. However, for general considerations in the
followings we here define a free parameter fr = nT /nN7T
including the case of fr = 0, which denotes the ratio of the
number density of thermal electrons to that of non-thermal
ones. We note that n— = n~T (i.e., nT = 0) corresponds
to fr = 0, while fr is larger than 1 if the number density
of thermal electrons is larger than that of the non-thermal
electrons (see case (I) in Fig.1).

Taking into account above assumptions with eq. (10),
the total pressure of cocoons, P" is simply obtained as a
function of 1, fr and nN7T as follows.

) 2
DI (2 )+ 2] 2T,

Me

P (g, fr.nX7) = (14 fr)

=2.7x10"%(1 + fr)n"" {(2 —-n) + n%} (E) ergem 2. (13)

10

We here define 7jeq = 2/(mp/me—1) = 1.1x1072 (P = Pp).
When 71 > neq, the proton pressure is dominated in the co-
coon, while the pair pressure supported cocoon is expected
for 7 < Meq. In eq.(13), T'j is a given theoretical parame-
ter, and n™" and fr (i.e., nT) are independently evaluated
observationally by assuming the average energy of thermal
particles is the same as the minimum energy of non-thermal
population (see Fig. 1 and §2.4). As a result, we can de-
termine the allowed range of 1 and constrain the plasma
composition, comparing the equation of state (eq. (13)) with
the allowed range of cocoon pressure (eq. (2)). As far as we
consider the inefficient coupling between electrons/positrons
and protons, Eq. (13) is valid even for fr < 1.

As a final remark, we shortly mention the case when
the total pressure is dominated by non-thermal particles
but with the inefficient coupling between electrons/positrons
and protons. For this case, too, the lowest energy of elec-
trons/positrons and protons are obtained by Y4 min ~
Yp,min =~ I'j. Thus, the formulation of partial pressure

Me
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of non-thermal components is completely the same as the
canonical case (eq. (13)) with fr = 0.

2.8.8 Non-canonical cases : cases (II) and (III)

e Efficient ei/p coupling case: case (II)
For the second case, we here examine the equation of state
for the efficient coupling between electrons/positrons and
protons (case (II)). In this case, the condition of equiparti-
tion is written as

T 2 T 2 NT 2 NT 2
€1MeC” = €,MpC”, €4 MeC =€, MpC .

T _ NT T _ NT
We also assume that e = ey and ¢, = ¢, (see case (II)

for Fig. 1). If this is the case, 1 ,eg Lyt eyT are obtained
by using egs. (10) and (11);

a4 o~ Ple-nn2],

€ %[n—k@—n):;y

NP Y R

& N ’yp,min%%[nﬂ?—n):j« (14)

We here note that €1 = eX* = (3/4)[ for n = 0, while
higher €1 = YT > T} is produced if 5 is larger because of
the efficient electron/proton coupling. Taking into account
above assumptions with eq. (10), the total cocoon pressure
is given by

2
P, fr,nNT) = (14 fr) 2 2 = ) 2 | YT (1)
e
This formula is the same as case (I), but in this case,
Y4,min can be much larger than I';j because of v+ min =~
(3/8)nTymp/me = 6.8 x 10°n0. Thus, n— min ~ nNT is
smaller as Y+ min increases because of nNT o yifrfjn (se >
2).

Comparing this with case (I), the number density of
non-thermal electrons/positrons is smaller. Thus, smaller np
may suffice to reproduce the observed cocoon morphologies.
For a pure electron/proton plasma (n = 1), the thermal
electrons/positrons have higher i min = 6.8 X 102Fj.
However, thermal population dominance (fr > 1) can be
ruled out because an expected big thermal bump is not
observed at ~ 10° Hz, i.e., fr ~ 0. Since the difference
between the two cases is maximal for n = 1, we will
especially examine both n = 1 and fr = 0, i.e., higher
Y+,min = 6.8 x 10°T; for case (II). Observationally, such a
higher v+ min > I'j has been suggested for the non-thermal
electrons in several radio galaxies (e.g., Harris et al. 2000;
Hardcastle, Birkinshaw, and Worral 2001; Blundell et al.
2006; Godfrey et al. 2009). However, we note that the model
spectra with v+ min = 2000 might conflict with the obser-
vation for Cygnus A (Kino & Takahara 2004) and that for
blazars with 5 < 4+ min < 160 (Kang et al. 2014) is reported.

e Flat spectrum for low energy electrons/positrons: case
(111)
We consider an additional case of the broken power-law dis-
tribution function of non-thermal electrons/positrons (case
(III)). The difference from case (I) is higher average energy
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of non-thermal electrons/positrons (¢¥T) and lower number
density of non-thermal electrons/positrons (n¥"), since the
electrons at a break energy v+ crit dominate (see eq. (9) and
Fig. 1). According to Stawarz et al. (2007), we assume that

Yt,erit =~ mp/me. If this is the case, ejT[ 76376$T76§T are
obtained by using egs. (10) and (11) as follows;
3
T
€4 ~ ZFJ'7
3
T
€p ~ ZFJ',
NT ~ Mp
€4 ~ Y+, crit ~ 5
Me
NT 3
&7 A i I (16)

Considering above assumptions with eq. (10), the total co-
coon pressure is obtained as

ijcc2

4 Me
where Ai,b = ’Yﬂ:,crit/”}/:tmin = 24 X 102 (FJ/lo) The
number density of non-thermal electrons/positrons, aNT s
(V£ exit /Y, min) =11 times smaller than that of case (I).
Therefore, the total cocoon pressure (P:°") is larger by a fac-
tor (’yi,crit/vi,min)fsevﬁQ than that of case (I) if the ther-
mal electrons/positrons are negligible, i.e., fr < Ay p.

P, fr,nX") = (ALp + fr)

2.4 Estimation of electron/positron and proton
number density

First, we estimate the number density of non-thermal elec-
trons/positrons, nY*. The energy density of non-thermal
electrons/positrons and magnetic fields can be determined
from only observed quantities such as the synchrotron ra-
diation flux density, the inverse Compton X-ray flux den-
sity, and the spectral index for the radio spectra, a =
(se—1)/2. We estimate a CMB boosted IC component in ac-
cordance with Harris & Grindlay (1979) for 3C219, 3C223
and 3C284, because the energy density of CMB photons,
ucmp = 4.1 X 10*13(1 + z)4 ergem ™3 is dominant near
the radio lobes. The energy density of non-thermal elec-
trons/positrons, w7 is given by

4md? (1.1 x 10%)%e
G(8e)(2 = 36)V(1 4 2)?
)70
keV
where di,, Sic and €ic are the luminosity distance, the 1C
flux density in Jy at the observed frequency and the energy
of the CMB-boosted IC X-ray photons, respectively. Here
G(se) =~ 0.5 in the range of 2 < se < 3 (see Table 1). Note
that se and 7+ min should be replaced by se2 and v+ crit,
respectively for case (III). For Cygnus A, we adopt u}*
derived by the synchrotron and synchrotron self-Compton
(SSC) and CMB boosted IC model (Table 7 in Yaji et al.
2010). The observed radio and X-ray information is summa-
rized in Table 1.
In general, the number density and energy density of
non-thermal electrons/positrons are obtained as

Y4, max
NT NT d
ny = nt (y£)dve,
Y+, min

u}" =2.89 x 10° Sic

2—Se

2—Se
+,max rY:i:,min) ) (18)

—

2-n)+ n@} nt

(

Y+, max
NT 2 NT
Uy = Mec / ny (y+)dy+.

Y+, min
For cases (I) and (II), the number density of non-thermal

electrons/positrons can be expressed by

oNT _ Se = 2 uy vyt
+ = in-
S — 1 eCz +,min

(19)

On the other hand, nYT for case (III) is given by

NT Se,1—2
WNT (Se2 —2)(Sen —2) ux 7! Yaerit \
+ = n | —— .
(seq — D(seq — se2) mec® ™ \ 44 in
The minimum energy of non-thermal elec-

trons/positrons is treated as mentioned in §2.3. On
the other hand, we adopt the maximum energy of non-
thermal pairs as Y+ max = 10°. Although the values of
Y+, max are largely uncertain, it is reasonable to suppose

17 hat v+ max > Y+,min. Note that niT is sensitive to the

uncertainty of s. and Sic, but the main results (§3) does
not change significantly even if we take into account of
these uncertainties.

Next, we constrain the upper limit of the num-
ber density of thermal electrons/positrons, ni by the
absence of thermal bremsstrahlung from the relativistic
electrons/positrons in the cocoons/ lobes viewed in X-
ray observations (Wilson et al. 2000, 2006). This esti-
mation can be applied only for case (I). For case (II),
we do not use the upper limit of n} because of ny ~
nYT. The observed X-ray emissions associated with ra-
dio lobes are non-thermal emissions and there is no evi-
dence for the relativistic thermal X-ray emission from co-
coons/lobes for FRIIs (Harris and Krawczynski 2006 for re-
view), though non-relativistic thermal X-ray emission was
detected for a few FRI radio galaxies (e.g., Seta et al. 2013;
O’Sullivan et al. 2013; Stawarz et al. 2013). From this, we
can safely use the condition of Lx obs > Lbrcm(nLTi)
where Lirem/V = asrZmec®(nI)?Fe(©+) erg s~ cm™3,
Fi(01) = 4801 (In1.104 + 5/4), and O1 = KTy /mec? =~
~+,min, for bremsstrahlung at relativistic temperature (Eq.
(22) in Svensson 1982) and «f and r. are the fine structure
constant and the classical electron radius, respectively. From
this, we obtain the maximum nl’max as follows:

1/2
nT _ Lx obs
+,max Vagr2mecd Fi(O4) ’

Once n+ = n4 + n_ is estimated, the number density of
electrons/positrons can be determined as

(21)

M — min g n— g N — max,

(1 - nNT)nf,min <ng < (1 - TIT)nf,max
where N — min = nliT/(2 N nNT)v N — max = ni,max/(2 - WT)7
T = nYT/nNT and n™ = n} /nT. The values of n* and
nNT do not affects on the estimate of n_ min and n— max
significantly because of 0 < 7T < 1 and 0 < 7™" < 1. Thus,
we adopt n =nT =T for simplicity. Note that n = 5T =
nNT when the acceleration efficiency of electrons/positrons
is the same as that of protons. Finally, the number density
of protons is obtained as

Np = 1NN—,

As the final step, the allowed ranges of n, (or 1) can be

© 2015 RAS, MNRAS 000, [THT3

(20)
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estimated by adjoining the range of P°" (see egs. (13), (15)
and(17)).

3 RESULTS

We apply the above method to four FRII radio galaxies
(Cygnus A, 3C 219, 3C 223, and 3C 284), for which the total
cocoon pressures are available in the previous work (I08).
As for the bulk Lorentz factor of jets, I'j, in concordance
to the superluminal motion measured by VLBI (Very Long
Baseline Interferometer), we suppose that the jet is rela-
tivistic at > 10kpec with 3 < T'j < 30 (e.g., Krichbaum et al.
1998; Lister et al. 2001; Bach et al. 2002; Kellerman et al.
2004). On the other hand, we adopt the observable quanti-
ties, i.e.,the cocoon morphology R, the cocoon volume V',
and the total cocoon pressure P°" for individual objects.
Using these quantities, we can constrain the allowed region
of n_,n4 and np. In §3.1 — 3.4, we show the allowed regions
of n_ and n, for the inefficient e®/p coupling case (case
(I)) for each FRII (CygnusA, 3C 219, 3C223, 3C284). In
§3.5, we examine the efficient e* /p coupling case (case (IT))
and the case of a broken power-law distribution function of
non-thermal electrons/positrons (case(III)) for all four FRII
radio galaxies.

3.1 Application to Cygnus A: case (I)

In our previous work (KKT12), we have already investigated
the plasma composition for Cygnus A by using basically the
same method as the present work. In KKT12, the minimum
number density of electrons/positrons is constrained by us-
ing the particle supply from hot spots. Instead of this, we
here adopt much simpler method using radio lobe emissions,
because this method is easily applied to other FRII radio
galaxies with the observed spectra of radio lobes, and thus
we can increase the number of sample. To compare with
other objects, it is necessary to re-examine the plasma com-
position of jets in Cygnus A by using the present method
described in §2.

On the cocoon morphology, we can evaluate the range
of cocoon aspect ratio, 0.25 < R < 0.5 from the radio images
of Cygnus A (Carilli et al. 1991; Wilson et al. 2002, 2006;
Lazio et al. 2006; Yaji et al. 2010; Chon et al. 2013). Using
V =1x10R%cm?, we derived the total pressure P°" as

6.0 x 10 " ergem ® < P*" < 6.4 x 10" ergem ™ ®.

The range of P!°" is determined by the uncertainty of R,
L;j and tage. From eq. (19), the number density of non-
thermal electrons/positrons is obtained as n}* = 2.75 x
10747;1&411[1 ecm™3. We note that the pressure of non-thermal
electrons/positrons is obtained as

PYT =1.0 x 1079’Y;(3réin7?’3-25 ergem ™ ®

with Ro.25 = R/0.25, which is one order of magnitude
larger than the ambient pressure at the head of lobes,
P, =8 x 107" ergem™ (Arnaud et al. 1984). For Tj = 3,
the non-thermal pressure is PYT = 6.5 x 107 ergcm ™3,
which is comparable to Pmin, while the non-thermal pres-
sure PYT = 2.5 x 107 ergem ™, is two times smaller
than Pmin for I'j = 30. Thus, the additional pressures

(thermal electrons/positrons and/or thermal/non-thermal

© 2015 RAS, MNRAS 000, [[HI3

CygnusA N=102 ---- f,=7

— n=1072

10° 10°®
P (erg cmd)

Figure 2. Allowed range of n_ (upper region) and np (lower
region) for Cygnus A with I' = 3 (the high-n case). The allowed
range of Pt is 6 x 10710 ergem™3 < P < 6.5 x 1072 ergem 3.
The several colored lines represent the different values of 7, e.g.,
n = 1073 (orange) and n = 10~2 (blue). The region in which
P+ > P, holds is colored in light gray, while the region where
P+ < P, is satisfied is colored in dark gray. We find that the
number density of electrons/positrons is always larger than np.

. —
CygnusA 2:104 -Tom =70
10° (F=30) n=108 """ fr=0

10°

10° 10°

P, (erg cm™3)

Figure 3. Same as Fig. 2 but with I' = 30 (the low-n case.).
Though the obtained region of n_ and np are about 30 times
smaller than the one in Fig.1 because of n_ i, o =14 the
basic results are same as Fig. 2.

protons) would be needed. By using the upper limit of
thermal bremsstrahlung emission at X-ray band, i.e., 2 X
107 P ergs™ em™2 (Yaji et al. 2010), we estimate the
maximal number density of thermal electrons/positrons,
Nt max = 7.81 x 10747;1;15‘1“ ecm™® (eq. (21)). Considering
the uncertainties of bulk Lorentz factor I'j, we here investi-
gate two limiting cases with I'j = 3 and I'j = 30. Because
of nNT o ’Y;,lrfin o< F;1‘47 the number density of electrons
with I'; = 3 is about 30 times larger than that with I'; = 30.
Thus, we call the case of I'; = 3 the high-n case, and that of
I'j = 30 the low-n case, respectively.
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Figure 2 shows the region of n_(upper region in Fig.
2) and np (lower region in Fig. 2) for the high-n case, i.e.,
lower Lorentz factor I'j = 3. As we discussed in §2.4, n_
is bounded by n— min and n— max. Once, n_ is constrained,
the number density of positrons and that of protons are
given by ny = (1 — n)n— and np = nn_, respectively. For
given 7, the minimum/maximum pressure in the cocoon can
be also described by the fraction of thermal electrons fr.
Using the parameter fr, we will discuss how the fraction of
invisible thermal components affects on the matter contents
of AGN jets. The upper boundary of the electron number
density, n— = n?,max, corresponds to fr = 7 (red dashed
line). Corresponding to this, the lower boundary of np is
determined with the red dashed lines. On the other hand,
the lower limit of n— = nNT is fr = 0 (black dashed line).
Corresponding upper boundary of n;, is shown by the black
dashed line. Finally, the allowed regions of n_ and np can
be obtained by adjoining the range of P°" (see eq. (2)).
Thus, the allowed regions are the shaded regions in Fig.
2. As seen in Fig. 2, the allowed region of n_ and np can
be divided into several regions with different n = np/n_.
Several colored solid lines correspond to the cocoon pressure
with a different 7.

In Fig. 2, we find that the number density of elec-
trons/positrons (n+) is much larger than that of protons,
since 7 < 7 x 1072 for the permitted range of cocoon pres-
sure. This means that plenty of positron mixture is re-
quired, in other words, the pure electron/proton plasma is
firmly ruled out. We further examine the partial pressures of
electrons/positrons and protons. The regions with 17 < 7eq
(light-gray regions) show the one in which P+ > P, holds,
while the region of 7 > neq (dark-gray regions) represents
the one in which P+ < P, holds. As seen in Fig.2, both the
pair and electron/proton (e/p) plasma pressure supported
cocoons are allowed in the range of P.. On the contribu-
tion of thermal electrons, the larger fr results in the lower
n for fixed P!°*. For fr = 7, both et pair plasma pressure
supported and e/p pressure supported cocoons are allowed
(ie., 107* < n < 1072), while the ¢/p plasma pressure sup-
ported cocoons (1 > 7eq) are obtained in the absence of
thermal electrons (fr = 0). If fr = 0, the range of 7 is
7Tx1073 < <7 x1072.

Figure 3 displays the result for the low-n case (i.e.,
higher Lorentz factor I'; = 30). Similar to the high-n case,
n+ > np always holds with n < 0.4 for the permitted
range of cocoon pressure. This means that the pure elec-
tron/proton jets are ruled out. The number density of elec-
trons is about 30 times smaller than that for the high-n
case because of the decrease in nNT due to larger v—, min.
Corresponding to this, the upper boundary of n, becomes
larger, and thus the maximal value of 1 is larger than that
for the high -n case. In addition, it is found that both e/p
plasma and e® pair pressure supported cocoon are allowed
within the current observations. The dependence on fr is
same as the high-n case, but the pure et pair plasma is
also allowed for fr > 30. It is also important to mention
that the CMB boosted IC optical/infrared emission may
be detected because plenty of the thermal electrons with
Y+,min = 30 exist in this case. If we take the maximum
an[,max = 10"*cm 3, the flux density at 1.5 x 10'* Hz is

obtained as Fic ~ 10713 erg s tem™2 B This value is com-

parable to the upper limit of flux density for the Cygnus A
hotspots observed by previous optical/infrared observations
(Meisenheimer et al. 1997). Thus, it is interesting to explore
whether the CMB boosted IC optical/infrared emission from
cocoon is prominent or not by future observations.

Finally, we shortly comment on the results of Cygnus
A in KKT12. Comparing the present results (Figs. 2 and 3)
with the previous work (Figs. 4 and 5 in KKT12) , we find
that the main results coincide with each other.

3.2 Application to 3C 219: case (I)

Unlike Cygnus A other objects lack low frequency radio im-
age (74 MHz and 0.3 GHz) , so that it is generally hard
to measure the aspect ratio of cocoons R from radio im-
ages, since the emission of cocoons which are far from the
hot spots is very faint at GHz frequency because of syn-
chrotron cooling. Therefore, we here explore a wide range
of 0.5 < R < 1, taking into account the large uncertainty
on the shape of cocoons. Using V = 5.2 x 10"'R? cm?, we

derive the total pressure of cocoon, P°" as
6.3x 10" M ergem ™ < P < 1.2 x 107 ergem 2.

This range is determined by the uncertainty of R, L; and
tage. From eq. (19), the number density of non-thermal elec-
trons/positrons is given by n}T = 3.1 x 10757;1[;)% cm ™3,

The pressure of non-thermal electrons is obtained as
PYT =2x 10711fy;?,',,6in7272 ergem ™ ®,

which is one order of magnitude larger than the ambient
pressure at the head of lobes, P, = 1.6 x 1072 ergcm 3
(108). Since the non-thermal e pair pressure is at least 1.5
times smaller than the minimum of P, i.e., PYT = 4.1 x
107" ergem™ for Iy = 3 and PYT = 1.0 x 10~ " ergem ™
for I'; = 30, the additional pressure is required. By us-
ing the upper limit of thermal bremsstrahlung emission
at X-ray band (Comastri et al. 2003; Croston 2004), we
estimate the upper limit of number density of thermal
electrons/positrons, niymax = 1.99 x 10747;?&% em™? (eq.
(21)). In the same way as Cygnus A, we consider two lim-
iting cases with T; = 3 and Tj; = 30. Because of n¥T
fy;}[fm o< F;1'67 the number density of electrons with I'j = 3
is about 30 times larger than that with I'; = 30.

Figure 4 shows the allowed region of n_ and n, for
the high-n case with lower Lorentz factor I'; = 3. As men-
tioned in §2.3, the total pressure of cocoon is a function of
71, and then the colored lines correspond to the cocoon pres-
sure with different 7. It is found that n < 107! is required
to reproduce permitted range of cocoon pressure. This sug-
gests that positron mixture is required, in other words, the
pure electron/proton plasma is firmly ruled out. For partial
pressure, both the pair and ep plasma pressure supported
cocoons are allowed in the range of P!'. For fr=0, the

2 The energy loss rate by IC scattering of CMB photons is P =
%UTCVi,minuCMB where o is the Thomson cross-section. The IC
frequency is vic = 73:,111111VCNIB with vomp = 1.6x 101 (14-2) Hz.
The total luminosity of IC component in lobes is described as
Lic ~ VPIC”£~ Then, the observed flux density at vic = 1.5 X

1014 Hz is obtained as Fic = ﬁ = 10’9n£ ergs—1cm™2.
L

© 2015 RAS, MNRAS 000, [THT3
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3C 219(T=3)
107} =2

-8
10°H o
n=10-4 f,=14
107 n=10¢ ~777 &0
—— n=1072

n=10"*

10" 10°
P (erg cm3)

Figure 4. Same as Fig. 2 but for 3C 219.

P.* (erg cm3)

Figure 5. Same as Fig. 3 but for 3C 219.

range of n is 7 x 107% < < 107, so that the pair pressure
supported cocoon would be ruled out. On the other hand,
for fr = 14, the range of n is 0 < n < 1072, i.e., the elec-
tron/positron pressure supported cocoon is also permitted.

Figure 5 displays the result for the low-n case (i.e.,
higher Lorentz factor I'; = 30). Similar to the high-n case,
n+ > np always holds and 1 < 0.4 is required for the per-
mitted range of cocoon pressure. This suggests that the pure
electron/proton jets are ruled out.The number density of
electrons is two orders of magnitude smaller than that for
the high-n case. In addition, it is found that both e/p plasma
and e® pair pressure supported cocoons are allowed within
the current observations. In this case, If the partial pressure
of thermal electrons (e.g., fr > 30) is dominant, the lepton
number density dominated jets with n < 5 x 1072 are favor-
able. From Figs. 4 and 5, we find that the overall results are
quite similar to Cygnus A, even if the jet kinetic power of
3C219 is one order of magnitude larger than that of Cygnus
A (Table 2 in 108).

© 2015 RAS, MNRAS 000, [[HI3

3.3 Application to 3C 223: case (I)

In the same way as 3C219, we here explore a wide range of
0.5 < R < 1, taking into account of the large uncertainty
on the shape of cocoons (Orru et al. 2010) . Using V =
2 x 10™R? cm?®, we derive the total pressure P°' as

1.5 x 10" 2 ergem ® < P < 6.5 x 10" ergem 2.

This range is determined by the uncertainty of
R, L;j and tage. From eq. (19), the number density
of non-thermal electrons/positrons is given by nyT =
1.0 x 10767;1@% em™3. The pressure of non-thermal elec-
trons/positrons is obtained as

PYT =83 x 10713fy;,0,'n5in7272 ergem ™,

which is comparable to the ambient pressure P, = 1.2 x
1072 ergem™® (108). For I'; = 3, the non-thermal pressure
is PET =19%x10712 erg cme, which is comparable to Pnin,
while the non-thermal pressure PY T = 6.3x 107" ergcm ™2,
is three times smaller than Puin for I'j = 30. Thus, the
additional pressures is necessary except for lowest P°°.
By using the upper limit of thermal bremsstrahlung emis-
sion at X-ray band (Croston 2004), we estimate the up-
per limit of number density of thermal electrons/positrons
ni,max = 3.0 x 10757;2"‘5;“ cm™? (eq. (21)). We here con-
sider two limiting cases with I'j = 3 and I'; = 30. Because
of nfT x ’Y;,lrfin o F;1‘57 the number density of electrons
with I'; = 3 is about 30 times larger than that with I'; = 30.

Figure 6 shows the allowed region of n_ and n, for
the high-n case, i.e., lower Lorentz factor I'j = 3. As men-
tioned in §2.3, the total pressure of cocoon is a function of
71, and then the colored lines correspond to the cocoon pres-
sure with different 1. We find that n < 0.2 is required to
provide the permitted range of cocoon pressure. This sug-
gests that the pure electron/proton plasma is firmly ruled
out. For partial pressure, as seen for Cygnus A and 3C219,
both the pair and e/p plasma pressure supported cocoons
are permitted in the range of P!°'. If non-thermal pressure
(fr = 0) is dominant, the range of n is 5 x 1072 < 7 < 0.2,
so that the pair pressure supported cocoon is rejected. On
the other hand, for fr > 3, both the pair and e/p plasma
pressure supported cocoons are allowed.

Figure 7 displays the result for the low-n case (i.e.,
higher Lorentz factor I'; = 30). Similar to the high-n case,
n+ > np always holds and 7 < 0.5 is required to provide
for permitted range of cocoon pressure. This suggests that
pure electron/proton jets is ruled out. The number den-
sity of electrons is about 30 times smaller than that for
the high-n case. Additionally, we find that both e/p plasma
and e pair pressure supported cocoons are allowed within
the current observations. If the partial pressure of ther-
mal electrons/positrons is dominant (e.g., fr > 10), the
electrons/positrons pressure supported cocoon is favorable.
From Figs. 6 and 7, we find that the overall results are quite
similar to Cygnus A, in other words, the mixture of positrons
is needed in the relativistic jets of 3C223.

3.4 Application to 3C 284: case (I)

As is for the other two FRIIs (3C219 and 3C223), we here
explore a wide range of 0.5 < R < 1, taking into account of
the large uncertainty on the shape of cocoons. Using V =
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10" 1022 101 10%°
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Figure 6. Same as Fig. 2 but for 3C 223.
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Figure 7. Same as Fig. 3 but for 3C 223.

5.5 x 10" R? cm?, we estimate the total pressure P, as

9.5 x 10" ergem™® < P < 3.8 x 107 ergem™?

From eq. (19), the number den51ty of non-thermal elec-
trons/positrons is given by n¥T = 6.4 x 10~ O'Y;:lnin cm ™3,
The pressure of non-thermal electrons/positrons is obtained
as

NT —11_-0.9 —2 -3
P:l: =4x10 ’Yi,minR ergem o,

which is two orders of magnitude larger than the ambi-
ent pressure P, = (3.7 — 6.4) x 10™® ergcm ™ (108). Since
the non-thermal e® pair pressure is smaller than the mini-
mum of P ie., PFT = 6.0 x 10" ergem™ for Tj = 3
and PYT = 7.5 x 1072 ergem™ for I'; = 30, the addi-
tional pressure is required. By using the upper limit of ther-
mal bremsstrahlung emission at X-ray band (Croston 2004),
we estimate the maximal number density of thermal elec-
trons/positrons ”E,max =19 x 10747;2"1‘ em™® (eq. (21)).
As well as other FRIIs, we consider two limiting cases with
I; = 3 and Tj = 30. Because of n™" ’Y:,lﬁ?in o< F;1‘97 the

number density of electrons with I'j = 3 is about two orders
of magnitude larger than that that with I'; = 30.

Figure 8 shows the allowed region of n_ and nj for the
high-n case with lower Lorentz factor I'; = 3. As mentioned
in §2.3, the total pressure of cocoon is a function of 1, and
then the colored lines correspond to the cocoon pressure
with different 7. We find that n < 3 x 1072 is required to
provide the permitted range of cocoon pressure. This shows
that the pure e/p plasma is firmly ruled out again. As for the
partial pressure, as seen for Cygnus A, 3C219 and 3C223,
both the pair and e/p plasma pressure supported cocoons
are permitted in the range of P°". If non-thermal pressure
(fr = 0) is dominant, the range of nis 0 < 7 < 3 x 1072, so
that both pair and e/p plasma pressure supported cocoons
can be permitted.

Figure 9 displays the result for the low-n case (i.e.,
higher Lorentz factor I'; = 30) Similar to the high-n case,
n+ > np always holds and n < 0.2 is required to provide
the permitted range of cocoon pressure. This shows again
that pure e/p jets can be rejected. The number density of
electrons is two orders of magnitude smaller than that for
the high-n case because of the decrease of n™¥'. Moreover,
it is found that both e/p plasma and et pair pressure sup-
ported cocoons are allowed within the current observations.
If non-thermal pressure (fr = 0) is dominant, the range of
nis 5 x 1073 < 1 < 0.4, so that the e/p plasma pressure
supported jets is accepted. On the other hand, if plenty of
thermal electrons/positrons exist (e.g., fr > 20), both pair
and e/p plasma pressure supported cocoons are permitted.

From Figs. 8 and 9, we find that the overall results are
quite similar to Cygnus A, in other words, the mixture of
positrons is needed in the relativistic jets of 3C284.

3.5 Application to four FRIIs: cases (II) and (III)

Let us consider electron/proton pressure supported cocoons
with high v+ min > Iy (case (II)). Here we especially exam-
ine whether the case of pure non-thermal electron/proton
plasma (n = 1 and fr = 0) is allowed or not for four FRIIs,
since this possibility is not included in the canonical case, as
shown in §3.1 — 3.4. Substituting the relation nN" o fyi v
constrained by radio observations to eq. (15), we obtain the
total cocoon pressure Pi°*(n = 1) for case (II). Here we
use spectral indexes at radio frequencies (178-750 MHz) for
individual objects (see Table 1) and

Yt .min = (3/8)Tjmyp/me = 6.8 x 10°T).

As a result, for all four FRIIs radio galaxies (Cygnus A,
3C 219, 3C 223 and 3C 284), we find that the total cocoon
pressure for this case P:°'(n = 1) is well below Ppin which
is derived by cocoon dynamics (see Table 2). Because of
PYT o nNT, Pi°*(n = 1) cannot reach the actual total co-
coon pressure (see eq. (2)). Therefore, we conclude that the
pure e/p plasma composition (n = 1) is ruled out even for
case (II).

Lastly, we examine the case of flat spectrum for low en-
ergy non-thermal electrons/positrons (case (III)), which has
been suggested by some modeling of the non-thermal broad-
band emission of lobes and hot spots in several radio galax-
ies (e.g., Stawarz et al. 2007; Abdo et al. 2010; Kang et al.
2014). Assuming s.,1 = 1.5 (Stawarz et al. 2014 for Cygnus
A), the number density of non-thermal electrons/positrons

© 2015 RAS, MNRAS 000, [HI3
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Figure 8. Same as Fig. 2 but for 3C 284.

ot

Figure 9. Same as Fig. 3 but for 3C 284.

(nNT) is 0.06(Tj/10)*® times lower than that of case (I),
whereas the average energy of them (EET ™~ Yioerit) 1S
2.4 x 10%(T'j/10) times larger than case (I). Totally, for the
same value of nXT, a difference between case (I) and case
(III) is the larger total cocoon pressure P:°* by a factor
15(I';/10)%° (see eqs. (13) and (17) in §2.3.3). If we con-
sider the case of pure non-thermal electron/proton plasma
(n =1 and fr = 0), the total cocoon pressure is given by
P (n = 1) = 4.0 x 1072nNT(';/10) erg cm~3. Consider-
ing the allowed range of the number density of non-thermal
electrons/positrons, the total cocoon pressure is well above
Prax which is derived by cocoon dynamics (Table 2). This
conclusion makes stronger if the thermal electrons/positrons
exist (fr > 0). Therefore, though allowed lower value of
n is slightly larger than case (I), we find the positron-free
plasma comprising of protons and electrons is ruled out for
case (III).

© 2015 RAS, MNRAS 000, [[HI3

10°

11

4 SUMMARY

In this paper, we have investigated plasma composition of
relativistic jets in four FRII radio galaxies based on the al-
lowed ranges of total pressures in the cocoons. In KKT12,
we found that electron/positron pairs always dominate in
terms of number density for Cygnus A. The main purpose
of the present work is to examine whether the significant
mixture of electron-positron pair plasma seen in Cygnus A
is also realized in other FR II jets with very different jet
powers and source sizes. We carefully treat partial pressure
of both thermal and non-thermal particles in cocoon, tak-
ing account of plausible particle distribution functions (i.e.,
inefficient e/p coupling case, efficient e/p coupling case and
flat spectrum for low energy electrons/positrons). In order to
increase the number of FRIIs, we derive the minimum num-
ber density of electrons/positrons directly from the observed
non-thermal X-ray emission of the radio lobes, instead of
conducting analysis of hot spot emissions as KKT12. More-
over, the surrounding ICM densities and pressures are essen-
tial to evaluate the total cocoon pressure. Since good qual-
ity observations of surrounding ICM are available only for
several objects, we apply this method to Cygnus A, 3C 219,
3C 223 and 3C 284, for which the total cocoon pressures are
available in I08. By inserting obtained maximum and min-
imum number density of electrons/positrons into the equa-
tion of state along the assumption of charge neutrality con-
dition, we can constrain the number density of protons. Our
main results are as follows:

e We find that the positron-free plasma consisting of pro-
tons and electrons can be rejected, even if we consider sev-
eral plausible particle distribution functions. In other words,
mixtures of electrons/positrons and protons in AGN jets are
realized for all four FRII radio galaxies, i.e., n+/n, > 2
when we consider plausible particle distribution. Thus, it
indicates that plenty of electrons/positrons still survive in
> 10 kpc-scale jets. Comparing individual properties of four
FRIIs, it is also found that the plasma composition does
not depend on the jet power (its range is L; ~ 10*° ~
10*" ergs™!) and size of cocoons (its range is 60 ~ 340
kpc). This may indicate that a significant mixture of elec-
trons/positrons is a general feature in FRII jets.

Since these results are closely related to the formation
mechanism of relativistic jets, we here compare with previ-
ous works on the plasma composition and discuss the pair
production mechanism. For the previous studies of bulk-
Compton emission of blazar (e..g, Sikora & Madejski 2000;
Moderski et al. 2004; Celotti et al. 2007; Kataoka et al. 2008;
Ghisellini & Tavecchio 2010), the upper limit of n4 /n; is
10— 20, although the uncertainty of L; is large and the scale
of jets is different. Such comparisons may be interesting to
reveal the dependence of plasma compositions on the scale of
AGN jets. For the mechanism of pair production, Iwamoto &
Takahara (2002, 2004) and Asano & Takahara (2007, 2009)
showed that a sufficient amount of electron positron pairs
survive as a relativistic outflow if the temperature of Wien
fireball at the photosphere is relativistic, where all the cross-
sections of pair creation, annihilation, and Compton scatter-
ing are of the same order. Therefore, a balance between pair
creation and annihilation is realized, and the number den-
sities of pairs and photons are of the same order as long as
photons and pairs are coupled with each other. According
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to this model, MeV-peak emission due to electron/positron
pairs annihilation is predicted. Considering the interaction
between the accelerated protons and MeV-peak photons, or-
phan TeV flares in blazars may be a possible manifestation
of mixture of e plasma (e..g, Fraija 2015).

Theoretically, there has been an argument that elec-
tron positron pairs in AGN jets annihilate in the course
of jet propagations (e.g., Celotti & Fabian1993; Blandford
& Levinson 1995). If copious amount of electron/positron
pairs are confined in a compact region, the pair annihila-
tion inevitably occur. Therefore, the electron/positron load-
ing issue should be considered more seriously; the work on
the pair plasma outflow (Iwamoto & Takahara 2002, 2004;
Asano & Takahara 2007, 2009), on the electrons/positrons
pair loading problem (e.g.,Blandford & Levinson 1995; Ya-
masaki, Takahara & Kusunose 1999; Sikora & Madejski
2000) and on two-flow paradigm in which jets are composed
of electron/positron pair core surrounded by a heavier elec-
tron/proton sheath (e.g., Sol et al. 1989, Henri et al. 1993;
Ghisellini 2012) may be an important starting point to un-
derstand the formation of relativistic AGN jets.

e We find that for abundant thermal pairs fr > 10
the e/p plasma pressure supported cocoons are also al-
lowed, while for no thermal electrons (fr = 0) the elec-
tron/proton plasma pressure supported cocoons are permit-
ted. As fr increases, the invisible thermal electron pressure
becomes large and thus the contribution of proton pres-
sure becomes small. On the other hand, the protons may
be dynamically dominated for FRI radio galaxies as sug-
gested by the energetics of their radio lobes (e.g., De Young
2006). It might imply that FRI jets are intrinsically dif-
ferent from FRII jets and/or the contamination of protons
due to entrainment is significant for FRI jets. Then, it is
worth to explore the emission from the relativistic thermal
electrons/positrons in FRII cocoons, taking properly into
account the electron/positron temperature and the distri-
bution of electron/positron number density, such as inverse
Compton of CMB photons at IR/optical bands, which is
left in future work. It is also important to examine the lu-
minosity of a secondary emission produced by high energy
non-thermal protons (e.g., Atoyan & Dermer 2008). Since
its luminosity is closely linked to PgIT, we may constrain
the fraction of Pﬁ,\IT on Pret,
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Table 1 Observed radio and X-ray information

Source z dy, LS \% Se Sic(1keV) L; references
(Mpc)  (kpe) (cm?) (Jy) (10%%ergs™1)

Cygnus A 0.057 249 60 1.0 x 107°R? 24 (5.2~ 7.8) x 1078 0.35 — 2.6 1,4
3C 219 0.174 829 210  52x10""R? 26 (7.0 ~9.0) x 107° 2.6 —43 2,3,4
3C 223 0.137 635 340  2.0x10R? 2.5 3.1x107° 0.07 — 2.9 3,4
3C 284 0.239 1182 260 5.5x10"'R?2 29 (0.9~ 1.9) x 107° 0.1-18 3,4

Notes.— Col(1): Names of radio sources. Cols. (2) and (3): Red-
shift and luminosity distance, respectively, calculated for the cos-
mology with Ho=71 km s~ Qp = 0.3, and Q4 = 0.7. Cols. (4)
and (5): Linear size and volume of cocoons. Col. (6): Spectral in-
dexes at radio frequencies (178-750 MHz), which are taken from
the Table 1 of Hardcastle et al. (1998). Col. (7): Flux density of

radio lobes at 1 keV. Col. (8): Jet power. Col. (9): References

references— (1) Yaji et al. 2010, (2) Comastri et al. 2003, (3)

Croston et al. 2004, (4) Ito et al. 2008

Table 2 Results of cases (II) and (III)

Source Case(Il): Pot(n=1) Case(Ill): P!°t(n=1) Prin Prax
(ergcm™3) (ergcm™—3) (ergcm™3) (ergcm—3)
Cygnus A 1.5 x 1011 4.4 x10°7 6.0x 10710 6.4 x 1077
3C 219 7.9 x 10714 3.1x10°8 6.3x10711  1.2x10°9
3C 223 6.8 x 1015 1.3 x 1079 1.5x 10712 6.5 x 10711
3C 284 6.9 x 1013 8.1 x 109 9.5x10712 3.8 x1079

Note that we calculate the pure electron/proton dominated co-
coon pressure P°t(n = 1) for cases (II) and (III) by assuming

Fj =10 and fT =0.

© 2015 RAS, MNRAS 000, [HI3



	1 Introduction
	2 Method of constraining plasma composition
	2.1 Basic idea of the method and problem setting
	2.2 Total cocoon pressure Pctot
	2.3 Equation of State in Cocoons
	2.4 Estimation of electron/positron and proton number density

	3 Results
	3.1 Application to CygnusA: case (I)
	3.2 Application to 3C 219: case (I)
	3.3 Application to 3C 223: case (I)
	3.4 Application to 3C 284: case (I)
	3.5 Application to four FRIIs: cases (II) and (III)

	4 Summary

