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D Ut s W

Abstract Jets from the central CD galaxy found within galaxy clusieas propagate to
distances of> 100 s of kiloparsecs, thereby interacting with the intraclustedium. X-ray
data of the (intracluster) gas in galaxy clusters and tm@rpretations based on numerical
modeling suggest that an additional heating mechanisnyisined to explain the dynamics
and temperature profile in the intracluster medium (ICM)adidition to shock heating, star
formation, and supernovae, it is plausible that an addiibeating mechanism for the ICM
comes from astrophysical jets originating in the cores diaa@alaxies. We discuss some
aspects of these jets, including the mechanisms of thepgmation and energy loss, their
constitution, and the non-linear character of their enéwgyg processes.
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1 INTRODUCTION

The intracluster gas in clusters of galaxies is observed-nays, with considerable recent data coming
from CHANDRA and XMM (see, e.g., Paerels & Kahan 2003; Zartréle 2005; Basson & Alexander
2002 for discussions), along with older studies of ROSATad®&ohringer et al. 1993). Several authors
(Carilli, Perley & Harris 1994; Fabian et al. 2000; Fabiaale2002; Smith et al. 2002), have noted cavities
or cocoons in the X-ray emitting gas that are coincident witended radio jets (see, e.g., Beall et al. 2006
for a discussion). These extended radio structures ase ffadio jets that originate from radio galaxies
at the cores of the galaxy clusters (see e.g., McNamara 20@Q). This has led a number of authors to
speculate on the relation of cooling flows and intraclusssmaties to the large scale jets (see, e.g., Binney
& Tabor 1995; Reynolds, Heinz & Begelman 2001; Quilis, Bow®eBalogh 2001; Basson & Alexander
2002; Colafrancesco 2005).

The energy budget that can be provided by the central CD géteocluster heating can be estimated
in a number of ways. In considering the energetics of AGN,|Bd&Rose (1981) showed that the non-
thermal activity in the core of Centaurus A can, when intaggtaver time, provide the energy estimated
to be in Cen A’s giant radio lobes. That iﬁ,dE/dt x dt (in the core)= FE\, in radio lobes. The total
energy for relativistic electrons producing the synchontradiation in the giant radio lobes of Centaurus A
is ~ 105Y erg. More luminous sources can generate proportionalgtgréotal amounts of energy.

The model of accretion onto a massive black hole can prouidh targe amounts of energy. Wu et
al. (2001), Bower et al. (1995), and Beall et al. (2003) haoted that the energy production rate based
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on accretion isiE/dt ~ n(1/2)(dm/dt)c? wheren is an efficiency factor usually taken to be 10%,
andc is the speed of light. We note that the efficiency for nucleactions is~ 1%, which makes con-
ventional stellar processes an unlikely energy source @NAThe luminosity available from accretion at
the Schwarzschild radius is, therefofe= n4.5 x 102°dm/dt in erg s'!, wheredm/dt is in gms s'1, or

L =13 x 10%dM,/dt in erg s, whered M, /dt is in solar masses per year. If the source has a luminosity
of 10* erg s'1, andn ~ 0.1, we infer an accretion rate 6fx 10~2M, yr—!. If the jet persists for at least

a time, 7, of order the light travel time along its length, thep, ~ 3 x 10° years for a 100kpc jet.
This yields a total kinetic energy release of at letst 10°7 erg over the “lifetime” of a large scale jet. A
Mpc-scale jet traveling at Ocwould produce x 10°° erg.

2 MODELING THE JET INTERACTION WITH THE AMBIENT MEDIUM

Analysis based on hydrodynamic simulations has demoesteahumber of interesting effects originating
from ram pressure and the consequent, turbulent accelermaftthe ambient medium (see, e.g., Basson &
Alexander 2002; Zanni et al. 2005; Krause & Camenzind 2088)vever, these hydrodynamic approaches
neglect an important species of physics: the microscop@actions that occur because of the effects of
particles on one another and of particles with the collectifects that accompany a fully or partially
ionized ambient medium (i.e. plasmas). A detailed discunsef these effects can be found, variously, in
Scott et al. (1980), Rose et al. (1984), Rose et al. (198 '4ll BE990) and Beall et al. (2003). The principal
processes are outlined here.

We posit a relativistic jet of eithes*, p — e~, or more generally, a charge-neutral, hadeonjet,
with a significantly lower density than the ambient mediurheprimary energy loss mechanism for the
electron-positron jet is via plasma processes, as BedQ)li®otes.

While the physical processes in the plasma can be modeledyHarticle-in-Cell) codes for some
parameter ranges, astrophysical applications of the P& aoe not possible with current or foreseeable
computer systems.

We therefore model these plasma processes for the astiophgesgime by means of a system of
coupled, differential equations that represent the ndemdlwave energy densities (i.e., the ratio of the
wave energy divided by the thermal energy of the plasma) pFimeipal plasma waves are: the two stream
instability waves,W1; the oscillating two stream instability wavedj,; and Wy, the ion-acoustic waves.
These waves are generated by instabilities driven by thd e waves in the plasma produce regions of
high electric field strength and relatively low density)edlcavitons (after solitons or solitary waves) which
propagate like wave packets. These cavitons mix, collapsgreform, depositing energy into the ambient
medium, transferring momentum to it, and entraining (deagging along and mixing) the ambient medium
within the jet. The typical caviton size while formed is otler 10's of Debye lengths, where a Debye length,
Ap = 7.43 x 102\/T/n,cm, T is the electron temperature in units of eV, angis the number density
of the ambient medium in units of cm. In order to determine the energy deposition rate, the meumen
transfer rate, and heating, we model the plasma interaai@system of coupled differential equations.

The model for the plasma wave interactions is accomplislyeal $ystem of very stiff, coupled differ-
ential equations which model the principal elements of tasmpa processes that draw energy out of the
jet. As a test of the fealty of this method, we “benchmark’e(&reskes et al. 1994) the wave population
code by using the PIC code in regions of the parameter spaeeswhnning the PIC code simulation is
practicable. We then use the wave population code for reggbmore direct astrophysical interest. A more
detailed discussion of the comparisons between the PI€-simdulations and the wave-population model
can be found in Rose, Guillory & Beall (2002, 2005).

The coupling of these instability mechanisms is expresséige model through a set of rate equations.
These equations, with the right-hand-sides grouped ag¢eband “sink” terms, are (Rose et al. 1984,
1987; Beall 1990)

oW1
ot

= {erwlﬂ <n€“;F — Wlﬂ — [2DPO (W)W + 20O (W)Wo H(Wy — kEAR)], (1)
pLe
oW,
ot

= [2DPO (W)W + 20O (W ) Wo H (W: — k{AD)]
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Fig.1 This figure shows the dynamical solutions to the coupledesystf equations that represent the
plasma wave energies (Equations (1)—(4)). The top panelsslaotypical damped oscillaton, while the

bottom panel shows an oscillatory solution. Transitioohgotic solutions are also possible for very high
growth rates of the initial two-stream instability. The ldau damping rate for the two-temperature thermal
distribution of the gas in the ambient medium is includechiese solutions.

4 W-
—{HEW3+HONO%NKH<WE——{E>+—£y (2)
wp T2
oW oTS 2,2 OTS 4
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The functionH is defined as,

Lﬁa—b)zé{1+tmm{K<1—§)]}, 4)

whereK is a constant, nominally set to 30. This function is a smosthersion of the Heaviside unit step
function and is used to provide a smooth transition at thebasd saturation of the various growth rate
terms. The terms of the rate equations are defined in Rose(@08K) and Beall (1990).

The termsWs, /7, and W, /7 in Equations (2) and (3) can be used to account for wave ertbejy
is transported outside of the beam because of geometricteffEhusr, andr, can be used to model the
propagation of secondary waves and ion-density waves dheafystem (e.g. transversely out of the beam
channel). For the calculations presented in this work ané$trophysical applications, these convective
loss terms are considered negligible. However, Rose et 384) give simple models fax, andr;.

The solutions to the wave population equations give a norexhivave energy. This wave energy den-
sity is then used to determine the energy deposition rateegkt into the ambient medium, the propagation
length of the jet, the heating of the plasma, and the mometramsfer rate from the jet to the plasma.

Figure 1 illustrates two possible solutions for the systdraaupled differential equations shown in
Equations (1)—(4): a damped oscillatory and an oscillasotytion. The Landau damping rate for the two-
temperature thermal distribution of the ambient mediunsisdufor these solutions. As noted in the figure
caption, transitions toward chaotic solutions have beesenied for very large growth rates for the two-
stream instability.

Itis of interest to compare the results of a Particle-InHIC) code simulation of an electron-positron
jet propagating through an ambient medium of an electratieprplasma with the solutions obtained by the
wave population model code. A small magnetic field is appdilethg the jet's longitudinal axis to suppress
afilamentation instability, but this does not affect thegargation lengthL,, which is our principal concern
here.L,, is the distance over which the plasma instabilities rednedbeam gamma by a factor of two. At
the same time, the ambient medium is heated and entraireethimjet. We believe that this configuration is
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Fig.2 This figure shows the PIC simulation of a jet-ambient-mediith the propagation length for the
wave population code marked. As can be seen, the propadetigth, L, is coincident with the position
in the plasma where the plasma waves have developed sigtlijica

a reasonable end point for the initial interaction of thatieistic jet with the interstellar medium, given the
pressure exerted on the ambient medium with an oblique nsteEse magnetic field. These simulations
show that a relativistic, low-density jet can interpengtien ambient gas or plasma.

Figure 2 shows the wave levels as calculated dynamically foar solution to the wave populating
code as compared to the PIC-code simulation. The plasmétylémrsthis simulation isn, = 1cm~3, the
plasma temperature & = 10* K, the ratio of the beam density to the plasma dengity; 10~4, and the
plasma has a hot electron tail (produced by the jet) with gotature ofl0¢ K. The vertical axis is the
normalized wave energy density, and the horizontal axisns,texpressed in units of plasma periods (i.e.,
wp = 5.64 x 10*/np).

Initially, and for a significant fraction of its propagatitength, the principal energy loss mechanisms
for such a jet interacting with the ambient medium is via plagprocesses (Rose et al. 1984; Beall 1990).

As discussed earlier, in order to calculate the propaga¢iogth of the electron-proton jet described
above, we model the interaction of the relativistic jet witik ambient medium through which it propagates
by means of a set of coupled, differential equations whidtdke the growth, saturation, and decay of the
three wave modes likely to be produced by the jet-mediumacteon. First, two-stream instability produces
a plasmawavé}, called the resonant wave, which grows initially at a fate= (v/3/27)(n,/2n,) 3wy,
where~ is the Lorentz factor of the beam;, andn, are the beam and cloud number densities, respec-
tively, andw,, is the plasma frequency, as described more fully in Rose.€l1884).dEjasma/dz =

(1/nbvb)(da61/dt) can be obtained by determining the change of a factor of 2 with the integration
[dy = — [[d(aer)/dt]/(vpnym’¢?) as shown in Rose et al. (1978) and Beall (1990), wherés the
mass of the beam particle. Thus, = ((1/2)ycnymc?)/(dae; /dt) cm is the characteristic propagation
length for collisionless losses for an electron or elecipositron jet, wherelwe, /dt is the normalized en-
ergy deposition rate (in units of thermal energy) from theesspta waves into the ambient plasma. In many
astrophysical cases, this is the dominant energy loss miestha

The average energy deposition rated(ae; ) /dt, of the jet energy into the ambient medium via plasma
processes can be calculated@8ve;)/dt) = n,kT < W > (I'1/wp)wp erg cm =3 s~1, ambient medium,
k is Boltzmann’s constanf] is the plasma temperatur@}) is the average (or equilibrium) normalized
wave energy density obtained from the wave population codes the initial growth rate of the two-stream
instability, andw,, is the plasma frequency.
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Plasma effects can also have observational consequereabs(90) has noted that plasma processes
can slow the jets rapidly, thus truncating the low-energstipo of the~-rays spectrum. This calculation
was carried out in some detail by Beall & Bednarek (1999). rilsir effect will occur for neutrinos and
can also reduce the expected neutrino flux from AGN.

3 ANALYSISOF THE JET INTERACTION WITH THE INTRACLUSTER MEDIUM

The hypothesis of jets from AGN interacting with the intteter medium via collisionless (plasma) pro-
cesses requires that the jets overcome collisional aniicwlless losses and propagate to significant dis-
tances into the intracluster medium. This in turn allowsausdnstrain the jet parameters as the jet emerges
from the elliptical AGN. In general, the jets must have valoé~, the ratio of the total particle energy
over the particle rest mass, that are at least rather risiédiover a significant fraction of their propagation
length.

An analysis of the energy loss due to plasma processes, fadenthe preceding equations, and
the computer simulations that determifive, /dt), the average wave energy deposition into the ambi-
ent medium per unit time, yields some useful bounds for es&nergy deposition rates due to plasma
processes. We can further constrain the jet parametersgrgssing the kinetic luminosity of the jet as
P, = dE/dt = ymc*npvpmrd, wherey is the ratio of total energy to rest mass energy? is the rest
mass energy of the beam particlesjs the beam velocity, andf. is the beam radius.

If the beam is significantly heated by the jet-cloud inteitagtthe beam will expand transversely as it
propagates, and will therefore have a finite opening andies& “warm beams” result in different growth
rates for the plasma instabilities, and therefore prodoogesvhat different propagation lengths (see, e.g.,
Kaplan & Tsytovitch 1973; Rose, Guillory & Beall 2002; Beatlal. 2006). A “cold beam” is assumed to
have little spread in momentum. The likely scenario is thatlieam starts out as a cold beam and evolves
into a warm beam as it propagates through the ambient medibis scenario is clearly illustrated by the
Particle-In-Cell (PIC) simulations we have used to benattize wave population codes appropriate for
the astrophysical parameter range (see, e.g., Beall,dBuél Rose 1999; Rose, Guillory & Beall 2005).

Assuming that the ambient medium is also significantly ebate the jet (at some late times in the
history of the interaction), the ambient medium will deyela effect a two temperature distribution (see,
e.g., Beall, Guillory & Rose 1999). The effect of the jetiatbinteraction is to produce a high-energy tail
on the thermal distribution of the cloud. This high-eneragiy tritically alters the Landau damping rate of
waves in the plasma. An analytical calculation of the bavstiergy of the electrons in the ambient medium
to produce such a high energy tail, witl,.; ~ 30 — 100 £T, is confirmed by PIC-code simulations. Aside
from altering the Landau damping rate, such a high-eneitgaa greatly enhance line radiation over that
expected for a thermal equilibrium calculation.

It is possible to make an order of magnitude estimate of tleegyndeposition scale lengthy i), for
an electron-proton jet using the analysis outlined in tlEipgy. The propagation scale lengih,, used in
our calculations, is the distance over which the beadecreases by a factor of 2. This relatedAg;.:
in the following manner. For a beam witmaof 103, for example, we may estimate the energy deposition
length to bel03/2 ~ 500 x L, (i.e., of order 500 scale lengths). The reader should natethis is an order
of magnitude estimate, sindg, depends ony. For a cold beam with a beam radius, = 3 x 10'? cm,
the temperature of the ambient mediufp,= 1 x 10* K, a high-energy tail temperaturg, = 1 x 10°K,

a hot tail fraction,f, = 0.10, np, = 0.001, andn, = 0.01 (number density in units of cn¥), and for
v = 100, the energy deposition ratéF /dt = 3.6 x 10~ erg cnT? s~1, and the propagation length for
an electron-proton jet,,. = 9 x 10%° cm (i.e.,~ 300 pc). The energy deposition length for the jBtytal,
will be 50 x Lpe = 9 x 1029 cm, or Liota1 = 4.5 x 10%2cm, or 15kpc.

For~y = 1000, L, ~ 3kpc, the distance over which the jet loses energy by a faétova The jet has
roughly~ 500 scale lengths foy ~ 102, and, therefore, the total energy deposition scale lemsgth,i. =
1500 kpc. For the same parameters but with= 0.1 andy = 100, dE/dt = 2.4 x 105 erg cm3 57!
andL,. = 7x 10 cm (i.e.,~ 20 pc). The total energy deposition lengfht. ~ 1 kpc. Fory = 1000, L,
is roughly 200 pc, yielding a total energy deposition lendth.;, of order 100 kpc. Therefore, these jets
can propagate significant distances before they are slowsdpersonic velocities and begin their motion
in a hydrodynamic regime.
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4 CONCLUDING REMARKS

Jets from active elliptical galaxies in the cores of clusierovide a significant source of energy that can
contribute to the dynamics of the intracluster medium.

The dominant energy loss mechanism for the jets propagatihgard from the AGN in the cluster
core will be due to plasma processes for some significanigmoof the jet’s propagation length, and before
the jet transitions to a hydronamic regime. Electron-hadets can apparently propagate to distances of
10s to 100s of kpc, despite plasma processes being domivetetier energy loss mechanisms in most
cases.

In an electron-proton (or electron-hadron) jet, the etatdrlose energy to plasma processes more
rapidly than do the protons. The jet protons therefore dnggeectrons. This produces a current along
the jetin the jet's rest frame. A magnetic field so producetistabilize the jet.

The presence of hadrons in the jet will produce nucteaays and neutrinos as it interacts with the
ambient medium (see Beall & Bednarek 1999 for a discussidmg plasma instabilities modify the emitted
~-ray spectrum significantly.

If jets are hadronic (a scenario that would help with bothahergy transport problem and their prop-
agation length), then they probably also have a signifiearit — component that will “fill in” to account
for some of the observed radiation.

The detection of neutrinos from jet sources would direaliygest an hadronic component at relativistic
(i.e. early) stages of jet formation. Such an hypothesisiisistent with Eichler’'s (1979) suggestion of using
neutrinos as a probe of AGN.

Waxman & Bahcall (1998) have estimated the neutrino flux fl@N based on the assumption of
isotropy of neutrino emission. A fully anisotropic calctiten of the neutrino flux from a jet-cloud scenario
will be of considerable interest. In this regard, neutrinstiuments are coming online (see, e.g., Gaisser,
Halzen & Stanev 1995; Frichter, Ralston & McKay 1996; Hal2688; Beall 2006).
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