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We are conducting fully three-dimensional (3-D) simulatiaf astrophysical jets using both a
highly parallelized version of the VH-1 Hydrodynamics Caadéhe hydrodynamics (HD) regime
(Colella and Woodward 1984, and Saxtenhal. 2005); and in the hydrodynamic, relativistic
hydrodynamic (RHD), and relativistic, magnetohydrodyia(RMHD) regimes with the PLUTO
code (Mignoneet al. 2007). In addition, we are using particle-in-cell simuat to benchmark a
wave-population model of the two-stream instability anslog$ated plasma processes in order to
determine energy deposition and momentum transfer ratéisdee modes of jet-ambient medium
interactions. These effects are being considered for usenmilti-scale code that incorporates
energy deposition rate and momentum transfer from stroagnph turbulence generated by the
interaction of the astrophysical jet with the ambient medihrough which it propagates.

We show some elements of the modeling of these jets in thisrdapa fully 3-D simulation of
relativistic jets using the PLUTO code in the RHD regime fisjwith a bulk relativistic velocity

B =0.998& and Q5c.
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1. Introduction

Recent high-resolution (VLBA) observations of astrophysical jets, (4., Listeet al. 2009)
reveal complex structures apparently caused by ejecta from the camgiak as they interacts with
both surrounding interstellar material such as Broad-Line Region (BbBNarrow-Line Region
(NRL) clouds, and ejecta from prior episodes of activity. A particulagynthant example of these
complex interactions is also shown by the galactic microquasar, Sco X-1 (FamaGeldzahler,
and Bradshaw, 2001).

Such observations can be used to inform models of the jet-ambient-mediuractites.
Based on an analysis of these data, we posit that a significant part obseeved phenomena
come from the interaction of the ejecta with prior ejecta as well as interstellariatater

2. Scales of Jet I nteractionswith the Ambient M edium

Large scale hydrodynamic simulations of the interaction of astrophysicavigitshe ambient
medium through which they propagate can be used to illuminate a number oftirigreonse-
guences of the jets’ presence. These include acceleration and entraofrttee ambient medium,
the effects of shock structures on star formation rates, and othetseffiéginating from ram pres-
sure and turbulence generated by the jet (see, e.g., Basson andddex002; Zannét al. 2005;
and Krause and Camenzind 2003; Perucho 2012).

We note, however, that hydrodynamic (HD), magneto-hydrodynamic@Mahd (RMHD)
simulations neglect important species of physics: the microscopic interathiaingccur because
of the effects of particle-particle interactions and the interactions of partigith the collective
effects that accompany a fully or partially ionized ambient medium (i.e. a plasifilaf is a
similar problem to that presented by the estimation of viscosity in the hydrodyrsamidations.

While the physical processes (including plasma processes) in the amb@inotmean be mod-
eled in small regions by Patrticle-in-Cell (PIC) codes for some parametgesasimulations of the
larger astrophysical jet structure with such PIC codes are not posgibleurrent or foreseeable
computer systems. For this reason, we have modeled these plasma watessestrophysical
regime by means of a system of coupled differential equations which givevdélve populations
generated by the interaction of the astrophysical jet with the ambient medioogthmwhich it
propagates. A detailed discussion of these efforts can be foundushtiin Scottet al. (1980),
Roseet al. (1984), Roseet al. (1987), Beall (1990), and Beadl al. (2003). The scales of these in-
teractions is small compared to most hydrodynamic simulations, and their time aatgpically
quite fast.

2.1 Energy Loss, Energy Deposition Rate, and Momentum Transfer from Plasma Processes

The system of equations used to determine the normalized wave energiedesvery stiff.
Scottet al. (1980) estimated the equilibrium solution of this system of equations for heatting
clusters of galaxies, and Ros¢ al. (1984) and Beall (1990) showed dynamical solutions that
confirmed the stability of the equilibrium solutions. Solving the system of equatietds a time-
dependent set of normalized wave energies (i.e., the ratio of the wangyetidded by the thermal
energy of the plasma) that are generated as a result of jets interaction eviimthient medium.
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These solutions can yield an energy deposition @/ ¢t), an energy deposition lengti/dx),
and ultimately, a momentum transfer rétep/dt) ~ (1/w) * (dE/dt) that can be used to estimate
the effects of plasma processes on the hydrodynamic evolution of the jet.

For this part of the analysis, we suppose that a portion of the jet is comhpekivistic
particles of eithee™, p—e~, or more generally, a charge-neutral, hadeorjet, with a significantly
lower density than the ambient medium. The primary energy loss mechanismefetetiron-
positron jet is via plasma processes, as Beall (1990) notes. Kundt,(1989) also discusses the
propagation of electron-positron jets.

Beall et al. (2006) illustrate two possible solutions for the system of coupled diffedentia
equations that model this mode of the jet-ambient medium interaction: a dampkatascand
an oscillatory solution. The Landau damping rate for the two-temperatunaaheistribution of
the ambient medium is used for these solutions.

The average energy deposition rated(a 1) /dt >, of the jet energy into the ambient medium
via plasma processes can be calculated déa ;) /dt >=nkT <W > (I'1/wp)wp  ergs-cnr3s 1,
wherek is Boltzmann'’s constanf] is the plasma temperature, W > is the average (or equilib-
rium) normalized wave energy density obtained from the wave populatiog, €adis the ini-
tial growth rate of the two-stream instability, amdis a factor that corrects for the simultane-
ous transfer of resonant wave energy into nonresonant and oustc waves. The energy loss
scale lengthdEpjasms/dx= —(1/npVp)(dagr/dt), can be obtained by determining the change in
y of a factor of 2 with the integratiorf dy = — [[d(a&;)/dt]dl/(v,n,mc?) as shown in Rose
et al. (1978) and Beall (1990), whena is the mass of the beam particle. Thiig,(cm) =
((1/2)ycnymc)/(dagy/dt) is the characteristic propagation length for collisionless losses for an
electron or electron-positron jet, whedte &; /dt is the normalized energy deposition rate (in units
of thermal energy) from the plasma waves into the ambient plasma. In maoplastical cases,
this is the dominant energy loss mechanism. We can therefore model thg eegasition rate
(dE/dt) and the energy loss per unit lengthH/dx), and ultimately the momentum loss per unit
length @ p/dx) due to plasma processes.

Beall et al. (1999), Roseet al. (2002), and Bealkt al. (2010) have compared the results of
a PIC code simulations of an electron-positron jet propagating througmhbieat medium of an
electron-proton plasma with the solutions obtained by the wave population wadiel and have
found good agreement between the two results. At the same time, these gapemstrate that
the ambient medium is heated and partially entrained into the jet. The analysihalg® that a
relativistic, low-density jet can interpenetrate an ambient gas or plasma.

Initially, and for a significant fraction of its propagation length, the prinogpeergy loss mech-
anisms for such a jet interacting with the ambient medium is via plasma procBesesial. 1984,
Beall 1990).

As part of our research into the micro-physics of the interaction of jets witlarabient
medium, we continue to investigate the transfer of momentum from the jet, andtespgeresent
these results shortly. In order to proceed to a more detailed analysis oktleedé momentum
transfer, we have used modern PIC code simulations to study the dynanaiagitoih formation,
and have confirmed the work of Robinson and Newman (1990) in terms o&tfi®ns’ formation,
evolution, and collapse.
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Figure 1: 3D simulation of an astrophysical jet gas density structs@en in an x-z cross-section with a
bulk velocity ofv = 0.998c. We have performed simulations with 1G2grid cells (512 cells are utilized in
this image). Note the well developed Rayleigh-Taylor ib#ities at the jet-ambient medium boundary. The
simulation size is-5 kpc on a side and we show the structure after12? time steps. In this simulation, the
jet-to-ambient medium density ratio is 1/100 and the ratigbinput pressure to ambient medium pressure
is5x 1073
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2.2 Results of Hydrodynamical Calculations

Figure 1 shows an x-z cut of a fully 3-D simulation of a relativistic jet in therbggnamic
(RHD) regime. The figure shows jet gas density structures seen in th&osg-section, a bulk
velocity ofv=0.998c. We have performed simulations with 1G2sid cells (513 cells are utilized
in this image). Note the well developed Rayleigh-Taylor instabilities at the jet-anbyiedium
boundary.

The simulation size is-5 kpc on a side and we show the structure aft2r< 10° time steps. In
this simulation, the jet-to-ambient medium density ratio is 1/100 and the ratio of jetpngssure
to ambient medium pressure is8.0~3.

Figure 2 shows the temperature structure for an x-z cut of an astriocphjet with v = 0.5¢
using the PLUTO code with the same parameters as the jet in Figure 1. The simulasalone
using our modification of the PLUTO code (Mignoegal. 2007) on the NRL SGI Altix machine,
ICEBERG . We are continuing to explore the parameter space of these jgtayogg the bulk
jet velocity, y, and other jet parameters. We have used thé Siiulation in this representation
The simulation was done using our modification of the PLUTO code (Migretrad. 2007) on
the Naval Research Laboratory SGI Altix machine, ICEBERG . We aréragng to explore the
parameter space of these jets by varying the bulk jet velogignd other jet parameters. We have
used the 512simulation in this representation.

We are continuing to explore the parameter space for the jet simulationsyligg/étre density
of the jet and the ambient medium, the jet velocity, and the relative hydrostassyre and the
pressure of the ambient medium. For a sufficient overburden of matetiad iambient medium
and a low-velocity jet, it is possible to demonstrate that the jet-propagationectowlarted. This
effect might explain the relatively truncated jets associated with Seyfietiga.

3. Concluding Remarks

The effects of collective and particle processes, including plasmatgfiean have observa-
tional consequences. Beall (1990) has noted that plasma processslew the jets rapidly, and
Beall and Bednarek (1999) have shown that these effects cantethedow-energy portion of the
y-rays spectrum (see their Figure 3), A similar effect will occur for pletarticle productions of
neutrinos, pions, and (perhaps) neutrons (Atoyan and Dermer.2ZD@i3)could also reduce the ex-
pected neutrino flux from AGN. The presence of plasma processes tajetso greatly enhance
line radiation species by generating high-energy tails on the Maxwell-Boltzmgtribution of
the ambient medium, thus abrogating the assumption of thermal equilibrium.

An analytical calculation of the boost in energy of the electrons in the ambiedium to
produce such a high energy tail, wile ~ 30— 100 KT, is confirmed by PIC code simulations.
Aside from altering the Landau damping rate (Reseal. 2005), such a high-energy tail can
greatly enhance line radiation over that expected for a thermal equilibalculation (see Bea#t
al. (2006), and Beall, Guillory, and Rose (1999) for a detailed discussion)

JHB and MTW gratefully acknowledge the support of the Office of N&edearch for this
project. Thanks also to colleagues at various institutions for their contintex@st and collabora-
tion, including Kinwah Wu, Curtis Saxton, S. Schindler and W. Kapferrsd, & Colafrancesco.



Benchmarking Astrophysical Jets Simulations J. H. Beall

Figure2: Temperature structure for an x-z cut of an astrophysicaligtyv = 0.5c with the same parameters
as the jet in Figure 1. The simulation was done using our neadifin of the PLUTO code (Mignonet al.
2007) on the Naval Research Laboratory SGI Altix machin&BERG . We are continuing to explore the
parameter space of these jets by varying the bulk jet velogiand other jet parameters. We have used the
512 simulation in this representation.
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DISCUSSION
DIMITRIY BISIKALO: Did you see the formation of the mushroom cap in your simulations?

JIM BEALL: The mushroom cap does occur in the late-times of the simulations and in simulations
where the jet propagates into a relatively dense ambient medium. Theseskouldip in late times
of the simulations, and with a better choice of a color table for the simulations.

GENNADI BISNOVATYI-KOGAN: In earlier simulations of jet propagation in the ambient
medium, a strong instability was found due to the velocity gradient (Kelvin-Helmhgi&). Why
is such an instability not visible in your simulations?

JIM BEALL: The earlier simulations which clearly show the Kelvin-Helmholtz instabilities de-
veloping our our hydrodynamic simulations. Presumably, the relativistic simnatoll show
these instabilities after the jets have slowed enough to develop those instabiliéits ipochs of
the simulations. We stopped the relativistic runs before this could occuin Agaetter choice of
color table would have shown this more clearly.



