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STELLAR OUTFLO WS WITH NEW TOOLS: AD VANCED SIMULA TIONS
AND LABORA TORY EXPERIMENTS

A. Frank,! A. Poludnenko,! T. A. Gardiner,?2 S.V. Lebedev? and R. P. Drake*

RESUMEN

En esta contribuci on proporcionamos una breve reseta de nuewvos resultados numericos que describen la

ewlucion de ujos grumososademas de nuewvos estudios de chorros y vientos magnetizados. Ademas, reporta-

mMos un nuewvo planteamiento para estudiar estosfenomenos: experimentos directos en el laboratorio. Avances
reciertes en el uso de aparatos de laboratorio de \alta densidadde energa" permiten ahora a los investigadores
conducir experimentos de ujo de plasmaescalablegjue sonrelevantes a los chorros astrof sicoshipersonicosy

a las interaccionesentre los chogquesy los grumos en el contexto de ujos circunestelares.

ABSTRACT

In this cortribution we provide a brief overview of new numerical results describingthe ewolution of clumpy o ws
as well as new studies of magnetizedwinds/jets. In addition, we report on a new approadc to studying these
phenomena: direct laboratory experiments. Recert advancesin the use of \high energy density" laboratory
devicesnow allows researtersto producescalableplasma o w experiments relevant to hypersonicastrophysical

jets and shock-clump interactions in the cortext of circumstellar out o ws.
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1. INTR ODUCTION

The circumstellar ervironments of both young
and ewlved stars reveal a wide variety of outow
structures including collimated wind-blown bubbles
and narrow jets. In addition, many of these struc-
tures appear highly heterogeneousndicating the un-
derlying ows may be intrinsically clumpy. Under-
standing the nature of these ows is critical to the
study of both young and ewlved star ewlution as
the out o ws cortain information about the certral
mass-losingsourceand its surrounding environment.
Much can be understood about fundamental pro-
cessesit the extremesof stellar ewvolution by learning
to read their traceso the surrounding out o ws.

In addition to issuesrelating to the nature of the
certral sources,studying circumstellar environments
can shedlight on fundamental physics processesas-
sociated with extreme plasma ervironments. Cir-
cumstellar o ws comprisenatural laboratoriesrich in
\m ulti-ph ysics" phenomena(multiple physical pro-
cesse®perating simultaneously) . An understanding
of astrophysical jets, to name one example, is likely
to require advancesin our understanding of ideal and
resistive MHD, the nature of MHD instabilities, the
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nature of radiative owsin shocks and the dynamics
of heterogeneouso ws.

The complexity of out o ws surrounding circum-
stellar environments, however, often limits our abil-
ity to construct theories which can both recover ob-
sened characteristics and extract critical evolution-
ary information on the certral source. Unless one
is visited by the same angelic intelligencesas John
Dyson, one is often forced to use numerical simu-
lations to study stellar out o ws. Luckily, advances
in both numerical algorithms (adaptive meshre ne-
ment (AMR) methods) and computational power
(via parallel methods) have allowed numerical the-
orists to achieve greater levels of realism and, hope-
fully, allow them to isolate key behaviors that can
then be understood more deeply through traditional
analytical techniques.

Recerily, a new approach to the study of com-
plex multi-ph ysics plasmaenvironments hasbeenin-
troduced. High energy density laboratory experi-
ments using experimental apparatus designedfor the
study of inertial con nement fusion (i.e., high inten-
sity lasersand pulsed power macdhines) have recertly
shown considerable promise as a means of probing
time-dependert plasmaprocesseglirectly relevant to
astrophysical ervironments.

In this contribution we provide a brief overview
of a number of new studies concerningcircumstellar
o ws which utilize high-resolution numerical simula-
tions (via advancedalgorithms) aswell aslaboratory
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experiments. Our results addressissuesrelated to
radiative MHD jets and winds as well asthe propa-
gation of strong shacks through inhomogeneousame-
dia. Our description here is necessarilycursory and
we refer the reader to more detailed published re-
ports or ask their patience where these reports are
in preparation.

2. YSO JETS, MOLECULAR OUTFLO WS AND
MAGNETIC ENTRAINMENT OF H,

Young stellar objects (YSO) have long been
known to exhibit both hypersoniccollimated jets and
lesscollimated molecular out o ws. Even after many
yearsof study, however, it is still unclear what rela-
tion thesetwo forms of out o w have to ead other.
Two competing scenarioswhich hold somefavor are:
jet-drivenmodelswhereHH jets power the molecular
out o ws via prompt entrainment at the shock, and
wide-anglewinds from the star in which the jet may
simply be an illusion dueto the wind's density strat-
i cation (Lee et al. 2001). In this sectionwe presert
new simulations of out o ws driven by magnetizel
wide-anglewinds. Magnetic stressesn the wind can
considerablyalter the nature of the wind-driv en out-
ows leading to uni cation of jet-driven and wide-
angle wind-driven models (Gardiner & Frank 2001).
In addition we have found a new mecanism for the
entrainment of fast Ho.

The ervironment in our study is initialized us-
ing a model of a collapsing, rotating, axially sym-
metric sheet (see Delamarter, Frank, & Hartmann
2000). The model parametersinclude a certral mass
M = 0:21M , acollapseradiusry = 5:37 10 cm,
a attening parameter = 2.5, a certrifugal ra-
dius R, = 4:28 10"“cm, an infall mass ux M; =
10 M yr 1, and an ambient temperature of 10K.
As shovn by Delamarter et al. (2000), under these
conditions even purely hydrodynamic winds will be
focusedby the ram pressureand inertia of the at-
tened, infalling ervironment.

In these simulations the certral wind has a
mass-lossrate of 10 “M yr 1, a wind velocity of
200kms !, and a temperature of 10* K. The mag-
netic eld in the wind is approximated as being
purely toroidal. The strength of the magnetic eld
is setby xing the parameter = (V=W )3, where
Vi is the Michel velocity and V; is the asymptotic
wind velocity. The angular variation of the wind
density and magnetic eld is parameterizedin a way
intended to mimic MHD wind collimation in a sim-
ple manner. The calculations preseried here have

= 0:1 and a pole-to-equator density cortrast of

100 (see Gardiner & Frank 2001). The computa-
tional domain is cylindrically symmetric and mea-
sures2400AU alongthe z-axis and 375AU in radius.
This domain is resolved on a high-resolution grid of
6400 1000grid cells.

Figure 1 shows the logarithm of the total density
and ambient density for a steady certral wind. The
wind shock stagnatescloseto the out o w with wind
material redirectedinto a densejet alongthe out o w
axis. While the wind beginswith higher density on
the polesthe ampli cation of the magnetic eld at
the shock greatly enhanceghe collimation. At early
stagesin the ewlution the post-shack ow is not in
equilibrium in the azimuthal direction and the shock-
amplied magnetic eld drivesthe gastoward the
axis (Garcia-Seguraet al. 1999; Gardiner & Frank
2001). In addition, the wind material is also shock
focusedby the oblique wind shock at later stagesin
the simulation (Delamarter et al. 2000) with the re-
sulting cylindrically cornverging o w redirectedinto a
jet in a manner similar to the formation medcanism
of Canto, Tenorio-Tagle, & Rozyczka (1988). The
ambient material is swept up into a shell bounding
the outow. Thus, these simulations demonstrate
how the combination of magnetic and inertial forces
canproduceboth jet- and molecularout o w-like pat-
terns from a magnetizedwide-anglewind interacting
with a density and ram pressurestrati ed environ-
mert (Ostrik er 1997).

2.1. Magnetic Entrainment of H,

Figure 2 shows the logarithm of total and am-
bient density for a time-variable wind. The wind
velocity is varied sinusoidally with a 20year period
and a 50% amplitude. Given previous studies of
time-variable winds, one might expect to nd in-
ternal working surfacesin the wind with ambient
material swept up into a shell bounding the out-
ow. In theseout o ws, howewer, we also nd shells
of ambient material interior to the wind cavity at
the location of internal working surfaces. The phys-
ical mechanisms leading to the formation of these
shellscan be inferred from the nger-lik e structures
of ambient material being drawn from the slipstream
at the cavity boundary into the certer of the out-
ow. On small scalesthe wind and ambient material
becomemixed acrossthe slipstream. The ambient
material is drawn into the certer of the out o w via
large-scalemotions assaiated with shock-ampli ed,
toroidal magnetic elds. We note that smaller scale
ngers can also be seenin the steady wind calcula-
tions indicating that an incipient instability may be
present, which is activated by the pulsing.
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Fig. 1. Logarithm of the total density (top) and the ambient density (bottom) for a steady certral wind. Number
densities range from 900cm 2 (black) to 4:32 108 cm 2 (white).

Fig. 2. Logarithm of the total density (top) and the ambient density (bottom) for a time-variable certral wind. Number
densities range from 800 (black) to 1:88 10°cm ° (white).

This magnetic entrainment oers a potential
MHD medanism for creating internal shells of fast
moving molecular gason short timescales. Internal
molecular shellshave beenfound to be important in
explaining the presenceof corvex spursin position-
velocity (P-V) diagrams (Hubble wedgesin mass-
velocity (M-V) diagrams; seelee et al. 2001, and
referencestherein). A future paper will detail the
obsenational properties of these out o w models.

3. HYPERSONIC FLOWS THROUGH CLUMPY
MEDIA

Advances in high-resolution imaging have re-
vealed many astrophysical ervironments to consist
of highly inhomogeneousmedia. The presenceof
such clumpy massdistributions may have signi cant
consequencegor large-scale o ws such as massloss
from both young and ewlved stars, strong shocks

propagating through interstellar clouds, and mass
out o ws from AGN. In ead of these ervironments
the momertum and energy exchange between the
driver (the winds or interstellar shocks) and the am-
bient medium can be an important source of lumi-
nosity, non-thermal particles, mixing of enriched el-
emens and, nally , turbulence. Thus the obsena-
tions of clumpy ows point to a needfor increased
e ort in understanding how inhomogeneousmedia
can changefundamertal astrophysical processesand
aect the ewlution of dierent astronomical envi-
ronmerts.

The interaction of a shaock wave with a clumpy
medium has recertly been analyzed in detail by
Poludnenko, Frank, & Blackman (2002, PFB). This
work di ers from previous detailed investigations in
which the shack interaction with only a single clump
was studied (Klein, McKee, & Colella 1994). In
PFB, systemswith dierent numbers of clumps and
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dierent clump arrangemers were simulated using
an adaptive meshre nement code. Figure 3 shows
a single frame from a 14 clump simulation. The im-
age is taken at a fairly early time after the global
shock has passedthrough all the clumps (and is now
propagating downstreamto the right) but beforethe
transmitted shocks have traversedany clump in the
distribution. The interactions between clumps are,
howevwer, already apparert in the shapesof both bow
shocks and wakes downstream of the rst row of
clumps.

Analytical argumerts drawn from the simula-
tions allowed PFB to identify two clumpy ow
regimes. In the \in teracting" regime, the ewolution
of individual clouds was strongly a ected by their
neighbors. As is well known (Klein et al. 1994),
the behavior of individual shocked clumps in the
adiabatic regime is dominated by compressionand
subsequen re-expansionperpendicular to the shock
(attening). When this expansion causesneighbor-
ing clumps to interact on a timescale shorter than
the time for them to be destroyed by the post-shack
ow the subsequeh ewlution is more appropriately
described asa larger mergedsystem, which then pro-
gressedowards turbulence.

In the non-interacting regime clumps are so
widely separatedthat one can describe their evolu-
tion up to destruction in terms of a single shock-
clump interaction. PFB found that clump distri-
butions in the interacting regime shaved more ro-
bust mixing betweenshock and clump material ap-
parertly due to stronger turbulent motions down-
stream. The enhanced mixing seenin PFB may
have important consequencesn astrophysical sys-
tems such as SNe and ewlved stellar wind blown
bubbleswhere processecelemerts in the clumps will
be disbursedthrough the ISM. In the noninteracting
regime clumps will ewlve independertly up to the
time they are destroyed by the shock and post-shack
oWw.

PFB found that critical separation, dg; , perpen-
dicular to the direction of shock propagation can be
derived and expressedas

derit = derit (A05Vs; 5 ) s Q)

whereag, Vs, and arethe clump radius, shock speed
and adiabatic B1dex of the constituent gas. The pa-
rameter = Nne=n,. When clumps are initially
separated by a distance d > dgit they will be de-
stroyed beforethey interact. A similar quartity L ¢
canbe de ned for the direction parallel to the direc-
tion of shock propagation. Expressionsfor dqi and
Lcit may be found in PFB.

To summarize, inhomogeneous o ws will be in
the interacting regime when initial clump distribu-
tions have averageseparationsbetween clumps nor-
mal to the ow d sud that d < dg;t and along the
ow L < Lgit. In the last section we use thesere-
sults in describing simulations intended to explore
the experimental design described in the previous
section.

4. LABORATORY EXPERIMENTS

Advancesin the dewelopmen of intense lasers
and pulsed power machines for inertial con nement
fusion researt has recertly made plasma ow dy-
namicsin astrophysically relevant parameterregimes
accessibleo laboratory investigation. The ability to
\sculpt" targets and energy deposition in these ma-
chines with high precision opens the possibility of
validating astrophysical numerical codesby compar-
ing results from simulations with laboratory experi-
ments. More important is the possibility that under
certain circumstancesthe results from laboratory ex-
periments can be directly comparedto astrophysical
systemsthrough scaling argumerts (Ryutov, Drake,
& Remington 2000). In recert years high energy
density experiments have been brought to bear on
a variety of astrophysical topics ranging from blast
wave stability to giant planet interiors (Remington
et al. 1999). This new approach may prove partic-
ularly fruitful for studies of circumstellar o ws with
its emphasison high Mach number shocks.

4.1, Jet Experiments

Astrophysical jets have been the subject of a
number of recert investigations (Farley et al. 1999;
Shigemoriet al. 2000). A particularly promising ap-
proach appearsto be the useof modi ed wire array
pulse-power machines. Here we report on experi-
mernts in which a fast-rising current (reaching 1MA
in 240ns) is applied to a conical array of ne metal-
lic wires (Lebedevet al. 2002). The resistive heating
rapidly corverts the surface of the wires into a hot
coronal plasma, which is then acceleratedtoward the
wire array axis via the net J B force. When the
plasmareacesthe axis, a conical standing shock is
formed and the plasmais e ectiv ely redirected into
an axial jet. Thus theseexperimerts are able to ex-
plore the Canto o ws discussedin x 2.

Experimental runs were conducted using three
dierent wire materials: aluminum (Al), stainless
steel (Fe), and tungsten (W). The resulting jets for
ead of these materials are shown in Figure 4. Pre-
vious experiments have shown that the plasma ve-
locity and mass ux driven o the wire array are
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Fig. 3. AMR simulation of shocked clumpy o w: the shock has swept over clumps and is propagating o the grid. Note
the strong clump-clump interaction downstream of the rst clump row.

essetially insensitive to the material used. The en-
ergy lossthrough radiation, predominartly in lines,
is, however, dependert on the atomic number (Post
et al. 1977) . The radiative cooling rate can be
estimated from a steady-state coronal equilibrium
model, which indicates that cooling rates due to ra-
diation increase with atomic number. This trend
is consistert with the increasedcollimation and de-
creasedjet radius obsened to occur with increas-
ing atomic number (base of Fig. 4). Using time-
resolved imaging, the tungsten jet is found to have
an axial velocity V, 200kms ! and a radial ex-
pansion velocity V, < 7kms . This provides an
estimate of the internal Mach number of the jet,
M V.=V, 30. Thus, the jets produced using
W wires are hypersonic and radiative. As shown in
Lebedevet al. (2002), all dimensionlessparameters,
including the cooling parameter deog =1 are in the
appropriate regime. Only the Peclet number assai-
ated with thermal transport waslower than expected
for astrophysical ervironments.

Of particular interest is the stability of \Canto"
cylindrically corvergert ows and the resulting jets.
To date, all hydrodynamic simulations that stud-
ied such o ws assumedcylindrical symmetry. While
such calculations demonstrated that Canto ows
would result in collimated jets, it was unclear if the
collimation region and resulting jet would be sta-
ble. The Z-pinch experiments are directly relevant to
this question. It is important to note that theseex-
periments begin with signi cant perturbations since
they utilize only 16 wires. To further examine the

stability of such ows, two adjacert wires were re-
moved and the experimernts wererepeated. For tung-
sten wires a well-collimated jet was still generated,
though it emergedat an angle with respect to the
wire-array axis. This indicates that the cylindrical
symmetry condition canbe relaxedif radiativ e losses
are signi cant, a situation likely to occur in plane-
tary and proto-planetary nebulae, as well as young
stellar object jets such asthosein x 2. Such a re-
sult, if borne out by further studies, demonstrates
that these kinds of laboratory experiments can be
directly relevant to unresolved astrophysical issues.

Having established the ability to create high
Mach number radiative jets, the experimental
testbed can be turned to examination of other jet
dynamics issues. Recert images of HH objects in
the Orion nebula (Bally & Reipurth 2002) have re-
newed interest in the properties of jets immersedin
a crosswind. Jets can be de ected when exposedto
crosswindswith high enoughram pressure. Recen
experiments with the pulsed power testbed have ex-
plored such a situation. Irradiation of a thin plas-
tic foil by X-rays created at the conical shocks can
drive a crosswindvia ablation. Fig. 4 shavs images
from such a crosswind experimert. In this gure
the irradiated foil lies to the right of the jet. The
jet direction has clearly been changedupon passing
the foil. Note alsothe striations in the jet beamin-
dicative of shocks forming due to interactions with
the crosswind ow. While further investigations are
required, at presern it appearsthat the redirection
occursvia collisional (i.e., uid) interactions between
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Fig. 4. Two laboratory astrophysical jet experiments: (left) laser probing images of plasma jets formed in (from left to
right) aluminum, stainless steel, and tungsten wire arrays. These results show that the degreeof collimation increases

for elemerts with higher atomic number and, hence, higher rates of radiativ e cooling .

(Right) Interferogram and

shadaowgraph of plasma jet de ection by crosswind. The crosswind forms via radiation induced ablation from a thin foil

to the right of the jet.

the crosswindand the jet. The results of theseexper-
iments, along with comparisonwith analytical mod-
els (Canto & Raga1995)will be preseried in an up-
coming paper.

4.2. Clump Experiments

The interactions of multiple clumps with strong
shock waves are another topic that can be explored
with experiments. In a recert study, Poludnenko
et al. (2003) explored a designfor an experimert in
which a blast wave driven by a pulsedpower machine
swept over a heterogeneousegion of 200carbon rods
embeddedin a low-density foam. The experimental
goalwasto articulate the grosschangesin o w prop-
erties which would be driven by the presenceof the
clumps.

Adaptive mesh simulations of the experiment
were carried out. The density corntrast between
the clumps and foam was = 40 and the inter-
clump spacing was small putting the clump distri-
bution into the \in teraction regime" de ned in x 3:
d < dgit, L < Lgit. The results of the experi-
ments showed that the shock speedwas dependert
on the presenceof the clumps. Figure 5 shaws plots
of the shock position versustime for 3 simulations:
clumps, no clumps, and no clumps but a badkground
density equalto the averagedensity in the presence
of clumps. Our simulations shawved that the shock
speedin the presenceof clumps lies betweenthe no
clump and average clump density cases. These re-
sults imply that shock dynamics in clumpy media
are complex and that the use of average properties
in studying clumpy media dynamics may not be jus-
ti ed.
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Fig. 5. Simulations of a clumpy o w laboratory experi-
ment: shock position versustime for 3 simulations.
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