3D Radiative Transfer models of Planetary Nebulae
with CRONOS and CLOUDY
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Abstract

We presentour ideasabouta new setupfor afull 3D radiativetransferhydrodynamig R’ FHD)computationfor planetarynebulae(PNe) Thesetupis
basedon the 3D MHD code CRONOSysinglow dissipativeconservationnumericalschemedsor hydrodynamicsand MHD (Kissmanret al. 2008

MNRAS391, 1577, andon CLOUDYerlancet al. 2013 RevMexAA49, 137).

Newto our ideasis the implementationof CLOUDYor the radiativeterms. While in previousworksinternal coolingwas calculatedusinganalytical
coolingcurvesfrom Dalgarno& McCray(1972 ARA&A10, 375) for the lower temperaturesandfrom Gerritsen& Icke(1997, A&A, 325, 972) for the

hightemperatureregime,we intend to usethe sophisticatedohysicsof CLOUDW a similarway asfor CLOUDSD (Morisset2011, ASCLQO3015. The
hydrodynamiccalculationsprovide the densityand velocity structure. Repeatedlya CLOUDYhodel is calculatedto derive cooling,absorptionand
radiativepressureacceleratiortermsfor the hydrocode

We showthe feasibilityof this setupfor symmetricandasymmetricgeometriesof PNe Euclideargridsare usedto avoidimprinting. We presentfirst

tests for this setup and resultson the numericalstability. Thesesimulationswere run usingdifferent geometries,like e.g. disks Anothergroupis
working on 3D hydrodynamicmodelsof particle accelerationin radiativelydriven collidingwinds of massivestar binary systems(Reitbergeret al.

2013 submittedto APJ)Althoughthis is a completelydifferent energyregime,binary systemsare of greatinterest for asymmetricPNeaswell. The
setupallowsussimulationsusinganyarbitrary geometry

Our setup

Theheart of our setupis CRONOSllowingarbitrary hydrodynamicand MHD
simulations The CRONOSode (Kissmannet al. 2008 MNRAS,391, 1577,
Kleimannet al. 2009 AnGeo,27, 989) is a finite-volume MHD code optimized
for the simulationof compressibleastrophysicaplasmas Thecodeis second
order accuratein spaceand allowsfor Cartesiancylindrical,and sphericalgrid
layouts CRONOS8sesapproximateRiemannsolversfor the time integration of
the HDand MHDequations

Currently we consider hydrodynamicsas sufficient CRONOSllows us to
Implementmoduleson top of its hydrodynamicsimulationcode Asnext step
we are extendingour model by an interfaceto CLOUDYp establisha full 3D
radiative transfer calculationadditional to the hydrodynamics CLOUDWill
only be invoked from time to time to calculatethe required valuesfor the
radiativetransferin our model

We do not focus on the origin of the CSPNwind. Sothe inner part of the
nebula, the region where the CSPNis located is implemented as a pre-
determinedsourceterm of the model Herewe rather focuson the evolution
of the outer regionsof the nebula
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Onthe left we showtwo densityprofilesat time-stepst =0 (top) andt =604
(bottom). On the right the test of the evolution of the masslossrate for

different time-stepsis shown Thedevelopmentfrom the rather unphysical
initial conditionto an (almost)constantmasslossrate isillustrated

Tests of our setup:

The Initial steps were to test our model environment and the numerical
stability of CRONQ.%-orthis we built a setof different test cases Thefirst case
wasto checkif the masslossrate staysconstantwithin the regionof interest
Thereforewe consideredan isothermalstellarwind. Forthis test we filled the
whole areawith an initial, but unphysicaldensity function (we pickeda 1/ N
function). With this density function we have let the model evolve For an
Isothermalstellar wind the masslossrate for eachshellmust be the same In
figure 1 the resultingconstantmasslossrate is shown

In a subsequentest, we addeda torodial diskwith a densitycontrastof 1:10
aroundthe CSPNegion Thestill isothermalwind collideswith the inner edge
of this disk After sometime we can see a bipolar, jet-like outflow and the
initial diskdiffuses(seefigure 2).

Outlook:

Currently we use the full energy equation instead of the (unphysical)
iIsothermalmodel Additionallywe implementgravityasa sourceterm andadd

a full treatment of the seltgravity field. Asfinal stepswe will implementthe

radiativetransferusingCLOUDBYythis we will get a very sophisticatedmodel

of the evolutionof the outer PNregions Figure2:

Evolutionof an initial high-densitydiskinteractingwith anisothermalstellar
Results: wind. Theupper left panelshowsa renderingof the initial conditionsafter a
Thetestsof aconstantmasslossratev 1“1 J 1 1 resultingfroma | | few time-steps (therefore a bit smeary),the disk is clearly visible The
given unphysicalinitial condition works very well (see figure 1) and the following panels show the evolving jet-like structures at different times.
simulationof anevolvingdiskaroundthe CSPNs promising(seefigure 2). While these jet-like features become more observable,the disk diffuses
Inthe seconatest we canseeevolvingjet-like structuresfrom the high-density | ' more and more, The model is still an isothermal hydrodynamicsimulation
disk Thesgjet-like outflows may be a hint, why we O I yséedisksaroundthe | | without gravity Up next we intend to add the full treatment of the energy
rather weak bipolar nebulae, although they could have evolved during the equationin our hydrodynamianodels
AGRBphase Thistopic needsfurther investigations
The goal of this project is to establisha generalsimulationenvironment We
intend to extendour modelfrom sphericallysymmetricto generalasymmetric Poster presentation alAsymmetrical Planetary Nebulae \(APN6)
initial conditions The whole evolution of the outer regions of PNe will be . RTiVijezr; P X, S N e %6 &/ 2 v Lkiodi I d
iInvestigatedncludingboth hydrodynamicsndradiativetransfer




