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The Eagle Nebula (M16)
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Pillar and Jets HH 901/902 Hubble Space Telescope = WFC3/UVIS

NASA, ESA, and M. Livio and the Hubble 20th Anniversary Team (STScl) STScl-PRC10-13a




How do these structures form?

Gravitational instability:

= Instabilities in a Rayleigh-Taylor instability: (Collect and Collapse)
shocked shell: sStructures to smooth, no *Timescale and masses to
complex density structure large, more likely in

supernova-shells

°
= Radiation Driven Implosion .

of pre-existing clumps

. Ionization of the turbulent
parental cloud

‘Radiative Round-Up’

(figure by courtesy of Lise Deharveng)



Radiative Transfer
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I, =1(7,n,t) : intensity at a given monochromatic frequency v
e, =€, (r,n,t) : emissivity

K, =k, (r,n,t) : mass absorption coefficient

== 7-dimensional partial differential equation

Assumptions:  eIntensity is not time dependent

*Only one source emitting / no scattering => ¢=0

VI, =-k,pl, |=1I(7) =1 with 7(F) = [k, (rp(r)dr



ITonization

Ionizing Radiation: J(x)= f L(x) dv=Je™
y B f [ o,dv
on, On, ..  _— v,
Mass absorption: K, = pH ~ pH with 0 ==
f [dv
. on, o
Optical Depth: = 7(r) = f p dr = f on (r) dr
n dn ldn, 1
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Ionization Degree: n n & n dr n( )

and 1=-VJ,R=n’a, =nna,

Recombination: op = E o (on the spot approximation)
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Ionization degree: n i & ndi n ( )
*Recombination: R=n’a, =n"na, Oy = E Qa,
i=2
“Equilibrium: ‘5;7 20 » I=R < -Vi, =n’fa,
5
Integration
*The Stromgren-Sphere: Jp, = Vsnznza B
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Simplified Prescription

Heating by UV radiation via T=T_ 4;-(1 -m) + T, ;M

Ionised Stromgren sphere
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Every UV-photon ionises Shock front is driven
one hydrogen atom into the cold medium

% Average temperature T, = 10* K C



Numerical Method I: iVINE

OMP-parallel tree/SPH-Code: iVINE: Ionization + VINE
(Gritschneder et al. 2009, MNRAS, 393, 21 ; Wetzstein et al. 2009, AplJS, 184, 298)

Following the radiation along a grid of line-of-sights (ray shooting)

The size Ay of the rays is determined by the smoothing length close to the
area of infall

As soon as the ray size gets twice as large as the local smoothing length, the
ray is refined.

On the ray the ionization 1s calculated (photon conserving)

The particles get assigned a temperature Ir'=n1,+0-nT,,
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Physical Timescales

*Gravity: ty = /?);—T
770

: . kT
*Hydrodynamics: e = J/C, With ¢, =
Mmy
. 1
e[onisation: Loe =
noy
. ;o nkT
*Cooling cool =0

n=100cm™>, T, =10K, T, =10*K, a, =2.7-10""cm’s™

J

Nid > tcold > thot > trec > 1

ot

4 cool

SMyr > 4 Myr > 716kyr > 1kyr > 0.3kyr



Numerical Timesteps

*Gravity: ty =~SMyr => Timestep criterion via acceleration
*Cold Gas: ta =4Myr  =>Timestep criterion (CFL)
*Hot Gas: Ly = T5kyr => Boost in energy, no criterion

Solution: new timestep as soon as x>10-3

C
— . ld
At =At,, Ceo %
hot

*D-front: Vp <Cu => Timestep criterion of hot gas sufficient

*R-front: Ve > Crou => No timestep criterion

Solution: small initial timestep to avoid Ax>0.1

*Cooling: L eooting = 0-3kyr  => Isothermal Equation of State



Ionization of a Turbulent Cloud

- the radiation sweeps up hydrogen and triggers it into collapse
(Gritschneder et al. 2009, MNRAS, 393, 21, Gritschneder et al. 2009, APJ, 694, L26)

t 0.0 kyrs

Turbulent box (Mach 5):  TEERRNRNRREART ST SRR
Particles T N ... s B
: 3 ey
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.
A
11 F. . =
i1 {
SRR
Source of ionization: it o
Lk
F,=5+10° photons cm™ . ] 0 L
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==)> spatial resolution as high as 0.03 pc ==)> with self-gravity (open boundaries)
=> M__.~104M m==> hydrodynamics: periodic boundaries
pa sun
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‘Radiative Round-Up’
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Driving Turbulence
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Conversion efficiency:

- (Gritschneder et al. 2009, APJ, 694, L26)

o=t _9.107
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Previous estimates:
o=2-10"°

(e.g MacLow & Klessen, 2004)
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—5.8

Mach 5 (G09)
t = 500 kyr

Mach 5 warm
t = 500 kyr

low density
t = 250 kyr

logg & [g/cmg]

T
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low resolution

t = 500 kyr

warm high flux
t = 250 kyr

smaller k_,
t = 500 kyr
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open boundaries
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t = 500 kyr

small box
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Gritschneder et al., submitted
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VINE vs MOCASSIN

T. iVine

Te / TemGK
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Ercolano & Gritschneder, 2010, in prep
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Numerical Implementation II: VINERY

VINE + SPHRAY (Altay et al. 2008, MNRAS 386)

Monte Carlo approach

Axis Aligned Bounding Box (AABB) test to calculate intersections
Ray updates similar to CRASH




Amend oct-tree with AABB

(define leaves)

Y5y FaN
NI

Determine leaves hit by ray

by using Pliicker coordinates

Determine particles hit by ray

—

p-5-ld<handl=(p-5)-d>0

AABB 1n the VI. octant (- +,-),
which the ray is pointing into

A C

B
Silhouette as seen
by green ray
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B
Silhouette
as seen by reader



Calculation of the Ionisation Degree

« Photons are deposited according to the column density,
calculated via W(b)

« Recombinations since the particle got last hit by a ray are taken into
account

« Rate equations for 6 species (HI, HII, Hel, Hell, Helll,e")

e Time integration using a RK or a BDF solver

= New 1onisation degree / abundances / temperature

= New time-step (as in 1VINE)
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Conclusions

« ‘Radiative Round-Up’ leads naturally to the observed structures and
morphology, density and kinematics are reproduced

Whether pillars form at all depends on the temperature and the Mach number (i.e. 7 >2 @ 10K, 7
>10 @ 100K)

The size of the pillars is depending on the turbulent driving mode (i.e. the extend of the initial largest
structure)

The density of the pillars is determined by the initial flux, density and the time since the ignition of
the source

Whether pillars or globules form depends on the initial tangential velocity (v.~1km s), i.e. on the
Mach number

* To treat the evolution of the entire HII region an implementation of point
sources will be needed

* These implementation (and any other treating radiative transfer on a non-
constant grid) will need very effective ray-sphere-intersection test

« There are open 1ssues with respect to turbulence, turbulent driving, mixing,



