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Introduction

Dense elongated pillars of gas are one of the most striking feafures
of massive star-forming regions (e.g. the Eagle (M16) and Cajina
(NGC3372) Nebulae). Despite extensive study in recent years, thege Is
still no rm consensus as to the lifetimes of thelephant trunklike
structures or the mechanisms by which they form.

We have developed a radiation-MHD code to study the possible fofma-
tion scenarios of such pillars. We con rm previous work in nding thgt

it Is very di cult for the shadowing of ionising radiation by a singlg
clump to produce a dense pillar on a timescale of 0.1Myr. We Have
performed 2D and 3D numerical simulations where we have invgsti-

gated the evolution of a random distribution of dense clumps expdsed Figure 1: Volume rendering of 3D models. Neutral gas density is plotted, vaithtgg < 10tcm 3 made transparent to show the
to an ionising radiation source. The 3D results are presented herefand di erence between neutral tails and dense pillars. Images are attsamuilianes 100, 200, and 300kyr. Note the pillar front and centre In
we describe the mechanisms which produce the pillars. We assegs the the second panel, and another at right back in the third panel.

properties of the density elds that are required in this model to pifo-

duce the large pillars which are observed.

Shadowing by Dense Clumps
Brief Description of Code

The photo-ionisation and evaporation of a single clump expoded
to ionising radiation is a well-studied problem (e.g. Bertoldi, ;19
White, Nelson, Holland, et al., 1999; Willlams, Ward-Thompson

Investigated by Raga, Henney, Vasconcelos et al. (2009), whal stijdie
a speci c con guration of clumps on much smaller length scales.
There are at least three reasons why gas will move into the shadpws:

Pressure gradients (because the shadowed region is cold).

A partially shadowed clump experiences a skewed Rocket E gct'’

We have developed a grid-based, nite volume, uid dynamics cgde, directed both away from the star and into the shadows

with a dimensionally unsplit second order accurate update, sinmglar

to Falle, Komissarov & Joarder (1998). We use Riemann solverg to Whitworth, 2001; Pound et al., 2007), but it is not easy for the shafi-  |f one clump is swept past another by the rocket e ect, it moves
calculate the uxes for the Euler and Ideal MHD equations, with tije owed region to gather and organise enough mass to form a pillaff at  more easily through the Iowerdenglty medium, distorting its shape.
mixed-GLM divergence cleaning method for dealing witB (Ded- least notin a small fraction of a Myr. The problem is as followm-if a The above two e ects then come into play and mean most of fne
ner et al., 2002). Following Falle, Komissarov & Joarder (19@8) bient gas is compressed from a large cylinder into a smaller cylinjer ~ distorted clump material will end up in the shadow.

add some bulk and shear viscosity to ensure stability and accurady in (pillar), the density increases ag 1=r2, so if we need to increase If the gas in the shadows is adiabatic it will tend to bounce back @ut
multi-dimensional simulations. The code was parallelised using dorpain density by 50 the ambient value, then we need the gas to conje of the shadows, but if it can cool e ciently there is a good chancd it
decomposition on multiple processors (with MPlI communication). from a cylinder 7 larger in radius. The observed mean density | will “stick' and remain there.

On top of the dynamics module we have added an operator-gplit the M16 pillarsisg 3 5 10'cm SwithradiR' 01 0:15c

microphysics/ray-tracing module, where for each cell we update jthe It seems unlikely that all of this gas came from a cylindrical volunge
Internal energy and ionisation state via an adaptive sub-stepping igte- of' 1pc radius. We have run 3D simulations to verify this, and weje

grator. lonising radiation is traced from a discrete source ontloe 0 not able to build up enough mass in 200kyr for the tail to constitu

domain (or at in nity) using theshort Characteristic Tracer method. a pillar. We set up a number of 3D simulations at3@&olution with various

Di use radiation is not treated (the \On-the-Spot" approximation) The alternative is that enough mass to form a pillar is already nearlgy. numbers and sizes of random clumps. Here we show results frorg one
lon fractions are tracked with passive tracer variables. Tlagnation This could either come from the shadowing clump itself due to gs of these simulations, which we subsequently re-simulated at higher
uses the photon-conserving formalism developed by Abel, Normah, & dynamical response to the radiation, or from other nearby clumps resolution (258. This model has a (2ptjlomain, with a star 2pc o
Madau (1999), and is similar to the>-@ay method (Mellema et al., which move into the shadowed region. We know molecular clodds the grid in one direction. The ionising photon ux is-i@n 2s 1
2000). are clumpy on a wide range of scales so we consider the seconddposat the front edge of the grid. There are initially 30 randomly placgd
In this work we track hydrogen ionisation/heating/cooling explicitl sibility to be the most promising to study. To this end, we set u dense clumps ranging in mass froml®M with radii 006 0:14pc

and cooling due to other elements via a pre-calculated cooling fungtion simulations with lots of randomly placed clumps, some partially agd (Gaussian density distribution). A volume rendering of the neutjal
(/ ne; T). Molecular cooling is not considered. fully shadowing others, to investigate how they evolve when expoged gas density is shown in Figure 1, and slices of neutral density injthe

to lonising radiation. Ours is in many ways a similar model to thgt two main pillars in Figures 2 and 3.

Discussion of Results

Looking at Figure 1, there are no structures like elephant trunks aftkyrlOOhere are

only dense clumps with low density tails. The rst pillar-like structamens after about

150kyr, and they last about 50 100kyr. In this simulation the two elephant trunks arg
0.5 O:7pc long, similar to the smaller two M16 pillars.

Figure 2 shows that the rst elephant trunk forms in a way we didn't oriyiraadticipate.
A massive clump is shadowed by two smaller clumps. These aresdedglast the massive
clump (top line, second panel), and wrap around it forming a dense pilk@.massive
clump protrudes because it is not subject to the rocket e ect until thédsigeclumps are
pushed past it. It rejoins the main mass of gas by 300kyr since the raakedes more
e ectively on clumps closer to the source.

A pillar closer to what we expected forms in the back right cornagofd-1. A cut through

Figure 2. Slices through the dense pillar at the front of panel 2 of Figure 1. Tlsedoence shows VY slices this is shown in Figure 3. There are a few clumps through the volume lpatiadowed,
with the pillar just above centre, and the bottom sequenge iz slices with the pillar near the top. Slices are at and they gradually merge into a dense pillar afte250kyr.

times, 10, 50, 100, 150, and 250kyr. The pillar is gone at 300kyr, suagtonthie rocket e ect. A general feature of our results is that low density regions are needeal asilumps for

pillars to form. The ionisation front has to propagate far beyonddhdimg clump for

anything like a pillar to form because (1) it takes up ta00kyr to organise gas into a pillar
and (2) The rocket e ect e ciently accelerates all but the most massdumps on a similar
timescale.

lonisation front instabilities are another possible formationhan@sm for trunk-like and
cometary features. On the scales of M16, where the trunks are atigeedsd the radiation
sources are only about 2pc away, the inverse-square law drop-o iecoxi@s a signi cant
damping factor on any instabilities, just as it is on our multiple clumpdetn
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