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F1 RMHD models of core collapse

The models of protostellar core collapse are

il : h SxTO- h refi Strong Intermediate .
cods RAMSES (5], which Integrates the oqua- magnetization  magnetization  Quasihudro case
tions of ideal MHD [4,5] and the equations of Hn = 2 U = 10 = 200
radiation hydrodynamics under the gray
flux-limited diffusion approximation [6]. to = 50.4 kyr to = 35.7 kyr to = 35.4 kyr
A 1 solar mass sphere of gas with initial ra- At = 1.2 kyr At = 2.94 kyr Al > 4.4 kyr
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dius 3300 AU and uniform density and tem- MU2 , t=t,+0.78 kyrs MU10 , t=t,+1.81 kyrs MU200 , t=t,+3.26 kyrs
perature is put into solid body rotation [7]. = ' . | e

Initially defined on a 64° grid, ten possible
levels of refinement provide the models with

an effective resolution of 0.2 AU.

0N
(=]
o

y [AU]

Three models are presented, corresponding
to three levels of magnetization expressed in
terms of the mass-to-flux to critical mass-to-
flux ratio y. They are synchronized at a time
to when maximum grid refinement is at- No fragmentation No fragmentation Fragmentation
tained, roughly when the FHSC is formed. =00
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The simulations are stopped after a time At,

when temperatures reach some 1200 K, for
which dust begins to evaporate, dramatically -200

lowering the opacities [8] - which are taken
from [9] - and opening the way to the second

collapse. This FHSC lifetime depends strongly
on the magnetization level [1,10] because ac- 200 o

::::::::::

cretion increases with magnetic braking T E—————
[7,11].
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» Initial density po = 3.97 107® g.cm ™3 '
. s v=2.55 (km/s)
» Initial temperature 7y = 11 K
» Initial magnetic field geometry By = Bje,
» Initial energy ratio F,./Egpay = 0.045

» Ratio of specific heats 7 = 5/3 = 0

200

» Perfect thermal coupling T{j,st = Tgas 200

» No scattering

=200 0 200 =200 0 200 =200 0 200
x [AU] x [AU] x [AU]

Figure adapted from [1].

Although point-source detections below 100 ym combined with non detections below 10 ym may help iden-

tify FHSC candidates, high-resolution interferometric observations are necessary to distinguish between a
non-magnetized and a strongly magnetized scenario.

We used the ALMA simulator included in the GILDAS software package [16,17] to predict what may be ob-
served by ALMA when targeting FHSC candidates. To this end, we produced dust emission maps with

RADMC-3D in bands 3, 4, 6, 7 and 9, and used these as input brightness distributions for the ALMA simula-
tor. We considered four typical configurations of the full array, but did not include the ALMA Compact Array

(ACA). Simulations were performed for the three magnetization levels and four inclination angles.

To distinguish between the MURL and MUZ00 models, it is necessary to resolve the fragmentation scale of a

few AU. Of the four configurations considered here, C=15 and C=20 provide the best sampling of these spatial
scales.

They however have a larger central hole in Fourier space, which means that they miss more of the large-
scale flux than C=5 and C=10. This flux loss becomes more important at higher frequencies, because a given

baseline then corresponds to smaller scales in the observed brightness distribution.

Overall, it appears that, for FHSC candidates at 150 pc, observing below 150 GHz with a configuration pro-

viding best sampling around 500 m to 1 km baselines provides a limited flux loss and the ability to resolve
the fragmentation scale, thus suggesting an observing strategy for forthcoming ALMA proposals.

Emission maps with these parameters indeed show a clear distinction between the magnetized models
(MUR and MU10) and the quasi-hydro case MUZ00, and the different features from the RMHD models (disk,

pseudo-disk, outflow) appear quite clearly and above the noise level in the simulated dust emission maps.

The simulated maps presented here assume 18 minute runs of observation, so that many FHSC candidates

drostatic core (SHSC), i.e. the Class O protostar.

while the high-velocity outflow from the SHSC should show signs of high temperature chemistry.

the moment chemistry at temperatures above 300 K [24].

further clues for observational diagnostics towards the detection of FHSC.
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Fig. 8 : On the left is an example trajectory of a tracer particle injected in a collapsing core RMHD model. Coordinates in the equatorial plane xOz

are given in grey and those in a meridian plane xOy in black. Plotted on the right are the density (grey) and temperature (black) time evolutions of
that tracer particle as it falls towards the central core. Triangles, squares and lozenges on both plots indicate which position, density and tempera-

tures are reached at these times. Figure courtesy of U. Hincelin [22].
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Fig. 1 : Column density and temperature maps in the xOy-plane (two upper rows) and xOz-plane (two lower rows) for
the MU2 (left), MU10 (middle) and MU200 (right) models. Scales are logarithmic, and column density is given in cm=2.

We are currently working on interfacing the outputs of Nautilus with RADMC-3D’s line radiative transfer capabili-
ties to build simulated spectro-imagery simulations in various tracers (CO, C10, C180,HzD*,...). This should provide

strained.

Abstract

Although predicted by theoretical models, the existence of first hydrostatic cores (FHSC) has yet to be convincingly demon-
strated by (sub)millimeter observations, and the multiplicity at this early stage of the star formation process is poorly con-

We present a possible identification strategy for FHSC candidates and make predictions of ALMA dust continuum emission

maps from these objects. This is done by post-processing three state-of-the-art radiation-magneto-hydrodynamic 3D adaptive
mesh refinement calculations of first hydrostatic core models performed with the RAMSES code. We compute the dust ther-

tions cannot reproduce.

mal continuum emission with the 3D radiative transfer code RADMC-3D, then produce synthetic ALMA observations using
the simulator included in the GILDAS software package.

We analyze the results given by the different bands and array configurations and identify which combinations of the two rep-
resent our best chance of solving the fragmentation issue in these objects. We thus demonstrate how ALMA will help in iden-
tifying the physical processes occurring within collapsing dense cores : If the magnetic field is playing a role, the emission
pattern will show evidence of a pseudo-disk and even of a magnetically driven outflow, which pure hydrodynamical calcula-

An actively pursued extension of this work is the inclusion of chemical processes in the collapsing core and the consequent
search for line emission observational diagnostics.
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Fig. 2 : SED for the three models MU2 (top), MU10 (middle) and
MU200 (bottom) in the initial conditions (left) and at the end of
the runs (right). Three inclination angles are considered, from a
pole-on view (solid lines) to an edge-on view (dashed lines).
Figure taken from [1].
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Fig. 4 : Distribution of the visibility samples in Fourier space for the four configurations
of the array. The small vertical lines indicate the minimum baseline for each configura-
tion, and the dashed lines indicate, for each frequency, the characteristic baselines cor-
responding to a physical scale of 10 AU, comparable to the fragmentation scale. Figure
taken from [2].

may be observed in a single observing proposal. B v [GHz] Aw[GHz] FoV[’] Early Science

3 100 32 63 Yes
- 4 144 38 44 No
‘1 Perspectives ) = 2 s =
7 324 98 19 Yes
8 442 5 115 14 No
The lifetime of FHSC is quite short [18,10], and as soon as central temperatures allow dust evaporation (1200 K) 9 661 118 9.5 Yes

then Hy dissociation (2000 K), the core undergoes a second collapse leading up to the formation of the second hy- Tab. 1 : Characteristics of the ALMA bands used (B). Listed are

the central frequency, full bandwidth, field-of-view at the band
center, and availability in the Early Science phase. Table taken

Our work is currently limited to thermal dust continuum emission before this stage, and as such cannot be ex- from (2],
pected to provide clues towards distinguishing FHSC and SHSC. In any case, almost all thermal dust radiation _
emitted by either type of object would be reprocessed by their dense envelopes, so different approaches are re- € buyin [m] Dy, [m] 6; '] 0o []
quired. 5 15 390  247x212 037x032
10 20 924 1.07x0.99 0.16 x0.15

One such approach would be to focus on chemical properties, which are indicative of the local thermal history in 15 25 1814 0.48x0.43 0.07x0.06
these objects [19]. For instance, elements such as C and Si are released into the gas phase when dust evaporates, 20 49 3699  0.24x0.22  0.04x0.03
thereby altering chemical pathways and abundances [8,20]. This chemical approach would be especially useful Tab. 2 : Characteristics of the full ALMA configurations used

. . . . (C). Listed are the minimum and maximum baselines and the
when targeting the outflow : the low-velocity outflow from a FHSC should show signs of low temperature chemistry, synthesized beamwidths (FWHM) in bands 3 and 9. Table taken

from [2].

These effects are being investigated upon by U. Hincelin, V. Wakelam, A. Dutrey, S. Guilloteau and F. Hersant (LAB),

in collaboration with us, using the chemical code Nautilus [21] on our RMHD models. This is done by introducing
tracer particles in the RAMSES simulations, and using their density and temperature history to compute their

chemical evolution [22], ignoring any feedback effects of chemistry on dynamics [23], chemical diffusion, or for
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Fig. 7 : Simulated brightness distribution map for an observation
with a C=20 full ALMA array at 144 GHz combined with single-dish
measurement of the total flux, including 0.6 mas pointing errors on
all antennas, realistic thermal noise and uncorrected atmospheric
phase noise with a 45° rms phase difference on 300 m baselines.
Contours correspond to the 30 sensitivity limit in this band and

these conditions, which is 0=17.41 uly. Figure adapted from [2].

P1 Identification of FHSC candidates from SED

! [ e—5040 kvr L t+121 ker ] The RMHD models are post-processed using the RADMC-3D code, developed by C. Dullemond [12],

The SED presented here are computed assuming a distance of 150 pc and a 20” aperture, which
amounts to integrating over a 3000 AU by 3000 AU area. Models are observed at three different incli-

nation angles, from a pole-on view to an edge-on view.
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Simulated ALMA observations of the dust thermal continuum
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which, among other features, allows to build immages and spectral energy distributions (SED) of dust
thermal emission.

The strongly magnetized (MUR) and quasi-hydro (MUZ00) models show a clear and similar evolu-

tionary sequence, with a significant amount of flux emitted in the later stages between 20um and 100
um, when viewing models close to pole-on. This is in contradiction to what wass found in previous stud-

ies, which assumed spherical symmetry [ 13]. In that case, envelopes are not thick enough to fully re-
process the central object’s radiation. The edge-on view in our models shows no such flux enhance-

ment, which agrees with this geometrical interpretation.

The SED in the intermediately magnetized model (MU10) shows no evolution, because the combina-

tion of a disk, a pseudo-disk and a dense outflow leads to a complete reprocessing of the FHSC’s radia-
tion before it is able to escape towards the observer.

1.()2 a2 e e e

Fig. 3 : SED as a function of time and inclination for the MU2 model. The solid black line is the initial SED and the red lines correspond to
various stages after the FHSC’s formation. A 4K uncertainty on the initial temperature is reflected in the grayed area around the black line.
The blue cross is the 30/24s sensitivity with SPITZER at 24um [14], and the blue line is the 50/1hr sensitivity with Herschel / PACS at 70 pm

[15]. Figure adapted from [1].
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Fig. 5 : Ratio of the observed to model flux as a function of frequency, for the three different magnetization levels (magnetic field de-
creasing from left to right), four array configurations, and two of the four inclination angles (from pole-on view in the top row to edge-

on view in the bottom row). Figure adapted from [2].
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Fig. 6 : Simulated ALMA dust emission maps at 144 GHz in configuration C=15 for the MU2 (left), MU10 (middle) and MU200 (right)
models. Four inclination angles are presented, from pole-on view (top) to edge-on view (bottom). Color scales are in Jy/beam and con-
tours show the 30 sensitivity limit in this band, with 6=16.05 ply. The synthesized beam is shown in the bottom left corner of each plot.

Figure adapted from [2].
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