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REGAL	  (What	  REgulates	  the	  growth	  of	  GALaxies)	  ?	  
PI:	  Thierry	  Contini	  (8	  people	  from	  LAM	  and	  5 from IRAP)

The	  missing	  piece	  to	  understand	  galaxy	  Evolution
Mechanisms	  of	  galaxy	  evolution	  since	  redshift	  3.	  

Two	  complementary	  lines:
a)	  the	  investigation	  of	  the	  rich	  phenomenology	  of	  gas	  inElows	  and	  outElows
b)	  the	  exploration	  of	  the	  mechanisms	  that	  rule	  the	  building	  of	  galaxy	  disks	  in	  
different	  environments.	  
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O B S E R VAT I O N A L  C O N T E X T
T H E  M A S S I V  S A M P L E

• ESO Large program (200 hours)
• Sample: 83 star-forming  galaxies  

@ 0.9<z<1.8
• Observed with SINFONI IFU @ VLT
• Seeing-limited (<0.8")
• 13 galaxies observed with AO/LGS
• J/H Bands / H!  emission line

Contini et al. 201212 T. Contini et al.: MASSIV. I. Survey description and global properties of the galaxy sample

6. Comparison with other IFU samples of
high-redshift galaxies

For the sake of consistency and to allow for an homogeneous
and fair comparison between the various galaxy samples de-
scribed below, we refer to an unique IMF (Salpeter 1955) for the
derivation of stellar masses and star formation rates. Following
Bernardi et al. (2010), we thus applied a constant scaling factor
of +0.25 or +0.15 to those quantities derived using a Chabrier
(2003; for SINS, OSIRIS and LSD/AMAZE samples) or a “diet”
Salpeter (for IMAGES sample) IMF in the SED fitting proce-
dure.

6.1. IMAGES

IMAGES (Intermediate MAss Galaxies Evolution Sequence)
survey targeted galaxies in the Chandra Deep Field South, with
redshifts z ⇠ 0.4 � 0.75, IAB  23.5 and detected [O ii]�3727
emission lines with rest-frame EW  �15Å (Ravikumar et
al. 2007). Galaxies were further selected to be of intermediate
mass, using J-band absolute magnitudes as a proxy for stellar
mass, such that MJ  �20.3, which roughly corresponds to
M⇤ � 1.5 ⇥ 1010 M�. The IMAGES galaxies, which are rep-
resentative of the J-band luminosity function at these redshifts
(Yang et al. 2008), have been observed with the multi-integral-
field unit spectrograph FLAMES/GIRAFFE (with a sampling of
0.5200/pixel) at the VLT

The final IMAGES sample contains a total of 63 galaxies
with IFU resolved kinematics. The redshift range of these galax-
ies extends from z ⇠ 0.4 to z ⇠ 0.75 with a median value of
⇠ 0.61 (see Figs. 11 and 10). The stellar masses have been es-
timated for 40 IMAGES galaxies (Puech et al. 2010; Neichel
et al. 2008) using a “diet” Salpeter IMF and Bell et al. (2003)
simplified recipes for deriving stellar mass from J-band lumi-
nosity. The distribution of stellar masses for the IMAGES sam-
ple is shown in Fig. 12. Stellar masses range from ⇠ 6.3 ⇥ 109

to 2 ⇥ 1011 M� with a median value of 3.5 ⇥ 1010 M�. There
is no estimate of the SED-based SFR for the IMAGES sample.
However, the “total” SFR has been computed (see Puech et al.
2007 for details) as the sum of SFRUV, derived from the 2800Å
luminosity, and SFRIR, derived from Spitzer/MIPS photometry
at 24µm using the Chary & Elbaz (2001) calibration between
rest-frame 15µm flux and the total IR luminosity. The calibra-
tions of Kennicutt (1998), which rely on a Salpeter IMF, have
been used to convert both UV and IR luminosities into SFRs.
The distribution of total SFR for 36 IMAGES galaxies is shown
in Fig. 13. Total SFR ranges from ⇠ 5 to 80 M� yr�1, with a
median value of 10 M� yr�1.

6.2. SINS

With a total of 62 galaxies at 1.4 < z < 2.6 detected in H↵, the
SINS (Spectroscopic Imaging survey in the Near-infrared with
SINFONI; Förster Schreiber et al. 2009) survey, carried out with
SINFONI at the VLT, is one of the largest surveys of near-IR
integral field spectroscopy to date. The SINS galaxies were se-
lected from the spectroscopically-confirmed subsets of various
imaging surveys in the optical, near-IR, and mid-IR. The pho-
tometric selection of the parent samples encompassed a range
of star-forming populations at high redshift, including optically-
selected “BX/BM” galaxies at z ⇠ 2 � 3, and infrared-selected
galaxies at z ⇠ 1.5 � 2.5, with a majority of “BzK” objects. The
SINS targets were further selected to have an integrated emission
line (H↵ or [O iii]�5007 in a few cases) flux of at least 5 ⇥ 10�17

Fig. 10. Redshift distribution of the MASSIV sample (top panel)
compared with other samples of high-z galaxies observed with
IFUs: the IMAGES sample (2nd panel from the top), the SINS
H↵ sample (3rd panel from the top), the OSIRIS sample (4th
panel from the top), and the LSD/AMAZE sample (bottom
panel).

ergs s�1 cm�2. Although with some bias towards the bluer part of
the galaxy population compared to purely K-band selected sam-
ples at similar redshifts, the SINS H↵ sample provides a reason-
able representation of massive actively star-forming galaxies at
z ⇠ 2.

The redshift histogram of the SINS galaxies (see Fig. 10)
shows a bimodal distribution, peaking at z ⇠ 1.6 and z ⇠ 2.3,
and has a median value of z ⇠ 2.17. The reason for the bi-
modal distribution is simply the result of the requirement that
the emission line of interest (primarily H↵) falls within either
the H or K band atmospheric windows. The stellar masses have
been estimated for 59 SINS galaxies using a standard SED fitting
procedure based on extensive photometry (see details in Förster
Schreiber et al. 2009), and Bruzual & Charlot (2003) stellar pop-
ulation synthesis models, with a constant SFR, solar metallicity,
and a Chabrier (2003) IMF. The distribution of stellar masses
for the SINS sample is shown in Figure 12. Stellar masses range
from ⇠ 3⇥ 109 to 5⇥ 1011 M� with a median value of 4.6⇥ 1010

M�. SED-based star formation rates have also been derived from
stellar population models for this SINS sub-sample of 59 galax-
ies. Their distribution is shown in Figure 13. SED-based SFR
ranges from ⇠ 1 to 1300 M� yr�1, with a median value of 129
M� yr�1.

6.3. OSIRIS sample

Galaxies in the so-called “OSIRIS sample” (Law et al. 2007,
2009; Wright et al. 2007, 2009) have been selected from the rest-
frame UV color-selected catalogue of Steidel et al. (2004), and
are all confirmed with optical spectroscopy using LRIS on the
Keck telescope. The Steidel et al. survey primarily focused on
z ⇠ 2 � 3 galaxies, but has also used the two-color technique

Mass Assembly Survey with SINFONI in VVDS
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O B S E R VAT I O N A L  C O N T E X T
F U N D A M E N TA L  I S S U E S

• How clumps impact the 
measured kinematical 
properties?

• Nature of non-rotating 
objects: 
• mergers?
• spheroids?
• face-on disks?

• Can we unambiguously  
identify kinematical signatures 
of a recent merger?

MASSIV velocity fields

Non-rotating

Rotating disks
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O B S E R VAT I O N A L  C O N T E X T  - R E Q U I R E D  S I M U L AT I O N S  :  
T H E  M I R A G E  S A M P L E
[ M E R G I N G  &  I S O L AT E D  H I G H - R E D S H I F T  A M R  G A L A X I E S ]

• Build a sample of high-z 
merging & isolated galaxies

• High gas fraction (~60%) to 
study the impact of the 
presence of massive clumps in 
such interactions

• Physical properties in 
accordance with observations in 
the range 1<z<2
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Table 2. Statistics on the redshift and global physical parameters of the MASSIV and parent VVDS samples

Sample Redshift log(Stellar Mass) [M�] log(SFRSED) [M� yr�1]
MASSIV VVDS MASSIV VVDS MASSIV VVDS

Median ± � N Median ± � N Median ± � N Median ± � N Median ± � N Median ± � N
Total 1.33 ± 0.13 84 1.06 ± 0.13 4446 10.15 ± 0.30 84 10.51 ± 0.43 4248 1.50 ± 0.31 84 1.22 ± 0.35 3023
Wide 1.05 ± 0.14 21 1.00 ± 0.09 1483 10.68 ± 0.24 21 10.89 ± 0.34 1409 1.80 ± 0.25 21 1.36 ± 0.27 783
Deep 1.28 ± 0.15 29 1.09 ± 0.13 2643 10.08 ± 0.14 29 10.30 ± 0.38 2537 1.37 ± 0.28 29 1.12 ± 0.36 1982
Ultra-Deep 1.48 ± 0.11 34 1.33 ± 0.25 320 10.15 ± 0.29 34 10.21 ± 0.33 302 1.50 ± 0.27 34 1.33 ± 0.47 258

Fig. 4. Stellar mass distribution of the MASSIV samples (filled
histograms) compared with the parent VVDS samples (white
histograms). From top to bottom: complete (magenta), Wide
(green), Deep (red) and Ultra-Deep (blue) MASSIV and VVDS
samples. Histograms are normalized to the total number of ob-
jects.

spectroscopic data are flux calibrated at the 10–20% level (Le
Fèvre et al. 2005). In order to fit them together with photome-
try, we have renormalized spectroscopic data to the photometric
i0-band magnitude. As MASSIV galaxies have been selected on
the basis of their star-forming activity, we have been able to fur-
ther constrain the fitting by imposing that the resulting model
should not have a D4000 break larger than 1.25 with some tol-
erances to account for the uncertainties on the measurement of
D4000 break. This is a reasonable value that excludes early-type
passive galaxies but keeps the possibility to deal with an early-
type star-forming galaxy (see e.g. Vergani et al. 2008).

We have applied the same procedure also to the VVDS par-
ent samples described in Section 2.1: all available photometry
has been used for each galaxy, together with spectroscopy, renor-
malized to the i’-band magnitude, or to the I-band magntitude
when the previous one was not available (as it is the case for the
VVDS-14h field). As the parent sample comprises all kinds of
galaxies, we have not imposed a prior on the D4000 break.

Stellar mass and star formation rate derived from the SED
fitting (median values of the PDF and associated uncertainties)
for MASSIV galaxies are listed in Table 5.

Fig. 5. SED-derived SFR distribution of the MASSIV samples
(filled histograms) compared with the parent VVDS samples
(white histograms). From top to bottom: complete (magenta),
Wide (green), Deep (red) and Ultra-Deep (blue) MASSIV and
VVDS samples. Histograms are normalized to the total number
of objects.

The stellar mass distributions of the MASSIV sample are
shown in Figure 4. Median values and associated dispersion are
listed in Table 2. MASSIV galaxies are distributed in the stellar
mass range between ⇠ 3 ⇥ 109 and 6 ⇥ 1011 M�. The median
stellar mass for the MASSIV sample is 1.4 ⇥ 1010 M�. The me-
dian stellar masses for the MASSIV galaxies drawn from the
Wide, Deep and Ultra-Deep VVDS samples are 4.8 ⇥ 1010 M�,
1.2 ⇥ 1010 M�, and 1.4 ⇥ 1010 M� respectively.

The SED-derived star formation rate distributions of the
MASSIV sample are shown in Figure 5. Median values and as-
sociated dispersion are listed in Table 2. MASSIV galaxies are
distributed in the SFR range between ⇠ 5 to 400 M� yr�1. The
median SED-derived SFR for the MASSIV sample is ⇠ 32 M�
yr�1. The median star formation rates for the MASSIV galaxies
drawn from the Wide, Deep and Ultra-Deep VVDS samples are
⇠ 63, 23, and 31 M� yr�1 respectively.

The relation between the SED-based SFR and stellar mass is
shown in Figure 6. The location of MASSIV galaxies selected
in the Wide, Deep and Ultra-Deep catalogues is compared to the
one of the parent VVDS sample. Most of the MASSIV galaxies
occupy an area bounded by the star formation “main sequences”
defined empirically at z ⇠ 1 and z ⇠ 2 (Bouché et al. 2010). This
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spectroscopic data are flux calibrated at the 10–20% level (Le
Fèvre et al. 2005). In order to fit them together with photome-
try, we have renormalized spectroscopic data to the photometric
i0-band magnitude. As MASSIV galaxies have been selected on
the basis of their star-forming activity, we have been able to fur-
ther constrain the fitting by imposing that the resulting model
should not have a D4000 break larger than 1.25 with some tol-
erances to account for the uncertainties on the measurement of
D4000 break. This is a reasonable value that excludes early-type
passive galaxies but keeps the possibility to deal with an early-
type star-forming galaxy (see e.g. Vergani et al. 2008).

We have applied the same procedure also to the VVDS par-
ent samples described in Section 2.1: all available photometry
has been used for each galaxy, together with spectroscopy, renor-
malized to the i’-band magnitude, or to the I-band magntitude
when the previous one was not available (as it is the case for the
VVDS-14h field). As the parent sample comprises all kinds of
galaxies, we have not imposed a prior on the D4000 break.

Stellar mass and star formation rate derived from the SED
fitting (median values of the PDF and associated uncertainties)
for MASSIV galaxies are listed in Table 5.

Fig. 5. SED-derived SFR distribution of the MASSIV samples
(filled histograms) compared with the parent VVDS samples
(white histograms). From top to bottom: complete (magenta),
Wide (green), Deep (red) and Ultra-Deep (blue) MASSIV and
VVDS samples. Histograms are normalized to the total number
of objects.

The stellar mass distributions of the MASSIV sample are
shown in Figure 4. Median values and associated dispersion are
listed in Table 2. MASSIV galaxies are distributed in the stellar
mass range between ⇠ 3 ⇥ 109 and 6 ⇥ 1011 M�. The median
stellar mass for the MASSIV sample is 1.4 ⇥ 1010 M�. The me-
dian stellar masses for the MASSIV galaxies drawn from the
Wide, Deep and Ultra-Deep VVDS samples are 4.8 ⇥ 1010 M�,
1.2 ⇥ 1010 M�, and 1.4 ⇥ 1010 M� respectively.

The SED-derived star formation rate distributions of the
MASSIV sample are shown in Figure 5. Median values and as-
sociated dispersion are listed in Table 2. MASSIV galaxies are
distributed in the SFR range between ⇠ 5 to 400 M� yr�1. The
median SED-derived SFR for the MASSIV sample is ⇠ 32 M�
yr�1. The median star formation rates for the MASSIV galaxies
drawn from the Wide, Deep and Ultra-Deep VVDS samples are
⇠ 63, 23, and 31 M� yr�1 respectively.

The relation between the SED-based SFR and stellar mass is
shown in Figure 6. The location of MASSIV galaxies selected
in the Wide, Deep and Ultra-Deep catalogues is compared to the
one of the parent VVDS sample. Most of the MASSIV galaxies
occupy an area bounded by the star formation “main sequences”
defined empirically at z ⇠ 1 and z ⇠ 2 (Bouché et al. 2010). This
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• Initial scales set using 1<z<2 mass-
size relations of MASSIV
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• Initial scales set using 1<z<2 mass-
size relations of MASSIV

• Hernquist halo with low 
concentration 
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• Initial scales set using 1<z<2 mass-
size relations of MASSIV

• Hernquist halo with low 
concentration 

• High initial gas fraction
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• Initial scales set using 1<z<2 mass-
size relations of MASSIV

• Hernquist halo with low 
concentration 

• High initial gas fraction

• Initially stabilized stellar disks
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• Initial scales set using 1<z<2 mass-
size relations of MASSIV

• Hernquist halo with low 
concentration 

• High initial gas fraction

• Initially stabilized stellar disks

• Idealized initial conditions 
mimicking z=2 galaxies
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14 N

disk

[10

6
] 2.00 0.80 0.32

15 N

halo

[10

6
] 2.00 0.80 0.32

16 N

bulge

[10

6
] 0.22 0.09 0.04

Various quantites

17 Q

min

1.5

18 Z

core

0.705 0.599 0.479
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G1 G2 G3
3 disk 
models

5 mass 
configurations 
for the merger 
simulations
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+
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+
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20 mergers
3 isolated disks

 

4 initial disk 
orientations

orbital plane

spin vector
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• RAMSES code (Teyssier 2001):
• AMR box size = 240 kpc                                         

Best resolution = 7.3 pc

N U M E R I C A L  R E C I P E S

Credits: R. Teyssier
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• RAMSES code (Teyssier 2001):
• AMR box size = 240 kpc                                         

Best resolution = 7.3 pc

• Physically-motivated feedback (Renaud et al. 2013)                                                             
→ OB-type stars feedback active: 20% of the 
stellar mass during 10 Myr (Salpeter IMF)

• Photo-ionization: THII = 104 K

• Radiative pressure: radial velocity kick 
accounting for photon scattering

• Supernova thermal feedback:                     
2×1051 ergs / 10M⊙                                                                         
→ Turbulence modeled with a cooling switch 
tdissip=2 Myr (Teyssier et al. 2013)

RHII

THII = 104K

�v

�v

�v

�v

N U M E R I C A L  R E C I P E S
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S A M P L E  A N A LY S I S
G A S  D E N S I T Y  E V O L U T I O N

log(gas density)

M∗=1.6×1010 M⊙
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S A M P L E  A N A LY S I S
G A S  D E N S I T Y  E V O L U T I O N

log(gas density)
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S A M P L E  A N A LY S I S
I S M  T U R B U L E N C E  &  F R A G M E N TAT I O N

gas density

Perret et al. 2013
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S A M P L E  A N A LY S I S
I S M  T U R B U L E N C E  &  F R A G M E N TAT I O N

gas density 2 kpc
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S A M P L E  A N A LY S I S
C L U M P  M E R G E R  I L L U S T R AT I O N
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S A M P L E  A N A LY S I S
C L U M P  M E R G E R  I L L U S T R AT I O N

• Gas-rich clump merger → massive gas outflows
• Clump merger ejections take place in the plane of the 

disk
• Outflows are sporadic
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P S E U D O - O B S E R VAT I O N S
C R E AT I O N  P R O C E D U R E

• inserted into the 
mock cube 

Si
m

ul
at

io
n 

G
2

• computed for each 
hydrodynamical cell

• assumed to be 
Gaussian

Set of mock observations using  
Starburst99 SEDs/filters 
transmission / instrument resolution

SDSS z~0.01 ugr composite images
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Kinematical and morphological studies for present facilities 
(KMOS, MUSE, SINFONI, ...) and forthcoming new generation 

of instrument (E-ELT, EUCLID,...)

❖ e.g. EUCLID will provide high quality 
imaging (FWHM~0.16”) for 2 billions 
of galaxies

❖ Can we trace the morphological 
transition that builds the local Hubble 
sequence?

❖ Clumpy galaxies fraction increase with 
redshift (Murata et al. 2014):

❖ More than half of the galaxies are 
clumpy at z>1 !

❖ Clumps may drive major 
morphological transition (e.g Bournaud 
et al. 2007, Elmegreen et al. 2009, Inoue 
et al. 2014, Perret et al. in prep)

Clumpy galaxies @ <z>=1.7 observed with HST/ACS 
(Elmegreen et al. 2013)
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MIRAGE: HST mock observations
8 CC

Figure B1. Location of the isolated MIRAGE disks (G1,G2,G3 in magenta) on the color vs. mass diagram and BzH color-color plot.
The black symbols are real GOODS-S galaxies at 1.5 < z < 2.5 in the same mass range as the simulated disks; all the other GOODS-S
galaxies with the same redshift are shown with grey points for reference.

BB 9

Figure B2. Average signal-to-noise per pixel in the observed GOODS-S galaxies (black histogram) and in the mock H-band observation
for the mirage isolated disks (magenta). The left panels refers to HUDF observations and simualted disks degraded to the same depth, the
right panel is instead for CANDELS-Deep.

Figure B3. Postage-stamp example of one isolated MIRAGE disk. Columns are, from left to right, HST/ACS F435W, HST/ACS
F850LP, HST/WFC3 F160W flux maps and on the right-most panel the stellar mass map is shown. In the top row are the original
un-processed simulation output, in the middle column the simulated images are degraded to the typical depth of the HUDF observations
and in the bottom one to the GOODS-S/CANDELS-Deep signal-to-noise. In last two rows the color scheme indicates positive fluctuations
with respect to the background noise and ranges from 0 to 25 σ. On top of each panel, the mean S/N in a pixel is given.

Postage-stamp example of one isolated MIRAGE disk.
Cibinel, Perret et al. in prep.

Location of the isolated MIRAGE disks on the color 
vs. mass diagram & BzH color-color plot.

Cibinel, Perret et al. in prep.

❖ Comparison MIRAGE vs. GOODS-S/CANDELS @ 1.5<z<2.5 using ~3000 pseudo-
observations
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Morphological detection of clumpy mergers

❖ Mock observations  depth 
degraded to HUDF (top) 
& CANDELS/GOODS 
(bottom)

❖ CAS parameters 
(Conselice et al. 2003) + 
Gini/M20 coefficients 
(Lotz et al. 2004)

❖ Morphological 
identification of mergers 
before coalescence in the 
context of clumpy 
turbulent galaxies

10 CC

Figure B4. Position of the MIRAGE isolated disks and mergers on the M20 vs Asymmetry plane. From left to right the structural
indices are computed on: the HST/ACS F435W, HST/ACS F850LP, HST/WFC3 F160W or mass maps. The top row refers to mock
observations reproducing the HUDF H-band depth and in the bottom one simulations are degraded the GOODS/CANDELS-Deep signal-
to-noise. The MIRAGE isolated disks are shown with magenta triangles while blue circles are merger simulations (darker blue shades
correspond to increasing merger ratios, see legend). In the plot are excluded : 1) the first ∼ 100Myr of evolution for the isolated disks, 2)
merger simulations after the colaescence and 3) merger simulations in which the two galaxies are completely separated.

MIRAGE isolated disks and mergers on the M20 vs. 
Asymmetry plane.

Cibinel, Perret et al. in prep
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Full radiative transfer simulations

❖ RAMSES-RT idealized 
simulations project: full 
radiative transfer in gas-
rich disks with pc-scale 
resolution

❖ Accurate physical 
description of radiative 
pressure = better 
modelling of clump 
morphologies

nH HI

HII LW

Perret et al., in preparation
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REGAL	  (What	  REgulates	  the	  growth	  of	  GALaxies)	  ?	  
The	  missing	  piece	  to	  understand	  galaxy	  Evolution - Mechanisms	  of	  galaxy	  evolution	  since	  redshift	  3.	  

a)	  the	  investigation	  of	  the	  rich	  phenomenology	  of	  gas	  inElows	  and	  outElows
b)	  the	  exploration	  of	  the	  mechanisms	  that	  rule	  the	  building	  of	  galaxy	  disks	  in	  different	  environments.	  

Based	  on
-‐	  new	  generation	  IFU	  survey	  (KMOS,	  MUSE,…)	  of	  high-‐z	  galaxies
-‐	  calibrate	  numerical	  simulations
to	  deepen	  the	  understanding	  of	  the	  physics	  driving	  galaxy	  evolution.

The	  collaboration	  involves	  
2.2	  FTE/yr	  from	  LAM	  (8	  people)	  and	  
2.5	  FTE/yr	  from	  IRAP	  (5	  people).	  

The	  request	  to	  OCEVU	  is:	  
2	  PhD	  grants	  (2015-‐2018)	  at	  both	  sites,	  
2	  x	  3-‐year	  postdoc	  grants	  (2014-‐2017	  at	  LAM,	  2015-‐2018	  at	  IRAP),	  
and	  ~	  21	  k€/yr	  during	  5	  years.

Le	  ComEx	  approuve	  les	  recommandations	  du	  CS.	  	  
-‐	   Une	  bourse	  postdoctorale	  de	  3ans,	  avec	  le	  postdoc	  localisé	  au	  LAM
-‐	   un	  financement	  de	  2	  k€	  en	  2014,	  et	  un	  prévisionnel	  de	  7	  k€	  en	  2015	  et	  2016,	  et	  de	  5k€	  en	  2017.	  
-‐	   Les	  demandes	  additionnelles	  d'un	  post	  doc	  et	  de	  deux	  doctorants	  devront	  être	  faites	  dans	  les	  
prochains	  AAP
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