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PROBLEMS IN SIMULATIONS 

what shapes the clouds? 

Tides 
External turbulence 
Cloud initial mass 

... 

physics well-known 
arbitrary initial conditions 

Cosmology 
100 kpc, 1 Gyr 

Cloud 
10 pc, 10 Myr 

Galaxy 
10 kpc, 100 Myr 

what happens inside the disk? 

Star formation 
Feedback 
Outflows 

... 

parameters well-known 
physics over-idealized 

Movie by O. Agertz Movie by M. Bate 



widely inspired by Daddi+2010b 
(see also Genzel+2010) 

Kennicutt+1998 

Kennicutt+2007 

Bigiel+2008 

Tacconi+2010 ; Daddi+2010a 

Kennicutt+1998 

Bouché+2007 ; Bothwell+2009 

Bolatto+2011 

local 
dwarf 

high-z disks 

local spirals 

low-z 
starbursting 
mergers 

high-z starbursting 
mergers 

UNIVERSALITY OF STAR FORMATION? 



! resolution: 0.05 pc 
! full galactic context  
  (live 60M particles) 

! HII regions + SN feedback 
! AMR (RAMSES) 

THE MILKY WAY Renaud et al. (2013) 



SF AT 100 PC SCALE Kraljic, Renaud et al. (2014) 

= 100 pc * 100 pc 

Σgas 
ΣSFR 



SCHMIDT-KENNICUTT RELATION 

" Variations of turbulence within the disk explain the break at low Σgas. 

supersonic 

subsonic 

(inefficient SF) 

Kraljic, Renaud et al. (2014) 

⌃SF
R
/ ⌃

1.5
ga
s

see also Padoan & Nordlund 2011, Hennebelle & Chabrier 2011 



WHAT ABOUT STARBURSTS? 

Break 
low Mach 
number 

Starbursts 
different nature 
of turbulence 



EXTENDED STARBURSTS 

SF in nuclei 

SF in overlap 

due to inflows 

due to cloud-cloud 
collisions? 

SF in the "Northern-arc" 
due to ...? 

Frequent enough? 



TRIGGERED, ENHANCED STAR FORMATION 

10 pc 1 pc 1 kpc 10 kpc 

GMC 
collapse 

tidal 
compression 

100 pc 

gravitational 
torques 

nuclear 
inflows 

cloud-cloud 
collisions 

star 
formation 

galactic 
interaction 



A QUICK REMINDER ABOUT TIDES 

inward 

outward 



compressive mode 

! Galactic cores 
! Important in mergers 

extensive mode 

TIDAL MODES 

! Earth-Moon 
! Dominant in galaxies 

see also Avishai's talk 



COMPRESSIVE TIDES 

Simulation of the Antennae (no hydro yet ...) 

red = compressive tides 

•  triggered by the collisions 
•  Over large volumes 
•  Valid for all mergers 

Renaud et al. (2008, 2009) 



compressive mode 

� < 0

! Galactic cores 
! Important in mergers 

extensive mode 

Jog (2013,2014) 

TIDES AND ISM STABILITY Renaud et al. (2008, 2009) 

M 0
Jeans =

MJeans

(1� �)3/2

� > 0

! Earth-Moon 
! Dominant in galaxies 

M 0
Jeans < MJeansM 0

Jeans > MJeans

no tides 

� = 0
M 0

Jeans = MJeans



TRIGGERED, ENHANCED STAR FORMATION 

10 pc 1 pc 1 kpc 10 kpc 100 pc 

turbulence 
compression 

GMC 
collapse 

tidal 
compression 

gravitational 
torques 

nuclear 
inflows 

cloud-cloud 
collisions 

star 
formation 

galactic 
interaction 

Rosetta lander 



r · vhvi

A QUICK REMINDER ABOUT TURBULENCE 

Local velocity field = 

net motion 
(average) 

solenoidal 
turbulence 

(curl) 

compressive 
turbulence 
(divergence) 

+ + 

r⇥ v

Move it! Mix it! Pinch it! 



solenoidal 
turbulence 

compressive 
turbulence 

Candle smoke 
Photo taken in the Inter-Sofa Medium (ISM) 

of my living room 

SOLENOIDAL AND COMPRESSIVE TURBULENCE 



SOLENOIDAL AND COMPRESSIVE TURBULENCE 

"Natural" turbulence energy budget 
(i.e. with no external forcing) 

compressive 

solenoidal 

Federrath et al. (2010) 



gas only 
10 kpc 

YET ANOTHER SIMULATION OF THE ANTENNAE 

best match with observations 

blue: gas 
red: old stars 

white/yellow: young stars 

Renaud, Bournaud & Duc (2014) 



2 kpc 

gas new stars 

THE ANTENNAE Renaud, Bournaud & Duc (2014) 

Numerical method comparable to the Milky Way simulation (but only parsec resolution) 
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compressive 

solenoidal 

IN A MERGER 

•  Change the nature of turbulence 

•  Change how the ISM fragments 

Renaud et al. (2014) 

•  Change the IMF (" bottom-heavy) 
Chabrier, Hennebelle & Charlot (2014) 
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compressive 
turbulence (energy)!

SFR!

compressive tides 
(gas mass fraction)!

TIME EVOLUTION 

tides " turbulence " SF!

20 – 30  Myr!

Renaud et al. (2014) 



DISK VS MERGER 

isolation 

1st collision 

2nd collision 

Coalescence 

Renaud et al. (2014) 



DISK VS MERGER 

1st collision 

Renaud et al. (2014) 

2nd collision 

Different physical 
conditions 

Different SF 
outcomes 

rapid, distant 
interaction 

slow, close 
encounter 



Milky Way progenitor at z~2 
gas fraction ~50% 

outflows 

7 
kp

c 

CLUMPY DISK 

Formation of massive gas clumps (109 M#) 
High SFR (~50 M#/yr) 

Bournaud, Perret, Renaud et al. (2014) 



HIGH REDSHIFT MERGERS Perret, Renaud et al. (2014) 

Merger of 2 gas-rich disks 



HIGH REDSHIFT MERGERS 

No significant boost of the SFR 

Saturation due to the regulation by stellar feedback? 

Perret, Renaud et al. (2014) 



tidal and turbulent 
compression 

cloud-cloud 
collisions 

nuclear 
inflows 

stellar and AGN 
feedback 

star formation 

tidal and 
kinematic shear 

disk 
instabilities 

spiral and bar 
shocks 

DIVERSITY OF PROCESSES 

Many alternative, complementary mechanisms Barnes (2004) 
Dobbs et al. (2008) 
Meidt et al. (2013) 
Fujimoto et al. (2014) 
... 



LVG METHOD Bournaud, ... Renaud et al. (2014b) 

⇢2, T2, Z2,v2

@v

x

@x

Large Velocity Gradient 

Intrinsic emission (tabulated) 

Velocity gradient along LOS intrinsic 
emission 

!  Small gradient: self-absorbtion 

!  Large gradient: transparent 

Weiß et al. (2005) 

1 – 10 pc 

wavelength 

⇢, T, Z,v
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CO EMISSION 

Isolated disk (MW-like) 

Low-z starburst (Antennae) 

High-z disk (clumpy) 
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strong 
(compressive) 

turbulence 

warm dense gas 
(in clumps only) 

Bournaud, ... Renaud et al. (2014b) 



CONCLUSIONS 

!  Diversity of galactic environments, clouds, SF 

!  Galaxy mergers change the nature of turbulence 

!  Coupling between large scales and small scales 
    (turbulence, feedback...) 

!  SF closely related to supersonic turbulence. 

!  (and probably the IMF) 

!  which explains properties of starbursts 
   (e.g. off-nuclear SF) 



WHAT'S THE CONNECTION BETWEEN THESE PICTURES? 



WHAT'S THE CONNECTION BETWEEN THESE PICTURES? 

by (compressive) turbulence 

which is induced by (compressive) tides, 

Star formation is enhanced 

when two (Samsung) galaxies meet. 


