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Evolution of spin amplitude
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How much do dark matter halos spin?

Distribution of the spin parameter N = J
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Bullock et al. 2001,see also Barnes & Efstathiou 1987, Ryden 1988, Warren et al 1992
Steinmetz & Bartelman 1995, Cole & Lacey 1996, Gardner 2001, Maccio et al. 2006



Why do disk galaxies spin more?
Fall & Efstathiou 1980; Dalcanton, Spergel, Summers, 1997; Mo, Mao & White 1998




density

Z>1Z inner core collapse

Z = Z inner core collapse

Pichon et al. 2011




density

o H ”
Z > 7 it What do we mean by “secondary infall”?
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Look for correlations of spins'with the cosmic web
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Horlzon 4p| 5|mulat|on

dark matter only, 2Gpc ht box RED! b|II|on parhcles 43 mllllon dark matter halos @ z=0
(TeySSIer et al. 2009) 72 |




Build a Skeleton
Sousbie et al. 2009




Excess probability of alignment between spins of
dark matter halos and their nearest filaments

115 l]]ll]lIT]IIIIM;’SMI]JI]III]I]Ill[_‘
EM \ perpendicul&?" ;
<<

1.10/2 aligned L]

[~ T
.\ -

1052 = Mass transition:
up T\ 7o M.~ 4 X102 M,
F1.00= "o ' A random

— ‘v\, 7 & - orientations _
0.95C had S 4 of b M < M, aligned

= - M > M_.. perpendicular
0.90- 4

B — A log M :12.00 —
085 Lyl bl b b b e b b b e b Ly 1y I

-0.5 0.0 0.5
cos(0)

Codis et al. 2012 (see also Bailin & Steinmetz 2005,
Aragon-Calvo et al. 2007, 2013, Hahn et al. 2007, Paz et al. 2008,
Libeskind et al. 2013, Trowland et al. 2013)



Is mass transition a reflection of accretion history

onto a dark matter halo?

Time evolution of angle between closest filament and the spin of a DM halo
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Are aligned splns mhented from e




Trajectories of dark matter: winding walls /-
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Vorticity field near a filament

Laigle et al. 2014




Dubois et al? 2014
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Morphology of simulated galaxies is correlated
to the cosmic web atz=1.83

Excess probability of alignment between galaxy spin
& closest filament as function of:

mass kinematics (V/s) color (g-r)
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Morphology of observed SDSS galaxies might be correlated

to the cosmic web...

Temple et al. 2013 spirals aligned
— — (parallel)
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oIfeJ[edte, 2as Map on virial sphere

e.g. Dekel et al. 2009, Pichon et al. 2011, Danovich et al.2012
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density amplitude of angular momentum

Z > Z inner core collapse blue = high momentum

Z = Z inner core collapse

Pichon et al. 2011




100ht Mpc ACDM simulation with 2563 dark matter particles

‘ . “Sweeping skeleton”
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Pichon, Pogosyan, Kimm, Slyz, Devriendt, Dubois 2011



Why later infall carries
2 adjacent asymmetric voids more angular momentum

AN
P 1\
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—_— e
void 1
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Pichon, Pogosyan, Kimm, Slyz, Devriendt, Dubois 2011



oIfeJ[SadXe. gas map on virial sphere

Kimm, Devriendt, Slyz, Pichon, Kassin, Dubois, 2011
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Inside halos with t

~5x 10 M, at redshift O
R A B

3 « re-simulations » ...

spatial resolution
~ 0.5-48 pc (physical)
on finest level

<€ >

9 h' Mpc
RAMSES code (Teyssier, 2002) with 128 root grid,
3 nested grids
8-15 AMR refinement levels
Identical simulations (IC / DM particle mass res = 5 x 10* M) with differer
implemented (adiabatic, cooling, star formation, SN feedback, RT, stellar w
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R jdm

. redshift
Kimm et al 2011
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7\'gas 5

z=2.5 (NutCO)
- 5z =1.5 (NutCO)
| 5% z=0 (NutCO)

rE T — P P el
T

z=6.1 (MN)

z=3.8 (MN)

z=2.5(MN) - .
z=15(MN) -
z=1.5(C25) |

z=0 (C25)

z=0 (C50)

Kimm et al 2011



look-back time (Gyr)
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1<time<2Gyr

articles 0.3 < time < 0.6 Gyr

Hot ga
time < 0.3 Gyr

Stewart et al. 2013
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' { "~ 1<time<2Gyr

v

Cold gas particles 0.3 <time < 0.6 Gyr
I R A time < 0.3 Gyr

Stewart et al. 2013

Stewart et al: 2043
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1<time<2Gyr
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Do dark matter and gas share same
specific angular momentum profile?
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How much gas mass and angular momentum
enter disk galaxy via filaments?

redshift 10 redshift 8

Tracer particles for gas filaments
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Tillson, Devriendt, Slyz, Miller, Pichon 2012



Tracer particles for gas filaments
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redshift=9 =~ : |
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time output

Tillson et al, 2012

atellite stars in black



What sets the mass budget

of the disk?

M/M sun
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What sets the mass budget

of the disk?
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What sets the mass budget

of the disk?
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What sets the mass budget

of the disk?
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What sets the mass budget

of the disk?

M/M sun
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What sets the mass budget

of the disk?
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What sets the mass budget

of the disk?
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What sets the mass budget

of the disk?
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Tillson et al, 2012



What sets the mass budget

of the disk?
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What sets the angular momentum
budget of the disk?




What sets the angular momentum

budget of the disk?
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What sets the angular momentum

budget of the disk?
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What sets the angular momentum

budget of the disk?
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What sets the angular momentum

budget of the disk?
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What sets the angular momentum
budget of the disk?

disk baryons SN

filament 3 (f3)
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What sets the angular momentum
budget of the disk?

disk baryons
filament 1 (f1)

filament 3 (f3)
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What sets the angular momentum
budget of the disk?
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What sets the angular momentum

budget of the disk?
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Summary of findings beyond Tidal Torque Theory

A mass transition separates aligned from perpendicular halos in dark matter
simulations. High mass halos have perpendicular spins because they are
results of mergers; low mass halos have parallel spins because they acquire
mass from accretion in the vorticity-rich neighborhood of filaments.

Massive, dispersion dominated, passive, red, smooth, metal-rich and old
galaxies tend to have spins perpendicular to filaments.

Low mass, centrifugally supported, star forming, blue, irregular, metal poor
and young galaxies tend to align with filaments.

Gas and dark matter have the same angular momentum when they are
accreted at the virial radius. However, for simulations with cooling, gas
specific angular momentum within the virial radius is always higher by at
least a factor of 2 than that of the dark matter.

The specific angular momentum of profile of gas within the virial radius never
matches the profile for dark matter.

At high redshift, the cold filament gas phase dominates the mass and angular
momentum budgets of the disk as a function of time. The luminous satellites
account for at most 1/10™ of the disk mass and angular momentum budget
at any given epoch.




