The Role of Feedback in Galaxy Scaling Relations

Hot gas explodes out of
young dwarf galaxies

Simulation by Andrew Pontzen, Fabhio Governato and
Alyson Brooks on the Darwin Supercomputer, Cambridge UK.

Simulation code Gasoline by James Wadsley and Tom Quinn
with metal cooling by Sijing Sheng.

Visualization by Andrew Pontzen.
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THE LIGHT FROM GALAXIES
DOESN’T TRACE THE DARK MATTER
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STAR FORMATION VARIES WITH
GALAXY MASS

Galaxies smaller &
bigger than the Milky
Way are bad at
making stars

Galaxies like the
Milky Way are best at
making stars

WHY?!?
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A SECOND LINE OF EVIDENCE
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WE’VE KNOWN FOR A WHILE
THAT FEEDBACK IS NECESSARY
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DISK SIZES ARE
NO LONGER A CHALLENGE
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SIMULATIONS NOW MATCH EVERYTHING

Towards a more realistic population of bright spiral
galaxies in cosmological simulations
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ABSTRACT

We present an update to the multiphase SPH galaxy formation code by Scannapieco et
al. We include a more elaborate treatment of the production of metals, cooling rates
based on individual element abundances, and a scheme for the turbulent diffusion
of metals. Our SN feedback model now transfers energy to the ISM in kinetic and
thermal form, and we include a prescription for the effects of radiation pressure from
massive young stars on the ISM. We calibrate our new code on the well studied
Aquarius haloes and then use it to simulate a sample of 16 galaxies with halo masses
between 1 x 10" and 3 x 10'2M_,. In general, the stellar masses of the sample agree
well with the stellar mass to_halo mass relation inferred from abundance matching
techniques for redshifts 2 = 0 — 4. There 1s however a tendency to overproduce stars
at z > 4 and to underproduce them at 2 < 0.5 in the least massive haloes. Overly
high SFRs at z < 1 for the most massive haloes are likely connected to the lack of
AGN feedback in our model. The simulated sample also shows reasonable agreement
with observed star formation rates, sizes, gas fractions and gas-phase metallicities at
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z = 0 — 3. Remaining discrepancies can be connected to deviations from predictions
for star formation histories from abundance matching. At z = 0, the model galaxies

S5

show realistic morphologies, stellar surface density profiles, circular velocity curves and
stellar metallicities, but overly flat metallicity gradients. 15 out of 16 of our galaxies
contam disk components with Kinematic disk fraction ranging between 15 and 65 %.
The disk fraction depends on the time of the last destructive merger or misaligned
infall event. Considering the remaining shortecomings of our simulations we conclude
that even higher kinematic disk fractions may be possible for ACDM haloes with quiet
merger histories, such as the Aquarius haloes.
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How TO MATCH EVERYTHING
(MORE FEEDBACK, PLEASE)

FEEDBACK EFFICIENCY VS TIME

] 1 | 1 [ _
Stinson+12

o B b
Agertz+| | ‘Vogelsberger+ 13

00
I
1

SN Energy ( 100% Kroupa 2001 IMF)

. Robertson+ 08 Eris]2 G-wWDHNI
- ® @0 -
G+10
~Abadi et al. 02 G+12
| ® ) i
() 1 . | | | | | | | J | 1 | 1 l
2000 2005 2010 2015
L Year )




z=0.51 t=8.70 Gyr

Outflows!

Mvir o 1010 IVISun
“dwarf galaxy”

Edge-on disk
orientation

(arrows are
velocity vectors)

Brook et al., 2011, MNRAS, 415, 1051



OUTFLOWS REMOVE LOW ANGULAR MOMENTUM
GAS (AND MAKE BULGELESS DISKS)
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Cumulative Outflow / 10° [Mg]
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OUTFLOWS REDUCE THE CENTRAL
CONCENTRATIONS IN LARGER GALAXIES
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THE BARYON FRACTION AS A FUNCTION OF

HALO MASS
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YOU CAN LOSE 909% OF YOUR

BARYONS AND BE GAS RICH
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THERE IS A TIGHT TREND IN
BARYONIC MASS WITH HALO MASS
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Creation of a Dark Matter Core

7=8.18 t =0.65 Gyr

See also: Navarro et al. 1996; Read & Gilmore 2005; Mashchenko et al. 2006, 2008; Pasetto et al. 2010;
de Souza et al. 2011; Cloet-Osselaer et al. 2012; Maccio et al. 2012; Teyssier et al. 2012; Ogiya & Mori 2012



THE CUSP/CORE PROBLEM

NFW Density Profile Pseudo-isothermal Density Profile
scale radius core radius
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Parameterize density profile as o(r) o< r
Simulations predict a ~ 1 (central cusp)
Observations show a ~ 0 (constant-density core)



Creation of a Dark Matter Core
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See also: Navarro et al. 1996; Read & Gilmore 2005; Mashchenko et al. 2006, 2008; Pasetto et al. 2010;
de Souza et al. 2011; Cloet-Osselaer et al. 2012; Maccio et al. 2012; Teyssier et al. 2012; Ogiya & Mori 2012



How are Cores Created?
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CORES FOUND BY MANY

Teyssier et al. (2013), RAMSES (AMR) code
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CORES FOUND BY MANY

Overall in FIRE, cores form only in a limited range of halos masses:
~10'%-10'"Msun (halos hosting galaxies with M«~10%-10? Msun).

~MWV mass halos are also affected: very little or no adiabatic contraction!
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Core Creation varies with Mass!

because SF varies with mass
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Core Creation varies with Mass!

because SF varies with mass
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DENSITY SLOPE AS A FUNCTION
OF STELLAR/HALO MASS
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WHAT HAPPENS
AT HIGHER MASSES?
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PRIMARY MOTIVATION:
STELLAR MASS TO HALO MASS

12 T T T T I T T T T I T T T T l T T T T l T T T T l T T T T
. @ gigggd _—__ Moster+13
A
| o 85664 _
11 215807 ot
- < gswi’?
12
— 10 L x B
|
= |
t_g 9 -
% - MUGS
= FIDUCIAL |
- © SN=1.2
h' 0 L esf=0.125
esf=0.175
(Munshi et al. 2013) 3 . paam
FID_c+0.1
i SN=0.8

9.5 10.0 10.5 11.0 11.5 12.0 12.5
loglo Mhnlo[Msun]
(di Cintio et al. 2014)

8 9 10 11 12

sun



PRIMARY MOTIVATION:
STELLAR MASS TO HALO MASS
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BUT FEEDBACK CAN EVEN
ALTER THE HALO MASS
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CAVEAT EMPTOR
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THE FUTURE OF SIMULATIONS

* (1) More physically motivated feedback (e.g.,
young stars)

% (2) Details of the ISM; gradients

* (3) Galactic winds



Conclusions

Simulations keep improving! (motivated by higher resolutions)

A more realistic treatments of SF leads to more realistic galaxies

Feedback is necessary to match a slew of observed galaxy scaling relations, e.g.:
disk sizes
bulge sizes
metallicities
gas fractions
stellar mass to halo mass
dark matter cores

Detailed ISM properties and galactic winds will be the best constraints of the
feedback models



