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Low baryon fractions in MW Dwarfs

McGaugh et al. 2010

Via Lactea
Diemand 2008

https://webfiles.uci.edu/bullock/Public/Canary2008/

Theory: Observation: N~20N>1010

XX Canary Islands Winter School, LG Cosmology
J. S. Bullock
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Zoom-in Simulation of Low Mass 
Dwarf Halo

Halo Properties
M200 = 1.55 x 109 M☉ at z = 0
Isolated Environment

 Physics             
• Enzo - Adaptive Mesh Refinement code

• Non-equilibrium H2 cooling              
(Anninos et al. 1997, Abel et al. 1997) 

• Metal line cooling & heating rates        
(Smith et al. 2008)

• Cosmic UV backgrounds     
(photoionizing & photodissociating)                           
(Haardt & Madau 2001, 2011)

• Photoionization & photodissociation 
self-shielding                                          
(Simpson et al. 2012, Shang, Bryan & Haiman 2010)

• Thermal supernova feedback               
150 M☉ stars →1051 ergs injected over  
10 Myrs (Cen & Ostriker 1992)

Resolution
∆xmin = 11 comoving pc
m* = 100 M☉
mdm = 5353 M☉

Simpson et al. 2013



Suppression of SF

No UV 
Background

black: full physics
red: No UV bg

Remove SN 
feedback...

... self-shielded 
clumps 
survive

red,yellow: 
No SN feedback

Simpson et al. 
2013

SF
R

 (
M

☉
yr

-1
)

𝝆 m
ax

 (
cm

-3
)

1e
-3

       
1e

-4
       

60
6e

-2
       

6e
4 

      
1e

-1
       

Redshift
0      4       8     12

1e
-2

       
f ga

s

Simulation
Ends

Redshift
   4       8      12

Remove UV 
background...

... gas 
reaccretes

black: full physics



Comparison to MW dSphs

Data from Walker et al. 2009, 
Kirby et al. 2008 & Kirby et al. 2011

6 C. M. Simpson et al.

Table 2. Summary of Final Halo Properties.

R10 R10-earlyUV R43

Mtot/M� 1.55⇥ 109 1.55⇥ 109 1.54⇥ 109

M⇤/M� 1.43⇥ 106 1.16⇥ 105 6.82⇥ 106

r200 (kpc) 23.7 23.9 23.7

r1/2 (pc) 704 213 326

M1/2/M� 3.05⇥ 107 3.86⇥ 106 1.56⇥ 107

M300/M� 7.53⇥ 106 7.41⇥ 106 1.42⇥ 107

�1/2 (km/s) 7.83 8.30 8.56

hZ/Z�i (median) 0.51 0.06 0.80
hZ/Z�i (mean) 0.84 0.12 1.0

�Z/Z� 0.84 0.14 0.83

Note: The quantities presented in each row are (1) the total mass

within r200, (2) the total stellar mass within r200, (3) r200, the

radius within which the mean halo density is 200 times the criti-
cal density of the universe, (4) the radius enclosing half the stellar

mass, (5) the total mass within r1/2, (6) the total mass within
300 pc, (7) the velocity dispersion of star particles within r1/2,

(8) the mass-weighted median of the star particle metallicities,

(9) the mass-weighted mean of the star particle metallicities, (10)
the mass-weighted standard deviation of the star particle metal-

licities.

3.1 Canonical runs

In this section, we describe in detail the results of R10
and R10-earlyUV, which are the highest resolution simu-
lations to include all of the physics outlined in Section 2.
R10-earlyUV di↵ers from R10 in that the uniform UV back-
grounds were turned on in the same way as described in Sec-
tion 2 but between redshifts 8 and 8.9 instead of between
redshifts 6 and 7. The purpose of introducing the global
UV background at di↵erent times is to explore the e↵ect of
patchy reionization. More isolated regions of the universe
farther from major sources of ionizing photons may be af-
fected by the ionizing background later than less isolated
regions. In both R10 and R10-earlyUV, the ionizing back-
ground is at full strength by redshift six.

3.1.1 Global properties

The halo we have chosen is fairly isolated at z = 0; however,
like all dark matter haloes in cosmological simulations, it
assembles hierarchically. Figure 1 shows the evolution of the
dark matter halo masses and virial temperatures (as defined
in Machacek, Bryan, & Abel 2001) of progenitor haloes in
R10 and R10-earlyUV. We present the dark matter evolu-
tion only for haloes in R10 since the dark matter evoultion
is virtually identical in R10-earlyUV. At z = 9, there are 30
progenitor haloes more massive than 106 M�. Two of these
haloes are more massive than 107 M�, and these two haloes
gradually build up their mass within two groups over the
course of the simulation. The two haloes merge at z = 1.8
in a merger that is about 2:1 in dark matter and nearly 1:1
in stellar mass in both R10 and R10-earlyUV.

The evolution of a variety of baryon quantities in pro-
genitor haloes is shown in Figures 2 and 3. We track gross
properties of progenitor haloes in Figure 2 such as the total
baryon fraction, gas fraction and stellar mass and quantities
associated with the densest cell in each halo in Figure 3 such
as its density and metallicity.

Figure 1. Top: Evolution of the dark matter mass within r200

(top) and virial temperature (bottom) of progenitor haloes in sim-

ulation R10. Coloured lines indicate haloes where star particles
formed, while gray lines indicate haloes that remain dark. A line

begins when a halo becomes massive enough to be detected by

our halo finder and ends when the halo merges into a more mas-
sive halo. We note that substructure can occasionally separate

far enough from its parent halo to be detected for a brief time as

a separate halo, and therefore appears as short lines. In particu-
lar, two star forming progenitors have a series of close encounters

during which our halo finder was unable to distinguish between

them – their evolution is shown in orange.

The evolution of the gas fraction in progenitor haloes
appears to be dominated by reionization. Figure 2 shows
sharp declines in the gas and baryon fractions in both R10
and R10-earlyUV at their respective times of reionization.
These declines are due to photo-evaporative outflows trig-
gered by reionization (Barkana & Loeb 1999; Gnedin &
Kravtsov 2006). We see that once the gas fraction declines
during reionization, it remains suppressed for the remainder
of the simulation. We see no evidence for re-accretion of gas
once the main halo has been assembled at z = 1.8.

There are also smaller, but still significant, declines in
the gas fraction prior to reionization in several luminous pro-
genitors (Figure 2). These declines appear to be correlated
with peaks in the star formation rate as shown in the bot-

c� 2012 RAS, MNRAS 000, 1–??

Reionization
z=6-7

Reionization
z=8-8.9

Simpson et al. 2013



Metal Loss in dSphs

Kirby+ 2011
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Distributed 
Thermal and Kinetic Feedback

New Model
ESN = ∑Etherm,i + Ekin,i

Cen & Ostriker Model
(single cell)
ESN = Etherm



High Resolution Tests

dx = 0.5 pc
𝝆0 = 100 cm-3

0.25 Myr 1 Myr0.75 Myr0.5 Myr

No cooling

Cooling

fkin = 0.3
ESN = 1051 ergs Simpson et al. in prep
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Kinetic Injection Fraction Matters in 
High Densities and at Low Resolution
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Evolutionary Timescales of Feedback

Resolution 
Timescale

Rs > 4.5 ∆x

Snow-plow 
Timescale
∆E = -1/3 E0

Equilibrium 
Timescale
Msweep > 

2(Minj + Mfbr)

Simpson et al. in prep



Preliminary Galaxy Models
Includes physical prescriptions 
from previous models

Star particles produce a single SN 
event with same total energy and 
mass loading as used previously

SN event occurs promptly

Due to current numerical 
constraints, feedback injection 
zones near ‘grid’ edges must be 
shifted (this will be corrected in 
future work!) Processor 2

Processor 1
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SFR

Simpson et al. in prep



New Model (purely thermal)

Simpson et al. in prep



New Model (30% kinetic)

Simpson et al. in prep



New Model (30% kinetic)

Simpson et al. in prep

Zp = y M*/(floadM* + 27𝝆 dx3)

log(Zp) = -2.6 for 𝝆 = 100cm-3



Summary & Conclusions
• Feedback plays an important role in shaping many dwarf 

properties

• Resolution is key in modeling feedback

•We need to consider multiple observables to understand 
feedback - SFH, mean metallicity, metallicity distribution, 
complex abundances, central densities, etc.

• Preliminary results suggest momentum may not be the 
dominant regulator of some of these galaxy properties - 
careful accounting of the various sources of feedback (e.g. 
Agertz et al., Hopkins et al.) is necessary

• Further code improvements and higher resolution calculations 
may provide further insights




