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Reionization & the Milky Way

UV background
=> gas photo-evaporation 
=> SF suppression of low-mass galaxies 
=> satellite galaxies, ultra-faint dwarfs
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Figure 4. Distributions of satellite galaxy magnitudes as a function of distance
from the Sun in a model with zreion = 9 and Mt = 3 × 107 h−1 M#. The open
red circles show magnitudes assigned using the abundance matching method
(Equation (1)) and the filled green triangles have magnitudes assigned using
the Bruzual and Charlot SPS code. The cyan stars show the distribution of the
observed Milky Way satellites. The solid line shows the completeness depth of
the SDSS survey as given by Equation (3).
(A color version of this figure is available in the online journal.)

the Tvir = 8 × 103 K falls entirely within the constraints of
Tollerud et al. (2008). It is important to note that these results
rely on simulations using completely different sets of physics.
The limits on Mt are set from hydrodynamical simulations as
discussed in Section 2.2, while the zreion and nsats limits come
from N-body simulations that model only collisionless physics.

One caveat that must be kept in mind when interpreting
Figure 3, is that we have assumed the particular subhalo
population of via Lactea II is representative of a typical
Milky Way mass halo. While only a handful of such ultra-
high-resolution simulations have been conducted, it is already
apparent that there is a wide distribution in the number of
subhalos in halos of similar mass. In particular, currently the
three most well-resolved halos (Diemand et al. 2008; Stadel
et al. 2009; Springel et al. 2008) contain a factor of 1.5–2 more
subhalos than via Lactea II at a fixed mass threshold, and it is
estimated that via Lactea II is among the 15% of objects with
similar mass that have so few subhalos (Ishiyama et al. 2009).
If this is the case, the number of satellites predicted in Figure 3
is potentially a factor of 2 too low for a typical Milky Way mass
halo. However, it is unknown exactly where in the relatively
wide distribution the Milky Way lies, particularly, since the
number of subhalos has been shown to correlate strongly with
halo concentration and formation history (Zentner et al. 2005).
In the remainder of this work, we assume that the subhalos
in via Lactea II are representative of the Milky Way, but this
distribution, and the possible bias, should be kept in mind when
detailed numerical results are given.

4.3. Luminosity Function

While Figure 3 shows that the total number of subhalos
hosting satellite galaxies may be strongly dependent on the
time of reionization, it is necessary to understand the properties
of these affected halos, i.e., are they all low mass objects that
we expect to host low-luminosity galaxies, or do they fill a
larger range in satellite parameter space? In order to quantify
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Figure 5. Luminosity functions for observations and model predictions. The
long-dashed line shows the observed Milky Way satellite luminosity function
corrected for sky coverage and depth effects, while the cyan swath represents
the statistical error. The red dotted, green dashed, and blue dot-dashed lines
represent reionization models of varying zreion = 5, 8, and 12, respectively.
Mt is set using the virial temperature, Tvir(Mt) = 8 × 103 K. The thicker set
of lines shows predicted luminosity functions using an extrapolated abundance
matching method to assign luminosities to the galaxies. The thinner set of lines
uses a SPS model to predict the luminosities.
(A color version of this figure is available in the online journal.)

the expected impact on observations, we must first impose
the relevant observational cuts on our satellite distribution.
For each subhalo, we calculate rsun, the distance from a point
8 kpc from the center of via Lactea II. Figure 4 shows this
distribution as a function of magnitude for the model zreion = 8,
Mt = 3 × 107 h−1 M#. The open red circles show magnitudes
calculated using the abundance matching method (Equation (1)),
and the filled green triangles use the population synthesis model.
We then impose the cut defined by Equation (3) above, shown
as the black line. Because we expect this subset to best match
the observational sample, this cut is imposed for all subsequent
comparisons. While only affecting about 20% of our satellites,
objects as bright as MV = −7 are cut. The distributions of
the Milky Way dwarfs are overplotted for reference. We also
calculate the detection efficiency for each satellite galaxy based
on its surface brightness according to Equation (4). All galaxies
passing out magnitude cut have ε ≈ 1, so we do not make any
additional cuts based on estimated surface brightness.

Again, because the magnitudes set by the abundance match-
ing method are not directly impacted by zreion and Mt, the distri-
bution of objects in MV –rsun space is not strongly impacted as
these parameters are varied. In particular, adjusting these param-
eters only results in the presence or absence of objects with low
MV as low mass subhalos gain or lose the ability to host satel-
lite galaxies. Individual objects will, however, have a significant
dependence on magnitude in the SPS model because adjusting
these parameters impacts how long star formation is allowed
to proceed for, impacting the amount of mass that can be con-
verted into stars. In addition to forming new satellite galaxies,
pushing zreion to later epochs also causes the existing satellites
to brighten.

Figure 5 compares the luminosity functions from our model
with observations. The thicker lines show magnitudes set by
the abundance matching method, and the thinner lines by the
SPS model. For this plot, we have fixed Mt to be set by the
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SAM based on Via Lactea II

photo-evaporation recipes from Iliev et al. 2006

=> Signature of reionisation geometry survives 
down to z=0

z=0

Ocvirk & Aubert 2011

cumulative normalized radial distribution
of Milky Way satellites

Impact of local structure of UV field 
at reionization on MW satellite pop

External, uniform BG Internal, inside-out

UV

Simplification: unique central UV source     -_-
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PICON

HYDRO SIMULATION

o CLUES

o zoom simu seed 186592 

o Gottloeber et al. 2010 

o GADGET 2, WMAP3 (no live RT)

o produces realistic MW+M31+M33

o Mpart=2.105 M☉(in HR region)

PICON: Photo-Ionization of CONstrained simulations of the local group

Radiative post-processing of high-res hydro simulation of local group formation

RADIATIVE TRANSFER

o post processing

o ATON (Aubert & Teyssier 2008)

o grid-based method

o multi-GPU: CUDATON

o Stellar sources T=50000 K, fesc=0.2

o H only chemistry

o ~20 h-1 kpc resolution, 5123, 11 h-1Mpc box
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Local group reionization map

o Slice through MW-M31-M33 plane 
200kpc thickness 

o ~20 h-1 kpc resolution

o 2-4 major patches

o patches more or less structured

o each galaxy reionizes in isolation

o Effect of > 12.7 Gyr dynamical evolution?

MW

M31

Ocvirk et al. 2012, in prep.
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A new tool:
Lagrangian reionization maps

Reionization as seen by DM particles

o Follow DM particles, in every RT snapshot xionparticle = xioncell

o => DM particles reionization history

o => Particle reionization redshift  xion( z < zreion ) > 0.5

RT grid

ti, xi

ti+1, xi+1
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zreion vs z=0 position

o Large spread in zreion

o <zreion> increases near massive 
structures (M31,M33,MW)

o Floor at ~ zreion = 8, R > 200 kpc

o No influence from M31 over  
MW during reionization ?

MW M31
M33
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zreion gradient in MW halo at z=0

o stratification in zreion

o SPH stars: Δtreion ~ 200 Myr
o steady decline in zreion inside-out
o (SAM model: Δtreion ~ 350 Myr)

MW M31
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Temporal evolution of zrei gradient
origin = MW, SAM sources

o Well defined structure at high z
o (despite source multiplicity)
o flattens out with time
o but survives 
o (despite >10 Gyr of dynamical 

evolution)

z=15 z=5

z=1 z=0

Ocvirk et al. 2012, in prep.
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Discussion: Implications

Satellite pop SAMs assume 
UNIFORM zrei

o Koposov et al. 2008: zrei = 8 - 11
o Maccio et al. 2009: zrei = 7.5 - 11
o Busha et al. 2010: zrei = 6 - 11

o We find strongly non-uniform zrei

o <zrei> (R<10 kpc) >10

o <zrei> (R>100 kpc) ~7

Ocvirk & Aubert 2011

(distance to galactic center)

cumulative normalized radial distribution
of MW satellites

o Therefore uniform zrei is:

o wrong in internal reionization scenario

o ok in external reionization, but how 
likely?

inside-out
uniform
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Summary: tools/products
projects suggestions

oSAM satellites pop with various reionization scenarios

o run on CLUES HR sims? Push to higher res?

o extend to stellar halo / streams <= NEED halo tracks for ALL haloes (including 
disrupted)

o RT postprocessing with ATON 

o multi-GPU => fast (very large boxes (up to 2048^3) or explore source 
parameter space)

o data: Detailed reionization history (xion for zoom simu with seed 186592 => LAE 
studies of MW progenitor?
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Tools in development:
coupled hydro-RT

oRAMSES-ATON (T. Stranex, R. Teyssier, D. Aubert)
o hybrid: 

o RAMSES (Teyssier): gravity+hydro => CPU
o ATON (Aubert & Teyssier): RT => GPU (CUDATON, 

speedup x80)
o advantage: c=1
o drawback: fixed grid (also hydro)!!! (at the moment...)

o Run on Curie-hybrid (PO):
o CLUES full box ICs: 64 Mpc, 1024^3, 128 nodes, 256 GPUs
o z=1 in ~ 3 days

o runs ok but bad SFH because of fixed grid.
o => need AMR 
o => QUARTZ (D. Aubert): coupled, hybrid, AMR, from scratch QUARTZ
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