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WF/CRs applied to the CMB (COBE 1st year data)

COBE (raw data) COBE (WF) COBE (CRs)
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CLUES (in a nutshell)

Key ingredients

Data: peculiar velocities of galaxies

Prior model: ΛCDM

Bayesian construction of the (linear) large
scale structure (LSS) from noisy, sparse
and incomplete data

Time machine: from the (present epoch)
reconstructed LSS to initial conditions (ICs)

Constrained simulations: from ICs to the
present epoch nearby universe

Construct an ensemble of constrained
simulations

The mean (or median) over the ensemble
of constrained simulation = estimator of
the QL nearby universe
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Bayesian inference: WF/CRs/Constrained simulations

In the Bayesian approach one is interested in the posterior probability of a model given observational data:

P(model | data) ∝ P(data | model) P(model)

P(model) is the prior probability (knowledge) of the model

P(data | model) is the likelihood of the data given the (prior) model: how likely is a data given the model

P(model | data) is the posterior probability: how likely is a model given the data and one’s prior
knowledge. The model is a mathematical abstraction that describes a physical system (e.g. density or
velocity field).

Model: Gaussian random field, with the ΛCDM power spectrum

Data: peculiar velocities of galaxies (Cosmicflows database)

Sampling the posterior probability (linear regime): by constrained realizations (CRs) of Gaussian fields

Posterior probability distribution function (linear regime): mean and most probable field are given by the
Wiener filter (WF)

Sampling the posterior probability (non-linear regime): by constrained simulations
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Data: Cosmicflows project (PIs: Brent Tully & Helene Courtois)
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Cosmicflows project: database of galaxies with estimated

distances:

Cosmicflows-1 (CF1): 1797 galaxies within 3000

km s−1 (575 grouped data)

Cosmicflows-2 (CF2): ≈8000 galaxies with median

redshift of 5895 km s−1 (4814 grouped)

Cosmicflows-3 (CF3): ≈18000 galaxies with median

redshift of ≈8000 km s−1 (≈ 11000 grouped)

Cosmicflows-4 (CF4): in progress
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CF3 data and Planck ΛCDM model

Comparison of the monopole (−∇ · ~v/H0) and dipole (bulk
velocity) moments (in top-hat spheres of radius R) of constrained
realizations with random ones.
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Two views of the Laniakea Supercluster.
The outer surface shows the region
dominated by Laniakea’s gravity. For
more information, see caption for Figure
1 below. Credit: SDvision interactive
visualization software by DP at
CEA/Saclay, France.
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Hawaii Scientist Maps, Names Laniakea, Our Home

Supercluster of Galaxies
University of Hawaii at Manoa astronomer R. Brent Tully, who recently shared the 2014
Gruber Cosmology Prize and the 2014 Victor Ambartsumian International Prize, has led
an international team of astronomers in defining the contours of the immense
supercluster of galaxies containing our own Milky Way. They have named the
supercluster “Laniakea,” meaning “immense heaven” in Hawaiian. The paper explaining
this work is the cover story of the September 4 issue of the prestigious journal Nature.
Galaxies are not distributed randomly throughout the universe. Instead, they are found
in groups, like our own Local Group, that contain dozens of galaxies, and in massive
clusters containing hundreds of galaxies, all interconnected in a web of filaments in
which galaxies are strung like pearls. Where these filaments intersect, we find huge
structures, called “superclusters.” These structures are interconnected, but they have
poorly defined boundaries.
The researchers are proposing a new way to evaluate these large-scale structures by
examining their impact on the motions of galaxies. A galaxy between two such
structures will be caught in a gravitational tug-of-war in which the balance of the
gravitational forces from the surrounding large-scale structures determines the galaxy’s
motion. By mapping the velocities of galaxies throughout our local  universe, the team
was able to define the region of space where each supercluster dominates.
The Milky Way resides in the outskirts of one such supercluster, whose extent has for
the first time been carefully mapped using these new techniques. This Laniakea
Supercluster is 500 million light-years in diameter and contains the mass of 1017 (a
hundred quadrillion) suns  in 100,000 galaxies.
This study clarifies the role of the Great Attractor, a problem that has kept astronomers
busy for 30 years. Within the volume of the Laniakea Supercluster, motions are directed
inwards, as water streams follow descending paths toward a valley. The Great Attractor
region is a large flat bottom gravitational valley with a sphere of attraction that extends across the Laniakea Supercluster.
The name Laniakea was suggested by Nawa‘a Napoleon, an associate professor of Hawaiian Language and chair of the
Department of Languages, Linguistics, and Literature at Kapiolani Community College, a part of the University of Hawaii system.

IfA Publications
Newsletters
Scientific Preprints
Recent Publications
Annual Reports
Press Releases
Front Page Stories
In the Media
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Newly Discovered Intergalactic Void Repels Milky Way
For decades, astronomers have known
that our Milky Way galaxy - along with our
companion galaxy, Andromeda - is moving
through space at about 1.4 million miles
per hour with respect to the expanding
universe. Scientists generally assumed
that dense regions of the universe,
populated with an excess of galaxies, are
pulling us in the same way that gravity
made Newton's apple fall toward earth.
In a groundbreaking study published in
Nature Astronomy, a team of researchers,
including Brent Tully from the University of
Hawaii Institute for Astronomy, reports the
discovery of a previously unknown, nearly
empty region in our extragalactic
neighborhood. Largely devoid of galaxies,
this void effectively exerts a repelling force,
pushing our Local Group of galaxies
through space.
Astronomers initially attributed the Milky
Way's motion to the Great Attractor, a
region of a half-dozen rich clusters of
galaxies 150 million light-years away. Soon
after, attention was drawn to a much larger
structure called the Shapley
Concentration, located 600 million light-
years away, in the same direction as the
Great Attractor. However, there has been
ongoing debate about the relative
importance of these two attractors and
whether they suffice to explain our motion.

IfA Publications
Newsletters
Scientific Preprints
Recent Publications
Annual Reports
Press Releases
Front Page Stories
In the Media
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A face-on view of a slice ±30h−1Mpc thick, normal to the direction of the pointing vector

r̂ = (0.604, 0.720,−0.342). Three different elements of the flow are presented: streamlines, red and grey surfaces

present the knots and filaments of the V-web, and equipotential surfaces are shown in green and yellow. The yellow

arrow indicates the direction of the CMB dipole.

The Dipole Repeller (DR) is located at: [SGX , SGY , SGZ ] ≈ [110,−60, 100]± 25h−1Mpc
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The cosmic velocity web is represented by surfaces of knots in red and surfaces of
filaments in grey. The black lines with arrows illustrate local velocity flows within
filaments and toward knots. The Laniakea Supercluster basin of attraction that
includes our Milky Way galaxy is represented by a blue surface. The region being
displayed extends across one billion light years. 
Credit: Daniel Pomarede, Yehuda Hoffman, R. Brent Tully, Helene Courtois.
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The Cosmic Velocity Web
The cosmic web - the distribution of matter
on the largest scales in the universe - has
usually been defined through the
distribution of galaxies. Now, a new study
by a team of astronomers from France,
Israel, and Hawaii demonstrates a novel
approach. Instead of using galaxy
positions, they mapped the motions of
thousands of galaxies. Because galaxies
are pulled toward gravitational attractors
and move away from empty regions, these
motions allowed the team to locate the
denser matter in clusters and filaments
and the absence of matter in regions
called voids.
Matter was distributed almost
homogeneously in the very early universe,
with only miniscule variations in density.
Over the 14 billion year history of the
universe, gravity has been acting to pull
matter together in some places and leave
other places more and more empty. Today,
the matter forms a network of knots and
connecting filaments referred to as the
cosmic web. Most of this matter is in a
mysterious form, the so-called "dark
matter". Galaxies have formed at the
highest concentrations of matter and act
as lighthouses illuminating the underlying
cosmic structure.
The newly defined cosmic velocity web defines the structure of the universe from velocity information alone. In those regions with
abundant observations, the structure of the velocity web and the web inferred from the locations of the galaxy lighthouses are

IfA Publications
Newsletters
Scientific Preprints
Recent Publications
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Press Releases
Front Page Stories
In the Media
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CF2 (V-web) and the large scale structure (LSS)

A 3D map of the Cosmic Web represented in terms of knots (red surfaces) and filaments (grey surface).

Orientation and dimensions are provided by the three-arrows signpost located at the origin of the supergalactic

coordinate system with its 2000 km/s long arrows pointing to the three cardinal directions (red, green, blue for

SGX, SGY, SGZ, respectively).

12 / 30



Planes of satellite galaxies and the cosmic (V-)web
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The merits of cosmography

One can argue that it is a nice and noble ’hobby’ - mapping the universe
- that results in beautiful maps and movies.

But - the comparison of the reconstructed large scale structure with the

observed distribution of galaxies constitutes a ’sanity’ check on the data

and its analysis. Often the the comparison uncovers ’bugs’ and ’glitches’

in the data.
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Constrained simulations of the local universe

Methodology

Constraints: Cosmicflows (CF2, grouped data)

Model: ΛCDM (Planck parameters)

Assumption: linear theory (virial motions in
groups & clusters are suppressed)

Revised Zeldovich approximation (RZA): undo
Zeldovich displacements

Constrained realizations of Gaussian fields →
constrained initial condition → constrained
simulations
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Virgo mass assembly history (Sorce, Gottloeber, Hoffman & Yepes 2016)

Virgo model

How do we define a
Virgo-like object?

Mass: ≈ (1− 5)×
1014h−1M�?

Prediction: mass
assembly history
(MAH)

Mass assembly histories obtained with 100 random Virgo-like haloes (light grey), 15 constrained Virgo haloes from

simulations built with different large scale random fields (dark grey) and 10 Virgo haloes from simulations sharing

the same large scale random field (black). The mean MAH are plotted on top of the regions (green dotted line for

random, blue dotdashed line for constrained with different large scale random fields and red triple dot-dashed line

for constrained sharing the same large scale random field).
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Quasi-linear construction of the LSS: motivation

Extension of the linear WF/CRs to the quasi-linear (QL) regime

It is the first time that the actual (non-lnear) large scale density
field is predicted from velocities

A tool for studying the bias in the galaxy distribution
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Quasi-linear construction of the LSS

Methodology
- Run an ensemble of
constrained simulations.
- The ensemble samples the
posterior distribution of the
non-linear LSS (given the CF2
data and the prior model)
- Calculate the mean of the
(log) density and the velocity
field.
- Calculate scatter around the
mean.
- Quasi-linear (QL)
construction of the LSS
- BOX500 Mpc/h, N=5123, 20
simulations

Three-dimensional visualization of the density field by means of

isosurfaces. The surface shown in grey is associated with a density of

∆ = 1.2, while surfaces shown in nuances of red are associated with

higher values of ∆ = 1.7, 2, 2.3, 2.7, 3. The red, green, blue

50h−1Mpc-long arrows materialize the SGX, SGY, SGZ axes of the

supergalactic coordinate system.

The QL nearby universe
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The QL density field: mean and scatter

log ∆ S/N

Left panel: The log10 ∆QL field of a slice on the Supergalactic Plane. Contour spacing of log10 ∆QL is 0.2.

Prominent objects are theVirgo, Centaurus and Coma clusters, the Shapley concentration and Perseus - Pisces

supercluster. Right panel: the signal-to-noise contour map shows the ratio of the mean to the scatter,

(∆QL − 1)/σ∆, with contour spacing 2.0.
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The QL vs 2M++ density fields

”Cosmological parameters from the comparison of peculiar velocities with
predictions from the 2M++ density field” (Carrick, Turnbull, Lavaux &
Hudson, MNRAS, 2015)

QL 2M++

Density fields are Gaussian smoothed at Rs = 4
√

2h−1Mpc.
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The QL density field and the 2M++ galaxies: biasing

Non-linear bias

∆ = C∆α
g

α = 0.58± 0.04
C = 0.84± 0.02

Linear bias

∆ = 1 + δ

δ ≈ αδg

Linear bias model

δg = bδ

b =
1

α
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The Local Group factory (Carlesi et al 2016)

Aim: To run a very large number

of constrained simulations that

‘mimic’ the nearby universe.

Motivation: Statistics of look-alike

Local Groups
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Local Group model

What is a LG?

Simplest model: two halos, distance d = (0.35− 0.70)h−1Mpc,
physical radial velocity vr = (−135 − −80) km s−1, isolation

More advanced: add tangential velocity (vtan)

Even more advanced and less observationally motivated: add mass

More physical: (M, d , vr , vtan) → (energy, angular momentum)
i.e. an orbit.

Observationally constrained physical model: fix the phase on the
orbit (to get the correct d , vr , vtan)

Add galaxy formation considerations: e.g. quite recent merging
history, disks
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Bayesian inference: posterior distribution

Pconstrained

(
XLG | ΛCDM,Cosmicflows data, LG model

)
Prandom

(
XLG | ΛCDM, LG model

)
XLG = mass, tangential velocity, merging history, ... of the LG

The sampling of the posterior distribution function is done by looking for
pairs of halos that obey the LG model at the LG position in constrained
or random simulations.
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HESTIA project - constrained zoom hydro simulations of
the Local Group (Libeskind +)

m CLUES + Springer et al: High resolution hydro (AREPO/Auriga
galaxy formation code) zoom constrained simulations of the LG.

mass assembly history (MAH)

Numerical model: BOX=100h−1Mpc, 4 simulations with N = 40963 and
4 with N = 81923 particles corresponding to mDM ∼ 1.2× 106h−1M�
and 1.5× 105h−1M� (Planck ΛCDM model).

Data: Cosmicflows2
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Reionization of the local universe

�1

1742 T. Dawoodbhoy et al.

Figure 1. A visualization of a slice through the CoDa simulation when half of the IGM was ionized (z = 5.44) showing the cosmic web and the ‘patchiness’ of
reionization. Gas overdensity, δ, increases from blue to red. The colour brightness depends on the ionized fraction, χ , with the darkest regions corresponding
to completely neutral gas and the brightest regions corresponding to completely ionized gas. These extremes are indicated in the legend to the right.

of the universe large enough to sample the full range of experiences
of individual halos while following the spatial inhomogeneity of
reionization on large scales, with enough resolution to track the
formation of all star-forming halos in that volume, as well as the
mutual feedback of these halos and reionization on each other, with
fully coupled radiation-hydrodynamics from cosmological initial
conditions. To sample reionization inhomogeneity fairly, a comov-
ing volume of order 100 Mpc on a side is required (Iliev et al.
2014). Resolving all atomic-cooling halos (i.e. those with masses
M ! 108M⊙) with hundreds of N-body particles requires a particle
mass smaller than 106M⊙, implying as many as ∼1011 particles for
such a large volume.

Our goal is to quantify the dependence of the SFRs and halo
gas-to-dark matter ratios of individual galaxies on their local reion-
ization histories. For that, we must be able to subdivide the total
number of halos identified at each redshift in this simulated volume
into bins of cosmic time (or redshift) during which their surround-
ings were reionized, and then subdivide these bins further into bins
of common halo mass, with enough halos in each bin to enable us to
average over the halo-to-halo scatter in their SFRs and gas fractions.
This requirement is yet another reason the simulation must have a
very large volume.

2.2 CoDa I fits the bill

The combination of such a large volume and high resolution in a
fully coupled radiation-hydro simulation of reionization has only
recently become computationally feasible. CoDa (Cosmic Dawn)
I, described in Ocvirk et al. (2016), is the first such simulation to
meet all of these requirements. There is a fundamental mismatch
between the small time steps required to resolve radiative transfer
and non-equilibrium ionization in the presence of highly super-
sonic ionization fronts and the larger time steps which are sufficient

to resolve the mass motions associated with pressure and gravity
forces. Forcing the simulation to use the smaller of these two step
sizes for both is computationally prohibitive and wasteful. CoDa
I is based on the hybrid CPU-GPU code, RAMSES-CUDATON, which
overcame this problem by performing hundreds of RT steps on
the GPUs per gravito-hydrodynamics step on the CPUs, on each
of 8192 nodes of the CPU-GPU hybrid, massively-parallel super-
computer Titan at OLCF. It has a resolution of 40963 cells for
hydrodynamics and radiative transfer and the same number of dark
matter particles (each with a mass of 3.49 × 105 M⊙) in a comov-
ing box 91 cMpc on a side, and is simulated down to a redshift
of 4.23.

The initial conditions (I.C.’s) for CoDa I were a realization of
Gaussian random noise density fluctuations in the #CDM uni-
verse, assuming cosmological parameters from the case ‘WMAP
+ BAO + SN’ in Hinshaw et al. (2009) (i.e. $m = 0.279, $bary

= 0.046, $# = 0.721, h = 0.7, σ 8 = 0.817, ns = 0.96). They
were a ‘constrained realization’ produced by the CLUES (‘Con-
strained Local UniversE Simulations’) consortium (Gottlöber, Hoff-
man & Yepes 2010), derived from observations of galaxies in
our Local Universe, and designed to reproduce its observed fea-
tures when evolved cosmologically over time to the present (e.g.
the Local Group, containing structures resembling the Milky Way
and M31, and the Virgo and Fornax clusters). This allows us to
compare features of CoDa I with Local Group observations di-
rectly, in a volume large enough to model global reionization, too
(see Ocvirk et al. 2016). 2

2Towards this end, these same CLUES I.C.’s were recently used by another
CoDa simulation, CoDa I-AMR, based on the hybrid CPU-GPU, AMR
radiation-hydrodynamics code EMMA, as described by Aubert et al. (2018),
where objects in the Local Universe at z = 0 were matched to their pro-

MNRAS 480, 1740–1753 (2018)
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Figure 4. Ionization histories (volume-weighted ionized fraction Xion vs
redshift) for a selection of different cutouts of the CoDa I simulation, along
with the globally-averaged history, for comparison. These cutouts are each
4 h−1 Mpc on a side and centered on some objects of interest, such as
the Milky Way (‘MW’) and M31, as identified by evolving the same I.C.’s
forward in time to z = 0 by a separate high-resolution N-body simulation,
CoDa I-DM2048.

more, their zoom-in simulations were not allowed to react back on
the coarser-grained background simulation or influence it in any
way, so it is difficult to compare these results directly with ours.
Low-mass halo suppression was not apparent in the simulations by
Jaacks, Nagamine & Choi (2012), but their low-mass halo results
consisted of halos with stellar masses in the range 106.8M⊙ <

M⋆ < 108M⊙. Assuming typical stellar mass fractions of 10−2 –
10−3, this stellar mass range could very well consist mostly of ha-
los that are massive enough to avoid suppression according to our
results. Finally, Gnedin & Kaurov (2014) found that reionization
feedback had a very modest impact on low-mass galaxies in the
CROC simulation, but a direct comparison with CoDa I is difficult
since they studied the UV luminosity function but do not report the
SFR-halo mass relation. The difference between their results and
ours is discussed further in Ocvirk et al. (2016).

The globally-averaged results presented in this section demon-
strate a correlation between the end of global reionization and SFR
suppression in low-mass halos. Thanks to its large volume and
dynamic range, CoDa I makes it possible to go well beyond these
globally-averaged results, however. Since reionization was inhomo-
geneous, so must the effects of reionization suppression have been.
By studying the inhomogeneity of reionization and its impact on
individual halo properties, we will make a more compelling case for
the causal relationship between reionization feedback and suppres-
sion and its environmental dependence. We do this by monitoring
the direct and immediate effects of reionization feedback in many
small patches, each reionized at a different time and place (with dif-
ferent overdensities, halo mass functions, halo gas fractions, etc.).
In the following sections, we will show that the suppression of
low-mass halos universally follows local reionization, regardless of
when or where it occurs.

3 LO C A L R E I O N I Z AT I O N

The history of reionization was different in different places, as can be
seen in Fig. 4. This plot shows the ionization histories of a selection
of different CoDa I simulation ‘cutouts’ – regions of the simulation

that are 4 h−1 Mpc on a side and centered on some object of interest,
such as the Milky Way (‘MW’). These cutouts were identified by
evolving the same CLUES constrained initial conditions to z =
0 in a separate N-body simulation – the CoDa I-DM2048 GADGET

simulation, as described in Ocvirk et al. (2016) – and tracing that
region’s Lagrangian mass at z = 0 back to its location during the
EOR. As can be seen, these regions not only reionized at different
times, but the nature of their reionization was different, as well.
Cutouts 43 and 448 (the two right-most curves) represent overdense
regions, with mean overdensities δ ≡ ρ/ρ̄ − 1 = 0.64 and 0.74,
respectively, at z = 11.4. They started reionizing at an early redshift,
and did so gradually, reaching volume-weighted ionized fraction
Xion = 0.9 at zre = 6.8 and 7.1, respectively. Cutouts 29 and 82
(the two left-most curves), on the other hand, represent underdense
regions, with mean overdensities of -0.25 and -0.12, respectively,
at z = 11.4. They did not start reionizing until rather late, and did
so abruptly, reaching an ionized fraction of 1 at an almost vertical
slope (at zre = 4.6 and 4.8, respectively). Further analysis suggests
that these different local reionization histories reflect the relative
importance of the contributions to local reionization from sources
which are either ‘internal’ or ‘external’ to each local subvolume.
Histories like those of cutouts 43 and 448, which begin early, are
gradual, and approach the end of reionization (Xion → 1) with a slope
of zero, correspond to regions which were ‘internally’ reionized.
At the other extreme, those like cutout 29, which start late, rise
abruptly from Xion ∼0.1 to Xion ∼1 almost instantly, approaching
the end with an infinite slope, correspond to regions which are
‘externally’ reionized. In that case, the rise-time is so short because
the externally-driven I-front swept across the comoving distance of
4h−1 Mpc in too little time for the plot to resolve it visually on the z-
axis. The histories for the MW and M31 cutout volumes in the Local
Group are intermediate between these two extremes, consistent with
a significant, perhaps even dominant, contribution from ‘internal’
sources but a non-negligible contribution from ‘external’ sources,
too. They finished reionization a bit earlier (at zre = 5.2 and 5.1,
respectively, for Xion = 0.9) than the globally-averaged history (for
which Xion = 0.9 at zre = 4.9) but are qualitatively similar to the
latter. The mean densities of the MW and M31 cutouts are closer to
the cosmic mean density as well, with overdensities of 0.16 and 0.09,
respectively, at z = 11.4. We discuss the correspondence between
local overdensity and reionization timing further in Section 3.2.2.

As illustrated by these different outcomes, which correlate with
the large-scale patchiness of the EOR, we are required to treat every
point in space as having a unique reionization history. We define
a ‘reionization redshift field’,4 zre(x⃗), to be the redshift at which a
small volume surrounding position x⃗ first reached ionized fraction
Xion = 0.9. Because of the intimate connection between structure
formation and reionization, this field resembles the underlying cos-
mic web of dark matter, galaxies, and the IGM (see Fig. 5): the
highest density peaks in the early universe reionized first, while
voids were the last to reionize, as we will show in the following
sections.

3.1 Methodology

3.1.1 Generating the reionization redshift field

To track the effect of reionization on low-mass halos, we use the
instantaneous locations of halos identified in the CoDa I simulation

4This reionization redshift field was also discussed by Battaglia et al. (2013).
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Stefan Gottlöber,7 Anson D’Aloisio,1,8 Hyunbae Park1,9 and Yehuda Hoffman10

1Department of Astronomy, University of Texas at Austin, Austin, TX 78712-1083, USA
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ABSTRACT
Photoheating associated with reionization suppressed star formation in low-mass galaxies.
Reionization was inhomogeneous, however, affecting different regions at different times. To
establish the causal connection between reionization and suppression, we must take this local
variation into account. We analyze the results of CoDa (‘Cosmic Dawn’) I, the first fully
coupled radiation-hydrodynamical simulation of reionization and galaxy formation in the
Local Universe, in a volume large enough to model reionization globally but with enough
resolving power to follow all atomic-cooling galactic halos in that volume. For every halo
identified at a given time, we find the redshift at which the surrounding IGM reionized,
along with its instantaneous star formation rate (‘SFR’) and baryonic gas-to-dark matter ratio
(Mgas/MDM). The average SFR per halo with M < 109M⊙ was steady in regions not yet
reionized, but declined sharply following local reionization. For M > 1010M⊙, this SFR
continued through local reionization, increasing with time, instead. For 109M⊙ < M <

1010M⊙, the SFR generally increased modestly through reionization, followed by a modest
decline. In general, halo SFRs were higher for regions that reionized earlier. A similar pattern
was found for Mgas/MDM, which declined sharply following local reionization for M < 109M⊙.
Local reionization time correlates with local matter overdensity, which determines the local
rates of structure formation and ionizing photon consumption. The earliest patches to develop
structure and reionize ultimately produced more stars than they needed to finish and maintain
their own reionization, exporting their ‘surplus’ starlight to help reionize regions that developed
structure later.

Key words: cosmology: theory – dark ages, reionization, first stars.

1 IN T RO D U C T I O N

When the first galaxies born from the growth of density fluctuations
in the early universe formed stars, some of their UV starlight escaped

⋆ E-mail: tahad@astro.as.utexas.edu (TD); shapiro@astro.as.utexas.edu
(PRS)

into the surrounding intergalactic medium (IGM) and photoionized
H atoms there, heating the gas to temperatures T ∼ 104 K, to start the
Epoch of Reionization (EOR). Over time, as more galaxies formed
more stars, the H II regions surrounding them grew and overlapped,
led by the expansion of highly supersonic ionization fronts that
raced ahead of the hydrodynamical back-reaction of the IGM to its
photoheating. Inside these H II regions, however, that back-reaction
was inescapable. Current evidence suggests that the entire IGM was
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Abstract

Today’s galaxies experienced cosmic reionization at different times in different locations. For the first time,
reionization (50% ionized) redshifts, zR, at the location of their progenitors are derived from new, fully coupled
radiation-hydrodynamics simulation of galaxy formation and reionization at z>6, matched to N-body simulation
to z=0. Constrained initial conditions were chosen to form the well-known structures of the local universe,
including the Local Group and Virgo, in a (91 Mpc)3 volume large enough to model both global and local
reionization. Reionization simulation CoDa I-AMR, by CPU-GPU code EMMA, used (2048)3 particles and
(2048)3 initial cells, adaptively refined, while N-body simulation CoDa I-DM2048, by Gadget2, used (2048)3

particles, to find reionization times for all galaxies at z=0 with masses M(z=0)�108Me. Galaxies with
M z M0 10112= :( ) reionized earlier than the universe as a whole, by up to ∼500 Myr, with significant scatter.
For Milky Way–like galaxies, zR ranged from 8 to 15. Galaxies with M z M0 10111= :( ) typically reionized as
late or later than globally averaged 50% reionization at z 7.8Rá ñ = , in neighborhoods where reionization was
completed by external radiation. The spread of reionization times within galaxies was sometimes as large as the
galaxy-to-galaxy scatter. The Milky Way and M31 reionized earlier than global reionization but later than typical
for their mass, neither dominated by external radiation. Their most-massive progenitors at z>6 had zR=
9.8 (MW) and 11 (M31), while their total masses had zR=8.2 (both).
Key words: dark ages, reionization, first stars – galaxies: high-redshift – methods: numerical

1. Introduction

Different patches of the universe reionized at different times,
over a wide range of redshifts, and this local reionization time
left its imprint on galaxies at z=0. Reionization photoheating
suppressed baryonic infall and star formation in low-mass
galaxies and caused reionization to self-regulate (e.g., Shapiro
et al. 1994; Iliev et al. 2007). The stellar populations of their
satellites, for example, were dramatically affected by when
reionization occurred and whether instantaneous or extended
(see, e.g., Koposov et al. 2009; Busha et al. 2010; Ocvirk &
Aubert 2011; Ocvirk et al. 2014). Reionization suppression is
thought to reconcile the observed paucity of satellites in the
Local Group (LG) with their overprediction by N-body
simulations of ΛCDM (Bullock & Boylan-Kolchin 2017). In
a global context, where the contribution of low-mass galaxies
to reionization is still debated (see, e.g., Bouwens et al. 2015;
Finkelstein et al. 2015), these effects must be understood in
order to interpret observations of high-z galaxies.

For the first time, we are able to perform a complete study of
the reionization history of z=0 galaxies and the LG in
particular, using a full-physics simulation. We produced a new,
state-of-the-art, fully coupled radiative hydrodynamics (RHD)
simulation of galaxy formation and reionization at z>6,
named CoDa I-AMR (“Cosmic Dawn”), by CPU-GPU
adaptive mesh refinement (AMR) code EMMA (Aubert
et al. 2015). This new code is able to take advantage of the
GPU-driven hybrid architecture of Titan supercomputer
(ORNL) and required 20 million core hours to produce this

full-physics RHD simulation. We combined CoDa I-AMR with a
dark-matter-only N-body simulation to z=0 by Gadget2, CoDa
I-DM2048, from the same initial conditions (ICs), to match
today’s galaxies with their reionization histories self-consistently.
Reionization simulation CoDa I-AMR used (2048)3 particles and
(2048)3 initial cells, while N-body simulation CoDa I-DM2048
used (2048)3 particles to find reionization times and durations for
all the galaxies in a (64 h−1Mpc ∼91Mpc)3 volume at z=0
with M h M108 1. -

:.
These ICs are a constrained realization of ΛCDM,

constructed by the Constrained Local UniversE Simulations
(CLUEs) project from observations of galaxies in the local
universe, to form familiar structures within it, including the LG
with the Milky Way (MW) and M31, in a volume large enough
to model both global and local reionization. The reionization
history of the LG in its authentic environment is thereby
modeled, to assess how representative it is, as the most
accessible place to observe galaxies and their satellites today to
deduce their histories. We are therefore able to compare the LG
to a population of analog galaxies in different environments
and to establish, as shown hereafter, that LG galaxies are
reionized later than reference galaxies of similar masses and
that the LG is reionized without influence from external
incoming fronts.
Ocvirk et al. (2016) reported our first attempt to model both

global reionization and its impact on the LG, using the first
RHD simulation of reionization of the Local universe (CoDa I)
with high-enough resolution in a large-enough volume. This
first breakthrough used CPU-GPU code Ramses-Cudaton with
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Signatures of reionization in the LG 873

Figure 4. Map of the reionization redshifts throughout our volume for models LG1 (upper left), LG2, (upper right), LG3 (lower left), and LG4 (lower
right). The slice depth is 0.36 Mpc (a single pixel width), and the entire box is shown, making each side 91 Mpc. The small (blue) and large (purple) circles
approximately represent the Lagrangian volume that will end up within 2.86 Mpc of the LG and Virgo, respectively. The insets are a 14 comoving Mpc square
zoom of the LG region (dotted circle) for each model. The MW (green, upper) and M31 (yellow, lower) with a 0.8 Mpc comoving radius (not Lagrangian) are
represented by the circles and reionize early with respect to the rest of LG. The surrounding dark area are low-density, late-reionizing regions.

Virgo progenitors are marked by the small (blue) and large (purple)
circles, respectively. The LG1, LG2, LG4, and LG3 are displayed
clockwise, starting with the top-left panel. Immediately obvious is
the fact that LG3, with its higher efficiencies and large number of
sources, reionizes the earliest. Also, in all models, the Virgo pro-
genitors tend to be some of the earliest reionized regions. The LG
as a whole does not reionize especially early, though this result is
not spatially uniform. The insets are a 14 Mpc comoving square
zoom of the LG region (dotted circle) for each model. The MW and
M31 are represented by the upper and lower circle, respectively.
The radius of these circles is 0.8 Mpc comoving and not the rough
Lagrangian volume as with the LG and Virgo, and this distance is
chosen to exclude the satellites at the redshift of reionization (see
Figs 7 and 8). The MW and M31 reionize early with respect to the
rest of LG, and the dark areas are lower in density and reionize later.

The MW and M31 satellites’ progenitors may have a reionization
history distinct from the average of the LG volume. In Fig. 5, we plot
zreion of the MW satellites, compared to their present-day distance
from the MW, r˜MWz=0

. The darkest (purple) to lightest (yellow)
colour dots are the least to most massive Mz = 0, respectively. The
grey band represents the global xm = 0.4–0.6, where the LG reion-
ization accelerates indicating external influence (c.f. Fig. 2). The
four source models LG1, LG2, LG3, and LG4 are shown from left
to right. There is some indication that satellites nearer to the MW

reionize earlier, which is characteristic of an inside-out reionization
profile. The Spearman rank-order correlation coefficient quantifies
this relationship, with zero implying no correlation and −1 mono-
tonic negative correlation. Although we are limited by the number
of bound structures given our resolution at z = 0, we find a coeffi-
cient of −0.20, −0.26, −0.32, and −0.29 for LG1, LG2, LG3, and
LG4, respectively, indicating that all are somewhat correlated and
LG3 is the most strongly correlated. Note that these exact numbers
are sensitive to the chosen radius of inclusion and the ionization
threshold. For all models, the external sweep of reionization ac-
counts for the reionization of a significant fraction of the satellites,
meaning many satellites will have similar zreion within the shaded
band. Several satellite progenitors at roughly the same present-day
distance can have vastly different zreion, represented by the vertical
scatter.

The zreion for the MW’s own progenitors is shown as the (red)
square. For LG1, the MW reionizes before any of the satellite pro-
genitors. For LG3, the MW reionizes at an average time compared
to the satellites. For LG2 and LG4, the MW reionizes right around
the time that reionization of the LG accelerates (the shaded band),
along with most of its satellites.

We also find that zreion is loosely correlated with the satellite
mass, with the more massive (lighter circles) satellites generally
reionizing earlier. Some large satellites have progenitors capable
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ABSTRACT
Motivated by the ⇠ 7% dipole anisotropy in the distribution of ultra-high energy cosmic-rays
(UHECRs) above 8 EeV, we explore the anisotropy induced by the large scale structure, using
constrained simulations of the local Universe and taking into account the e↵ect of magnetic
fields. The value of the intergalactic magnetic field (IGMF) is critical as it determines the
UHECR cosmic horizon. We calculate the UHECR sky maps for di↵erent values of the
IGMF variance and show the e↵ect of the UHECR horizon on the observed anisotropy. The
footprint of the local (. 350 Mpc) Universe on the UHECR background, a small angular
scale enhancement in the Northern Hemisphere, is seen. At 11.5 EeV (the median value of
the energy bin at which the dipole has been reported), the LSS-induced dipole amplitude is
A1 ⇠ 10%, for IGMF in the range [0.3-3] nG for protons, helium and nitrogen, compatible
with the rms value derived from the cosmic power spectrum. However at these energies the
UHECRs are also influenced by the Galactic Magnetic Field (GMF) and we discuss its e↵ect
on the LSS-induced anisotropy.

Key words: cosmic-rays

1 INTRODUCTION

The origin of the ultra-high energy cosmic-rays (UHECRs) is still
unknown. To identify a source we need to know the arrival direc-
tion of the UHECRs. However, UHECRs are deflected on their way
to the Earth by the intervening Galactic and intergalactic magnetic
fields (GMF and IGMF, respectively). The only observed statis-
tically significant deviation from isotropy is a large scale dipole
anisotropy (Pierre Auger Collaboration 2017, hereafter PAO17), of
the order of a few percent, reported at ⇠5� significance level for
UHECR energies E >8 EeV.

We can expect that extragalactic UHECR sources follow, up
to a biasing factor, the large scale structure (LSS) of the Universe.
Both the energy and composition of the cosmic-rays change during
the extragalactic propagation because of their interaction with the
cosmological photons backgrounds (GZK e↵ect). Moreover, con-
trarily to the photons, neutrinos and gravitational waves, UHECRs
are deflected by the IGMF, and enter a di↵usion regime after a time
of a few D/c2 (D is the di↵usion coe�cient).

The observed UHECR dipole anisotropy is set by the size of
the UHECR observable Universe. The "cosmic-ray horizon", the
largest distance that the UHECR can propagate at a given energy,
depends on their di↵usion coe�cient in the IGMF and on their

? E-mail: noemie.globus@mail.huji.ac.il

mean free path in the photons backgrounds (Farrar & Piran 2000;
Parizot 2004; Piran 2010; Harari et al. 2014, 2015). Di↵erent nu-
clei don’t experience the same energy losses, and therefore, even if
they have the same rigidity ⇠ E/Z (i.e. they behave the same way in
the IGMF), they have di↵erent horizons. This situation is unique to
UHECRs: di↵erent energy and nuclei species probe di↵erent dis-
tances. Therefore, it has been suggested that, at a given energy and
composition, the anisotropy in the UHECR background probes the
source distribution within the cosmic-ray horizon (Waxman et al.
1997). We investigate this possibility, assuming that the distribu-
tion of UHECR sources follow the LSS. We calculate the UHECR
dipole anisotropy induced by the matter distribution, taking into ac-
count the di↵usive propagation of the UHECRs in the IGMF. We
derive the amplitude and direction of the UHECR dipole, for dif-
ferent IGMF values and di↵erent compositions. We then estimate
the e↵ect of the GMF on the LSS-induced UHECR anisotropy, for
proton and nitrogen at 11.5 EeV.

In a previous study (Globus & Piran 2017, hereafter GP17),
we derived the expected UHECR extragalactic dipole from the ob-
served LSS density power spectrum. We found a maximum value
for the rms dipole amplitude of ⇠ 8b% for IGMF strength & 1
nG, for helium and nitrogen at energies greater than 8 EeV. Here
b is the bias factor. It is larger than unity if the UHECR sources
are more clustered than the dark matter. We showed that the energy
dependence of the dipolar amplitude increases as a function of the
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Both the energy and composition of the cosmic-rays change during
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tion of UHECR sources follow the LSS. We calculate the UHECR
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count the di↵usive propagation of the UHECRs in the IGMF. We
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ferent IGMF values and di↵erent compositions. We then estimate
the e↵ect of the GMF on the LSS-induced UHECR anisotropy, for
proton and nitrogen at 11.5 EeV.
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we derived the expected UHECR extragalactic dipole from the ob-
served LSS density power spectrum. We found a maximum value
for the rms dipole amplitude of ⇠ 8b% for IGMF strength & 1
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Figure 6. Sky maps, in Galactic coordinates, of the LSS-induced UHECR anisotropy taking into account the e↵ect of the Galactic magnetic field of Jansson
& Farrar (2012a). Left, from top to bottom: the LSS-induced UHECR anisotropy for protons at 11.5 Eev in 1 nG IGMF, nitrogen in 0.2 and 3 nG IGMF
respectively. Right: the anisotropy after reconstruction by the GMF of Jansson & Farrar (2012a). The amplitude A1 and direction of the dipole are marked by
the black dot. The observed Auger dipole direction is figured by the red circle.
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CLUES and Near Field Cosmology

The initial conditions of the Near Field are very well
constrained by the CLUES/Cosmicflows machinery.

CLUES is the near field cosmology on the computer -
numerical laboratory for experimenting with the physics of
galaxy formation.

The constrained simulations test the Copernican hypothesis
on the nature of the near-field.
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