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Outline

Cosmology with cosmic flows

Cosmicflows

Bayesian inference

Near-field cosmology

Constrained Local UniversE Simulations (CLUES)a

ahttp://www.clues-project.org
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CLUES (in a nutshell)

The Three Pillars of CLUES

Reconstruction of the
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
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Near-field cosmology (Bland-Hawthorn, 1999)

Near Field Cosmology

Our local neighbourhood is the part of
the universe that we know the best - faint
galaxies, satellites, tidal streams, ...

ΛCDM - is in an excellent agreement with
the universe at large (scales), but tension
exists on small scales: ’cusp vs. core’,
abundance of satellites

The value of H0: discrepancy between the
near- and the far-field estimated values

Nature of dark matter

Galaxy formation

The notion of ‘NEAR-field’ is stretched here to

cover everything that is LOCAL.
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Phases vs. Power

In the standard model of cosmology the universe emerges out of a
Gaussian random perturbation field.

δ(r) =
1

(2π)3/2

∫
d3kδk exp

(
ı k · r

)
δk =

∣∣δk

∣∣ exp
(
ı φk

)
Gaussian random perturbation field → RANDOM PHASE
APPROXIMATION

Cosmologists are traditionally interested in the power (spectrum) of the

perturbation field, P(k).

Study of the near field involves the (reconstruction of the) phase

structure.

Here we focus on the recovery of the power & phases (of the near-field).
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The Copernican problem: near-field vs cosmology

How [a]typical is the Local Group?
How representative is the near field?

The physicist says: I want it to be typical so I can practice
[near-field] cosmology on it.

The astronomer/astrophysicist says: I want it to be atypical. It is
more interesting this way.

The LG and the near field can be typical with respect to
some properties and unique with respect to others. And it is
a matter of degree - not black or white.
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Bayesian framework: WF/CRs

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

P(model | data) is the posterior probability

Model: Gaussian random field, with the ΛCDM power spectrum

Data: peculiar velocities of galaxies (Cosmicflows database)

Reconstruction of the large scale structure by means of the Wiener filter
(WF) and constrained realizations (CRs)
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Data: Cosmicflows-2 (CF2)
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2 Université Claude Bernard Lyon I, Institut de Physique Nucleaire, F-69622 Lyon, France
3 Raytheon Company, 1151 E Hermans Rd., Tucson, AZ 85756, USA

4 National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, VA 22903, USA
5 Argelander-Institut für Astronomie, Auf dem Hügel 71, D-53121 Bonn, Germany
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ABSTRACT

Cosmicflows-2 is a compilation of distances and peculiar velocities for over 8000 galaxies. Numerically the largest
contributions come from the luminosity–line width correlation for spirals, the Tully–Fisher relation (TFR), and
the related fundamental plane relation for E/S0 systems, but over 1000 distances are contributed by methods
that provide more accurate individual distances: Cepheid, tip of the red giant branch (TRGB), surface brightness
fluctuation, Type Ia supernova, and several miscellaneous but accurate procedures. Our collaboration is making
important contributions to two of these inputs: TRGB and TFR. A large body of new distance material is presented.
In addition, an effort is made to ensure that all the contributions, both our own and those from the literature, are on the
same scale. Overall, the distances are found to be compatible with a Hubble constant H0 = 74.4 ± 3.0 km s−1 Mpc−1.
The great interest going forward with this data set will be with velocity field studies. Cosmicflows-2 is characterized
by a great density and high accuracy of distance measures locally, falling to sparse and coarse sampling extending
to z = 0.1.

Key words: catalogs – galaxies: distances and redshifts

Online-only material: color figures, machine-readable and VO tables

1. INTRODUCTION

This paper presents a compendium of galaxy distances
and peculiar velocities that is being called Cosmicflows-2. A
precursor catalog by Tully et al. (2008) has retroactively been
called Cosmicflows-1. In both cases, the components of the
catalogs are a mix of new material and information from the
literature. Cosmicflows-1 provided, at the time, the densest
coverage of distances locally, but it was severely restricted by
a cutoff of 3000 km s−1. The new Cosmicflows-2 enhances the
density of coverage locally and extends coverage sparsely to
30,000 km s−1.

The current compilation draws on distance determinations
by six distinct methods. In four cases, all the base material
is drawn from the literature and the endeavor here has been
to ensure a uniform scaling. In two important cases, our
collaboration has made major observational contributions, with
much of our material being released for the first time with this
publication.

The six independent methodologies have distinct merits and
deficiencies. The samples are now getting sufficiently large
because of the six procedures, so each has good overlap with the
others. Multiple measurements of individual galaxies and within
groups and clusters are creating an increasingly tight lattice of
distances on a common scale.

The zero point of the distance scale is set by two independent
constructions that are shown to be in agreement. The first
derives from the Hubble Space Telescope (HST) distance scale
key project (Freedman et al. 2001) with primary emphasis
on the application of the Cepheid Period–Luminosity Relation

(Cepheid PLR). There have been recent modest refinements to
this scale (Riess et al. 2011; Freedman et al. 2012).

Cepheid variables are young stars, frequently in regions of
obscuration, and only present in galaxies currently forming stars.
Our second route to a zero point calibration strictly involves old
stars. Distances are determined from the luminosities of red
giant branch (RGB) stars at the onset of core helium burning, at
a location in a stellar color–magnitude diagram (CMD) known
as the tip of the red giant branch (TRGB). For this discussion,
we avail of photometry obtained with HST with filters that
approximate I band. There is now considerable experience
that demonstrates the viability of TRGB measurements in this
band (Lee et al. 1993; Makarov et al. 2006; Madore et al.
2009; Dalcanton et al. 2009). The zero point is provided
by bootstrapping from observations of spheroidal companions
to the Milky Way that link TRGB and horizontal branch
magnitudes. The horizontal branch magnitudes are fixed to an
absolute scale through studies of globular clusters. Rizzi et al.
(2007) demonstrated that this Population II path to a calibration
gives extragalactic distances that agree with the Cepheid PLR
scale at the level of 0.01 mag. Further confirmation has come
from the agreement in measured distances to NGC 4258 from
maser observations, the Cepheid PLR, and TRGB (Herrnstein
et al. 1999; Rizzi et al. 2007; Mager et al. 2008; Riess et al. 2011).
Essentially all galaxies have an old population so are candidates
for the TRGB methodology. From experience, observations in a
single orbit with HST result in a TRGB distance determination
with 5% accuracy for a galaxy within 10 Mpc.

The surface brightness fluctuation (SBF) method (Tonry
et al. 2001; Blakeslee et al. 2010) has a physical basis that
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Figure 12. Hubble parameter vs. velocity in the CMB frame for 534 groups (red)
and 4690 single galaxies (black). The weighted logarithmic mean for entities at
Vcmb > 4000 km s−1 corresponding to H0 = 74.4 km s−1 Mpc−1 is given by
the blue horizontal line.
(A color version of this figure is available in the online journal.)

Cosmicflows-2 spans a huge range of conditions, from dense
coverage that includes extreme dwarfs in the Local Group to
the sparsest of sampling at z ∼ 0.1. A group analysis that
encompasses this range is beyond the scope of this paper. A
proper group analysis must include many more galaxies than
just those with measured distances. For our present purposes
we draw on two existing group catalogs, or perhaps it should be
said three, as will be explained.

For the volume within 3000 km s−1, we draw on the group
catalog compiled by Tully (1987), which was incorporated
in the Nearby Galaxies Catalog (Tully 1988). The original
construction was rigorously defined through a dendogram built
on estimators of mutual attraction between entities (luminosity/
separation3). Over the years since, new-found galaxies have
been added and the groups slightly re-arranged with access to
new velocities and distances. The current version of the catalog
is overdue for reconstruction but is still a good compilation of
groups for the region within 40 Mpc.

The catalog that we use over the full range of CF2 is the com-
pilation by Lavaux & Hudson (2011) called 2MASSplusplus
(2M++). This group catalog was constructed with the 2MASS
near-infrared extended source catalog (Skrutskie et al. 2006) as
a base, with redshift information drawn from the all-sky 2MASS
Redshift Survey to K = 11.25 (Huchra et al. 2005), the 6dF
survey of the southern sky (Jones et al. 2009), and the Sloan
survey of the north galactic pole (Abazajian et al. 2009). We use
the group identifications from 2M++ as a secondary source, if
not available in the Nearby Galaxies compilation or among the
groups to be mentioned next. In any event, we make use of the
Ks band luminosities made available by Lavaux & Hudson in
building group parameters.

The third source of group identifications is ad hoc. Many
contributions in the past with TFR and FP applications have
involved observations of galaxies in clusters because of the
advantage offered by averaging over many targets. The SFI++
compilation and most of the FP programs are of this nature.
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Figure 13. Histograms of systemic velocities in the CMB frame (top) and
peculiar velocities (bottom) for the Cosmicflows-2 sample (shaded, green
outline) and, for comparison, equivalent histograms for the Cosmicflows-1
sample (red outline) and the SFI++ sample (blue outline).
(A color version of this figure is available in the online journal.)

Many of the groups in question are Abell clusters (Abell et al.
1989). We retain the use of clusters identified in those previous
studies. Frequently, the same groups or clusters have been
observed in several programs, say, involving both TFR and FP.
Quite a few SNIa are found serendipitously to lie in these pre-
defined groups.

It deserves emphasis that our treatment of groups is pre-
liminary. Alternative group catalogs exist locally (Makarov &
Karachentsev 2011) and on large scales (Crook et al. 2007). Ul-
timately, distance measurements will help inform group mem-
berships.

In total, the present compilation has 1119 groups with at
least two members contributing to a velocity average and 534 of
these have at least two distance estimates. The 8315 distance
measures lie in 5224 entities, 3625 galaxies in groups, and
4690 singles. Figure 12 shows values of the Hubble parameter,
Hi = Vmod,i/di , for the 5224 entities, those in groups in red
and singles in black. The velocity Vmod includes relativistic
corrections, small for these nearby galaxies, which assume a
cosmological model with Ωm = 0.27 and ΩΛ = 0.73:

Vmod = cz
[
1 + 0.5(1 − q0)z − (1/6)

(
1 − q0 − 3q2

0 + 1
)
z2]

(14)

where z is redshift in the CMB frame and q0 = 0.5(Ωm −2ΩΛ).
The weighted fit in the logarithm to the Hubble parameter for
3996 groups and singles with Vcmb > 4000 km s−1 leads to
⟨Hi⟩ = 74.4 ± 0.2 km s−1 Mpc−1. The error is the statistical
standard deviation with the very large sample. This mean

15

Number of data
points: ≈8000
(4814 grouped)

Median redshift:

5895 km s−1
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Malmquist bias correction (MBc)

With the (deeper) CF2 data the Malmquist bias cannot be neglected - it leads
to a strong ’inhaling’ (breathing) mode.

RAW MBc DIFF=MBc-RAW

Currently we have different MBc schemes: Sorce (2015), Graziani & Courtois (in preparation), YH. There are open

issues with the methods and some conflicts. We are working on it!
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Likelihood analysis of CF2 data w.r.t. ΛCDM

Data:
Uµ = uµ + εµ = v(rµ) · r̂µ + εµ

Wiener filter:
vWF

α (ri ) = ξα
µ(ri )ξ

−1
µν Uν

Cross-correlation function:

ξα
µ(ri ) =

〈
vα(ri )Uµ

〉
=

〈
vα(ri )v(rµ) · r̂µ

〉
,

Auto-correlation function (covariance matrix):

ξµν =
〈
UµUν

〉
=

〈
uµuν

〉
+

(
σ2

i + σ2
∗
)
δK
µν

Here σ∗ is a free parameter that represents small scales non-linear
velocities, σ∗ ≈ (150− 200) km s−1.
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Data likelihood:

Easy to calculate:

L(
{
Uµ

}
|model) =

1√
det

(
(ξµν)

) exp
[
−

Uµξ−1
µν Uν

2

]
And

χ2/d.o.f. = Uµξ−1
µν Uν/ Nd.o.f

With Nd.o.f = 4814 the χ2/d.o.f. should be very close to 1.0, but
it depends quite strongly on σ∗.

One needs to filter out the small scales so as to get a
meaningful likelihood.
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Vbulk of CF2 (Hoffman, Courtois & Tully, 2015)

Amplitude of the bulk velocity: The mean (thick lines) and the mean ± one

standard deviation (thin lines) of an ensemble of 20 constrained (solid lines)

and unconstrained (dashed lines) realizations. (In agreement with the CF2

analysis of Nusser & Davis, and the COMPOSITE database of Feldman,

Hudson & Watkins.) 13 / 34
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Likelihood analysis: bulk velocity (Hoffman, Nusser, Courtois & Tully 2016)

Bulk velocity of a sphere of radius R:

BWF
α =

1

VR

∫
r<R

d3r vWF
α (r)

Bulk velocity likelihood function:

L(BWF
a,α |model) =

1√
det

(〈
BWF

a,α BWF
b,β

〉)
exp

[
−

BWF
a,α

〈
BWF

a,α BWF
b,β

〉−1
BWF

b,β

2

]
Bulk velocity auto-covariance matrix:〈

BWF
a,α BWF

b,β

〉
=

1

VRaVRb

∑
i∈Ra

∑
j∈Rb

ξα
µ(ri )ξ

−1
µµ′ξ

β
µ′(rj)
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CF2 data and WMAP ΛCDM model: χ2/d.o.f.

χ2/d.o.f. = BWF
a,α

〈
BWF

a,α BWF
b,β

〉−1
BWF

b,β / Nd.o.f

The χ2/d.o.f. of the (bulk
velocity) of the CF2 data
lies within the 2σ for
R = 20, 30, ...150h−1Mpc.

The CF2 data is consistent

with the (WMAP) ΛCDM

model (within the

framework discussed here). 0 20 40 60 80 100 120 140

R [Mpc h
−1

]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

χ2  / 
 #

 d
of

Method can be extended to include monopole and quadruple moments and to do parameters estimation. It can

gauge Malmquist bias corrections. 15 / 34
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Cosmic web: V-web (Hoffman +, 2012)

Rescaling the shear tensor:

Σαβ = − 1

2H0

`∂vα

∂rβ
+

∂vβ

∂rα

´
Eigenvalues and eigenvectors:

˘
λi

¯
&

˘
êi

¯
(i=1,2,3)

Constructing the V-web:

Issue 1: The velocity field needs to be spanned on a (regular) grid.
[Clouds in Cell (CIC) is used in simulations.]

Issue 2: Spatial derivatives entail finite resolution. [Gaussian smoothing is
used in simulations.]

Issue 3: Assume a smoothing length (rs) and a threshold value λth.

Web classification: number of eigenvalues above the threshold: knot (3),
filament (2), sheet (1), void (0)

Preferred directions: knots & voids - no, filaments - ê3, sheets - ê1
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Peculiar velocities

Representing a velocity field by flow lines:

Let s be the line parameter. The line
element d~l is defined by:

d~l = (x̂vx + ŷ vy + ẑvz)ds

The seed point of where the integration
of a line starts needs to be determined
(on a grid, at random, other options).

Colour of the line represents the norm of
the velocity vector.
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Cosmography
V-web of the near field
The Great Repeller

CF2: density, velocity & V-web:

SGZ = 0

SGX = 0

18 / 34
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Cosmography
V-web of the near field
The Great Repeller

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).
19 / 34
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Cosmography
V-web of the near field
The Great Repeller

V-web and the 2MRS galaxies

CF2 V-web

The Supergalactic Plane: the V-web derived from the

CF2/WF reconstruction (threshold λth = 0.03).

2MRS galaxies & V-web

The Supergalactic Plane (±10h−1Mpc): 2MRS galaxies

classified as voids (black), sheets (blue), filaments

(magenta) and knots (oranges) (threshold λth = 0.02)
20 / 34
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Cosmography
V-web of the near field
The Great Repeller

V-web classification of 2MRS galaxies

2MRS galaxies: voids (upper-left, black), sheets (upper-right, blue), filaments (lower-left, magenta), knots

(lower-right, orange) (threshold λth = 0.04) 21 / 34
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Cosmography
V-web of the near field
The Great Repeller

Volume and 2MRS galaxies web fraction

VOLUME

0.00 0.02 0.04 0.06 0.08 0.10
λyh

0.001

0.010

0.100

1.000
2MRS GALAXIES

0.00 0.02 0.04 0.06 0.08 0.10
λth

0.001

0.010

0.100

1.000

Volume (left) and number of (2MRS) galaxies (right) fractions in web elements voids (black), sheets (blue),

filaments (red) and knots (green) as a function of threshold values (mean and scatter calculated over 20 CRs at

10h−1Mpc Gaussian smoothing).
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Cosmography
V-web of the near field
The Great Repeller

Cosmography: Great Repeller and Shapley Attractor

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: stream lines, 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.
23 / 34
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Cosmography
V-web of the near field
The Great Repeller

A 3D view of the stream lines of the flow field (left panel) and of the

anti-flow (right panel). Stream lines are seeded on a regular grid and are

coloured according to the magnitude of the velocity, The knots and

filaments of the V-web are shown for reference.
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Cosmography
V-web of the near field
The Great Repeller

What is the source of our motion w.r.t. the CMB?

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°
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)

Aitoff projection the Great Repeller, the Shapley Attractor, the CMB

dipole, the bulk velocity and the three eigenvectors of the velocity shear

tensor(evaluated across spheres of radius R.
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Cosmography
V-web of the near field
The Great Repeller

0 50 100 150 200 250 300
R [100 km/s]

−1.0

−0.5

0.0

0.5

1.0

GR

Shapley

The Great Repeller (GR)
and the Shapley Attractor

The Great Repeller is

responsible for the CMB

dipole - it ‘pushes’ the

LG. The Shapley

Supercluster acts as an

attractor that drives the

tidal component of the

local flow field.

Cosine of angles between a. Shapley Attractor and the ‘expanding’ eigenvector of the shear tensor; b. Great

Repeller and the bulk velocity - of spheres of radius R (mean and scatter).

The GR is located at:

[SGX ,SGY ,SGZ ] ≈ [110,−60, 100]h−1Mpc
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CF2 constrained simulations of the local Universe

BOX 500h−1Mpc

N=5123

15 constrained simulation and
10 random ones (for control)

The local universe (out to a
few tens of Mpc) is robustly
constrained.

Virgo: M200 ∼
(2.7− 4.3)× 1014h−1M�,

within (3− 4)h−1Mpc from
actual position.
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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

simulations
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Bayesian inference: posterior distribution

P
(
X | ΛCDM,Cosmicflows data, LG model

)
X = mass, tangential velocity, merging history, ...

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
simulations.

29 / 34
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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: Virgo mass assembly history

“How did the Virgo cluster form?”
Sorce, Gottloeber, Hoffman & Yepes 2016) Virgo model

How do we define a
Virgo-like object?

Mass -
≈ (1− 5)h−1M�?

possible prediction:
mass assembly
history (MMAH)
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Bayesian inference: Local Neighbourhood mass function

(Carlesi, Hoffman, Sorce & Gottloeber, in preparation)

Local Neighbourhood
model

Sphere of
R = 5h−1Mpc

What else?

possible prediction:
mass function of
DM halos
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The Local Volume (Bland-Hawthorn & Freeman, 2013)

“A word of caution... to properly survey the effects of environment
..., we need to study resolved stellar populations out to at least 20
Mpc (Bland-Hawthorn & Freeman 2006). ... A physical scale of 20
Mpc ... cover[s] the full range of galaxy environments, from voids
to massive groups and clusters. This is ... the Local Universe or
Local Volume, now recognized by the International Astronomical
Union (Division H). ... [T]his volume falls within the domain of the
... CLUES ... . All galaxies with masses equivalent to the LMC or
larger can be imaged in most wavelength bands (e.g. x-rays,
infrared, radio). ... In time, we fully expect near-field cosmological
studies to extend to the Local Volume.”
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CLUES and the Local Volume

The initial conditions of the Local Volume are very well
constrained by the CLUES/CF2 machinery.

In time, we fully expect near-field CONSTRAINED
cosmological high resolution SIMULATIONS to extend to the
Local Volume.

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