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1 Introduction

We live in a universe dominated by matter and energy. On the smallest
scale, all matter and energy is composed of “elementary particles”, as
predicted by the standard model of particle physics, seen in Figure 1.

Figure 1: The Standard Model of Particle Physics

All of these particles interact or are influenced via one of the four funda-
mental forces of nature: the electromagnetic force (responsible for every-
day forces, i.e. friction and tension), the nuclear weak force (responsible
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for beta decay), the nuclear strong force (responsible for binding of neu-
trons and electrons to form more atoms), and the gravitational force
(responsible for the gravitational attraction between two massive bod-
ies) [4]. In this paper we will focus on the gravitational force and the
effect that it has on carving out the Large-Scale Structure (LSS) that we
see when observing our universe on the scale of superclusters of galaxies
(≈ 110− 130h−1Mpc) [5]. The LSS in our universe is composed of many
gravitationally-bound smaller-scale structures such as groups of galax-
ies (less than ≈ 30 − 50 giant galaxies, individual galaxies, gas clouds,
stars and planets. On scales the size of superclusters, gravity dominates
the other three fundamental forces, however without them, small-scale
structures could not exist to form the LSS observed. Responsible for
holding together every atom in the universe, and thus making it possi-
ble for matter to exist as we know it, is the electromagnetic force. It is
through this force that electrons are able to be bound to atomic nuclei,
allowing matter to remain intact over time [6]. The matter distribution
in our universe does not display a random, isotropic distribution, but
rather specific regions of high and low density with respect to the cosmic
average as clusters/superclusters of galaxies and voids, respectively [1].
Similar to the standard model of particle physics that predicts the behav-
ior of matter and energy on the smallest scale that we can observe, the
standard cosmological model is a set of 12 parameters (shown in Table
1) that predicts the behavior of matter and energy on the largest scales
that we can observe [2].

Table 1: Parameters in the Standard Cosmological Model
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The standard cosmological model aims to characterize the evolution of
LSS in the Universe taking into account all epochs of the cosmic timeline
including inflation, the dark ages, the formation of the first stars, and
the formation of LSS and the first galaxies all the way up to the present
day [7].

2 Large-Scale Structure

2.1 Classification, Galaxy Demographics, and Mor-
phology

The first description of LSS came in a 1953 paper by French astronomer
Gérard de Vaucouleurs, where he identified a region of high galaxy den-
sity in the sky now referred to as the Local Supercluster [1]. These
regions of high galaxy density were systematically catalogued as galaxy
clusters by George Abell, who defined superclusters as “clusters of clus-
ters of galaxies” [1]. These superclusters defined by Abell in 1958 are the
largest non-virialized structures in our universe [1], making the study of
them vitally important to understanding LSS in our universe. For this
reason they also display a wide range of morphologies, usually resembling
either ‘filaments’ or ‘pancakes’. A closer look at the luminosity and color
distribution of galaxies in superclusters shows that elliptical galaxies are
present primarily in the dense pancake regions of LSS while spiral galaxies
are normally found in the filamentary regions [1]. The work done in the
twentieth century by de Vaucouleurs and Abell paved the way for larger
surveys such as the 2 degree Field Galaxy Redshift Survey (2dF-GRS)
and the Sloan Digital Sky Survey (SDSS). These surveys have allowed
astronomers to study the spatial clustering and physical properties of
galaxies at low redshifts with unprecedented precision [10].

2.2 Observations and Simulations

The Universe has an estimated age of ≈ 13.7 Gyr, meaning that LSS
evolves over very long periods of time relative to human means of tem-
poral observation, making it impossible for us to directly observe the
dynamics of how it forms out at high redshifts. For this reason, large
N-body system simulations are carried out to simulate the formation of
LSS from the high-redhsift universe to the present day. One of these
simulations dubbed the “Millennium Simulation” was conducted by a
collaboration of astrophysicists from around the world in 2005 to model
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the evolution of LSS with N ≈ 1.0078 ∗ 1010 particles from a redshift
of z=127 to the present day in a cubic volume of 500h−1Mpc−1 [10].
Several auxiliary assumptions were made in the designing of this sim-
ulation, the most obvious and influential of which being the values of
the parameters in the standard cosmological model. For the purposes
of this simulation, the expansion factor of the Universe was constrained
to 1 + z with respect to the present day and the Hubble Constant (H0)
was set to 100 kms−1Mpc−1 [10]. The Millennium Simulation utilized
new ways of tracking the formation and lifetime of galaxies and clusters
with a limiting brightness of that of the Small Magellanic Cloud to sim-
ulate the positions, velocities and other properties of individual galaxy
components of LSS, replicating what is observed and recorded in large
surveys [10]. Comparison of the observations made by large surveys such
as the 2dF-GRS and the SDSS with the distribution of superclusters
simulated by projects such as the Millenium Simulation shows a high in-
stance of similarity, except in the case of high-luminosity superclusters,
where the number density is higher in surveys than simulations [1].

2.3 Solving the “Missing Satellite Problem”

Another discrepancy between observations and simulations referred to
as the “Missing Satellite Problem” is the underabundance of Milky Way
satellite galaxies observed relative to those formed in simulations. The
first and most obvious solution to this problem in the study of LSS is
the presence of ultra-faint dwarf galaxies. These dark-matter dominated
satellite galaxies are the darkest known stellar systems in the Universe
with masses lower than any currently known dwarf spheriodal galaxies
(dSphs), lending to their very high mass-to-light ratios [8]. A correc-
tion of the SDSS to include the presence of ultra-faint dwarf galaxies
brings the simulated and observed numbers of M.W. satellites closer to
unison, but still separated by a factor of ∼4 (Nsim ≈ 4Nobs) [8]. The
best proposed solution to the tension between the numbers of observed
and simulated M.W. satellite galaxies is that stars and galaxies were
only able to form in dark matter halos that collapse prior to cosmic
reionozation [8]. Using this solution, we can compare the number of ob-
served and simulated M.W. satellite galaxies to constrain the redshift
at which reionization occurred. A 2006 project called the “Via Lactea”
simulation [3](an N-body simulation of a M.W. sized galaxy with N=234
million particles, making auxiliary assumptions of WMAP3 cosmologi-
cal parameters: Ωm = 0.238, ΩΛ = 0.762, h = 0.73, n = 0.951 and
σ8 = 0.74 [9]) determined that if reionization occurred at z ≤ 8, the
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number of observed M.W. satellite galaxies is still too low to match the
simulated M.W. satellite galaxy mass function below dSph masses [8].
However, it is shown in the Via Lactea simulation that if reionization
occurred between z = 9 and z = 14 and dawrf galaxy formation was
slowed afterwards that the number of simulated M.W. satellite galaxies
matches the number of those observed. It is therefore believed that due
to the number of observed M.W. satellite galaxies, cosmic reionization
must have occurred before z = 8 [8].

3 Conclusion

The conclusions made about the nature of the universe that we live in
from the similarities seen between the LSS in the observable universe
and simulated universes are made using an array of auxiliary assump-
tions that arise as the consequences of modern physics and the ΛCDM
cosmological model paradigm. In the scope of this paradigm, our auxil-
iary assumptions are the parameters in the standard cosmological model,
along with other assumptions of modern physics such as the four funda-
mental forces of nature being the main players in the universe, gravity
dominating the other three forces on planetary-galactic scales, and dark
energy dominating gravity on cosmic scales. To take this one step further
for the sake of argumentation, we are also making the auxiliary assump-
tion that our simulations run as we mean them to without any bugs
and that our instruments used for observation and our eyes and brains
themselves are unbiased, accurate, and to be trusted.
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