
Astroparticle Physics 63 (2015) 23–41
Contents lists available at ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier .com/ locate/ast ropart
Growth of cosmic structure: Probing dark energy beyond expansion
http://dx.doi.org/10.1016/j.astropartphys.2014.07.004
0927-6505/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +1 734 615 3289.
E-mail address: huterer@umich.edu (D. Huterer).
Dragan Huterer a,⇑, David Kirkby b, Rachel Bean c, Andrew Connolly d, Kyle Dawson e, Scott Dodelson f,g,
August Evrard a, Bhuvnesh Jain h, Michael Jarvis h, Eric Linder i, Rachel Mandelbaum j, Morgan May k,
Alvise Raccanelli l, Beth Reid i, Eduardo Rozo m, Fabian Schmidt n,q, Neelima Sehgal o, Anže Slosar k,
Alex van Engelen o, Hao-Yi Wu a, Gongbo Zhao p

a Department of Physics, University of Michigan, 450 Church St, Ann Arbor, MI 48109-1040, USA
b Department of Physics and Astronomy, UC Irvine, 4129 Frederick Reines Hall, Irvine, CA 92697-4575, USA
c Department of Astronomy, Cornell University, Ithaca, NY 14853, USA
d Department of Astronomy, University of Washington, Seattle, WA, USA
e Department of Physics & Astronomy, University of Utah, 115 South 1400 East #201, Salt Lake City, UT 84112, USA
f Fermilab Center for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL 60510-0500, USA
g Department of Astronomy & Astrophysics, University of Chicago, Chicago, IL 60637, USA
h Department of Physics and Astronomy, University of Pennsylvania, 209 South 33rd Street, Philadelphia, PA 19104, USA
i Physics Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA
j Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, USA
k Brookhaven National Laboratory, Upton, NY 11973, USA
l NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA
m SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
n Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
o Stony Brook University, Stony Brook, NY 11794, USA
p National Astronomy Observatories, Chinese Academy of Science, Beijing 100012, PR China
q Max-Planck-Insitute for Astrophysics, D-85748 Garching, Germany
a r t i c l e i n f o

Article history:
Received 30 October 2013
Received in revised form 20 June 2014
Accepted 3 July 2014
Available online 11 July 2014

Keywords:
Cosmology
Large-scale structure
Dark energy
a b s t r a c t

The quantity and quality of cosmic structure observations have greatly accelerated in recent years, and
further leaps forward will be facilitated by imminent projects. These will enable us to map the evolution
of dark and baryonic matter density fluctuations over cosmic history. The way that these fluctuations
vary over space and time is sensitive to several pieces of fundamental physics: the primordial perturba-
tions generated by GUT-scale physics; neutrino masses and interactions; the nature of dark matter and
dark energy. We focus on the last of these here: the ways that combining probes of growth with those
of the cosmic expansion such as distance-redshift relations will pin down the mechanism driving the
acceleration of the Universe.

One way to explain the acceleration of the Universe is invoke dark energy parameterized by an equa-
tion of state w. Distance measurements provide one set of constraints on w, but dark energy also affects
how rapidly structure grows; the greater the acceleration, the more suppressed the growth of structure.
Upcoming surveys are therefore designed to probe w with direct observations of the distance scale and
the growth of structure, each complementing the other on systematic errors and constraints on dark
energy. A consistent set of results will greatly increase the reliability of the final answer.

Another possibility is that there is no dark energy, but that General Relativity does not describe the
laws of physics accurately on large scales. While the properties of gravity have been measured with
exquisite precision at stellar system scales and densities, within our solar system and by binary pulsar
systems, its properties in different environments are poorly constrained. To fully understand if General
Relativity is the complete theory of gravity we must test gravity across a spectrum of scales and densities.
Rapid developments in gravitational wave astronomy and numerical relativity are directed at testing
gravity in the high curvature, high density regime. Cosmological evolution provides a polar opposite test
bed, probing how gravity behaves in the lowest curvature, low density environments.

There are a number of different implementations of astrophysically relevant modifications of gravity.
Generically, the models are able to reproduce the distance measurements while at the same time altering
the growth of structure. In particular, as detailed below, the Poisson equation relating over-densities to
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gravitational potentials is altered, and the potential that determines the geodesics of relativistic particles
(such as photons) differs from the potential that determines the motion of non-relativistic particles.
Upcoming surveys will exploit these differences to determine whether the acceleration of the Universe
is due to dark energy or to modified gravity.

To realize this potential, both wide field imaging and spectroscopic redshift surveys play crucial roles.
Projects including DES, eBOSS, DESI, PFS, LSST, Euclid, and WFIRST are in line to map more than a
1000 cubic-billion-light-year volume of the Universe. These will map the cosmic structure growth rate
to 1% in the redshift range 0 < z < 2, over the last 3/4 of the age of the Universe.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction: why measuring growth is interesting

The standard cosmological model posits that the largest struc-
tures that we observe today – galaxies and clusters of galaxies –
grew out of small initial fluctuations that were seeded during the
phase of inflationary expansion, some 10�35 s after the Big Bang.
Subsequently these fluctuations grew under the influence of grav-
ity. Most of the growth occurred after the decoupling of photons
and electrons, some 350,000 years after the Big Bang, when pho-
tons cease to be coupled to baryons and provide pressure support
against gravitational collapse. The Jeans mass – smallest mass that
can undergo gravitational collapse – therefore drastically drops at
decoupling. This, as well as the fact that the Universe was mostly
matter-dominated at that point, allows the galactic-size structures
to grow unimpeded.

In the currently favored cosmological model, where most of the
matter budget is dominated by the slow-moving massive particles
(the ‘‘cold dark matter’’ or CDM), the smaller structures form first,
while the largest structures form the latest. Therefore, objects that
are of the most interest to cosmologists, galaxies and clusters of
galaxies, form at recent times and, in some cases, are still forming
today. Hence, observations in various wavelengths can probe the
full evolution of the formation of structure in the Universe, from
when the first objects formed until today.

Observations of the growth of structure provide a wealth of infor-
mation about dark matter and dark energy. In particular, the scaling
of the amplitude of growth vs. cosmic time – the so-called growth
function – sensitively constrains dark energy parameters in a way
that is complementary to distance measurements. The temporal
evolution of the growth is now readily observed by measuring the
clustering of galaxies at multiple redshifts, and in the near future
gravitational lensing has the potential to measure the same quantity
but with the added advantage that it is directly sensitive to the
growth of dark matter structures (as opposed to galaxies or other
baryonic tracers such as hydrogen in the inter-galactic medium).
Additionally, the number counts of clusters of galaxies, as a function
of their mass and redshift, provide another excellent probe of cos-
mological parameters. Our ability to observe and model both the
growth and the cluster counts have significantly matured over the
past decade, and these two probes now provide constraints on dark
energy that are complementary to distance measurements by type
Ia supernovae, baryon acoustic oscillations (BAO; which encode geo-
metrical aspects of the clustering of galaxies), and the cosmic micro-
wave background (CMB).

Over the next 10–20 years, we expect a wealth of new observa-
tions that include ground imaging surveys (e.g. DES and LSST), red-
shift surveys (e.g. eBOSS, PFS and DESI) and space surveys (e.g.
Euclid and WFIRST). The combination of these observations will
provide high-precision measurements of the growth of structure
out to redshift of a few and across most of the sky. These measure-
ments will, in turn, strongly constrain the equation of state of dark
energy and, more generally, the expansion history of the Universe
(discussed in the Snowmass-2013 paper on Distances [1]) over the
past �10 billion years.

The growth of structure is particularly sensitive as a probe of
modified-gravity explanations for the accelerating Universe, and
has already been used to impose constraints on the extensions
of, and modifications to, General Relativity (GR). The effectiveness
of the growth of structure in this regard is maximized when it is
combined with distance measurements, which can be understood
as follows. Modified-gravity models are constructed so that they
reproduce distances consistent with their current measurements
which, in the context of GR, indicate an accelerating universe.
Importantly, these models generally predict the growth-of-struc-
ture history that is different from the GR prediction given those
same distance measurements. Therefore, independent precision
measurements of the growth of structure test whether GR ade-
quately describes the late-time expansion of the Universe. Such
tests are paramount to our understanding of dark energy and
may lead to fundamental discoveries of physics at large scales,
and this makes the growth of structure a very important probe of
the Universe.

Good complementarity, redundancy, and control of the system-
atic errors are keys in making the growth of structure observations
reach their full potential. Photometric and spectroscopic surveys
are particularly complementary in various aspects of their observa-
tional strategies; moreover, spectroscopic surveys play an addi-
tional key role of calibrating the photometric redshifts obtained
from galaxy colors. Multiple observations of the same sky coverage
may be useful for this reason, while non-overlapping observations
help reduce cosmic variance. Finally, numerical (N-body) simula-
tions have an extremely important role of providing theoretical
predictions for the growth of structure in the quasi-linear regime
(roughly 10–50 megaparsecs) and especially in the non-linear
regime (scales less than about 10 megaparsecs).

The paper is organized in follows. In Section 2 we define what
precisely we mean by the growth of structure, and broadly illus-
trate constraints on it from future surveys. In Section 3 we discuss
how the growth of structure probes the dark-energy and modified-
gravity explanations for the acceleration of the Universe. In Sec-
tion 4 we discuss in some detail several of the most promising
probes of the growth of structure – clustering of galaxies in spec-
troscopic surveys, counts of galaxy clusters, and weak gravitational
lensing. Finally in Section 5 we discuss the very important role of
simulations in theoretically predicting growth on non-linear scales.

2. Preliminaries and definitions

In the linear theory – valid at sufficiently early times and suffi-
ciently large spatial scales, when the fluctuations in the matter
energy density qM are much less than unity – the matter density
contrast dðtÞ ¼ dqM=qM evolves independently of the spatial scale
k. The growth of fluctuations in time (well within the Hubble
radius) dðtÞ can be obtained by solving the equation



a=1 (today)a=1/4 a=1/2

0 0.2 0.4 0.6 0.8 1

scale factor a

0

0.2

0.4

0.6

0.8

1
lin

ea
r 

gr
ow

th
 D

(a
)

30% matter

(EdS)
100% matter

70% dark energy
( CDM)

Fig. 1. Growth of structure at large spatial scales in the universe. Left panel: Because dark energy suppresses the growth of structure, the linear growth DðaÞ, which is
normalized to unity today, had to be larger in the past in the currently favored model with dark energy (KCDM; blue line) than in the Einstein–de Sitter model (EdS; black
line) which has matter only and no dark energy. Right panel: snapshots from numerical (N-body) simulations by the Virgo consortium [2], showing larger amplitude of density
fluctuations in the past in KCDM (top row) than in the EdS model (bottom row) given an approximately fixed amount of clustering today. Accurate measurements of the
clustering as a function of spatial scale and cosmic time can therefore stringently constrain the cosmological model. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

1 More precisely, the RSD are sensitive to r8ðaÞ times this quantity, but we ignore
this subtle distinction for the moment.
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where HðtÞ is the Hubble parameter, qMðtÞ is the matter energy den-
sity, and dots are derivatives with respect to time t. Therefore, in
standard General Relativity and in the linear regime (jdj � 1),
obtaining the linear growth of fluctuations as a function of time is
straightforward given the composition and the expansion rate of
the Universe. More commonly, one works in terms of the scale fac-
tor a, where d ln a ¼ Hdt, and a ¼ 0 (a ¼ 1) at the Big Bang (today).
One can then define the linear growth function DðaÞ via

dðaÞ ¼ DðaÞdða ¼ 1Þ ð2Þ

or equivalently in redshift z where 1þ z ¼ 1=a. If General Relativity
is replaced by some modified gravity theory, then Eq. (1) changes:
the evolution of growth needs to be re-derived in the new theory,
and the linear growth rate D may then depend on scale k as well.
The left panel of Fig. 1 illustrates the linear growth function for
two representative cosmological models, and the right panel pro-
vides snapshots from numerical simulation further illustrating the
suppressed growth of structure in the presence of dark energy.

It is useful to make a connection to other quantities commonly
used to probe growth. First of all, we can define the matter power
spectrum PðkÞ as the Fourier transform of the 2-point correlation
function, hd~k d�~k0 i ¼ ð2pÞ3dð3Þð~k�~k0Þ PðkÞ. Note that Pð~kÞ ¼ PðkÞ due
to isotropy of the Universe and the scale-factor- (or redshift-)
dependence of both d and P is implicit. A commonly used quantity
is the rms amplitude of mass fluctuations, whose square (i.e. the var-
iance of mass fluctuations r2

R) is given by the integral over the
power spectrum defined in linear theory

r2
RðaÞ ¼

Z 1

0

k3Plinearðk; aÞ
2p2 W2ðkRÞd ln k; ð3Þ

where WðxÞ ¼ 3j1ðxÞ=x is the Fourier transform of the real-space
window function. The quantity rRðaÞ encodes the amount of matter
fluctuations averaged over a sphere of radius R at redshift z, assum-
ing that the fluctuations are fully linear (thus Eq. (1) is valid). A
common choice to describe the normalization of the fluctuations
in the Universe today is r8 � r8 h�1 Mpcða ¼ 1Þ. Measurements of
the redshift-dependence of r8 are sometimes quoted as probes of
the growth function DðaÞ, since r8ðaÞ ¼ r8DðaÞ.

Fig. 2 shows an example of constraints from the growth of
structure, shown for only one of the cosmological probes – the red-
shift-space distortions (RSD), which will be further discussed in
Section 4.1. This probe is sensitive to the derivative of the
logarithm of the growth function with respect to logarithm of
the cosmic scale1; we thus show the quantity

f ðaÞ � d ln D
d ln a

ð4Þ

vs. the redshift z � 1=a� 1. We show theory predictions for the cur-
rently favored cosmological constant plus cold dark matter (KCDM)
model, as well as for two modified-gravity models, the Dvali–Gab-
adadze–Porrati braneworld model (DGP; [3]), and the f ðRÞmodifica-
tion to Einstein action from Ref. [4] with c ¼ 3. Because growth in
the f ðRÞ models is generically scale-dependent, we show predic-
tions at two wavenumbers, k ¼ 0:02 h Mpc�1 and k ¼ 0:1 h Mpc�1.
The f ðRÞ model – which is usually challenging to distinguish from
GR because it can have the expansion history mimicking the KCDM
model (w is within 1% of �1) and can have a growth function iden-
tical to K’s at high redshift – can clearly be distinguished from
KCDM using growth data from future surveys such as eBOSS, DESI,
Euclid, or WFIRST. The DGP model can be distinguished even more
readily by measuring both the expansion history as well as growth
of structure in the Universe.
3. Dark energy and modified gravity

Over the past decade, the KCDM paradigm has passed all obser-
vational tests, firmly establishing it as our cosmological ‘‘standard
model’’. However, it is clearly of crucial importance to test this par-
adigm, given that it involves two unknown ingredients (dark mat-
ter and K), and given the lack of theoretical motivation for the
value of the putative cosmological constant. Growth of structure
offers a broad range of probes of dark energy which in principle
cover three orders of magnitude in length scale, and one order of
magnitude in time or scale factor. In order to convincingly rule
out alternatives to the cosmological constant, we need to cover this
range of scales and redshifts. Large-scale structure also provides
model-independent tests of gravity on Mpc scales and above,
extending Solar System tests by ten orders of magnitude in length
scale.

In this section we briefly discuss the theoretical underpinnings
of the tests of the accelerating Universe with the growth of cosmic
structure. Modified gravity in particular is covered in much more
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Fig. 2. Constraints on the growth of density fluctuations in the Universe with errors
projected from a future survey designed with DESI specifications. The curves show
the derivative of the logarithmic growth with respect to the logarithmic scale factor
– a quantity readily measured from the clustering of galaxies in redshift space – as a
function of redshift. We show theory predictions for the KCDM model, as well as for
two modified-gravity models: the Dvali–Gabadadze–Porrati braneworld model [3]
and the f ðRÞ modification to the Einstein action [4]. Because growth in the f ðRÞ
models is generically scale-dependent, we show predictions at two wavenumbers,
k ¼ 0:02 h Mpc�1 and k ¼ 0:1 h Mpc�1. LSST projects to impose constraints of
similar excellent quality on the growth function DðaÞ.
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detail in the Snowmass-2013 paper on Novel Probes of Gravity and
Dark Energy [5].

3.1. Dark energy

The physics behind the observed accelerated expansion of the
Universe is widely recognized as one of the most profound out-
standing problems in fundamental science. When interpreted in
terms of our current understanding of gravity, Einstein’s General
Relativity, this requires adding an additional, exotic component
to the cosmic energy budget with a negative pressure, which we
now refer to as ‘‘dark energy’’.

The minimalist explanation is to invoke a very small cosmolog-
ical constant. However, within our current understanding of quan-
tum theory, such a value of the cosmological constant is extremely
unnatural. Instead, one can invoke a very light scalar field, whose
potential energy then drives the accelerated expansion of the Uni-
verse (this of course does not solve the cosmological constant
problem). In fact, this is precisely the mechanism that presumably
produced inflation, an epoch of extremely rapid expansion in the
very early Universe which allowed the Universe to grow to its
observed large size, and which provided the seed fluctuations for
the structure within the Universe. While we have no good theoret-
ical framework to connect the very early and late time epochs of
acceleration, inflation can be seen as a tantalizing hint that the late
time acceleration might be transitory and thus not be due to a cos-
mological constant. Observationally, we can distinguish this case
by measuring the equation of state parameter w � pDE=qDE, which
is exactly �1 for a cosmological constant but slightly larger for a
‘‘slowly rolling’’ scalar field. The parameter w affects both the
expansion history (geometry) of the Universe as well as the growth
of structure within it.

A smooth dark energy component is completely described by its
equation of state as function of time, wðtÞ. For this reason, there is a
consistency relation between the expansion history (for example, as
measured by type Ia supernovae or BAO) and the growth of structure
as measured by weak lensing, galaxy clusters, and redshift space
distortions. In simplest terms, this can be illustrated as the consis-
tency between the linear perturbations dðtÞ and the expansion
history determined via the Hubble parameter HðtÞ – in standard,
unmodified GR, they need to satisfy the linear growth equation
(Eq. (1)). Thus, measurements of the large-scale structure can
unambiguously falsify the smooth dark energy paradigm.

Going beyond the simplest models of dark energy, one can con-
sider fluctuations in the dark energy density, which require (at
least at some point in time) a value of w significantly different from
�1. The amplitude of these fluctuations is controlled by the sound
speed of the scalar degree of freedom. Further, one can allow for a
coupling of the scalar field to other components of matter. While a
coupling to ordinary matter and radiation is constrained to be
small (but see below), a coupling to dark matter is much less con-
strained and can only be probed through large-scale structure.
These possibilities go beyond the simplest models of dark energy;
however, they are still allowed by the data and, if detected, would
allow for rich insights into the physics of dark energy and dark
matter.

3.2. Modified gravity

As a fundamental alternative to dark energy, one can ask
whether the acceleration of the Universe is caused by a modifica-
tion of gravity on large scales, i.e. departure from GR, rather than
an exotic form of energy. This possibility has generated a signifi-
cant amount of theoretical work over the past decade; it further-
more provides strong motivation to search for and constrain
modifications to GR using cosmological observations. However,
modifying GR on large scales in a consistent way is extremely dif-
ficult, due to both theoretical issues and a broad set of observa-
tional constraints. In particular, any theory of gravity has to
reduce to GR within the Solar System to satisfy stringent local tests
of gravity. Further, the cosmic microwave background and the Big
Bang nucleosynthesis provide constraints in the early Universe.
Both of these constraints can be satisfied by invoking non-linear
‘‘screening mechanisms’’ which restore GR in high density regions.

Several mechanisms that achieve this have been proposed in
the literature; they manage to hide a light scalar degree of freedom
with gravitational-strength coupling to matter in high density
regions. They operate by either making the field massive in high-
density regions (chameleon mechanism), or suppressing its cou-
pling through non-linear interactions (Vainshtein and symmetron
mechanisms). When placing constraints on gravity models using
structure in the non-linear regime it is then important to take into
account the effects of these screening mechanisms. For example, in
models with chameleon screening, the abundance of massive halos
is not strongly enhanced over KCDM as predictions from linear
growth of structure would suggest. On the other hand, the screen-
ing mechanisms can lead to unique signatures of their own in
large-scale structure. These screening mechanisms are also rele-
vant for models with a dark energy coupled to ordinary matter.

3.3. Distinguishing between dark energy and modified gravity

In order to distinguish between a smooth dark energy compo-
nent and less minimal models such as coupled dark energy or mod-
ified gravity, it is crucial to measure the growth of structure in
addition to the expansion history. This is because any given expan-
sion history predicted by a modified gravity model could be emu-
lated by a smooth dark energy component.

Observations of the large-scale structure can roughly be divided
into two regimes:

� On large scales, fractional density perturbations are much less
than one and are amenable to a perturbative treatment, so that
the theoretical predictions for the growth are very accurate. In
the context of dark energy and modified gravity, this regime
is useful since one can parametrize the stress-energy content
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of the Universe as well as the relation between stress energy
and metric potentials, that is, gravity. Thus, in this regime one
can place model-independent constraints on general dark
energy models and modifications to gravity.
� On smaller scales ( K 10 Mpc), density fluctuations become

non-linear, and the perturbative treatment breaks down. Never-
theless, on scales larger than a few Mpc gravity is still the only
relevant force, and quantitative predictions can be made
through N-body simulations which are discussed in Section 5.
Thus, this regime can still be used to probe gravity and dark
energy. While clearly much more challenging to model and con-
front with data, the bulk of the information delivered by growth
is in this regime, so it is essential to make use of it. In case of
modifications to gravity, it is important to take into account
the screening mechanisms as well.

Large-scale structure surveys provide a broad set of observables
for this purpose (see Fig. 3). The abundance, clustering, and
motions of large-scale structure tracers, such as galaxies, clusters,
and the intergalactic medium, can be measured through a variety
of methods, such as photometric and spectroscopic galaxy surveys,
X-ray surveys, and small-scale CMB observations (see Section 4.2).
Furthermore, the velocities of tracers such as galaxies can be
inferred from their Doppler shifts, which in turn probe the (non-
relativistic) cosmic potential wells. A fundamentally different
observable is gravitational lensing, measured through the distor-
tions induced in shapes of background galaxies (Section 4.3). The
crucial property of gravitational lensing is that it probes all matter,
whether dark or baryonic. Furthermore, lensing is governed by a
spacetime perturbation different from the perturbation that deter-
mines the motion of non-relativistic bodies such as galaxies. By
comparing velocities (dynamics) with lensing, one can perform a
targeted, model-independent test of gravity which is largely inde-
pendent of non-standard cosmological ingredients and astrophys-
ical systematics. This is analogous to Solar System tests of gravity,
and corresponds to testing the equivalence of the two Newtonian-
gauge metric potentials. This and related tests are discussed fur-
ther in the Snowmass-2013 paper on Novel Probes of Gravity
and Dark Energy [5].
Fig. 3. Left Panel: Tests of gravity at different length scales. Red lines shows observation
lensing, while blue lines show dynamical measurements that rely on the motions of stars
Adopted from the review by Jain and Khoury [6]. Right Panel: Astrophysical [7–9] and cosm
the range of length scales probed by particular experiments. The parameter on the y-axis
side) for an f ðRÞmodel of the accelerating Universe. The rectangular regions give the exc
obtained in the last 5 years, illustrating the impressive interplay between theory and exp
results from ongoing work. This figure is adapted from Lombriser et al. [13]. (For interpret
version of this article.)
3.4. Parametrizing growth

Within the canonical picture of General Relativity with smooth,
late-time, uncoupled dark energy, the expansion history measured
by probes of the recent Universe completely determines the
growth history of structure in the recent Universe. However many
families of dark energy models lie outside this picture, and it is
important to have methods to detect this and characterize the
deviations in growth, ideally in a model independent manner. In
particular, a desired parametrization of growth should accommo-
date the following physics of dark energy and gravity:

� Clustering of dark energy, which can arise from a low sound
speed, c2

s � 1, common in many high energy physics motivated
models such as Dirac–Born–Infeld or dilaton theories. Cluster-
ing enhances perturbations, and while the direct dark energy
perturbations are difficult to detect, the increased contribution
to the gravitational potential through Poisson’s equation can
noticeably affect the matter power spectrum. Since perturba-
tions are only effective when the dark energy equation of state
deviates from �1, this class of models is most visible when
there is a tracking epoch in the early Universe, where dark
energy has an attractor solution that may behave like matter
or radiation.
� Early dark energy, which is the case when dark energy contrib-

utes to the energy budget at CMB recombination
(a � 0:001; z � 1000) much more than we expect for the cos-
mological constant case – that is, much more than one part in
a billion. Note that early dark energy budget contributions up
to 7 orders of magnitude larger (that is, up to �1% of the total
matter plus radiation plus dark energy) are allowed by data.
Early dark energy affects growth as well, typically suppressing
it mildly but over a very long cosmological epoch.
� Couplings of dark energy, which are interactions between dark

energy and some other sector. While couplings to Standard
Model particles are tightly restricted by particle physics data,
the possibility remains of couplings to dark matter, massive
neutrinos, or gravity (this can also be viewed as modified grav-
ity, discussed above).
s that probe the sum of metric potentials UþW (see Eq. (8)) via e.g. gravitational
or galaxies or other non-relativistic tracers and are sensitive to W alone (see Eq. (7)).

ological [10–12] limits on chameleon theories. The spatial scale on the x-axis gives
is the background field value, or the range of the interaction (y-axis label on the right
lusion zone from a particular experiment. All but the solar system results have been
eriment in the field. The two rectangles with dots are meant to indicate preliminary
ation of the references to color in this figure legend, the reader is referred to the web
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To connect these families of models most clearly to the observa-
tions of growth of large scale structure, while remaining general
and reasonably model independent, it is useful to use phenomeno-
logical parametrizations that capture the key impact of these dark
energy effects on growth. This can be done with a small, remark-
ably simple set of parameters beyond the equation of state wðzÞ.

The growth index formalism provides a general and very simple-
to-implement parametrization that can alert that the growth data
is not consistently following the expectations from the expansion
(distance) data. We define a fitting function for gðaÞ, the linear
growth factor divided by a (i.e. with the early matter scaling
divided out) in terms of a single free parameter c

gðaÞ � DðaÞ=a ¼ exp
Z a

0
ðda0=a0Þ½XMða0Þc � 1�

� �
; ð5Þ

where XMðaÞ is the energy density relative to critical at epoch
defined by the scale factor a. This formula provides an accurate
(0.1% level) approximation for a wide variety of models [14–16].
Within the canonical picture of gravity, c ¼ 0:55, almost indepen-
dently of wðzÞ. This separates out the expansion history as given
by XMðaÞ from extra growth effects parametrized by deviations of
c from 0.55. If deviations are detected, in the value, scale-, or red-
shift-dependence of c, this gives an alert to check noncanonical
models, and in particular modifications of gravity (where c is clo-
sely related to the modified Newton’s constant Gmatter introduced
below).

Additional parametrizations can shed light on physics behind
acceleration. For example, deviations from a purely matter domi-
nated high redshift growth can be parametrized by a growth
calibration factor g

H
, entering the growth factor as

g ¼ g
I

exp
R a

0 ðda0=a0Þ½XMða0Þ0:55 � 1�
h i

. Note that this form separates

out the early time behavior and does not disturb the late time
behavior that was parametrized by c [17]. This test will pick up
early dark energy models. Moreover, coupled models can affect
the rate of growth – the tug-of-war between gravitational attrac-
tion and the stretching apart due to accelerated expansion – at
any redshift. This can be treated in the growth factor as [18,19]

g ¼ g
H
ðf1Þ exp

R a
0 ðda0=a0Þ½f1XMða0Þ0:55 � 1�

h i
. Again, this preserves

the late time value of c, keeping that as a distinct alert. Moreover,
since some observations such as redshift space distortions are
directly sensitive to the growth rate, one can measure deviations
of f1 from unity fairly directly. Various other parametrization
schemes exist, e.g. [20,21]. Each parametrization has its own
strengths and weaknesses: roughly speaking, simpler parametriza-
tions are easier to use and constrain with data, at the expense of
having less ability to model the temporal and spatial deviations
from GR growth.

Each of these parametrizations serves as an alert that new phys-
ics is in play, and moreover they identify the region where the new
physics enters – deviation from expansion predictions, at early
times, or couplings. Once a deviation is detected, the analysis
would then concentrate on more specific models. For clustered
dark energy (evident from a scale-dependent cðkÞ) for example,
one would then introduce models with a sound speed cs deviating
from the speed of light.

A similar procedure can be applied to the gravitational sector.
Modifications of gravity will modify how the nonrelativistic and
relativistic gravitational potentials, U and W (which govern the
motion of matter and of light, respectively), are sourced and
evolve. Scalar metric perturbations around a Friedmann–Robert-
son–Walker background in the conformal Newtonian gauge are
given by the following spatial metric

ds2 ¼ �a2ðsÞ ð1þ 2WÞds2 � ð1� 2UÞd~x2� �
; ð6Þ
where s and x are the conformal time and distance, respectively.
Using a model independent parametrization closely tied to the
observations, one can modify the Poisson equations relating matter
growth dðaÞ to the potentials U and W. For example,

r2W ¼ 4pGNa2dq	 Gmatter; ð7Þ
r2ðUþWÞ ¼ 8pGNa2dq	 Glight: ð8Þ

Any deviations of dimensionless numbers Gmatter or Glight from unity
alerts us to possible modifications of General Relativity. The scale-
and time-dependence of these parameters can be modeled with
independent ðz; kÞ bins [22], eigenmodes [23], or well behaved func-
tional forms [24–27].

4. Cosmological probes sensitive to growth

We now proceed to describe how several of the most promising
types of cosmological measurements – clustering of galaxies in
spectroscopic surveys, counts of galaxy clusters, and weak gravita-
tional lensing – probe the growth of structure.

4.1. Clustering in spectroscopic surveys

As a natural consequence of large spectroscopic BAO programs
such as the Baryon Oscillation Spectroscopic Survey (BOSS) [28],
clustering in the density field is sampled at high fidelity in three
dimensions over a wide redshift range.

The galaxies and quasars observed in spectroscopic surveys are
biased tracers of underlying structure, that is,
dgðz; kÞ ¼ bðz; kÞdðz; kÞ where dg and d are the galaxy and dark mat-
ter overdensities respectively. The factor b is called the galaxy bias
– a time- and scale-dependent number which encodes the basic
fact that massive tracers correspond to peaks in the dark matter
density field and thus cluster more strongly. The fact that bias mul-
tiplies the dark matter overdensity implies a degeneracy between
the amplitude rRðaÞ of matter fluctuations and parameters describ-
ing bias. This degeneracy complicates the extraction of the growth
function from the isotropic power spectrum derived from cluster-
ing of cosmic sources. However, spectroscopic surveys encode
additional information about the velocity field arising from gravi-
tational collapse by separately measuring the power spectrum
along and perpendicular to the line of sight. Because the matter
distribution directly determines the velocity field, these observa-
tions can be used to break the degeneracy between bias and
r2

RðaÞ. Measurements of the velocity field help differentiate
between the effect of dark energy and modified gravity as the
source of the accelerating Universe through measurements of Red-
shift-Space Distortions (RSD) [29]. RSD were identified by the
recent ‘‘Rocky III’’ report as ‘‘among the most powerful ways of
addressing whether the acceleration is caused by dark energy or
modified gravity,’’ as well as a tool to increase the dark energy Fig-
ure of Merit from spectroscopic surveys.

RSD arise because the gravitational pull of matter over-densities
causes velocity deviations from the smooth Hubble flow expansion
of the Universe. These peculiar velocities are imprinted in galaxy
redshift surveys in which recessional velocity is used as the line-
of-sight coordinate for galaxy positions, leading to an apparent
compression of radial clustering relative to transverse clustering
on large spatial scales (a few tens of Mpc). On smaller scales (a
few Mpc), one additionally observes the ‘‘finger-of-God’’ elonga-
tion [30] due to random velocities of galaxies in a cluster. The
resulting anisotropy in the clustering of galaxies is correlated with
the speed at which structure grows; deviations from GR causing
slower or faster growth give smaller or larger anisotropic distor-
tions in the observed redshift-space clustering. RSD are sensitive
to the rate of change of the amplitude of clustering,
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fr8ðaÞ ¼ dr8ðaÞ=d ln a, where a ¼ ð1þ zÞ�1 is the dimensionless
cosmic expansion factor and f � f ðaÞ has been defined in Eq. (4).
Because RSD measurements are sensitive to the product of the
growth rate and the amplitude of matter fluctuations, a wide range
in redshift coverage is essential to constrain the evolution in clus-
tering amplitude and directly probe GR. On the other hand, if one
were to assume a KCDM model where GR correctly explains grav-
itational collapse, the growth rate can be predicted to high preci-
sion and RSD results can be used to constrain r8ðaÞ, thereby
providing insight into other fundamental physics such as neutrino
masses.

Some of the earlier measurements of RSD were obtained by the
Two Degree Field Galaxy Redshift Survey [31], the Vimos-VLT Deep
Survey [32], the 2SLAQ survey [33], the SDSS-II [34–36], and Wig-
gleZ [37]. More recently, Refs. [38,39] presented the first measure-
ments and cosmological interpretation of RSD in the two-year
BOSS galaxy sample [40]. Fig. 4 shows their measurement of the
correlation function in terms of the line-of-sight separation and
transverse separation. The central ‘‘squashing’’ evident in the left
panel is due to structure growth. The right panel of the same figure
shows the clustering signal on smaller scales; the ‘‘finger-of-God’’
elongation effect from velocities on small scales is visible for small
transverse separations but unimportant on the scales of RSD ana-
lyzed here. With these results, BOSS constrains the parameter com-
bination fr8ðaÞ ¼ 0:43
 0:07 at the mean redshift of the sources
z ¼ 0:57 (or a ¼ 0:64), improving to fr8ðaÞ ¼ 0:415
 0:034 if
assuming a KCDM expansion history.
4.1.1. Prospects for future measurements
The Extended Baryon Oscillation Spectroscopic Survey (eBOSS)

is the cosmological survey within SDSS-IV, a six year program that
will begin in August 2014. eBOSS will provide the first percent-
level distance measurements with BAO in the redshift range
1 < z < 2, when cosmic expansion transitioned from deceleration
to acceleration. The targets for eBOSS spectroscopy will consist
of: Luminous Red Galaxies (LRGs: 0:6 < z < 0:8) at a density of
50 deg�2, Emission Line Galaxies (ELGs: 0:6 < z < 1:0) at a density
of 180 deg�2, ‘‘clustering’’ quasars to directly trace large-scale
structure (1 < z < 2:2) at a density of 90 deg�2, re-observations
of faint BOSS Lyman-a quasars (2:2 < z < 3:5) at a density of
8 deg�2, and new Lyman-a quasars (2:2 < z < 3:5) at a density of
12 deg�2.

The extended redshift range of the combined eBOSS and BOSS
measurements will significantly reduce the degeneracy between
Fig. 4. Left panel: Two-dimensional correlation function of BOSS galaxies (color) com
[0.6,0.2,0.1,0.05, 0.02,0]. Right panel: Smaller-scale two-dimensional clustering with mod
of the references to color in this figure caption, the reader is referred to the web version
f ðaÞ and r8ðaÞ. The wide redshift range of the eBOSS tracers will
allow a separation of the evolution of structure growth from the
amplitude of clustering and provide new constraints on GR
through RSD analyses, or provide tight constraints on r8 in the
assumption of KCDM. The projections on RSD constraints from
eBOSS are computed from a Fisher matrix formalism assuming
measurements of large-scale modes with wavelengths up to
kmax ¼ 0:2 h Mpc�1. The expected 68% confidence constraints on
the growth of structure, parametrized as fr8ðaÞ and measured
from RSD, are rfr8ðaÞ=fr8ðaÞ ¼ 0:029;0:035, and 0.036 for the LRG,
ELG, and quasar programs respectively.

Prime Focus Spectrograph (PFS) will be a powerful spectro-
scopic survey of faint emission galaxies because of its large multi-
plex gain and the 8.2 m aperture of the Subaru telescope [41]. The
extended wavelength coverage provided by the red and near-infra-
red spectrograph arms (650–1260 nm) will permit a survey of
about 2	 106 [O II] emission-line galaxies extending over the red-
shift range 0:8 < z < 2:4. As large-scale structure is still in the lin-
ear regime at high redshift, such a deep survey will give detailed
new information on the cosmological parameters as well as the
growth of structure. Multi-color data planned to arrive from the
Hyper Suprime Cam (HSC) imager will be used to select target gal-
axies for spectroscopy. The proposed PFS cosmology survey will
consist of 100 nights of observations surveying over 1400 sq.
deg., sampling galaxies within a comoving volume of 9 (Gpc/h)3.
This will complement the lower redshift survey being undertaken
by the BOSS collaboration. Apart from accurately measuring the
dark energy parameters and being sensitive to the presence of
early dark energy from the geometrical BAO measurements, PFS
will measure the RSD out to redshift z ¼ 2:4, and provide the mea-
surement of f ðaÞ to 6% accuracy in each of six bins spanning its red-
shift range [41]. These PFS measurements of the large scale galaxy
distribution can be combined with complementary weak lensing
information from the HSC survey in order to improve the growth
constraints and reduce uncertainties arising from galaxy bias and
nonlinearities that are otherwise major sources of systematic error
in spectroscopic surveys.

Dark Energy Spectroscopic Instrument (DESI) will be the largest
and most powerful ground-based spectroscopic survey. DESI will
provide a comprehensive survey of at least 14,000 deg2 with an
order of magnitude more spectroscopic galaxies and quasars than
obtained in BOSS and eBOSS combined. As with eBOSS, the primary
targets will be derived from LRG, ELG, and quasars selected from
imaging data. The redshift ranges will be refined to probe the
pared with the best fit model (black lines). Contours of equal n are shown at
el contours at [0.14,0.05,0.01,0]. Figures adopted from Ref. [38]. (For interpretation

of this article.)
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z > 0:6 epochs at higher resolution than eBOSS: LRG targets will
cover 0:6 < z < 1:0, ELG targets will cover 0:6 < z < 1:5, and qua-
sar targets will cover 1 < z < 3:5. In projecting RSD constraints,
we assume a 14,000 deg2 survey with densities 1325 deg�2,
300 deg�2 and 176 deg�2 for ELG, LRG, and quasars, respectively.
Because the number density of galaxies is sufficient to provide
RSD constraints in finely binned samples ranging from
0:1 < z < 1:8, we do not report all of the projections here. The
expected 68% confidence constraints from RSD, following the same
assumptions as above, are shown in Fig. 2. The precision in each
bin (Dz ¼ 0:1) is better than 2% from 0:4 < z < 1:5, while the aggre-
gate accuracy from the combination of all three tracers is
rfr8ðaÞ=fr8ðaÞ ¼ 0:0035.

4.1.2. Challenges in RSD constraints
The RSD projections are calculated using the methodology of

[42], which assumes that the shape of the power spectrum and
the cosmological distance-redshift relationship are known per-
fectly. While this method produces predictions that are thus inde-
pendent of additional data sets, marginalization over the power
spectrum shape and distance-redshift relationship can potentially
degrade the growth constraints. For BOSS, the remaining uncer-
tainty on the shape of the power spectrum is negligible, given a
prior from the cosmic microwave background. Imperfect knowl-
edge of the cosmological distance-redshift relationship induces
additional anisotropy in the observed galaxy correlations via the
Alcock–Paczynski effect [43–45] that is partially degenerate with
the RSD-induced anisotropy. The Alcock–Paczynski effect depends
on the product DAðaÞHðaÞ, where DA is the angular diameter dis-
tance and H is the Hubble parameter. However, allowing for an arbi-
trary value of DAðaÞHðaÞ degraded fr8 constraints by a factor of two
in BOSS. Marginalizing over additional parameters in nonlinear gal-
axy biasing and small-scale Finger-of-God velocities may further
slightly degrade the errors (by 10% for BOSS DR9 analysis).

RSD have, until recently, been modeled using a simplistic sepa-
ration of density and velocity correlations. This separation is
known to be inaccurate especially at smaller scales, where non-lin-
ear growth (d > 1) couples density and velocity modes at different
scales. It is going to be necessary to simulate and understand these
correlations to sufficient precision to avoid systematic errors, from
imprecise modeling, that degrade the reconstruction of the growth
of structure from RSD observations [46].

Finally, the projections assume that spectroscopic large-scale
clustering measurements will be limited by statistical errors. This
requires stringent control of systematic errors that can modulate
the data on varying scales, such as the impact of stellar contamina-
tion and dust extinction on target selection efficiency, variations in
seeing that alter target selection and redshift success, and so on.
These systematics have already been extensively studied within
BOSS [47,48], and the greater volume and greater statistical power
at large scales from eBOSS and DESI will place new demands on
homogeneity of the target samples. Lessons from BOSS are being
applied to target selection in eBOSS. Similarly, better understand-
ing of these systematics learned during eBOSS will provide impor-
tant information for preparation of target selection in DESI.

Given the potential for providing dark energy measurements,
constraints on fundamental neutrino and inflation physics, and
cluster redshifts, velocity dispersions, and calibration of photomet-
ric redshifts for large imaging programs, it is clear that wide-field
optical spectroscopy will play a central role in cosmology well after
the completion of DESI. At this time, it is impossible to estimate the
exact details of such a program, but detector technology, full inte-
gration of robotic fiber positioners into large surveys, and likely
availability of large telescopes paint a clear path for ground-based
spectroscopic surveys beyond DESI. One can imagine an order of
magnitude increase in the number of fibers per field of view, sen-
sitivity at least one magnitude fainter than that of DESI, and wave-
length coverage extending in the near infrared. The WFIRST and
Euclid missions both incorporate near-IR, slitless spectroscopic
surveys that are expected to detect tens of millions of emission line
galaxy redshifts in the range 0:5 < z < 2.

Precise modeling of target source populations, their respective
number densities and redshifts is beyond the scope of this docu-
ment. In addition, the power of these surveys will likely only be
fully realized when the theoretical models of structure formation
adequately describe the velocity field measured in non-linear and
mildly non-linear regimes. Theoretical developments in the growth
of structure are discussed in more detail in Section 5.

4.1.3. Other uses of clustering to probe growth
Along with the geometric information from baryon acoustic

oscillations, the growth information from the RSD is thought to pro-
vide the most promising and reliable method that uses clustering of
galaxies to measure dark energy properties. However, growth can
be probed using several other methods that use either photometric
or spectroscopic galaxy surveys, and here we cover them briefly.

The broadband power spectrum of galaxies or other tracers of
the large-scale structure, Pðk; aÞ, can be measured to excellent accu-
racy over several decades in k. On linear scales, the power spectrum
is proportional to DðaÞ2, and hence it directly probes the growth of
structure. Unfortunately, the power spectrum is also proportional
to the bias of the tracer objects, and this bias is typically also time
and scale-dependent, albeit in a way that often has to be extracted
from the data itself. It is therefore challenging to obtain accurate
constraints on the growth of structure from the broadband Pðk; aÞ
measurements alone. On the other hand, combining the broadband
power measurements that are sensitive to bias with weak lensing
measurements that are not can be used to break this bias-growth
degeneracy. This is one of the manifestations of the powerful syn-
ergy between the spectroscopic and photometric surveys.

The cross-correlation between the galaxy density field and the
hot and cold spots in the CMB anisotropy maps is directly sensitive
to the Integrated Sachs-Wolfe (ISW) effect, and thus probes the
decay of the gravitational potential due to the presence of dark
energy at late times. These measurements produced independent
evidence for dark energy and have achieved increased accuracy
over the years (e.g. [49–51]). However the largest signal available
from the cross-correlation corresponds to about 10-r detection
of the effects of dark energy via the ISW effect [52], making it a
probe with relatively modest prospects.

Cosmic magnification, discussed in more detail in the Snow-
mass-2013 paper on Cross-Correlations and Joint Analyses [53],
induces additional spatial correlations between the density, lumi-
nosity, and size of objects due to the bending of light by structures
located between those objects and the observer. The full potential
of magnification measurements to probe dark energy is only begin-
ning to be explored.

4.2. Cluster abundances

4.2.1. Clusters abundances as a probe of fundamental physics
Galaxy clusters are the most massive gravitationally bound

structures in the Universe. As with other dynamical probes, their
primary importance in the context of dark energy is their comple-
mentarity to geometric probes, i.e. their ability to distinguish
between modified gravity and dark energy models with degenerate
expansion histories. For a complete review, we refer the reader to
Refs. [54,55].

The basic physics behind cluster abundances as a cosmological
probe are conceptually simple. Clusters form the gravitational col-
lapse of density fluctuations. Prior to collapse, the growth of these
fluctuations is linear, so that the matter density contrast d ¼ dq=q
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at any spatial scale evolves with the same growth factor
DðaÞ; dðaÞ / DðaÞ, where the linear growth factor DðaÞ can be eval-
uated exactly for a given cosmological model following Eq. (1).

At some critical threshold dc , the perturbation undergoes grav-
itational collapse. Consequently, the probability of forming a halo –
a collapsed object – is equivalent to the probability that d P dc .
Assuming Gaussian random initial conditions, one finds then that
the number of collapsed objects N per unit mass dM and comoving
volume element dV is

dN
dMdV

¼ FðrÞqM

M
d ln r�1

dM
; ð9Þ

where qM is the matter density in the Universe, r2 is the variance of
the density perturbations evaluated at some mass scale M (or,
equivalently, spatial scale R where M ¼ ð4p=3ÞR3qM). Here FðrÞ cor-
responds to the fraction of mass in collapse object; in the Press–
Schechter argument [56],

FðrÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2pr2
p exp �1

2
d2

c

r2

 !
; ð10Þ

while cosmological N-body simulations have been used to calibrate
FðrÞ to higher precision beyond the simple Press–Schechter
formula.

It is precisely this dependence of the number of galaxy clusters
on the variance of the linear density field that allows us to utilize
galaxy clusters to constrain the growth of structure. In particular,
the late-time variance of the linear density field r2 � r2ðaÞ is
related to the variance at some initial scale factor a0; r2

0, via the
linear growth function, r2 ¼ ½D2ðaÞ=D2ða0Þ�r2

0, which makes the
abundance of galaxy clusters explicitly dependent on the growth
history of the Universe.

A cluster abundance experiment is conceptually very simple:
one first identifies galaxy clusters – e.g. as cluster of galaxies in
the optical, as extended sources in the X-rays, or as Sunyaev–Zel’-
dovich (SZ) sources (cold spots in the CMB) at millimeter wave-
lengths – and then one needs to determine the corresponding
cluster masses. As noted below, future surveys will almost cer-
tainly rely on weak lensing mass calibration to estimate cluster
masses. Fig. 5, taken from Ref. [55], shows forecasted constraints
on the amplitude of matter fluctuation r11;abs for two fiducial
104 deg2 surveys, assuming 10 gals=arcmin2 and a shape noise
appropriate for ground-based observations (re ¼ 0:4), and for a
similar survey with 30 gals=arcmin2 and a shape noise appropriate
for space-based observations (re ¼ 0:3). These forecasts are com-
pared to the predictions for Stage III (blue curve) and Stage IV
(red curve) Planck + weak lensing + supernova + BAO experiments.
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We see that galaxy clusters are statistically competitive with and
often better than other probes, highlighting their complementarity
as a discriminant between dark energy and modified gravity
models.

Galaxy clusters can probe dark energy in other ways as well,
most notably by comparing cluster mass estimates from weak
lensing and dynamical methods such as galaxy velocity disper-
sions; see Section 3. In addition, because the growth of structure
is also impacted by non-zero neutrino mass, galaxy cluster abun-
dances can provide competitive constraints on the sum of neutrino
masses, further enhancing their value as a tool for fundamental
physics (e.g. [57–60]).
4.2.2. Systematics: current limitations and future prospects
Galaxy clusters can be identified with optical, mm, or X-ray

data. Regardless of how the clusters are identified, the cosmologi-
cal utility of cluster samples is always limited by our ability to esti-
mate the corresponding cluster masses. Roughly speaking,
CMB + geometric probes predict the amplitude of matter fluctua-
tions as a function of redshift with � 3% (0.9%) precision for Stage
III (IV) dark energy experiments. To achieve comparable levels of
precision using galaxy clusters, we must be able to measure cluster
masses with � 5% (2%) precision [55].

While this level of precision is significantly better than what has
been achieved to date, there are good reasons to believe that it can
be achieved in the near future. Specifically, most cosmological
work to date has relied on hydrostatic X-ray mass estimates, which
are subject both to departures from hydrostatic equilibrium (e.g.
[61–64]) and X-ray calibration uncertainties [65,66]. Future work,
however, will rely on weak lensing mass calibration, which entirely
bypasses the aforementioned systematics at the expense of new,
better controlled systematics.

The two primary sources of systematic errors for weak lensing
mass calibration are shear biases, i.e. systematic uncertainties in
our estimates of the gravitational shear, and systematic errors in
the redshift distribution of the photometric lensing sources. Where
the systematic floor of these type of measurements ultimately
remains to be seen, with the most recent analyses suggesting that
� 7% mass calibration has been achieved. We caution, however, that
� 20% systematic offsets between different groups remain [67].

The reduction of shear and photometric redshift systematics is
the thrust of ongoing investigations. Shear estimation methods
are being tested and improved upon via extensive simulation tests
[68–71], and the possibility of self-calibrating systematics from
joint shear and magnification analyses of the weak lensing signal
has been noted [72–75]. In addition, the use of spectroscopic
sources for weak lensing mass calibration [76] entirely bypasses
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both sources of systematic errors. Similarly, photometric redshift
errors have been the focus of several recent theoretical works
aimed specifically at understanding how to minimize this source
of systematic uncertainty (e.g. [77–79]). Alternatively, as discussed
in the Snowmass-2013 white paper on the Spectroscopic Needs for
Imaging Dark Energy Experiments [80], cross-calibration methods
may provide an effective alternative to photometric redshift biases
[81,82]. In short, there are very good reasons to believe that the sys-
tematic floor in current weak lensing measurements will be signifi-
cantly reduced in the future.

Systematic errors in shear measurements tend to be less critical
for cluster abundance work than for cosmic shear work, partly
because of the existence of a preferred orientation a priori (we are
interested in tangential shear), partly because of circular averaging
of the shear (which removes systematics that fluctuate on scales lar-
ger than a galaxy cluster), and partly because the weak lensing sig-
nal of clusters is large relative to the typical shear signal. The impact
of photometric redshifts on both data sets, however, is fairly compa-
rable. Overall, one can fairly generically state that experiments that
control shear systematics at a level that enables cosmic shear exper-
iments also automatically enable cluster weak lensing mass
calibration.

There are, however, additional (currently sub-dominant)
sources of systematics that can impact galaxy clusters. Key
amongst these is the calibration not only of the mean relation
between cluster observables (optical, X-ray, or mm signals) and
cluster mass, but also the scatter (shape and amplitude) about
the mean. Estimates (e.g. [83]) suggest that � 5% calibration of this
scatter – which is achievable today – is sufficient for near future
experiments (e.g. DES, HSC, PanSTARRS), but this source of error
is likely to become significant for Stage IV surveys such as Large
Synoptic Survey Telescope (LSST), Euclid, and WFIRST, and certainly
for any putative Stage V experiment, simply because these surveys
will have very small statistical errors. Such calibrations should be
achievable with high resolution X-ray imaging using high quality
mass proxies like Mgas or YX . Note that these proxies will them-
selves be calibrated via weak lensing, so the hydrostatic bias noted
above for X-ray mass calibration is irrelevant in this context.

In addition, cluster centering remains an important systematic
in optical and/or low resolution experiments (e.g. Planck). Specifi-
cally, weak lensing mass calibration requires we measure the tan-
gential shear of background galaxies centered on galaxy clusters,
but selecting the center of a galaxy cluster is not always trivial. This
systematic can either be self-calibrated [84], or it may be cali-
brated with high resolution X-ray/mm follow-up of small sub-sam-
ples optical galaxy clusters. Note that optical cluster detection is
still highly desirable, as optical observations benefit from a lower
mass detection threshold than X-ray/mm over a large redshift
range, which in turn result in improved statistical constraints.
Thus, the combination of optical with X-ray and mm data is clearly
superior than either data set alone.

The synergistic nature of multi-wavelength cluster cosmology will
necessarily play a key role in future cluster abundance experiments.
Clusters are fortunate in that they can be studied across the elec-
tromagnetic spectrum, and consistency between all measurements
provide critical self-consistency constraints that can ferret out
hitherto undetected systematics [85]. Moreover, multi-wavelength
cluster abundance studies can further improve cosmological con-
straints relative to what can be achieved with single wavelength
measurements [83,86]. Consequently, a balanced multi-wave-
length approach will be critical to the success of cluster cosmology
over the next 10–20 years.

One final key prospect with galaxy clusters remains, that of self-
calibration. That is, the cluster-clustering signal is itself an obser-
vable that one can use to calibrate cluster masses, and which is
insensitive to all of the above systematic effects. In general, self-
calibration does result in some degradation of cosmological infor-
mation relative to systematics-free weak lensing measurements,
but such loss decreases with a decreasing mass threshold. Provided
one can reach low cluster masses, e.g. in the optical, self-calibra-
tion is an attractive option. Indeed, multiple studies have found
that self-calibration of galaxy clusters are capable of placing cos-
mological constraints that are comparable to those from cosmic
shear analysis in the absence of systematics [87,84].

4.2.3. Cluster wish lists
The minimum necessary data for Stage IV cluster experiments

should be immediately available from LSST, Euclid, and WFIRST in
the optical/IR, eRosita in the X-rays, and Planck, and the new gen-
eration South Pole Telescope (SPT) and Atacama Cosmology Tele-
scope (ACT) experiments. We emphasize that scatter calibration
– regardless of the origin of the clusters – will require high resolu-
tion X-ray imaging, so large follow-up programs with existing
instruments (Chandra, XMM) is a must. The commissioning of
new, more sensitive high resolution X-ray satellites is particularly
important for studying the lower mass, higher redshift systematics
that should dominate the next generation of cluster cosmology
experiments. In the mm, next generation surveys such as SPT3G
and beyond will allow for better mass calibration and systematics
control of optical surveys at low cluster masses, as well as SZ
detection of higher redshift systems. Continuing improvement in
mm detector technology will remain a fruitful enterprise from
the point of view of cluster cosmology.

In addition, spectroscopic follow-up of 2 + bright galaxies in
galaxy clusters is highly desirable. As an example, in its Spectro-
scopic Identification of eROSITA Sources (SPIDERS) program, eBOSS
will acquire several redshifts per cluster by observing objects asso-
ciated with eROSITA X-ray clusters but not included in the BOSS
and eBOSS galaxy clustering samples. Such a follow-up program
will lead to improved cluster centering, better photometric redshift
performance and calibration, and it would enable testing of modi-
fied gravity models by comparing dynamical to weak lensing
masses via correlation methods. Note that this program could eas-
ily be included as part of a spectroscopic program targeting LRGs,
as these type of galaxies dominate the cluster population, an obvi-
ous ‘‘value added’’ to spectroscopic BAO surveys, provided the
spectroscopic and cluster surveys overlap. Similarly, spectroscopic
follow-up of background galaxies at high redshift for BAO studies
(e.g. emission-line galaxies) enables spectroscopic weak lensing
measurements, which are insensitive to both shear and photomet-
ric redshift systematics. These spectroscopic samples also allow for
photometric redshift calibration via cross-correlation methods,
which will reduce systematic error uncertainties in the redshift
distributions of photometric source galaxies. In short, from a clus-
ter perspective, overlap of cluster surveys with spectroscopic BAO
experiments clearly provides a value added to clusters that is
otherwise unavailable. A quantification of these gains, however,
is difficult, as the value of such measurements will likely depend
on the systematic floor of shear-based weak lensing mass mea-
surements with photometric sources.

4.3. Weak gravitational lensing

4.3.1. Background
The gravitational bending of light by structures in the Universe

distorts or shears the images of distant galaxies. This distortion
allows the distribution of dark matter and its evolution with time
to be measured, thereby probing the influence of dark energy on
the growth of structure.

Within the past decade, weak gravitational lensing – slight dis-
tortions of galaxy images due to the bending of the light from dis-
tant galaxies by the intervening large-scale structure – has become
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one of the principal probes of dark matter and dark energy. The
weak lensing regime corresponds to the intervening surface den-
sity of matter being much smaller than some critical value. While
weak lensing around individual massive halos was measured in the
1990s [88,89], weak lensing by large-scale structure was eagerly
expected, its signal predicted by theorists around the same time
[90–92]. In this latter regime, the observed galaxies are slightly
distorted (roughly at the 1% level) and one needs a large sample
of foreground galaxies in order to separate the lensing effect from
the noise represented by random orientations of galaxies.

A watershed moment came in the year 2000 when four research
groups nearly simultaneously announced the first detection of
weak lensing by large-scale structure [93–96]. Since that time,
weak lensing has grown into an increasingly accurate and powerful
probe of dark matter and dark energy [97–107]. Below we first
briefly summarize how weak lensing probes dark energy and in
particular the growth of structure; more detailed reviews of the
topic are available in [108–110].
2 The separation of the growth and geometry dependencies outlined in Eq. (11) is
slightly inaccurate, since the number density of source galaxies, niðvsÞ, which is in the
weights WiðzÞ, technically falls in the growth category.

future survey such as the LSST. We show two dark energy models with equations of
state w ¼ �1 and �0:9; modified gravity theories will also be probed but are not
shown. For illustration, results are shown for source galaxies in two broad redshift
bins, zs ¼ 0–1 (first bin) and zs ¼ 1–3 (second bin); with expected good quality of
photometric redshifts a much finer slicing of source galaxies in redshift may be
employed. The cross-power spectrum between the two bins (cross term) is shown
without the statistical errors. Shaded regions show scales on which pure gravity
and hydrodynamic simulations, respectively, are necessary to model the theory;
this is further discussed in Section 5. Adaptation of a plot from Ref. [115].
4.3.2. Shear measurements and cosmological constraints
The statistical signal due to gravitational lensing by LSS is

termed cosmic shear. The cosmic shear field at a point in the sky
is estimated by locally averaging the shapes of large numbers of dis-
tant galaxies. The primary statistical measure of the cosmic shear is
the shear angular power spectrum, which is measured as a function
of the source-galaxy redshift zs. Additional information is obtained
by measuring the correlations between shears at different redshifts,
which is referred to as ‘shear tomography’, or between shears and
foreground galaxies – the ‘‘galaxy–galaxy lensing’’.

The principal power of weak lensing comes from the fact that it
responds to all matter, both dark and baryonic, and not just to vis-
ible (or, more generally, baryonic-only) matter like most other
probes of the large-scale structure. Therefore, modeling of the vis-
ible-to-dark matter bias, a thorny and complicated subject, is alto-
gether avoided when using weak lensing. Simulations of dark
matter clustering are becoming increasingly accurate, and simula-
tion-based predictions that include baryons (which steepen and
therefore affect the dark matter halo density profiles [111–113])
should be able to reach the accuracy required to model the weak
lensing signal so that modeling errors do not appreciably contrib-
ute to the total error budget. Because of our ability to model its sig-
nal accurately, weak lensing has great intrinsic power to probe
dark matter and dark energy in the Universe.

The other principal reason why weak lensing is powerful comes
from the fact that galaxy shear is sensitive to both geometry and the
growth of structure. Gravitational lensing depends on the geometry
(e.g. location of the lens relative to the source and the observer and
the mutual distances involved), while the growth determines how
much structure is available at a given distance to serve as cosmic
lenses for light coming from even more distant galaxies. In partic-
ular, in the so-called Limber approximation and assuming small
shear, one can write the two-point correlation function of shear
in harmonic space as [114]
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where each integer multipole ‘ corresponds to angular scale of
about 180�=‘. Here rðzÞ is the comoving angular diameter distance,
HðzÞ is the Hubble parameter, the weights Wi are given by
WiðvðzÞÞ ¼ 3

2 XM H2
0 giðvÞ ð1þ zÞ where giðvÞ ¼ rðvÞ
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ðvs � vÞ=rðvsÞ, and ni is the comoving density of galaxies if the coor-
dinate distance to source galaxies vs � vðzsÞ falls in the distance
range bounded by the ith redshift bin and zero otherwise. Therefore,
weak lensing probes the growth directly via the redshift-depen-
dence2 of the power spectrum Pðk; zÞ in Eq. (11).

The statistical uncertainty in measuring the shear power spec-
trum is
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where fsky is the fraction of sky area covered by the survey and dij is
the Kronecker delta function. The first term in brackets, which dom-
inates on large scales, comes from cosmic variance of the mass dis-
tribution, and the second, shot-noise term results both from the
variance in galaxy ellipticities (‘‘shape noise’’) and from shape-mea-
surement errors due to noise in the images. Therefore, to achieve
the best weak lensing measurements, we aim to maximize sky cov-
erage (i.e. maximize fsky); to minimize the shape noise hc2

inti; and to
be able to theoretically model and experimentally measure shear to
as small a scale (high ‘) as possible.

Fig. 6 shows the cosmic shear angular power spectrum and sta-
tistical errors expected for a future survey such as LSST. We show
two dark energy models with equations of state w ¼ �1 and �0.9;
modified gravity theories will also be probed but are not shown.
For each cosmology, there are two curves for the auto-correlations
of the shears in two different redshift bins, and one curve for the
cross-correlation of the shears between the two redshift bins.
Depending on the quality of photometric redshifts, a much finer
slicing of source galaxies in redshift may be employed. The differ-
ence between the two equations of state is much larger than the
statistical errors expected for LSST (or other planned Stage IV sur-
veys). The shaded regions in Fig. 6 show regimes in which dark-
matter-only simulations, and hydrodynamical simulations with
baryons, respectively will be required in order to calibrate the the-
oretical angular power spectrum.

In addition to the angular power spectrum, other statistics have
been developed, which have only a somewhat lower statistical



Fig. 7. Forecasted constraints on cosmological parameters, assuming LSST’s weak lensing data. We show the 68% confidence limit contours for the two-point and three-point
correlation functions separately (green and gray, respectively), as well as the combined constraints using both measurements (blue). These assume priors on the spectral
index ns , physical baryon density Xbh2 and scaled Hubble constant h � H0=ð100 km=s=MpcÞ from the Planck mission. Adopted from Ref. [116].
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power, but which cut through parameters space differently, so
combining them with the power spectrum can produce signifi-
cantly better overall constraints on dark energy parameters.
Fig. 7 shows the improved dark energy constraints that are possi-
ble by combining the three-point shear correlation function
(related to the dark matter bispectrum) with the two-point corre-
lation function (related to the power spectrum). Because the con-
tours are somewhat orthogonal to each other in parameter space,
the resulting combined constraints are much better than either
one individually. The constraints shown in Fig. 7 take advantage
of the ability to measure photometric redshifts for the lensed gal-
axies. Not only does this improve the calibration of the source pop-
ulation compared to what is possible with current surveys, but it
also allows us to use multiple redshift slices (five in this example)
for the auto- and cross-correlation measurements.

The three-point function is merely the simplest statistic that
probes the non-Gaussianity of the underlying dark matter distribu-
tion. Others include lensing peaks which provide information sim-
ilar to that provided by galaxy clusters but are sensitive to all mass,
(e.g. [117]), moments of the convergence distribution, and Min-
kowski functionals (e.g. [118]). These statistics show excellent
potential to improve the weak lensing power spectrum constraints
on dark energy.

Finally, weak gravitational lensing is particularly useful probe of
modified gravity. Gravitational lensing observations in general are
sensitive to the sum of the two gravitational potentials UþW (see
Eq. (8)), while particle dynamics probes W alone (e.g. [119–121]).
Since modifications to gravity typically affect the two potentials dif-
ferently, combination of weak lensing with other cosmological
probes can in principle be used to differentiate modified gravity
from dark energy.
4.3.3. Systematic errors and efforts to control them
While potentially extremely powerful, the underlying shear

measurements are subject to a variety of systematic errors. There
are numerous potential sources of spurious shear, such as the
atmospheric PSF, telescope aberrations and distortions, charge dis-
tribution effects in the CCDs, noise rectification biases in the shear
measurements themselves (since the underlying measurement is
intrinsically nonlinear), to name only the most difficult problems.
Obtaining reliable shear estimates has been an ongoing process
within the weak lensing community. A series of challenges
[68,69,122,70] have been testing our ability to measure shear to
the required accuracy. So far, the state of the art has kept pace with
the accuracy required for current surveys. However, no one has yet
demonstrated a pipeline that can reach that accuracy required for
Stage IV surveys. A new challenge, dubbed GREAT33 [123] tests
pipelines at the accuracy required for these upcoming surveys, and
also adds new elements of realism that had been absent in previous
challenges.

The interpretation of weak lensing shear measurements is also
complicated by the photometric redshift biases [124,77], calibra-
tion of the predictions in the non-linear regime from N-body sim-
ulations [125–127], and non-Gaussian errors on small angular
scales [128–130]. Similar to the effort to improve shape measure-
ments, there has also been a large effort to handle these effects to
the accuracy that will be required for Stage IV surveys. The require-
ments are stringent; for example, future surveys need to calibrate
the mean shear in each of the �10 redshift bins to about 0.1% rel-
ative accuracy in order that dark energy constraints not be signifi-
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cantly degraded [131]. However, what really helps weak lensing is
the possibility of ‘‘self-calibrating’’ the systematic errors – deter-
mining a reasonable set of the systematic error nuisance parame-
ters from the survey concurrently with the cosmological
parameters without appreciable degradation in accuracy on the
latter. With self-calibration, the survey itself is used to partially
calibrate the systematic effects.

Intrinsic alignments of galaxy shapes (e.g. [132]) are a system-
atic unique to weak lensing, since they lead to possible misinter-
pretations of galaxy alignments caused by the local tidal field as
the cosmic large-scale-structure signal. Many methods that are
currently considered promising for tackling it involve marginaliz-
ing over parametrized models for this effect [133,134] which, in
turn, degrades how well dark energy and modified gravity param-
eters can be constrained [135,136]. Thus, accurate removal of
intrinsic alignments with minimal loss of cosmological information
requires fairly tight priors on the scaling of intrinsic alignments
with galaxy separation, type, redshift, luminosity, and potentially
other parameters. Existing observational constraints (e.g.
[137,138]) are limited by the requirement that the galaxy sample
have both (a) shear estimates and (b) excellent redshift informa-
tion (either spectroscopic, spectro-photometric, or very high-qual-
ity photo-z) for a reasonably high-density galaxy sample over a
contiguous area large enough to find galaxy pairs with separations
of � 100h�1 Mpc. Since several upcoming surveys will provide
shape measurements, additional overlapping datasets with red-
shifts will be very useful in providing constraints on intrinsic align-
ment models that, in turn, will be used to remove intrinsic
alignments from weak lensing measurements by Stage IV surveys.
For example, a significant step forward from our current knowl-
edge would come from a survey with DEEP2-like parameters
(� 3 galaxies/arcmin2 for a fairly-selected sample at z > 0:7) but
with ten times the area. Since such a survey would be extremely
expensive to carry out spectroscopically, spectro-photometric or
many-band photometric surveys might be the best option for col-
lecting such a dataset. Note that the requirements are similar to
those for spectroscopic samples for photo-z calibration, because
we need to span the range of different galaxy types; we do how-
ever need a fairly large, contiguous field.

4.4. Weak lensing of the cosmic microwave background

Just as weak gravitational lensing by foreground structure dis-
torts the shape of background galaxies, it also distorts the fluctua-
tions in the cosmic microwave background. In CMB temperature
maps, this has the effect of slightly deflecting trajectories of the
CMB photons, which in turn distorts the shapes and sizes of the
cold and hot spots. In the CMB power spectrum, lensing smoothes
the peaks and also induces non-gaussian mode coupling that can
be measured via the four-point correlation function. One can read-
ily construct estimators that can be applied to CMB temperature
maps to reconstruct the map of the deflection field, which in turn
determines the matter distribution and the matter power spec-
trum integrated over the observed line-of-sight. For a review, see
[139].

The CMB lensing power spectrum was measured via the four-
point function signal by Atacama Cosmology Telescope (ACT;
[140,141]), South Pole Telescope (SPT; [142]), and most recently
by Planck [143]. The Planck lensing measurement has a lensing
detection significance of 25r and a 5% constraint on the matter
power spectrum. This translates to a 2.5% constraint on r8 in this
higher redshift range. Future CMB temperature measurements by
ACTpol and SPTpol, and their upgrades, will improve these con-
straints by a factor of two [144].

The angular power spectrum of the deflection field obeys equa-
tion very similar to Eq. (11), where contributions along the line of
sight are a product of a geometrical term and the matter distribu-
tion, the latter of which encodes the growth of cosmic structure.
The CMB lensing signal is most sensitive to matter in the redshift
range z � 2–4, which is where its window functions, corresponding
to WðzÞ in Eq. (11), peaks. Thus CMB lensing provides an important
anchor at high redshifts for growth measurements and tightens
dark energy and neutrino mass constraints from lower-redshift
growth probes.

For example, in the Doran–Robbers early dark energy model
[145], the early dark energy density Xe (defined as dark energy
density relative to critical at z 10) can be mimicked by standard
dark energy with a time varying equation of state at late times; the
two contributions are indistinguishable by late-time experiments.
CMB lensing measurements can break this degeneracy: the com-
bined Planck and ground-based Stage III CMB lensing experiment’s
data constrain Xe to about one quarter of a percent
(rðXeÞ ¼ 0:0025), while simultaneously constraining the sum of
neutrino masses to 90 meV (rather than 165 meV from Planck
alone in this model) [146]. Note that since both early dark energy
and neutrino mass suppress early growth, constraints on neutrino
mass tend to be tighter in non-early dark energy models; thus
early dark energy models give more conservative bounds.

In addition to generating the lensing signal in CMB temperature
maps, lensing also distorts the polarization of the microwave back-
ground, turning E-mode polarization into B-mode polarization.
This B-mode lensing signal was recently detected by SPTpol
[147]. While achieving a lensing detection in polarization maps
requires better instrument sensitivity than is needed for tempera-
ture maps, the signal is cleaner since there are fewer polarized
foregrounds. Sub-percent level constraints on r8 from the B-mode
lensing signal should be within reach of Stage III ground-based
CMB experiments.

Finally, weak lensing of the CMB, when combined with the
weak lensing of galaxies by large-scale structure, can be used to
partly cancel out pernicious effects of systematic errors in galaxy
shear measurements that enter in a multiplicative way [148,149].
This is just one of the useful applications of cross-correlations in
cosmology that are further discussed in the Snowmass-2013 paper
on Cross-correlations and joint analyses [53].
5. Simulations

5.1. Cosmological simulations of growth of structure

Simulating the dynamical evolution of a representative volume
of the observable Universe, using either particles or grids to model
relevant fields, is an essential method for understanding the non-
linear growth of structure (see [150] for a recent review). Cosmo-
logical simulations enable the generation of synthetic sky catalogs
of galaxies or galaxy clusters with different levels of observational
complexity. Such synthetic data is now regularly used to interpret
survey results, especially to better understand issues related to
sample/cosmic variance, projection effects, error covariance, other
sources of statistical and systematic uncertainty. In this subsection,
we discuss the two main modes of dynamical simulations – N-
body with only gravity and hydrodynamical with baryonic physics
– and comment on their utility to survey programs.
5.1.1. Gravity-only N-body simulations
N-body simulations evolve the gravitational dynamics of clus-

tered matter, under an implicit assumption that baryons exactly
trace the dark matter on the resolved scales of the simulations. This
simplifying assumption has the advantage that the calculation is
fast and scales efficiently on parallel platforms; to date, simula-
tions with nearly a trillion particles in a volume of several cubic
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giga-parsec have been conducted, e.g. DEUS FUR [151], Horizon
Run 3 [152], and Millennium-XXL [153] and the trillion-particle
milestone was reached in late 2012 [154,155].

N-body simulations are essential for modeling the structure
growth at trans-linear and non-linear scales where linear perturba-
tion theory breaks down and higher-order perturbation theory is
difficult to perform. In fact, a comparison between N-body simula-
tions and higher-order perturbation theory can be used to cross-
check the validity of both methods [156]. One of the most impor-
tant predictions of N-body simulations is how the matter power
spectrum depends on cosmological parameters [157]; as stated
in Section 4.3, an accurate prediction of the matter power spec-
trum is essential for galaxy clustering and weak lensing shear cor-
relations. In addition, the halo mass function, which was described
in Section 4.2, relies on N-body simulations for precision calibra-
tion [158–163]. It has been shown that for Stage III dark energy
experiments, percent-level accuracy in mass function is required
to avoid severe degradation of dark energy constraints [164,165];
achieving this level of accuracy will require improved simulations
of baryon evolution.

Beyond the standard KCDM model, N-body simulations of non-
standard extensions include explorations of quintessence models
[166,167], modified gravity [168–172], coupled dark energy and
dark matter [173,174], and self-interacting dark matter [175].
These simulations provide us with insights of how these different
models affect the growth of structure, which can be imprinted in
the halo mass function, halo bias, and the density profile of halos.
A challenge in this area, at least on small scales, is that effects from
subtle modifications to the expansion history and linear growth
rate may be degenerate with modifications to baryon physics
behavior.

Galaxies and galaxy clusters form in high-density, virialized
regions defined by the dark matter halo population. To link the
outputs of N-body simulations to observable quantities, a common
approach is to derive empirical scaling relations between halo
properties (typically mass or circular velocity) and an observable
property of the halo (e.g. central galaxy luminosity or stellar mass,
or cluster X-ray luminosity). An example of such an approach, the
method of sub-halo abundance matching, has been shown to suc-
cessfully reproduce the low-order clustering properties of galaxies
observed over a wide range of redshifts [176,177]. Alternatively,
one can trace a halo’s growth history in a simulation and use that
behavior, coupled with rules for internal baryon processing, to pre-
dict baryon properties over time. This so-called semi-analytic
approach has seen good success, but increasingly complex models
with large sets of control parameters are necessary to match a wide
range of observations [178,179]. On the larger mass scales of gal-
axy clusters, one can also apply models for the hot gas distribution
to predict observable X-ray and SZ signals [153].

N-body codes are largely mature. Comparisons of independent
codes demonstrate percent-level agreement on the large-scale
matter power spectrum [157] and the virial scaling (relation
between velocity dispersion and mass) of dark matter halos
[180]. Despite their mature status, N-body simulations will always
be limited in their applicability to reality by the fact that baryons
do not trace dark matter on strongly non-linear scales which,
recall, roughly corresponds to scales of less than a few Mpc. Inclu-
sion of realistic baryonic physics in cosmological simulations lies at
the frontier of computational cosmology.

5.1.2. Hydrodynamical simulations
As mentioned in Section 4.3, there is rich dark energy informa-

tion at small spatial scales, but one needs an accurate model for
small-scale structure evolution in order to mine this territory pro-
ductively. To model the growth of small-scale structure, it is essen-
tial to understand a multitude of baryonic processes, including
radiative cooling, star and compact object formation, and feedback
from supernovae and active galactic nuclei (AGN); see [181] for a
recent review. This class of simulation is, in general, much more
computationally intensive than N-body simulations, and the mod-
eling of star formation and feedback processes is not yet well
understood. For example, in high mass halos the central mass
density profile can become more concentrated due to star forma-
tion or less concentrated by AGN feedback [182–186]. While initial
studies of how baryonic processes alter the matter power spectrum
[187–190] and the halo mass function [188,191,192] have been
done, more work is needed to meaningfully constrain the small
scale matter power spectrum and its evolution over cosmic time.

On very small scales, there have been several long-standing dis-
crepancies between the structure predicted by KCDM and obser-
vational evidence, including the inner-slope of low-mass galaxy
halos (cusp vs. core problem) and the number of satellite galaxies
(missing satellite problem); see [55] for a recent review. It has
recently been shown that the gravitational back-reaction on dark
matter driven by small-scale baryonic feedback can solve these
apparent discrepancies [193,194]. The largest halos are relatively
immune to galaxy feedback, and early hydrodynamic simulations
of purely gravitational evolution produced X-ray and SZ properties
of the hot gas in galaxy clusters in reasonable agreement with
observations [195]. Modern simulations are struggling to repro-
duce the low observed fraction of baryons that form stars, but
AGN feedback mechanisms appear promising [181].

Hydrodynamical simulations produce smaller halo samples
than dark matter simulations, so results are often limited by sam-
ple variance. Because of astrophysics uncertainties, relatively little
attention has been paid to hydrodynamical simulations in modi-
fied gravity models or alternate dark energy models.
5.1.3. Synthetic skies
Synthetic galaxy catalogs based on N-body simulations are

becoming an indispensable guide for science analysis of large-
angle photometric and spectroscopic surveys [196–204]. Such cat-
alogs provide truth tables that can be processed through selection
machinery to generate survey-specific expectations. This process
can help guide survey strategy and plan follow-up campaigns, as
well as enable insights into sources of systematic errors in science
analysis. Recent examples include covariance estimates for SDSS-III
BOSS clustering analysis based on the synthetic catalogs of [205],
and the support of galaxy group analysis in the WiggleZ spectro-
scopic survey from the GiggleZ simulations [206].

The increasing sensitivity and sky coverage of galaxy surveys
will only increase the demand for high-fidelity, multi-wavelength
synthetic sky maps. In particular, catalog-level expectations
derived from a simple observational transfer function may be
insufficient. The ultimate approach would incorporate the propa-
gation and acquisition of source photons, and their subsequent
conversion to detector signals.
5.2. Simulating a new generation of cosmological probes

The stringent requirements described above for the control of
systematic errors and uncertainties within cosmological experi-
ments necessitate a detailed understanding of the properties of
individual experiments or surveys. Systematic effects can arise
from the design of the system (e.g. ghosting of images or scatter
light), from the response of the atmosphere (e.g. the stability of
the point-spread-function or the variability in the transmissivity
of the sky), from the strategy used to survey the sky (e.g. inhomo-
geneous sampling of astronomical light curves), or from limitations
in an analysis algorithms (e.g. due to the finite processing power
available for characterizing the properties of detected sources).
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Understanding which of these issues will impact the science (and
how) is critical if we hope to maximize our scientific returns.

Over the last few years, simulation frameworks have demon-
strated that they can provide such a capability; delivering a virtual
prototype against which design decisions, optimizations (including
descoping), and trade studies can be evaluated [207]. What defines
the range of capabilities and fidelity required for a simulation
framework? There are clearly trade-offs between engineering
tools, end-to-end simulators, and the use of extant data sets. Engi-
neering simulations such as Zemax are typically used to define the
optical design of the system. While detailed, these modeling tools
do not couple to the astrophysical properties of the sky nor the
variations in observing conditions. They are not designed to scale
to the size of large scale experiments or surveys. Extant data sets,
in contrast, provide a representative view of the complexity of
observations and the Universe as a whole. They are, however, con-
strained by the fact that they represent an existing experiments
and any inherent systematics might not reflect the design of a
new experiment. For example, in the case of the LSST [208], the sci-
ence requirements specify levels of accuracy in characterizing the
photometric, astrometric and shape properties of stars and galaxies
that are between a factor of two and one hundred times better than
current surveys [209].

5.2.1. Design through simulation
Instrument simulators, coupled to models of the observable

Universe and to simulations of the cadence of a survey (i.e. the
time and positional dependence of a sequence of observations)
can provide data with the expected characteristics of a survey well
in advance of first light. Detailed simulations of the design of a tele-
scope, its optics, or the performance of a camera or spectrograph
can identify the need for new calibration and software develop-
ment efforts early in the process, thus enabling a project to prior-
itize the development effort to match the science requirements
drivers (and identify which science aspects of the survey were
insensitive to these effects). A simulation framework provides
the ability to take a high level requirement, which incorporates
optical-mechanical, atmospheric, electronic, and software compo-
nents together with the underlying astrophysical distributions of
sources, and evaluate which systematics are most sensitive to indi-
vidual components (i.e. assuming we can model the simulation
components at the appropriate level of fidelity). A simulation
framework can provide an end-to-end implementation of the full
flow of photons and information to evaluate the ability to achieve
the science requirements or a simplification of the flow of informa-
tion to identify the sub-components and their contribution to the
overall performance.

There are a number of historical instances whereby the design
of a survey (including the analysis software) has impacted the abil-
ity of that system to achieve, in a timely fashion, its stated photo-
metric and astrometric performance. For example, for the case of
the SDSS, the photometric performance of this system achieved
better than 2% photometric calibration across its survey volume.
To achieve this level of fidelity required the identification and cor-
rection of a number of features impacting the photometric perfor-
mance. It was recognized, three years after first light, that an
accurate model for the point-spread-function of the SDSS telescope
and its variation across the focal plane needed to be developed
[210]. After five years, techniques for a global photometric solution
for the SDSS photometry were implemented in order to obtain a 2%
photometric calibration [211]. Simulations provide the capability
to address many of these issues prior to operations.

5.2.2. Performance verification
During the preconstruction and construction phases of any

experiment, prototype devices and subcomponents will be deliv-
ered together with laboratory data on the performance of these
systems (e.g. the delivery of sensors with measured quantum effi-
ciencies, defects, and noise characteristics). Evaluating the impact
of these components, prior to the completion of construction, is a
non-trivial task. Engineering models and simulations provide some
of these capabilities (e.g. the use of FRED to evaluate integrated
scattered light). Laboratory measurements to date have not been
able to equate directly to the science capabilities as we must cou-
ple the performance of a device with the properties of astrophysi-
cal sources and our ability to measure the properties of sources to
characterize and correct for any systematic effects. Nevertheless,
laboratory-based simulations of astrophysical sources may play a
role in the future, and some steps in that direction have recently
been made [212].

5.2.3. Diagnostics and trade studies
Science requirements propagate into scientific analyses. For

example, the photometric redshifts, which are relied upon by many
cosmological probes, depend on deblending of sources, photomet-
ric zero points, and the implementation of model-based magni-
tudes. Typically the requirement on the photometric redshift
performance captures only the final level of fidelity (e.g. the vari-
ance or fraction of outliers in the redshift relation). Simulations,
where the input configurations can be controlled, in conjunction
with observational data sets, provide the ability to quantify the
sensitivity of these requirements to the input parametrization of
the Universe and the properties of the site. Trade studies, such as
the impact of available compute resources on the fidelity of the
derived shape parameters, can be undertaken in controlled situa-
tions to define what governs the sensitivity of the system.
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