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1 Executive Summary

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 perturbations generated
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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 equation
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. Generi-
cally, 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 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.

2 Introduction: Why Measuring Growth is Interesting

The standard cosmological model posits that the largest structures 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 seconds after the Big Bang. Subsequently these fluctuations grew under the influence
of gravity. Most of the growth occurred after the decoupling of photons and electrons, some 350,000 years
after the Big Bang, when photons 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
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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 information 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 cosmological 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 geometrical aspects of the clustering of galaxies), and the cosmic microwave background
(CMB).

Over the next 10–20 years, we expect a wealth of new observations that include ground imaging surveys
(e.g. DES and LSST), redshift 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 measurements 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 accel-
erating 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-
structure 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 adequately 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 systematic 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 observational strategies; moreover, spectroscopic surveys play an
additional 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) simulations 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 Sec. 3 we define what precisely we mean by the growth of structure,
and broadly illustrate constraints on it from future surveys. In Sec. 4 we discuss how the growth of structure
probes the dark-energy and modified-gravity explanations for the acceleration of the Universe. In Sec. 5
we discuss in some detail several of the most promising probes of the growth of structure – clustering of
galaxies in spectroscopic surveys, counts of galaxy clusters, and weak gravitational lensing. Finally in Sec. 6
we discuss the very important role of simulations in theoretically predicting growth on non-linear scales.

Community Planning Study: Snowmass 2013
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Figure 1. Growth of structure at large spatial scales in the universe. Left panel: Because dark energy
suppresses the growth of structure, the linear growth D(a), which is normalized to unity today, had to be
larger in the past in the currently favored model with dark energy (ΛCDM; 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 ΛCDM (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.

3 Preliminaries and Definitions

In the linear theory — valid at sufficiently early times and sufficiently large spatial scales, when the
fluctuations in the matter energy density ρM are much less than unity — the matter density contrast
δ(t) = δρM/ρM evolves independently of the spatial scale k. The growth of fluctuations in time (well within
the Hubble radius) δ(t) can be obtained by solving the equation

δ̈ + 2Hδ̇ − 4πGρMδ = 0, (1)

where H(t) is the Hubble parameter, ρM (t) is the matter energy density, and dots are derivatives with respect
to time t. Therefore, in standard General Relativity and in the linear regime (|δ| � 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 factor a, where d ln a = Hdt, and a = 0
(a = 1) at the Big Bang (today). One can then define the linear growth function D(a) via

δ(a) = D(a)δ(a = 1), (2)

or equivalently in redshift z where 1 + z = 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 provides 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 P (k) as the Fourier transform of the 2-point correlation function,
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Figure 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 ΛCDM model,
as well as for two modified-gravity models: the Dvali-Gabadadze-Porrati braneworld model [3] and the f(R)
modification to the Einstein action [4]. Because growth in the f(R) models is generically scale-dependent,
we show predictions at two wavenumbers, k = 0.02 h Mpc−1 and k = 0.1 h Mpc−1. LSST projects to impose
constraints of similar excellent quality on the growth function D(a).

〈δ�k δ∗�k′〉 = (2π)3 δ(3)(�k − �k′) P (k). Note that P (�k) = P (k) due to isotropy of the Universe and the scale-
factor- (or redshift-) dependence of both δ and P is implicit. A commonly used quantity is the rms amplitude
of mass fluctuations, whose square (i.e. the variance of mass fluctuations σ2

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

σ2
R(a) =

∫ ∞

0

k3Plinear(k, a)
2π2

W 2(kR) d ln k (3)

where W (x) = 3j1(x)/x is the Fourier transform of the real-space window function. The quantity σR(a)
encodes the amount of matter fluctuations averaged over a sphere of radius R at redshift z, assuming 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 σ8 ≡ σ8 h−1Mpc(a = 1). Measurements of the redshift-dependence
of σ8 are sometimes quoted as probes of the growth function D(a), since σ8(a) = σ8D(a).

Figure 2 shows an example of constraints from the growth of structure, shown for only one of the cosmological
probes — the redshift-space distortions (RSD), which will be further discussed in Sec. 5.1. 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(a) ≡ d lnD

d ln a
(4)

1More precisely, the RSD are sensitive to σ8(a) times this quantity, but we ignore this subtle distinction for the moment.
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vs. the redshift z ≡ 1/a − 1. We show theory predictions for the currently favored cosmological constant
plus cold dark matter (ΛCDM) model, as well as for two modified-gravity models, the Dvali-Gabadadze-
Porrati braneworld model (DGP; [3]), and the f(R) modification to Einstein action from Ref. [4] with c = 3.
Because growth in the f(R) models is generically scale-dependent, we show predictions at two wavenumbers,
k = 0.02 h Mpc−1 and k = 0.1 h Mpc−1. The f(R) model — which is usually challenging to distinguish from
GR because it can have the expansion history mimicking the ΛCDM model (w is within 1% of −1) and
can have a growth function identical to Λ’s at high redshift — can clearly be distinguished from ΛCDM
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.

4 Dark Energy and Modified Gravity

Over the past decade, the ΛCDM paradigm has passed all observational tests, firmly establishing it as our
cosmological “standard model”. However, it is clearly of crucial importance to test this paradigm, given
that it involves two unknown ingredients (dark matter and Λ), 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 detail in the
Snowmass-2013 paper on Novel Probes of Gravity and Dark Energy [5].

4.1 Dark Energy

The physics behind the observed accelerated expansion of the Universe is widely recognized as one of the
most profound outstanding 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 cosmological constant. However, within our current
understanding of quantum 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 Universe (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 theoretical 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 cosmological constant. Observationally, we
can distinguish this case by measuring the equation of state parameter w ≡ pDE/ρDE, 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.
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A smooth dark energy component is completely described by its equation of state as function of time, w(t).
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 consistency between the linear
perturbations δ(t) and the expansion history determined via the Hubble parameter H(t) — 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 consider 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 constrained 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.

4.2 Modified Gravity

As a fundamental alternative to dark energy, one can ask whether the acceleration of the Universe is caused
by a modification of gravity on large scales, i.e. departure from GR, rather than an exotic form of energy.
This possibility has generated a significant amount of theoretical work over the past decade; it furthermore
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 difficult, due to both theoretical
issues and a broad set of observational 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 coupling
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 ΛCDM as predictions from linear growth of structure would suggest. On
the other hand, the screening mechanisms can lead to unique signatures of their own in large-scale structure.
These screening mechanisms are also relevant for models with a dark energy coupled to ordinary matter.

4.3 Distinguishing Between Dark Energy and Modified Gravity

In order to distinguish between a smooth dark energy component and less minimal models such as coupled
dark energy or modified gravity, it is crucial to measure the growth of structure in addition to the expansion
history. This is because any given expansion history predicted by a modified gravity model could be emulated
by a smooth dark energy component.
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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 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 (� 10 Mpc), density fluctuations become non-linear, and the perturbative treatment
breaks down. Nevertheless, 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 Sec. 6. Thus,
this regime can still be used to probe gravity and dark energy. While clearly much more challenging
to model and confront 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 Sec. 5.2). 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
distortions induced in shapes of background galaxies (Sec. 5.3). 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 determines 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 independent of non-standard cosmological ingredients and astrophysical
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 further in the Snowmass-
2013 paper on Novel Probes of Gravity and Dark Energy [5].

4.4 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 accommodate 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. Clustering 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 perturbations 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.
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Figure 3. Left Panel: Tests of gravity at different length scales. Red lines shows observations that
probe the sum of metric potentials Φ + Ψ (see Eq. (8)) via e.g. gravitational lensing, while blue lines show
dynamical measurements that rely on the motions of stars or galaxies or other non-relativistic tracers and
are sensitive to Ψ alone (see Eq. (7)). Adopted from the review by Jain & Khoury [6]. Right Panel:
Astrophysical [7, 8, 9] and cosmological [10, 11, 12] limits on chameleon theories. The spatial scale on the
x-axis gives the range of length scales probed by particular experiments. The parameter on the y-axis is
the background field value, or the range of the interaction (y-axis label on the right side) for an f(R) model
of the accelerating Universe. The rectangular regions give the exclusion zone from a particular experiment.
All but the solar system results have been obtained in the last 5 years, illustrating the impressive interplay
between theory and experiment in the field. The two rectangles with dots are meant to indicate preliminary
results from ongoing work. This figure is adapted from Lombriser et al [13].

• Early dark energy, which is the case when dark energy contributes to the energy budget at CMB
recombination (a ∼ 0.001, z ∼ 1000) much more than we expect for the cosmological 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
gravity, discussed above).

To connect these families of models most clearly to the observations of growth of large scale structure, while
remaining general and reasonably model independent, it is useful to use phenomenological parametrizations
that capture the key impact of these dark energy effects on growth. This can be done with a small, remarkably
simple set of parameters beyond the equation of state w(z).

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 g(a), the linear growth factor divided by a (i.e. with the early matter scaling
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divided out) in terms of a single free parameter γ

g(a) ≡ D(a)/a = exp
[∫ a

0

(da′/a′) [ΩM (a′)γ − 1]
]

(5)

where ΩM (a) 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, 15, 16]. Within the canonical
picture of gravity, γ = 0.55, almost independently of w(z). This separates out the expansion history as given
by ΩM (a) from extra growth effects parametrized by deviations of γ from 0.55. If deviations are detected,
in the value, scale-, or redshift-dependence of γ, this gives an alert to check noncanonical models, and in
particular modifications of gravity (where γ is closely 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 dominated high redshift growth can be parametrized by a growth calibration factor g�, entering
the growth factor as g = g� exp

[∫ a

0
(da′/a′) [ΩM (a′)0.55 − 1]

]
. Note that this form separates out the early

time behavior and does not disturb the late time behavior that was parametrized by γ [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 attraction and the stretching apart due to accelerated expansion — at any redshift.
This can be treated in the growth factor as [18, 19] g = g�(f∞) exp

[∫ a

0
(da′/a′) [f∞ΩM (a′)0.55 − 1]

]
. Again,

this preserves the late time value of γ, 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 f∞
from unity fairly directly. Various other parametrization schemes exist, e.g. [20, 21]. Each parametrization
has its own strengths and weaknesses: roughly speaking, simpler parametrizations 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 physics 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 γ(k)) 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, Φ and Ψ (which govern the motion of matter and
of light, respectively), are sourced and evolve. Scalar metric perturbations around a Friedmann-Robertson-
Walker background in the conformal Newtonian gauge are given by the following spatial metric

ds2 = −a2(τ)
[
(1 + 2Ψ) dτ2 − (1 − 2Φ) d�x2

]
, (6)

where τ 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 δ(a) to the
potentials Φ and Ψ. For example,

∇2Ψ = 4πGNa2δρ × Gmatter (7)

∇2(Φ + Ψ) = 8πGNa2δρ × Glight . (8)

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
(z, k) bins [22], eigenmodes [23], or well behaved functional forms [24, 25, 26, 27].
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5 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 gravitational lensing —
probe the growth of structure.

5.1 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, δg(z, k) = b(z, k)δ(z, k) where δg and δ are the galaxy and dark matter 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 multiplies the dark matter overdensity implies a degeneracy between the amplitude σR(a)
of matter fluctuations and parameters describing bias. This degeneracy complicates the extraction of the
growth function from the isotropic power spectrum derived from clustering of cosmic sources. However,
spectroscopic surveys encode additional information about the velocity field arising from gravitational
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 observations can be used to break the
degeneracy between bias and σ2

R(a). 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
Redshift-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 Figure 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” elongation [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 distortions in the observed redshift-space clustering. RSD are sensitive to the rate of change
of the amplitude of clustering, fσ8(a) = dσ8(a)/d ln a, where a = (1 + z)−1 is the dimensionless cosmic
expansion factor and f ≡ f(a) 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 clustering amplitude and directly probe GR. On the other hand, if one
were to assume a ΛCDM model where GR correctly explains gravitational collapse, the growth rate can be
predicted to high precision and RSD results can be used to constrain σ8(a), 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, 35, 36], and WiggleZ [37].
More recently, Refs. [38] and [39] presented the first measurements and cosmological interpretation of RSD
in the two-year BOSS galaxy sample [40]. Figure 4 shows their measurement of the correlation function in
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Figure 4. Left panel: Two-dimensional correlation function of BOSS galaxies (color) compared with the
best fit model (black lines). Contours of equal ξ are shown at [0.6, 0.2, 0.1, 0.05, 0.02, 0]. Right panel:
Smaller-scale two-dimensional clustering with model contours at [0.14, 0.05, 0.01, 0]. Figures adopted from
Ref. [38].

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 analyzed here. With these results, BOSS constrains the
parameter combination fσ8(a) = 0.43 ± 0.07 at the mean redshift of the sources z = 0.57 (or a = 0.64),
improving to fσ8(a) = 0.415 ± 0.034 if assuming a ΛCDM expansion history.

5.1.1 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-α quasars (2.2 < z < 3.5) at a density of 8 deg−2, and new
Lyman-α 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 f(a) and σ8(a). 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 σ8 in the assumption of ΛCDM. 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 = 0.2 h Mpc−1. The expected 68% confidence constraints
on the growth of structure, parametrized as fσ8(a) and measured from RSD, are σfσ8(a)/fσ8(a) = 0.029,
0.035, and 0.036 for the LRG, ELG, and quasar programs respectively.

Prime Focus Spectrograph (PFS) will be a powerful spectroscopic survey of faint emission galaxies because
of its large multiplex gain and the 8.2 meter aperture of the Subaru telescope [41]. The extended wavelength
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coverage provided by the red and near-infrared spectrograph arms (650 - 1260 nm) will permit a survey of
about 2 × 106 [O II] emission-line galaxies extending over the redshift range 0.8 < z < 2.4. As large-scale
structure is still in the linear 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 galaxies 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 = 2.4, and provide the measurement of f(a) to 6% accuracy in each of
six bins spanning its redshift 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 spectro-
scopic 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 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 quasar 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
Figure 2. The precision in each bin (Δz = 0.1) is better than 2% from 0.4 < z < 1.5, while the aggregate
accuracy from the combination of all three tracers is σfσ8(a)/fσ8(a) = 0.0035.

5.1.2 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 perfectly. While this method
produces predictions that are thus independent of additional data sets, marginalization over the power
spectrum shape and distance-redshift relationship can potentially degrade the growth constraints. For
BOSS, the remaining uncertainty on the shape of the power spectrum is negligible, given a prior from
the cosmic microwave background. Imperfect knowledge of the cosmological distance-redshift relationship
induces additional anisotropy in the observed galaxy correlations via the Alcock-Paczynski effect [43, 44, 45]
that is partially degenerate with the RSD-induced anisotropy. The Alcock-Paczynski effect depends on
the product DA(a)H(a), where DA is the angular diameter distance and H is the Hubble parameter.
However, allowing for an arbitrary value of DA(a)H(a) degraded fσ8 constraints by a factor of two in
BOSS. Marginalizing over additional parameters in nonlinear galaxy 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 separation of density and velocity correlations.
This separation is known to be inaccurate especially at smaller scales, where non-linear growth (δ > 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].
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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 contamination 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 understanding of these systematics learned
during eBOSS will provide important 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 photometric 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 integration 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, sensitivity at least one magnitude
fainter than that of DESI, and wavelength 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 document. 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 Sec. 6.

5.1.3 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 provide 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, P (k, a), can be
measured to excellent accuracy over several decades in k. On linear scales, the power spectrum is proportional
to D(a)2, 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 P (k, a) 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 synergy 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, 50, 51]).
However the largest signal available from the cross-correlation corresponds to about 10-σ detection of the
effects of dark energy via the ISW effect [52], making it a probe with relatively modest prospects.
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Cosmic magnification, discussed in more detail in the Snowmass-2013 paper on Cross-Correlations and Joint
Analyses [53], induces additional spatial correlations between the density, luminosity, 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 beginning to be explored.

5.2 Cluster Abundances

5.2.1 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 complementarity 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] and [55].

The basic physics behind cluster abundances as a cosmological probe are conceptually simple. Clusters form
the gravitational collapse of density fluctuations. Prior to collapse, the growth of these fluctuations is linear,
so that the matter density contrast δ = δρ/ρ at any spatial scale evolves with the same growth factor D(a),
δ(a) ∝ D(a), where the linear growth factor D(a) can be evaluated exactly for a given cosmological model
following Eq. (1).

At some critical threshold δc, the perturbation undergoes gravitational collapse. Consequently, the prob-
ability of forming a halo — a collapsed object — is equivalent to the probability that δ ≥ δc. 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
= F (σ)

ρM

M

d lnσ−1

dM
, (9)

where ρM is the matter density in the Universe, σ2 is the variance of the density perturbations evaluated at
some mass scale M (or, equivalently, spatial scale R where M = (4π/3)R3ρM ). Here F (σ) corresponds to
the fraction of mass in collapse object; in the Press–Schechter argument [56],

F (σ) =
1√

2πσ2
exp

(
−1

2
δ2
c

σ2

)
, (10)

while cosmological N-body simulations have been used to calibrate F (σ) 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 the linear density field σ2 ≡ σ2(a) is related to the variance at some initial scale factor a0,
σ2

0 , via the linear growth function, σ2 = [D2(a)/D2(a0)]σ2
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 wavelengths — and then one needs to determine the corresponding
cluster masses. As noted below, future surveys will almost certainly rely on weak lensing mass calibration
to estimate cluster masses. Figure 5, taken from Ref. [55], shows forecasted constraints on the amplitude
of matter fluctuation σ11,abs for two fiducial 104 deg2 surveys, assuming 10 gals/arcmin2 and a shape noise

Community Planning Study: Snowmass 2013



  

16

0.1 1.0
Redshift

0.001

0.010

0.100

St
at

is
tic

s 
L

im
it 

fo
r 

Δ
σ

11
,a

bs
/σ

11
,a

bs

Stage III, Planck+WL+BAO+SN
Stage IV, Planck+WL+BAO+SN

Stage III
Bottom to top: M/1014 MO • = 1, 2, 4, 8

0.1 1.0
Redshift

0.001

0.010

0.100

St
at

is
tic

s 
L

im
it 

fo
r 

Δ
σ

11
,a

bs
/σ

11
,a

bs

Stage III, Planck+WL+BAO+SN
Stage IV, Planck+WL+BAO+SN

Stage IV
Bottom to top: M/1014 MO • = 1, 2, 4, 8

Figure 5. Statistical error on σ11,abs(z) — or equivalently the growth function D(a) — derived using
galaxy clusters in redshift bins of width z ± 0.05 for two fiducial 104 deg2 surveys: Left panel: a Stage
III survey with shape noise appropriate for ground-based imaging (source surface density 10 gals/arcmin2,
shape noise σe = 0.4); Right panel: a Stage IV survey with shape noise appropriate for space-based imaging
(30 gals/arcmin2, σe = 0.3). Each solid black line corresponds to a different mass threshold, as labeled. The
blue and red curves are the corresponding constraints from Stage III (blue) and Stage IV (red) weak lensing
+ supernova + BAO + Planck experiments. Figure taken from Ref. [55].

appropriate for ground-based observations (σe = 0.4), and for a similar survey with 30 gals/arcmin2 and
a shape noise appropriate for space-based observations (σe = 0.3). These forecasts are compared to the
predictions for Stage III (blue curve) and Stage IV (red curve) Planck+weak lensing+supernova+BAO
experiments. 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 dispersions; see Sec. 4. In
addition, because the growth of structure is also impacted by non-zero neutrino mass, galaxy cluster
abundances can provide competitive constraints on the sum of neutrino masses, further enhancing their
value as a tool for fundamental physics (e.g. [57, 58, 59, 60]).

5.2.2 Systematics: Current Limitations and Future Prospects

Galaxy clusters can be identified with optical, mm, or X-ray data. Regardless of how the clusters are identi-
fied, the cosmological utility of cluster samples is always limited by our ability to estimate the corresponding
cluster masses. Roughly speaking, CMB+geometric probes predict the amplitude of matter fluctuations 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, 62, 63, 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.
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The two primary sources of systematic errors for weak lensing mass calibration are shear biases, i.e. system-
atic 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, 69, 70, 71], and
the possibility of self-calibrating systematics from joint shear and magnification analyses of the weak lensing
signal has been noted [72, 73, 74, 75]. In addition, the use of spectroscopic sources for weak lensing mass
calibration [76] entirely bypasses 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, 78, 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 systematic floor in current weak lensing measurements will be significantly 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
larger than a galaxy cluster), and partly because the weak lensing signal of clusters is large relative to the
typical shear signal. The impact of photometric redshifts on both data sets, however, is fairly comparable.
Overall, one can fairly generically state that experiments that control shear systematics at a level that enables
cosmic shear experiments 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 themselves 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). Specifically, weak lensing mass calibration requires we measure the tangential 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 calibrated with high resolution X-
ray/mm follow-up of small sub-samples 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 electromagnetic
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 constraints relative to what can be achieved with single wavelength
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measurements [83, 86]. Consequently, a balanced multi-wavelength 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 observable 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
information 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-calibration is an attractive
option. Indeed, multiple studies have found that self-calibration of galaxy clusters are capable of placing
cosmological constraints that are comparable to those from cosmic shear analysis in the absence of systematics
[87, 84].

5.2.3 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 generation South
Pole Telescope (SPT) and Atacama Cosmology Telescope (ACT) experiments. We emphasize that scatter
calibration — regardless of the origin of the clusters — will require high resolution 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 Spectroscopic Identification of eROSITA Sources (SPIDERS) program, eBOSS will acquire
several redshifts per cluster by observing objects associated 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 modified
gravity models by comparing dynamical to weak lensing masses via correlation methods. Note that this
program could easily be included as part of a spectroscopic program targeting LRGs, as these type of
galaxies dominate the cluster population, an obvious “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 photometric 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 cluster 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 measurements
with photometric sources.

Community Planning Study: Snowmass 2013



  

5 Cosmological Probes Sensitive to Growth 19

5.3 Weak Gravitational Lensing

5.3.1 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 distortions of galaxy images due to the bending
of the light from distant galaxies by the intervening large-scale structure — has become one of the principal
probes of dark matter and dark energy. The weak lensing regime corresponds to the intervening surface
density 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, 91, 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, 94, 95, 96]. Since that time, weak lensing has
grown into an increasingly accurate and powerful probe of dark matter and dark energy [97, 98, 99, 100, 101,
102, 103, 104, 105, 106, 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, 109, 110].

5.3.2 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 distant 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 visible (or, more generally, baryonic-only) matter like most other probes of the
large-scale structure. Therefore, modeling of the visible-to-dark matter bias, a thorny and complicated
subject, is altogether avoided when using weak lensing. Simulations of dark matter clustering are becoming
increasingly accurate, and simulation-based predictions that include baryons (which steepen and therefore
affect the dark matter halo density profiles [111, 112, 113]) should be able to reach the accuracy required
to model the weak lensing signal so that modeling errors do not appreciably contribute to the total error
budget. Because of our ability to model its signal 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 particular, in the so-called Limber approximation and assuming small
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shear, one can write the two-point correlation function of shear in harmonic space as [114]

Pκ
ij(
) =

∫ ∞

0

dz
Wi(z) Wj(z)
r(z)2 H(z)︸ ︷︷ ︸

geometry

P

(



r(z)
, z

)
︸ ︷︷ ︸

growth

, (11)

where each integer multipole 
 corresponds to angular scale of about 180◦/
. Here r(z) is the comov-
ing angular diameter distance, H(z) is the Hubble parameter, the weights Wi are given by Wi(χ(z)) =
3
2 ΩM H2

0 gi(χ) (1 + z) where gi(χ) = r(χ)
∫ ∞

χ
dχsni(χs)r(χs − χ)/r(χs), and ni is the comoving density

of galaxies if the coordinate distance to source galaxies χs ≡ χ(zs) falls in the distance range bounded
by the ith redshift bin and zero otherwise. Therefore, weak lensing probes the growth directly via the
redshift-dependence2 of the power spectrum P (k, z) in Eq. (11).

The statistical uncertainty in measuring the shear power spectrum is

ΔPκ
ij(
) =

√
2

(2
 + 1)fsky

[
Pκ

ij(
) + δij
〈γ2

int〉
n̄i

]
, (12)

where fsky is the fraction of sky area covered by the survey and δij is the Kronecker delta function. The
first term in brackets, which dominates on large scales, comes from cosmic variance of the mass distribution,
and the second, shot-noise term results both from the variance in galaxy ellipticities (“shape noise”) and
from shape-measurement errors due to noise in the images. Therefore, to achieve the best weak lensing
measurements, we aim to maximize sky coverage (i.e. maximize fsky); to minimize the shape noise 〈γ2

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

Figure 6 shows the cosmic shear angular power spectrum and statistical errors expected for a future survey
such as LSST. We show two dark energy models with equations of state w = −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 difference between the two equations of state is much larger
than the statistical errors expected for LSST (or other planned Stage IV surveys). The shaded regions in
Figure 6 show regimes in which dark-matter-only simulations, and hydrodynamical simulations with baryons,
respectively will be required in order to calibrate the theoretical angular power spectrum.

In addition to the angular power spectrum, other statistics have been developed, which have only a somewhat
lower statistical power, but which cut through parameters space differently, so combining them with the
power spectrum can produce significantly better overall constraints on dark energy parameters. Figure 7
shows the improved dark energy constraints that are possible by combining the three-point shear correlation
function (related to the dark matter bispectrum) with the two-point correlation function (related to the power
spectrum). Because the contours are somewhat orthogonal to each other in parameter space, the resulting
combined constraints are much better than either one individually. The constraints shown in Figure 7 take
advantage of the ability to measure photometric redshifts for the lensed galaxies. Not only does this improve
the calibration of the source population 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 distribution. Others include lensing peaks which provide information similar to that provided

2The separation of the growth and geometry dependencies outlined in Eq. (11) is slightly inaccurate, since the number
density of source galaxies, ni(χs), which is in the weights Wi(z), technically falls in the growth category.
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Figure 6. Cosmic shear angular power spectrum and statistical errors expected for a future survey such
as the LSST. We show two dark energy models with equations of state w = −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 = 0–1 (first bin) and zs = 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 Sec. 6. Adaptation of a plot from Ref. [115].

by galaxy clusters but are sensitive to all mass, (e.g. [117]), moments of the convergence distribution, and
Minkowski 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 Φ+Ψ (see Eq. (8)), while
particle dynamics probes Ψ alone (e.g. [119, 120, 121]). Since modifications to gravity typically affect the
two potentials differently, combination of weak lensing with other cosmological probes can in principle be
used to differentiate modified gravity from dark energy.

5.3.3 Systematic Errors and Efforts to Control Them

While potentially extremely powerful, the underlying shear measurements are subject to a variety of system-
atic errors. There are numerous potential sources of spurious shear, such as the atmospheric PSF, telescope
aberrations and distortions, charge distribution 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
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Figure 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 Ωbh

2 and scaled Hubble constant h ≡
H0/(100km/s/Mpc) from the Planck mission. Adopted from Ref. [116].

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], calibration of the predictions in the non-linear regime from N-body simulations [125, 126, 127],
and non-Gaussian errors on small angular scales [128, 129, 130]. Similar to the effort to improve shape
measurements, there has also been a large effort to handle these effects to the accuracy that will be required
for Stage IV surveys. The requirements are stringent; for example, future surveys need to calibrate the
mean shear in each of the ∼10 redshift bins to about 0.1% relative accuracy in order that dark energy
constraints not be significantly degraded [131]. However, what really helps weak lensing is the possibility
of “self-calibrating” the systematic errors — determining a reasonable set of the systematic error nuisance
parameters 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 systematic unique to weak lensing, since they lead
to possible misinterpretations 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 marginalizing
over parametrized models for this effect [133, 134] which, in turn, degrades how well dark energy and modified
gravity parameters can be constrained [135, 136]. Thus, accurate removal of intrinsic alignments with minimal

3http://great3challenge.info/
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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 information (either spectroscopic, spectro-photometric, or very high-quality photo-z)
for a reasonably high-density galaxy sample over a contiguous area large enough to find galaxy pairs with
separations of ∼ 100h−1Mpc. Since several upcoming surveys will provide shape measurements, additional
overlapping datasets with redshifts will be very useful in providing constraints on intrinsic alignment 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 knowledge 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 collecting 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 however need a fairly large, contiguous field.

5.4 Weak Lensing of the Cosmic Microwave Background

Just as weak gravitational lensing by foreground structure distorts the shape of background galaxies, it also
distorts the fluctuations 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 readily 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 spectrum 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 25σ and a 5% constraint on the matter
power spectrum. This translates to a 2.5% constraint on σ8 in this higher redshift range. Future CMB
temperature measurements by ACTpol and SPTpol, and their upgrades, will improve these constraints by
a factor of two [144].

The angular power spectrum of the deflection field obeys equation very similar to Eq. (11), where contri-
butions along the line of sight are a product of a geometrical term and the matter distribution, 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 W (z) 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 Ωe (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 combined Planck and ground-based Stage III
CMB lensing experiment’s data constrain Ωe to about one quarter of a percent (σ(Ωe) = 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,
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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 background, 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 temperature maps, the signal is cleaner since there
are fewer polarized foregrounds. Sub-percent level constraints on σ8 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].

6 Simulations

6.1 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). Cosmological 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.

6.1.1 Gravity-only N-body Simulations

N-body simulations evolve the gravitational dynamics of clustered 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, simulations
with nearly a trillion particles in a volume of several cubic 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 perturbation theory breaks down and higher-order perturbation theory is difficult to perform.
In fact, a comparison between N-body simulations and higher-order perturbation theory can be used to cross-
check the validity of both methods [156]. One of the most important predictions of N-body simulations is
how the matter power spectrum depends on cosmological parameters [157]; as stated in Sec. 5.3, an accurate
prediction of the matter power spectrum is essential for galaxy clustering and weak lensing shear correlations.
In addition, the halo mass function, which was described in Sec. 5.2, relies on N-body simulations for precision
calibration [158, 159, 160, 161, 162, 163]. It has been shown that for Stage III dark energy experiments,
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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 ΛCDM model, N-body simulations of non-standard extensions include explorations of
quintessence models [166, 167], modified gravity [168, 169, 170, 171, 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 popu-
lation. 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 successfully 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 predict 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 galaxy 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. Inclusion of realistic baryonic physics in
cosmological simulations lies at the frontier of computational cosmology.

6.1.2 Hydrodynamical Simulations

As mentioned in Sec. 5.3, there is rich dark energy information at small spatial scales, but one needs an
accurate model for small-scale structure evolution in order to mine this territory productively. To model the
the growth of small-scale structure, it is essential 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 modeling 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 formation or less concentrated by AGN feedback [182, 183, 184, 185, 186]. While initial studies
of how baryonic processes alter the matter power spectrum [187, 188, 189, 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 discrepancies between the structure predicted by
ΛCDM and observational 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
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of the hot gas in galaxy clusters in reasonable agreement with observations [195]. Modern simulations are
struggling to reproduce 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 sample variance. Because of astrophysics uncertainties, relatively little attention has been paid
to hydrodynamical simulations in modified gravity models or alternate dark energy models.

6.1.3 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, 197, 198, 199, 200, 201, 202, 203, 204].
Such catalogs 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 spectroscopic 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 propagation
and acquisition of source photons, and their subsequent conversion to detector signals.

6.2 Simulating a New Generation of Cosmological Probes

The stringent requirements described above for the control of systematic errors and uncertainties within
cosmological experiments 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. inhomogeneous 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). 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 demonstrated 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. Engineering 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, constrained 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 science 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].
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6.2.1 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 telescope, its optics, or the performance of a camera or spectrograph can identify the need for new
calibration and software development efforts early in the process, thus enabling a project to prioritize
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 components
together with the underlying astrophysical distributions of sources, and evaluate which systematics are
most sensitive to individual 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 information 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 ability of that system to achieve, in a timely fashion, its stated photometric 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 correction of a number of features impacting the photometric performance. 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.

6.2.2 Performance Verification

During the preconstruction and construction phases of any experiment, prototype devices and subcomponents
will be delivered together with laboratory data on the performance of these systems (e.g. the delivery of
sensors with measured quantum efficiencies, 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
couple the performance of a device with the properties of astrophysical 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].

6.2.3 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, photometric zero points, and
the implementation of model-based magnitudes. Typically the requirement on the photometric redshift
performance captures only the final level of fidelity (e.g. the variance 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
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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 situations to define what
governs the sensitivity of the system.
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