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Since the 1990s, a wealth of astrophysical measurements have demonstrated that we live in a
universe dominated by dark energy and dark matter. The data, which range over several orders
of magnitude in length scale and originate from across the observable universe, are well-fit by a
model parametrization called ACDM, which describes a universe of cold dark matter and a cos-
mological constant. However, while cosmological data sets agree broadly with ACDM, the model
provides no insight about the fundamental nature of either dark energy or dark matter. During the
2020s, a raft of new astronomical surveys will produce cosmological measurements of unprece-
dented precision and provide sensitive new probes of dark energy and gravitation. The new data
will also yield information about the microphysics of dark matter, and allow tests of cosmological
models beyond ACDM. In this contribution, we describe the cosmological measurements made
possible with the next generation of large galaxy redshift surveys, and focus in particular on the

upcoming Dark Energy Spectroscopic Instrument (DESI).
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1. Introduction

On cosmological length scales the universe can be described as homogeneous and perfect fluid
in expanding space. The evolution of the fluid is governed by General Relativity according to an
“equation of motion” known as the Friedmann Equation [1]:

N 2
(Z) = Qa3 +Qpa 30 +Q,a + Qua>. (1.1)
Here a is the scale factor of the universe at a given time, and H(a) = d/a is the Hubble parameter
describing the rate of expansion. The terms on the right side of eq. (1.1) describe the energy
density of matter, dark energy, radiation, and curvature respectively. Today the universe appears to
be dominated by the first two components: matter, with a mean density given by the sum of “cold”
(nonrelativistic) dark matter and baryonic matter, Q,, = Q.+ Q;; and dark energy Q,, described by
an equation of state parameter w. A constant dark energy density based on a cosmological constant
A assumes w is fixed at —1.
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Observations sensitive to the evolution of the universe range from the cosmic microwave back-
ground (CMB), the fossil radiation from the Big Bang emitted 13.7 Gyr ago at redshift z ~ 1100,
to galaxies and quasars observed at redshifts z < 3. Figure 1 summarizes the data in terms of the
matter power spectrum observed today (z = 0) [2]. Despite covering more than 3 orders of magni-
tude in length scale and 14 Gyr in time, and exhibiting very different systematic uncertainties, the
data are described quite well by the 6-parameter ACDM model. The free parameters of ACDM are
the baryon and dark matter densities, the age of the universe, the spectral index of primordial scalar
fluctuations, the amplitude of primordial curvature fluctuations, and the optical depth at reioniza-
tion (see [3] for a summary of current best-fit values). Fixed parameters in ACDM include the
dark energy equation of state w = —1, the total density Qi =~ Q,,, + Qp = 1, the effective number
of relativistic particle species Negr = 3.046 (assumed to be active neutrinos and derived using the
Standard Model) and the sum of the neutrino masses Y ,m, = 0.06 eV.
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Figure 2: Measurement statistics from selected large galaxy redshift surveys, adapted from [4].

Observations of large-scale structure (LSS) with galaxies and galaxy clusters probe dark mat-
ter, gravitation, and dark energy in several ways. First, they can be used to trace the expansion of
the universe via measurements of standard candles (e.g., Type Ia supernovae), standard sirens (i.e.,
gravitational waves from compact binary coalescence), and standard rulers such as baryon acoustic
oscillations (BAO). Second, anisotropies in the BAO, known as redshift space distortions (RSDs)
and caused by the peculiar motion of galaxies near massive clusters, trace the growth of structure.
Present measurements of large scale structure based on ~ 10° galaxies and quasars are consistent
with ACDM. However, the constraints are still statistics-limited, and in the next half-decade they
will shrink dramatically as the number of measured galaxy redshifts increases to 107 (see Fig. 2).
In Section 2 we discuss the new measurements and their sensitivities in the context of DESI.

2. Measuring Dark Energy and the Growth of Structure with DESI

The DESI instrument, currently entering its commissioning phase on the 4-m Mayall Tele-
scope at Kitt Peak National Observatory, is a galaxy redshift survey comprising 5,000 robotically
positioned optical fibers viewing a field of 8 deg?. The fibers transmit light from the focal plane of
the telescope to ten 3-filter spectrographs sensitive to wavelengths between 360 nm and 980 nm,
and with an average spectral resolution of A /AA = 3,000 [19]. Between mid-2020 and mid-2025,
DESI will survey 14,000 deg? up to a redshift z = 3.5 using four tracers of large-scale structure:

1. 10 million spectra from galaxies brighter than r ~ 19.5 between 0.05 < z < 0.4, producing a
magnitude-limited Bright Galaxy Survey (BGS).

2. 4 million luminous red galaxies (LRGs) between 0.4 < z < 1.0, with redshift identification
using the 4,000 A break.

3. 17.1 million emission-line galaxies (ELGs) between 0.6 < z < 1.7, with redshift identifica-
tion using H-IT emission and the 3726-3729 A OII doublet.

4. 1.7 million quasars (QSOs) from 0.9 < z < 2.1, plus 0.7 million Lyman-o quasars between
2.1 < z < 3.5 to measure the Ly-o forest.
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Figure 3: Left: Measurements of the Hubble expansion as a function of redshift [5, 6, 7, 8, 9], along
with the projected sensitivity of DESI galaxy catalogs [10] assuming the ACDM model (black line).
Right: Measurements of the growth of structure as a function of redshift [11, 12, 13, 14, 15, 16, 17,
18], as well as the sensitivity of DESI catalogs [10] assuming ACDM (black line).

The redshift range and projected sensitivity of DESI are illustrated in Fig. 3. The left panel
shows the Hubble parameter H as a function of z assuming ACDM (solid black line). Four recent
measurements of H at well-separated redshifts are indicated by the gray points. The measurement
of H today, Hy, at z ~ 0 is based on the calibration of Type la standard candles using the astronomi-
cal distance ladder [9], and exhibits a ~ 4¢ discrepancy between ACDM and “local” cosmological
measurements. We will return to this discrepancy in Section 4. The remaining measurements come
from surveys of large-scale structure, and are in reasonable agreement with ACDM. The colored
points indicate the detailed redshift coverage and the statistical power of the four tracer catalogs
measured by DESI.

The right panel of Fig. 3 shows measurements of the growth of structure, parametrized by the
growth rate f(z) and the (normalized) amplitude of mass fluctuations og(z). Again, the black line
indicates the prediction of ACDM, and is consistent with measurements of large-scale structure
across a large range of redshifts, indicated by the gray points. Projected DESI measurements are
shown by colored markers.

The main goals of DESI are to tightly constrain the dark energy equation of state and investi-
gate alternative models of dark energy and gravitation. Although current data are consistent with
a cosmological constant, an open question is whether or not dark energy evolves with time — for
example [20],

w(z) = wo+wu(l —a), (2.1)

where wy is the dark energy equation of state today and w, describes its time evolution with redshift.
The full DESI survey is projected to achieve a factor of 20 improvement in constraints on the dark
energy equation of state with respect to previous surveys' [10]. A second open question is whether
or not General Relativity fully describes gravitation at cosmological length scales, or if the data
favor modified theories of gravity. For example, the growth rate of structure can be parametrized

! As measured using the Dark Energy Task Force figure of merit [det{cov(wy, wa)}rl/ 2,
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in terms of Q,, and a growth index 7,

f(2) = Qu(z)7, (2.2)

with General Relativity (GR) consistent with y = 0.55+0.05[1 +w(z = 1)] [21]. Measurements of
7 that differ from 0.55 would provide important evidence that GR is not complete at cosmological
distances, and DESI should be able to rule out GR at the 30 level after two years of data taking
[10, 22]. DESI achieves this sensitivity using complementary measurements of BAO and RSDs,
described in Section 2.1.

2.1 Baryon Acoustic Oscillations and Redshift Space Distortions

Baryon acoustic oscillations, or BAO, are features in the statistical distribution of galaxies on
large scales. They correspond to the maximum distance travelled by acoustic waves in the photon-
matter plasma prior to decoupling at z =~ 1100. At this distance a small overdensity at the sound
horizon (the rims of photon-matter “bubbles” in the plasma) evolved into a small overdensity in
the distribution of galaxies. Today we measure BAO as a peak in the 3D separation of galaxies at
a comoving distance of s = 110 2~! Mpc. The peak, visible in the two-point correlation function
of tracer galaxies and as a series of “wiggles” in the matter power spectrum, is illustrated in the
left panel of Fig. 4. The BAO peak appears as a ring-like structure since the correlation function is
plotted as a function of distance parallel and perpendicular to the line of sight.
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Figure 4: Simulated redshift space distortions (RSD) using 160 mock galaxy catalogs (figure from
[23]). Left: the two-point galaxy correlation 2& (r) in real space as a function of separation along
(r) and perpendicular to (r, ) the line of sight. Right: the two-point correlation s2& (s) in redshift
space as a function of comoving separation. The RSDs manifest as the anisotropy (the ellipticity
or “squashing”) of the correlation function along the line of sight s.

The sound horizon is well-known and thus the BAO feature is usable as a standard ruler to
convert redshift to comoving distance. By measuring the BAO scale at a range of redshifts, it is
possible to characterize the smooth expansion history of the universe H(z) — the left panel of Fig. 3
— and angular diameter distance. These values provide a direct constraint on dark energy.

However, before the BAO feature can be used for cosmology, observations must be corrected
for redshift space distortions (RSDs). Tracer galaxies are gravitationally attracted to clusters, so
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they exhibit peculiar velocities — significant motion on top of the flow due to the Hubble expansion
— as they fall into gravitational wells. In redshift space, peculiar motion causes clusters to appear
squashed along the line of sight, creating an artificial anisotropy or ellipticity in the BAO feature
(see the right panel of Fig. 4). The anisotropy can be significantly mitigated using a “reconstruc-
tion” procedure in which the galaxies are used to estimate the underlying gravitational gradients
producing the peculiar motion. The galaxy positions are then backtraced to the positions they
would occupy if they were not falling into clusters, thus recovering the isotropy of the BAO. For
a detailed summary of the reconstruction procedure and its applicability at cosmological distance
scales above the “nonlinear” regime, see [23] and references therein.

Although RSDs contaminate measurements of the Hubble expansion using BAO, they also
provide crucial information about peculiar velocities and the growth of structure. Thus, measuring
RSDs with different galaxy catalogs probes fog vs. z. The projected sensitivity of DESI to the
dark energy equation of state with BAO and the growth of structure with RSDs is shown in Fig. 5.
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Figure 5: Left: joint dark energy constraints on wy and w' (w,) with existing data from BOSS (blue
contour) and improvements expected with DESI (green and red contours) [10]. Right: sensitivity
of DESI to fog using RSDs from the BGS and LRG catalogs, as well as a peculiar velocity survey
using standard candles (purple filled area). The solid black line indicates ACDM; the hatched
regions show the predicted fog from two alternative models to GR. Adapted from [10, 22, 24].

3. The Growth of Structure and Dark Radiation

Although ACDM is not sensitive to the microphysics of dark matter, the growth of structure —
particularly non-linear growth at small length scales (k > 0.5h Mpc~!) — can give important clues
about the particle nature of dark matter. This perhaps best illustrated by considering primordial
neutrinos and their effect on structure above the peak in the matter power spectrum.

A significant background of relic neutrinos from the Big Bang (the cosmic neutrino back-
ground, or CvB) makes up the overwhelming majority of neutrinos in the universe. Due to their
extremely low mass, the CvB particles acted like relativistic (“hot”) dark matter in the early uni-
verse, escaping the potential wells formed by primordial density fluctuations. At later times, the
neutrinos cooled and contributed to €, [25]. Neutrino free streaming thus suppresses the growth
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of density fluctuations as the universe evolves. Moreover, the effect of relativistic particles on the
evolution of structure constrains their fundamental properties.
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Figure 6: Left: sensitivity of the matter power spectrum to Y m,; adapted from [25]. Right: pro-
jected sensitivity of DESI to the sum of the neutrino masses assuming normal and inverted mass
ordering using the Ly-o forest [26].

Figure 6 shows the impact of the sum of the neutrino masses ) m, the matter power spectrum
P, (k), with the bottom of the left panel indicating the ratio P,,(k)/P,,(k,Y. my, = 0). At early times
the free-streaming CvB reduces the formation of small-scale structure, but later becomes non-
relativistic and acts like cold dark matter. The transition occurs at z ~ 2000m, /1 eV, near the peak
in the matter power spectrum [25]. Larger values of } m, increase the suppression of small-scale
structure since the energy density , becomes a larger contribution to the total matter density
Q,, after the relativistic to non-relativistic transition. Measurements of the matter power spectrum
are thus sensitive to Y m,, particularly at large values of k where the suppression of structure is
most pronounced. The right panel of Fig. 6 shows the expected sensitivity of DESI and the next
generation of CMB experiments to ) m, using the Ly-& forest [26]. Combined CMB and structure
measurements will yield a measurement resolution of Oy ,,, ~ 17 meV. Neutrino oscillations require
that ) my > 59 meV (normal mass ordering) or > 98 meV (inverted ordering). Thus, if } m,, is
very small cosmological measurements will rule out the inverted hierarchy at 3.50.

Large-scale structure is also sensitive to additional particles beyond the Standard Model. For
example, while ACDM assumes only the presence of photons and the known active neutrino species
(Negr = 3.046), observations of Neg > 3.046 could be evidence for sterile neutrinos or other light
relic particles (“dark radiation”). Increasing Neg increases structure formation on small scales,
effectively because it decreases the ratio €,/Q. (see the detailed discussion in [27]). Relative
to ACDM, this increases clumping of cold dark matter before decoupling (increasing small-scale
structure growth) and suppresses the BAO feature. Allowing Neg > 3 in fits of CMB+LSS data
does reduce tension in measurements of Hy between cosmological data sets and the local distance
ladder (e.g., [28, 29]), while also increasing og. However, current constraints favor the ACDM
values. Within the next 5 years, DESI + Stage IV CMB measurements will reduce oy, by a factor
of 9 over current data sets [25].
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4. Hints of Physics Beyond ACDM, or Systematic Uncertainties?

As discussed in Section 2, discrepancies have emerged during the past five years in measure-
ments of Hy, the value of the Hubble expansion rate today, between cosmological data sets and the
observations using the astronomical distance ladder. As of the time of this conference, the statisti-
cal significance of the discrepancy is ~ 40, resulting in considerable speculation about the origin
of the difference: unknown systematic uncertainties, or cracks in the ACDM model.

The ultimate answer to this question must wait until the future. However, we note that the
Hj tension has stimulated a number of new measurement techniques with independent systematic
uncertainties, ranging from additions to the traditional distance ladder [30] to multi-messenger
observations of standard sirens [31, 32]. In this section we discuss several measurements of H
that are possible using large-scale structure, and provide projected uncertainties over the lifetime
of DESL

4.1 Constraining Hy with BAO
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Figure 7: Left: contours in Q,,-Hor, expected from DESI. Right: constraints on Hp using BAO,
with r; estimated using the abundance of primordial deuterium. Figure from [33].

Recent estimates of Hy with BAO, independent of the CMB, were presented in [33]. In brief,
given eq. (1.1), the fact that a/a = H(z)/Hy, and the constraint Qx = 1 — Q,,, the free parameters
of H(z) are Hy and Q,,. Measurements of BAO perpendicular to the line of sight constrain the
combination Dy(z)/r,, where Dy (z) is the comoving angular diameter distance and ry is the size
of the sound horizon at the drag epoch when baryons completely decouple from photons. The BAO
peak along the line of sight measures the combination ¢/H(z)ry. Thus the BAO peak constrains
H (z) in the Q,,-Hyr4 plane. The projected 2D contours in this plane using the DESI galaxy catalogs
are shown in the left panel of Fig. 7, along with a joint constraint from all four catalogs [33].

Breaking the Hy-r,; degeneracy requires an estimate of r;, which depends on the density of
neutrinos, matter, and baryons. The right panel of Fig. 7 shows the constraint on Hy if an estimate
of r; is made using €, from BAO, Q, from the abundance of primordial deuterium (BBN), and
Q, is fixed using the ACDM values of } m, and Neg [33]. This work suggests that competitive
constraints on Hy are possible using BAO, independent of the CMB. A preliminary measurement
of Hy using data from BOSS is in ~ 30 disagreement with the distance ladder [33].
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4.2 Constraining Hy with Bright and Dark Sirens

Compact binary coalescence events, which emit significant power into gravitational waves
(GWs), were first suggested as a tool to measure Hy over 30 years ago [34]. The advantage of
the technique is that it is fully independent of the astronomical distance ladder. A binary’s orbital
frequency and frequency sweep (“chirp”) entirely determine its GW luminosity. Thus, a cali-
brated measure of the GW strain at Earth provides a measurement of the luminosity distance to
the source, analogous to photon flux measurements performed with standard candles. Using an
acoustic metaphor for the measurement, such events are called “standard sirens” if the redshift of
the host galaxy is known.
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Figure 8: Relative cumulative uncertainty on Hy after n measurements of bright sirens, assuming
three surveys with maximum redshift z,.x. The upper and lower edges of the filled bands show the
contribution due to pessimistic and optimistic values of the hosts’ peculiar velocity uncertainties.
The dotted line shows the reduction of the constraints if only photometric redshifts are available.
Figure adapted from [35] and [36].

Measurements of large-scale structure can provide significant improvements to constraints on
Hy from binary coalescence events. Two cases are possible:

1. An electromagnetic counterpart to the GW event, as in the case of GW170817 [31], allows
identification of the host galaxy and its redshift. In the case of such a bright siren, a domi-
nant systematic uncertainty in Hy comes from the peculiar velocity of the host. Catalogs of
redshift measurements of galaxies in the volume around the host galaxy thus considerably
reduce this uncertainty [36].

2. No electromagnetic counterpart, and therefore no host galaxy, is observed. For such a dark
siren, Hj can be estimated by integrating over a large number of potential host galaxies in
the GW localization volume [32]. A dominant systematic uncertainty in Hy is the precision
in the redshifts of host candidates [32, 36].

Figure 8 shows the cumulative relative uncertainty in Hyp from bright siren events with red-
shifts measured photometrically and spectroscopically, for three GW catalogs with a maximum
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redshift zmax. The edges of the filled bands show the effects of peculiar velocity uncertainties in the
host redshift, with the upper edge of each band assuming opy = 400 km s~! and the lower band
assuming 100 km s~!. The relative improvement in 6y, when spectroscopic redshifts are available
applies equally well to the case of dark sirens.

During the next five years, the DESI BGS catalog will provide a volume-limited sample of
galaxies over 14,000 deg? up to z ~ 0.2, and a magnitude-limited sample up to z = 0.4. The
catalog should prove extremely useful for mitigating measurement uncertainties in Hy from both
bright and dark sirens. For bright sirens, the BGS will constrain the peculiar velocities of nearly all
likely GW hosts in the nearby universe. For dark sirens, the DESI BGS will substantially reduce
the redshift uncertainties of host candidates. Constraints on Hy after the five-year DESI survey
from both types of events are projected at the 2% level [36].

5. Conclusion

All current evidence for dark matter and dark energy comes from astrophysical data sets. Dark
energy is measured using the expansion of the universe and the growth of large-scale structure,
while dark matter is probed by structure at small size scales. Present cosmological measurements
are in broad agreement with the ACDM model, but the inauguration of large spectroscopic and
photometric surveys, as well as the start of experiments such as CMB-S4, will improve constraints
on model parameters by a factor of 10 or more during the next decade. The data will be extremely
useful for detailed studies of systematic differences between cosmological measurements and ob-
servations of the local universe. More importantly, they will enable studies of the nature of dark
energy and gravitation that were heretofore impossible. Is dark energy really described by a cos-
mological constant? Is GR a sufficient theory of gravitation on the largest length scales? We hope
to be much closer to answering these questions by 2025. Stay tuned!
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