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▸ this illustration of cosmology has been around for > 10 years 

▸ cosmology reviews 10 years from now will likely use it still 

▸ not because cosmology isn’t progressing, but because cosmologist 
boldly named epochs we don’t understand yet!

COSMOLOGY IN THE 2020s - SAME OLD STORY?
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2020s - DECADE OF SURVEY COSMOLOGY

▸ Cosmic acceleration, neutrinos + early Universe 
physics inspire ambitious survey program 

▸ Next-stage surveys will dramatically increase the 
statistical constraining power of CMB 
experiments, spectroscopic + photometric wide-
field galaxy surveys    
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 6. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors.

consequence, the fundamental production unit for TES devices are arrays of detectors (see Fig. 8), an
important attribute when considering the production of the 500,000 detectors required by CMB-S4. Second
TES devices are low-impedance (1 ⌦) and can be multiplexed with modern-day Superconducting QUantum
Interference Device (SQUID) multiplexers [96, 97, 98]. Multiplexed readouts are important for operating
large detector arrays at sub-Kelvin temperatures and are essential for CMB-S4. Lastly, TES detectors have
been successfully deployed as focal planes at the forefront of CMB measurements.

The TES was invented by HEP for detecting Dark Matter and neutrinos. Its subsequent integration into
CMB focal planes has enabled kilo-pixel arrays realizing the Stage II CMB program and ushering in an
era of unprecedented sensitivity. TES-based CMB detectors are the favored technology among Stage II
and proposed Stage III experiments, and have a clear path to the sensitivities required by CMB-S4. The
ubiquity of TES detectors for CMB illustrates the direct connection between HEP-invented technology and
CMB science.

The CMB-S4 Experimental Program

Delivering a half-million background-limited bolometers necessitates a change in the execution of the US
ground-based CMB program. The current US program consists of a number of independent (primarily

Community Planning Study: Snowmass 2013

DESI Survey: ~ 34M Galaxies, 14K deg2 

•  10 million Bright Galaxies 0.0<z<0.4 
•  4 million Luminous Red Galaxies (LRGs) 0.4<z<1 
•  17.1 million Emission Line Galaxies (ELGs) 0.6<z<1.6 
•  1.7 million Tracer Quasars (QSOs) 1<z<2.1 
•  0.7 million High redshift Quasars probe IGM (Lyman-alpha forest) (z>2.1) 

5 
Dark Energy Spectroscopic Instrument 
U.S. Department of Energy Office of Science 
Lawrence Berkeley National Laboratory

May	2016	DOE	CD-3	Review

R.	Wechsler	-	P7

Five	target	classes	spanning	redshifts	z=0	➔ 3.5.	
~34	million	redshifts	over	14,000	sq.	degrees	(baseline	survey).

What is DESI?

4	million	LRGs

17	million	ELGs

2.4	million	QSOs

10	million	brightest	galaxies

3

Dark Energy  
turns on here 

Dark Energy 
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INFLATION

Window on GUT-scale physics: how many fields? what are 
their potentials? 
▸ primordial density fluctuations  
▸ primordial power spectrum slope (ns) + spectral running (𝛼s)  

▸ primordial non-Gaussianity: primordial bispectrum,  scale-
dependence of galaxy clustering, imprints on galaxy shapes 

▸ primordial tensor fluctuations 
▸ CMB-S4 target sensitivity 𝜎(r) ~ 0.001: constrain energy scale of 

inflation (detection) or rule out large classes of inflation models, 
including those that naturally explain observed ns (non-detection)
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COSMIC ACCELERATION

Accelerated expansion requires fundamentally new physics 
▸ vacuum dark energy or break-down of GR 
The only local, second-order gravitational field equations that can be derived 
from a four-dimensional action that is constructed solely from the metric 
tensor, and admitting Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)
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COSMIC ACCELERATION

CLASSIFICATION

➤ Lovelock’s theorem (1971):
“The only second-order, local gravitational field equations 
derivable from an action containing solely the 4D metric tensor 
(plus related tensors) are the Einstein field equations with a 
cosmological constant.”

✦ > 2nd-order time derivatives.
✦ Non-local action ⇒ things like         .⇤�2

✦ Introduce new fields.
✦ Posit extra dimensions.
✦ Don’t derive field equations from an action.

UK Dark Energy Strategy 20201.Classification.
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COSMIC ACCELERATION
Accelerated expansion requires fundamentally new physics 

▸ vacuum dark energy or break-down of GR 
The only local, second-order gravitational field equations that can be derived from a four-dimensional action 
that is constructed solely from the metric tensor, and admitting Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)

▸ comprehensive comparison to data requires 
unifying framework + phenomenology 
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COSMIC ACCELERATION
Accelerated expansion requires fundamentally new physics 

▸ vacuum dark energy or break-down of GR 
The only local, second-order gravitational field equations that can be derived from a four-dimensional action 
that is constructed solely from the metric tensor, and admitting Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)

▸ comprehensive comparison to data requires 
unifying framework + phenomenology 

▸ simple tests confront classes of models + data: 

▸ are data from early Universe and late 
Universe fit by the same parameters? 

▸ do measurements of cosmic distances and 
growth of structure agree? 

▸ does the dark energy density change with 
time? -> equation of state parameter w
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COSMIC ACCELERATION

credit: NASA Goddard/CI lab
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COSMIC ACCELERATION AFTER GW170817

▸ Joint detection of GW signal and light from neutron star merger 
GW170817 tightly constrains GW speed 

▸ One event rules out classes of modified gravity models (Baker+18, 
Creminelli+18, Ezquiaga+Zumalacarregui18, Sakstein+Jain 18)5

cg = c cg 6= c

General Relativity quartic/quintic Galileons [13, 14]

quintessence/k-essence [46] Fab Four [15]

Brans-Dicke/f(R) [47, 48] de Sitter Horndeski [49]

Kinetic Gravity Braiding [50] Gµ⌫�
µ�⌫ [51], f(�)·Gauss-Bonnet [52]

Derivative Conformal (19) [17] quartic/quintic GLPV [18]

Disformal Tuning (21) quadratic DHOST [20] with A1 6= 0

quadratic DHOST with A1 = 0 cubic DHOST [23]
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Viable after GW170817 Non-viable after GW170817

FIG. 2: Summary of the viable (left) and non-viable (right) scalar-tensor theories after GW170817. Only simple Horndeski
theories, G4,X ⇡ 0 and G5 ⇡ constant, and specific beyond Horndeski models, conformally related to cg = 1 Horndeski or
disformally tuned, remain viable.

classes include some interesting models, such as acceler-
ating solutions due to the weakening of the gravitational
force [53] and self-tuning theories that attempt to solve
the cosmological constant problem, and which rely on
non-minimal derivative couplings to curvature [15].

Despite the strong constraints, theories remain that
avoid this constraint and thus can still be used to ex-
plain DE (see Fig. 2). Within Horndeski’s theory these
include only the simplest modifications of gravity. Be-
yond Horndeski theory, viable gravities can be obtained
in two ways. One can apply a derivative-dependent con-
formal transformation to those Horndeski models with
cg = 1, since it does not a↵ect their causal structure. Al-
ternatively, one can implement a disformal transforma-
tion, which does alter the GW-cone, designed to precisely
compensate the original anomalous speed of the theory.

The constraints of GW 170817 extends further into
the landscape of gravity theories. In the case of vector-
tensor and scalar-vector-tensor theories, there are several
couplings to the curvature that now will be extremely
constrained because they modify the speed of GWs, e.g.
Rµ⌫v

µv⌫ in vector DE [54]. In particular, this test has an
impact on Einstein-Aether theories [25], including some
sectors of Hořava gravity [55], and more general frame-
works such as Generarlized Proca theories [56]. TeVeS
[27] and MOND-like theories [57, 58] are as well critically
a↵ected by this bound. Massive gravity [24], bigravity
[59] and multi-gravity [60] remain viable as long as the
graviton mass is small and matter couples minimally to
one of the metrics.

In summary, multi-messenger GW astronomy has
proven to be a powerful tool in the quest of the origin
of cosmic acceleration and GW170817 sets a landmark
in dark energy research. New DE models and theories of
gravity will have to satisfy this strong constraint on the
GWs speed. Future GW-EM detections will be as well
determinant for the search of dynamical DE by better

constraining the presence of additional polarizations.
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Neutrinos: the least explored of the standard model  

▸ Massive neutrinos contributes to energy density/expansion history, 
suppress growth of structure below free-streaming scale

NEUTRINO MASS

M𝜈 = 0 M𝜈 = 1.9 eV
Agarwal+Feldman11
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Neutrinos: the least explored of the standard model  

▸ Massive neutrinos contributes to energy density/expansion history, 
suppress growth of structure below free-streaming scale 

▸ CMB-S4 + DESI projections: detect minimum neutrino mass at several 𝜎 

▸ Cosmological constraints tighter than lab-based experiments 

▸ need to demonstrate extraordinary systematics control

NEUTRINO MASS

M𝜈 = 0 M𝜈 = 1.9 eV Agarwal+Feldman11

Abazajian+15
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COSMOLOGY ANALYSES FOR THE 2020S

precision BIG SURVEYS
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PRECISION COSMOLOGY WITH GALAXY SURVEYS

CosmoLike 9
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Figure 4. Left: Varying the minimum scale included in galaxy clustering and galaxy galaxy lensing measurements. We show the baseline 3x2pt functions,
which assumes Rmin = 10Mpc/h (black/solid), and corresponding constraints when using Rmin = 20Mpc/h (red/dashed), Rmin = 50Mpc/h (blue/dot-dashed),
Rmin = 0.1Mpc/h (green/long-dashed) instead. For the latter we switch from linear galaxy bias modeling to our HOD implementation. Right: Information gain
when using HOD instead of linear galaxy bias for 3x2pt (black solid vs dashed contours) in comparison to corresponding information gain when including
cluster number counts and cluster weak lensing in the data vector (violett/dot-dashed vs long-dashed).
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Figure 5. Change in cosmological constraints when varying the underlying
cosmological model in the covariance matrix. We show three scenarios: 1)
the fiducial cosmology (black/solid), 2) fiducial cosmology but a 10% lower
value in �8 and ⌦m (red/dashed), and 3) fiducial cosmology but changes in
the dark energy parameters, i.e. w0 =�1.3 and wa =�0.5 (blue/dot-dashed).
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(26)

with z= z(�). The j dependent term is the normalized distribution of
source galaxies in redshift bin j, fred is the fraction of red galaxies
which is evaluated as a function of limiting magnitude mlim = 27,
and P�I the cross power spectrum between intrinsic galaxy orienta-
tion and matter density contrast.

The IA contamination of our data vector assumes a DEEP2
luminosity function (Faber et al. 2007) and the tidal alignment sce-
nario described in Blazek et al. (2015); Krause et al. (2016). The

tidal alignment scenario is in good agreement with observations;
using the DEEP2 luminosity function should be considered as an
upper limit of the strength of IA contaminations.

In Fig. 6 we compare the baseline analysis for cosmic shear
and 3x2pt (no IA contamination) to the case where IA contami-
nates the data vectors. In the latter case we marginalize over 10
nuisance parameters (4 for IA and 6 for luminosity function uncer-
tainties, see Krause et al. 2016, for details) to account for the IA
contamination. Although we assume the tidal alignment scenario
as a contaminant, we choose a di↵erent IA model for the marginal-
ization (non-linear alignment with the Halofit fitting formula) to
mimic a realistic analysis.

We find that in the presence of multiple probes, photo-z, shear
calibration and galaxy bias uncertainties, the assumption of an im-
perfect IA model in the marginalization is negligible. As expected
when including 10 more dimensions in the analysis the constraints
weaken but again the e↵ect is not severe. Note that the 3x2pt data
vector only includes galaxy-galaxy lensing tomography bins for
which the photometric source redshifts are behind the lens galaxy
redshift bin. Hence only a small fraction of source galaxies in
the low-z tail of the redshift distribution contribute an IA signal
to galaxy-galaxy lensing. As a consequence the 3x2pt data vector
contains only marginally more information on IA, and improve-
ments in the self-calibration of IA parameters is largely due to the
enhanced constraining power on parameters which are degenerate
with IA.

5 Discussion

The first step in designing a multi-probe likelihood analysis is to
specify the exact details of the data vector. This is far from trivial;
the optimal data vector is subject to various considerations.

• Science case This paper focusses on time-dependent dark en-
ergy as a science case with the fiducial model being ⇤CDM. If
there was indication for time-dependence, the data vector can be
optimized (tomography bins, galaxy samples, scales) such that it is
most sensitive to these signatures. The same holds when extending

MNRAS 000, 1–13 (2014)

large scales only

LSST’s constraining power 
combining WL, and galaxies using

EK, Eifler 17

galaxy evolution: very rich physics compared to primary CMB 
what do cosmologists need to understand? 

‣ galaxy bias: relation between galaxy population and dark matter distribution 

Cosmology, post-2025
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tidal alignment scenario is in good agreement with observations;
using the DEEP2 luminosity function should be considered as an
upper limit of the strength of IA contaminations.

In Fig. 6 we compare the baseline analysis for cosmic shear
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nates the data vectors. In the latter case we marginalize over 10
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contamination. Although we assume the tidal alignment scenario
as a contaminant, we choose a di↵erent IA model for the marginal-
ization (non-linear alignment with the Halofit fitting formula) to
mimic a realistic analysis.

We find that in the presence of multiple probes, photo-z, shear
calibration and galaxy bias uncertainties, the assumption of an im-
perfect IA model in the marginalization is negligible. As expected
when including 10 more dimensions in the analysis the constraints
weaken but again the e↵ect is not severe. Note that the 3x2pt data
vector only includes galaxy-galaxy lensing tomography bins for
which the photometric source redshifts are behind the lens galaxy
redshift bin. Hence only a small fraction of source galaxies in
the low-z tail of the redshift distribution contribute an IA signal
to galaxy-galaxy lensing. As a consequence the 3x2pt data vector
contains only marginally more information on IA, and improve-
ments in the self-calibration of IA parameters is largely due to the
enhanced constraining power on parameters which are degenerate
with IA.

5 Discussion

The first step in designing a multi-probe likelihood analysis is to
specify the exact details of the data vector. This is far from trivial;
the optimal data vector is subject to various considerations.

• Science case This paper focusses on time-dependent dark en-
ergy as a science case with the fiducial model being ⇤CDM. If
there was indication for time-dependence, the data vector can be
optimized (tomography bins, galaxy samples, scales) such that it is
most sensitive to these signatures. The same holds when extending
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combining WL, and galaxies using
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galaxy evolution: very rich physics compared to primary CMB 
what do cosmologists need to understand? 

‣ galaxy bias: relation between galaxy population and dark matter distribution 

transformative gain in constraining power
(comparable to fsky>2 for large scales only) 

iff small scales modeled accurately

small +large scales
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PRECISION COSMOLOGY WITH GALAXY SURVEYS

galaxy evolution: very rich physics compared to primary CMB 
what do cosmologists need to understand? 

‣ galaxy bias: relation between galaxy population and dark matter distribution 
‣ assembly bias, conformity, radial satellite distribution, … 

‣ feedback processes: impact of galaxy evolution on matter distribution 
‣ are we witnessing convergence on physics, or simulator conformity? 

‣ {redshift, size, color/type} selection function 
‣ photometric redshifts…  
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PRECISION COSMOLOGY WITH GALAXY SURVEYS

galaxy evolution: very rich physics compared to primary CMB 
what do cosmologists need to understand? 

‣ galaxy bias: relation between galaxy population and dark matter distribution 
‣ assembly bias, conformity, radial satellite distribution, … 

‣ feedback processes: impact of galaxy evolution on matter distribution 
‣ are we witnessing convergence on physics, or simulator conformity? 

‣ {redshift, size, color/type} selection function 
‣ photometric redshifts…  

progress in each of these areas improves cosmology constraints 
progress on each of these requires collaboration between astronomy and 
cosmology, between theory, simulations, and statistics 
requires training of data scientist-statistician-cosmologist-astronomers
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PRECISION COSMOLOGY WITH GALAXY SURVEYS

Cosmology Parameters

5%

25%

70%

Sample Cut
Parameters

“Systematics Parameters”

observational systematics
survey specific

astrophysical systematics
observable + survey specific
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THE NEED FOR MULTIPLE PROBES, AND MULTIPLE SURVEYS
multi-probe analysis, pass 1

the detective work begins
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THE NEED FOR MULTIPLE PROBES, AND MULTIPLE SURVEYS

{optical, NIR} imaging + spectroscopy, CMB highly complementary in 

measurements, astrophysics, cosmology 

‣ cross-correlate measurements 
‣ calibrate observational & astrophysical systematics 

‣ do experiments agree? 
‣ joint analysis of consistent measurements  

‣ maximize containing power

uncorrelated obs. systematics 
different techniques for 

derived measurements (e.g. 𝜅) 
…

uncorr. astrophysics systematics 
multi-wavelength studies of 
clusters, galaxies, feedback 
…

different parameter degeneracies, 
redshift coverage 

…
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Deep, wide, dense spectroscopic survey 
▸ cosmology parameters from RSD power spectrum 

▸ lots of information left in the sky 
▸ parameter space may evolve with Stage III, IV results 

and with theory developments!

COSMIC OPPORTUNITIES FOR 2025++: SPECTROSCOPY
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using theoretical modeling we understand best. As seen in Fig. 1, there is only a factor of three to be
gained from the linear regime by obtaining more objects than DESI at z = 1. However, there will remain
an enormous amount of information lurking at higher redshifts.

Figure 2. Projected improvement (note the log scale) in constraints on parameters of dark energy (the

Figure of Merit is inversely proportional to the allowed region in the w,w0
plane and � parametrizes the

rate at which structure grows); inflation (curvature ⌦k and running ↵); and neutrinos. The blue bar shows

projected improvement over current constraints expected from the Stage IV experiments DESI and LSST,

and the red bar shows improvements over current from a Stage V survey, indicating that there will still be

large potential gains left even after the Stage IV surveys, DESI and LSST. Details: Current constraints vary
depending on which datasets are used. The current constraints used here come from a projection of Planck
and BOSS data and are roughly equivalent to those in the Planck cosmological parameter paper. Projections
for Stage IV assume Planck + DESI + LSST going out to scales k = 0.2 h Mpc�1. The projections for Stage
V assume spectra for LSST galaxies and include information out to k = 0.5 h Mpc�1.

Figure 2 shows the potential of new surveys to discover new physics. We plot improvements in the parameter
constraints going from current constraints to Stage IV dark energy experiments and then beyond to a Stage
V experiment. This hypothetical experiment assumes big, but not irrational, improvements in modeling the
large scale structure in the weakly nonlinear regime, but the projections should be taken not as accurate
forecasts for any of the more concrete proposals that we advocate later in this report, but simply as a
reflection on the amount of information that remains to be mined in the next few decades.

Even after the currently planned surveys finish operating, we can make revolutionary
discoveries with future surveys; one indication of the power of these surveys is the projected
order of magnitude improvements in parameter space.

4 Extracting the Information

Section 3 illustrated that, even after DESI and LSST, there will remain an enormous amount of information
left in the sky. Here we mention a representative subset of the many ideas for how to enhance DESI
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5.3 21 cm Survey

A new dedicated 21 cm instrument with an optimized antenna array, larger collecting area, and su�cient
frequency coverage could significantly improve on measurements of large scale structure, extending them
to higher redshifts (either before or after the epoch of reionization). It could also probe weak lensing
distortions of fluctuations by structures along the line of sight. None of the currently planned experiments
are looking into this regime, but the likely configuration could be similar to the Canadian Hydrogen Intensity
Mapping Experiment (CHIME) with more collecting area – of order (200m)2 – to obtain higher redshift
(lower frequency) information. Many of the technical issues are in the sweet spot of DOE capabilities and
are outlined in the accompanying Technology document.

5.4 High Resolution Spectroscopy of a Billion Objects

A most ambitious project would be one that obtained high resolution spectra of a large fraction of LSST
objects. Such a Billion Object Apparatus (BOA) would come close to attaining the parameter improvements
depicted in the right panel of Fig. 1 and open up many avenues for new discoveries. Here we outline some
of the requirements, and these form a natural segue to the accompanying Technology document.

The DESI spectrogram will take spectra of 5000 objects using 10 spectrographs with 500 traces each. The
Prime Focus Spectrograph (PFS) instrument is similar and the Maua Kea Spectroscopic explorer is somewhat
more ambitious. Assuming a modest improvement in technology to a 2000 trace-spectrograph taking tens of
thousands each, it seems that tens of thousands of traces simultaneously should be technologically feasible.
An important improvement would be to extend the redshift range into the red using new Ge CCDs. The
spectral resolution requirement should be studied more carefully but likely the current sweet-spot of around
R ⇠ 2000� 4000 should continue to be su�cient.

It is unlikely that the DESI model with robotic fiber positioners will scale to this task. Making mechanical
positioners smaller is di�cult: a solid state solution would be preferable. There are several options available,
all of which would require further R&D. One possibility is to route light around using an image slicer and/or
micromirror arrays. Perhaps the most compelling strategy would be to project thousands of fibers along
the same spectroscopic trace and only let the light pass through selected fibers using microshutters or an
equivalent strategy. This would allow one to fill the focal plane with fibers at packing e�ciency around 50%
and then use dithering algorithms to account for dead space.

As the number density of fibers increases, there will inevitably be fiber positioning ine�ciencies in any system
with a finite spectral trace “patrol radius” (including current DESI and PSF designs). However, large number
of fibers that are not taking object spectra could be used for Lyman-↵ (and other line) intensity mapping of
the IGM. Moreover, even for spectra with objects on them, since the noise is dominated by the sky noise,
their statistical utility after the model for the targeted object is subtracted should be roughly the same (but
there might be subtle systematic e↵ects associated with this procedure).

Cosmic Visions: Dark Energy

cosmic visions Dark Energy report (Dodelson+16)
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COSMIC OPPORTUNITIES FOR 2025++: SPECTROSCOPY

Deep, wide, dense spectroscopic survey 
▸ high S/N Bispectra may uncover new physics 

measuring amplitude of primordial non-Gaussianity templates will 
distinguish between single/multi-field inflation, test slow roll 
anisotropic non-Gaussianity, search for features (collider physics cosmology) 

▸ high sampling density enables void identification  
test GR in lowest density environments 
rapidly developing cosmological probe 
much recent progress on models + phenomenology, but parameter space 
requires more development
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SUMMARY

▸ Cosmic Acceleration, inflation require new fundamental physics 

▸ Surveys in the mid-2020s will have the statistical sensitivity to transform 
our understanding of the Universe 

▸ Cosmology analyses soon to be systematics limited 

▸ Combined probes analyses enable accurate cosmology constraints 
▸ identify and understand systematic effects 
▸ maximize constraining power  

▸ Cosmology ca. 2025 will require 
▸ close collaboration with data science, astronomy, theory and simulations 
▸ massive simulations and software development efforts 
▸ broadly trained data-scientist - cosmologists 
▸ collaborations across surveys 
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