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Scope of this talk (in 15 minutes or less…)

• 4 key science questions in the CFP report:
– How did the universe begin?
– Why is the universe accelerating? 
– What is dark matter?
– What are the properties of neutrinos? 

• Committee questions for CFP 
– How has the science landscape changed since NWNH? What have been the 

most important advances and discoveries?
– Have we made progress with respect to the top science issues?What are the 

most important questions in your area now?
– Have there been any technological advances that might enable rapid 

progress on particular topics?
– What impact is the significantly smaller NSF/AST budget than was 

anticipated by NWNH having on this decade's science program? 
– Is there consensus that WFIRST will advance CFP science beyond the state 

of the art expected in the early 2020s?
– How do WFIRST capabilities for dark energy characterization compare and 

contrast with those from DESI, LSST, and Euclid?
– How will future CMB or neutrino experiments affect CFP science?



3Mid-­decadal  Assessment  December  2015:  CFP  summary  -­ Rachel  Bean

Conclusions, to start

• Investment in CFP flagship facilities, both in progress and in preparation, has the 
potential to deliver profound physical insights in CFP-centered science
– Includes current and upcoming CMB, photometric and spectroscopic LSS 

surveys and direct and indirect DM surveys. 

• The potential for order of magnitude or better improvements in inflationary, dark 
energy, dark matter and neutrino parameters that could reveal:
– The inflationary energy scale
– Properties of gravity (and perhaps deviations from GR) on Mpc-Gpc scales
– Dark matter detection and constraints on the cross-section and mass
– The neutrino mass sum and hierachy

• The significantly smaller budget does threaten CFP science
– Lower grant funding limits US preparation and leadership in the science 

delivery from facilities in which the US has heavily invested, such as LSST.
– Limits US participation in international projects, such as CTA.

• WFIRST, Euclid, LSST and DESI each provide valuable complementary datasets 
that comprise critical pieces needed to achieve percent level constraints on dark 
energy. Key factors are systematic error mitigation in weak lensing measurements 
and complementarity of gravitational constraints from peculiar motions & lensing.
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Progress in CMB measurements

• New regime of high precision spectra measurements to small scales
– Plank 2015 cosmology consistent with WMAP ΛCDM with tighter constraints
– First detection of cluster velocities from kinetic SZ (ACT+SDSS 2012)
– First detection of CMB lensing (ACT 2011)
– Boost in cluster science: Planck, SPT, ACT > 1000 thermal SZ clusters 

• First detections of B-mode polarization
Planck satellite

(ESA/NASA)

SPT (NSF/DOE)
ACT (NSF)

BICEP2/Keck 
(NSF/private)

Polarbear
(NSF/private)

Courtesy Michael Niemack
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How did the universe begin?

• Aims:
– Detect gravitational waves, and infer the inflationary energy scale. 
– Test the physics of inflation and distinguish among models.

• Progress: Planck, ACT and SPT T and E-mode polarization
– Consistent with single field inflation, no detection of isocurvature modes/ 

non-Gaussianity

• Progress: B-mode measurements 
– PolarBear and BICEP2 results 
– Highlight important dust foregrounds.
– BICEP2 +Keck+ Planck yielded tighter 

constraints on r upper bound.

Ade et al (Planck 2015 XIII)
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How did the universe begin?

• Next steps: σ(r)~10-3 constraints
– requires multiple frequencies needed to extract out backgrounds
– Ground, e.g. CMB-S4, Space explorer-class e.g. Litebird, PIXIE, and 

ongoing balloon, e.g. Spider, to access higher frequencies than ground

• Next steps: σ~10-3 constraints on ns and running and non-Gaussianity σ(fNL)~1 
– requires mapping of the 3D P(k).
– DESI and Euclid and prospective spectroscopic missions e.g. SPHEREx

Wu et al (1402.4108)

13

FIG. 11: E↵ective volume mapped by SPHEREx. The e↵ective volume is the physical volume mapped by a given survey,
corrected for the sampling noise of a finite number of galaxies (V
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, z) + 1/n̄)). For a
well-sampled survey, the e↵ective volume equals the physical volume. The cosmological information content of a given survey
is directly proportional to the number of independent spatial modes, and directly proportional to the e↵ective volume. The
SPHEREx f loc

NL

power spectrum (PS) sample (red curve) extracts all the cosmological information up to z'1.5 (black dashed
curve). The SPHEREx bispectrum (BS) and cosmological parameters sample (pink curve), based on a smaller sample of
high redshift accuracy galaxies, is uniquely powerful at z < 1 compared with other planned surveys. The e↵ective volume is
calculated based on the galaxy power spectrum at k

0

= 0.001h/Mpc, which is approximately the scale that delivers most of
the information on f loc

NL

.

the scatter in (ẑ � z)/(1 + z) (where ẑ is the redshift estimate in the catalog, and z is the true/input redshift) of all
galaxies in the j-th �̃z-bin, and generally the resulting �̃z,j lies somewhere in between the defining bounds, �̃min

z,j ��̃max

z,j .
The galaxy bias is estimated using abundance matching, as described in more detail in section VIIB. Dividing the
sample into di↵erent �̃z-bins ensures that we have subsamples with di↵erent galaxy bias, which enables us to use the
multi-tracer technique to optimize cosmological constraints, especially those on primordial non-Gaussianity [30–32].

Once the above ingredients, i.e., number density, redshift scatter and galaxy bias for each redshift and redshift
uncertainty bin, are computed, we use standard Fisher matrix forecasting methods to calculate expected parameter
constraints from the galaxy power spectrum (Section VIIC) and bispectrum (Section VIID). While the e↵ects of
cosmological parameters on large-scale structure and the expansion history of the universe are well known, we wish
to highlight the e↵ect of the local primordial non-Gaussianity parameter, f loc

NL

, as this parameter will be particularly
well constrained by SPHEREx. In the presence of primordial non-Gaussianity, the linear halo bias receives a scale-
dependent correction [4, 33–35],

bj(k, z) = bG,j(z) + 2 f loc

NL

(bG,j(z)� 1) �c
3⌦mH2

0

2k2T (k)D(z)
. (7)

Here bG,j(z) is the Eulerian, Gaussian halo bias in the j-th subsample at redshift z, and �c is the critical overdensity
for halo collapse, here taken to be the critical density for spherical collapse, �c = 1.686. Furthermore, ⌦m is the
matter density at z = 0 relative to the critical density, H

0

the Hubble constant (z = 0), T (k) is the transfer function
of matter perturbations, normalized to 1 at low k, and D(z) is the linear growth function, normalized such that
D(z) = 1/(1 + z) during matter domination. A key feature of this bias correction that will be important later is that
the e↵ect is proportional to k�2/T (k) and therefore most important on large scales. The bias correction is of order
f loc

NL

at the horizon scale. Moreover, the bias correction is proportional to bG � 1, so that there is no scale dependence
for an unbiased tracer.

B. Galaxy bias prescription

The Gaussian galaxy bias bG,j(z) (i.e., the bias in the absence of primordial non-Gaussianity) is a crucial input to
the Fisher forecasts, with large bias generally being very beneficial for f loc

NL

studies. The catalog directly gives us the
mean value of �̃z for each redshift accuracy subsample and the number density as a function of redshift.

Dore et al (1412.4872)
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Why is the universe accelerating? 

• Aims:
– Use geometric tests to constrain the dark energy equation of state
– Use the growth of structure to test GR on cosmic scales
– Connect phenomenological constraints to underlying theories

Baker et al (1412.3455)
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Category Theory References

Horndeski Theories

Scalar-Tensor theory
[21, 22]

(incl. Brans-Dicke)

f(R) gravity [23, 24]

f(G) theories [25–27]

Covariant Galileons [28–30]

The Fab Four [31–34]

K-inflation and K-essence [35, 36]

Generalized G-inflation [37, 38]

Kinetic Gravity Braiding [39, 40]

Quintessence (incl.
[41–44]

universally coupled models)

Effective dark fluid [45]

Lorentz-Violating theories
Einstein-Aether theory [46–49]

Hor̆ava-Lifschitz theory [50, 51]

> 2 new degrees of freedom
DGP (4D effective theory) [52, 53]

EBI gravity [54–58]

TeVeS [59–61]

TABLE I: A non-exhaustive list of theories that are suitable for PPF parameterization. We will not treat all of these explicitly
in the present paper. G = R2 − 4RµνR

µν +RµνρσR
µνρσ is the Gauss-Bonnet term.

derlying our formalism are stated in Table II. PPN and
PPF are highly complementary in their coverage of dif-
ferent accessible gravitational regimes. PPN is restricted
to weak-field regimes on scales sufficiently small that lin-
ear perturbation theory about the Minkowski metric is
an accurate description of the spacetime. Unlike PPN,
PPF is valid for arbitrary background metrics (such as
the FRW metric) provided that perturbations to the cur-
vature scalar remain small. PPF also assumes the valid-
ity of linear perturbation theory, so it is applicable to
large length-scales on which matter perturbations have
not yet crossed the nonlinear threshold (indicated by
δM (knl) ∼ 1); note that this boundary evolves with red-
shift.
Perturbative expansions like PPN and PPF cannot

be used in the nonlinear, strong-field regime inhabited
by compact objects. However, this regime can still
be subjected to parameterized tests of gravity via elec-
tromagnetic observations [62, 63] and the Parameter-
ized Post-Einsteinian framework (PPE) for gravitational
waveforms [64, 65]. Note that despite the similarity in
nomenclature, PPE is somewhat different to PPN and
PPF, being a parameterization of observables rather than
theories themselves.
The purpose of this paper is to present the formalism

that will be used for our future results [66] and demon-
strate its use through a number of worked examples. We
would like to politely suggest three strategies for guiding
busy readers to the most relevant sections:

i) The casually-interested reader is recommended to as-
similate the basic concepts and structure of the pa-
rameterization from §II A and §II E, and glance at
Table I to see some example theories covered by this

formalism.

ii) A reader with a particular interest in one of the ex-
ample theories listed in Table I may wish to addition-
ally read §II B-IID to understand how the mapping
into the PPF format is performed, and the most rel-
evant example(s) of §III.

iii) A reader concerned with the concept of parameter-
ized modified gravity in and of itself may also find
§II F and §IV useful for explaining how the approach
presented here can be concretely implemented (for
example, in numerical codes). §IV also discusses the
connection of PPF to other parameterizations in the
present literature.

Our conclusions are summarized in §V.
We will use the notation κ = M−2

P = 8πG and set
c = 1 unless stated otherwise. Our convention for the
metric signature is (−,+,+,+). Dots will be used to in-
dicate differentiation with respect to conformal time and
hatted variables indicate gauge-invariant combinations,
which are formed by adding appropriate metric fluctua-
tions to a perturbed quantity (see §II D). Note that this
means χ̂ ̸= χ.

II. THE PPF FORMALISM

A. Basic Principles

As stated in the introduction, the PPF framework sys-
tematically accounts for allowable extensions to the Ein-

Baker et al (1107.0491)
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Why is the universe accelerating? 

• Progress: Combined Planck, BOSS BAO and SDSS/SNLS SN yield constraints on 
w consistent with ΛCDM.

• Progress: DES and HSC taking data and early science verification resultsPlanck Collaboration: Cosmological parameters
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Fig. 27. Samples from the distribution of the dark energy pa-
rameters w0 and wa using Planck TT+lowP+BAO+JLA data,
colour-coded by the value of the Hubble parameter H0. Contours
show the corresponding 68 % and 95 % limits. Dashed grey lines
intersect at the point in parameter space corresponding to a cos-
mological constant.

This constraint is unchanged at the quoted precision if we add
the JLA supernovae data and the H0 prior of Eq. (30).

Figure 26 illustrates these results in the ⌦m–⌦⇤ plane. We
adopt Eq. (50) as our most reliable constraint on spatial curva-
ture. Our Universe appears to be spatially flat to an accuracy of
0.5%.

6.3. Dark energy

The physical explanation for the observed accelerated expansion
of the Universe is currently not known. In standard ⇤CDM the
acceleration is provided by a cosmological constant satisfying an
equation of state w ⌘ pDE/⇢DE = �1. However, there are many
possible alternatives, typically described either in terms of extra
degrees of freedom associated with scalar fields or modifications
of general relativity on cosmological scales (for reviews see e.g.,
Copeland et al. 2006; Tsujikawa 2010). A detailed study of these
models and the constraints imposed by Planck and other data is
presented in a separate paper, Planck Collaboration XIV (2015).

Here we will limit ourselves to the most basic extensions
of ⇤CDM, which can be phenomenologically described in
terms of the equation of state parameter w alone. Specifically
we will use the camb implementation of the “parameterized
post-Friedmann” (PPF) framework of Hu & Sawicki (2007) and
Fang et al. (2008) to test whether there is any evidence that w
varies with time. This framework aims to recover the behaviour
of canonical (i.e., those with a standard kinetic term) scalar field
cosmologies minimally coupled to gravity when w � �1, and
accurately approximates them for values w ⇡ �1. In these mod-
els the speed of sound is equal to the speed of light so that the
clustering of the dark energy inside the horizon is strongly sup-
pressed. The advantage of using the PPF formalism is that it is
possible to study the “phantom domain”, w < �1, including tran-
sitions across the “phantom barrier”, w = �1, which is not pos-
sible for canonical scalar fields.

The CMB temperature data alone does not strongly constrain
w, because of a strong geometrical degeneracy even for spatially-
flat models. From Planck we find

w = �1.54+0.62
�0.50 (95%,Planck TT+lowP), (51)

i.e., almost a 2� shift into the phantom domain. This is partly,
but not entirely, a parameter volume e↵ect, with the average ef-
fective �2 improving by h��2i ⇡ 2 compared to base ⇤CDM.
This is consistent with the preference for a higher lensing am-
plitude discussed in Sect. 5.1.2, improving the fit in the w < �1
region, where the lensing smoothing amplitude becomes slightly
larger. However, the lower limit in Eq. (51) is largely determined
by the (arbitrary) prior H0 < 100 km s�1Mpc�1, chosen for the
Hubble parameter. Much of the posterior volume in the phan-
tom region is associated with extreme values for cosmological
parameters,which are excluded by other astrophysical data. The
mild tension with base ⇤CDM disappears as we add more data
that break the geometrical degeneracy. Adding Planck lensing
and BAO, JLA and H0 (“ext”) gives the 95 % constraints:

w = �1.023+0.091
�0.096 Planck TT+lowP+ext ; (52a)

w = �1.006+0.085
�0.091 Planck TT+lowP+lensing+ext ; (52b)

w = �1.019+0.075
�0.080 Planck TT,TE,EE+lowP+lensing+ext .

(52c)

The addition of Planck lensing, or using the full Planck tem-
perature+polarization likelihood together with the BAO, JLA,
and H0 data does not substantially improve the constraint of
Eq. (52a). All of these data set combinations are compatible with
the base ⇤CDM value of w = �1. In PCP13, we conservatively
quoted w = �1.13+0.24

�0.25, based on combining Planck with BAO,
as our most reliable limit on w. The errors in Eqs. (52a)–(52c) are
substantially smaller, mainly because of the addition of the JLA
SNe data, which o↵er a sensitive probe of the dark energy equa-
tion of state at z <⇠ 1. In PCP13, the addition of the SNLS SNe
data pulled w into the phantom domain at the 2� level, reflecting
the tension between the SNLS sample and the Planck 2013 base
⇤CDM parameters. As noted in Sect. 5.3, this discrepancy is no
longer present, following improved photometric calibrations of
the SNe data in the JLA sample. One consequence of this is the
tightening of the errors in Eqs. (52a)–(52c) around the ⇤CDM
value w = �1 when we combine the JLA sample with Planck.

If w di↵ers from �1, it is likely to change with time. We
consider here the case of a Taylor expansion of w at first order in
the scale factor, parameterized by

w = w0 + (1 � a)wa. (53)

More complex models of dynamical dark energy are discussed
in Planck Collaboration XIV (2015). Figure 27 shows the 2D
marginalized posterior distribution for w0 and wa for the com-
bination Planck+BAO+JLA. The JLA SNe data are again cru-
cial in breaking the geometrical degeneracy at low redshift and
with these data we find no evidence for a departure from the
base ⇤CDM cosmology. The points in Fig. 27 show samples
from these chains colour-coded by the value of H0. From these
MCMC chains, we find H0 = (68.2 ± 1.1) km s�1Mpc�1. Much
higher values of H0 would favour the phantom regime, w < �1.

As pointed out in Sects. 5.5.2 and 5.6 the CFHTLenS weak
lensing data are in tension with the Planck base ⇤CDM parame-
ters. Examples of this tension can be seen in investigations of
dark energy and modified gravity, since some of these mod-
els can modify the growth rate of fluctuations from the base
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Fig. 27. Samples from the distribution of the dark energy pa-
rameters w0 and wa using Planck TT+lowP+BAO+JLA data,
colour-coded by the value of the Hubble parameter H0. Contours
show the corresponding 68 % and 95 % limits. Dashed grey lines
intersect at the point in parameter space corresponding to a cos-
mological constant.

This constraint is unchanged at the quoted precision if we add
the JLA supernovae data and the H0 prior of Eq. (30).

Figure 26 illustrates these results in the ⌦m–⌦⇤ plane. We
adopt Eq. (50) as our most reliable constraint on spatial curva-
ture. Our Universe appears to be spatially flat to an accuracy of
0.5%.

6.3. Dark energy

The physical explanation for the observed accelerated expansion
of the Universe is currently not known. In standard ⇤CDM the
acceleration is provided by a cosmological constant satisfying an
equation of state w ⌘ pDE/⇢DE = �1. However, there are many
possible alternatives, typically described either in terms of extra
degrees of freedom associated with scalar fields or modifications
of general relativity on cosmological scales (for reviews see e.g.,
Copeland et al. 2006; Tsujikawa 2010). A detailed study of these
models and the constraints imposed by Planck and other data is
presented in a separate paper, Planck Collaboration XIV (2015).

Here we will limit ourselves to the most basic extensions
of ⇤CDM, which can be phenomenologically described in
terms of the equation of state parameter w alone. Specifically
we will use the camb implementation of the “parameterized
post-Friedmann” (PPF) framework of Hu & Sawicki (2007) and
Fang et al. (2008) to test whether there is any evidence that w
varies with time. This framework aims to recover the behaviour
of canonical (i.e., those with a standard kinetic term) scalar field
cosmologies minimally coupled to gravity when w � �1, and
accurately approximates them for values w ⇡ �1. In these mod-
els the speed of sound is equal to the speed of light so that the
clustering of the dark energy inside the horizon is strongly sup-
pressed. The advantage of using the PPF formalism is that it is
possible to study the “phantom domain”, w < �1, including tran-
sitions across the “phantom barrier”, w = �1, which is not pos-
sible for canonical scalar fields.

The CMB temperature data alone does not strongly constrain
w, because of a strong geometrical degeneracy even for spatially-
flat models. From Planck we find

w = �1.54+0.62
�0.50 (95%,Planck TT+lowP), (51)

i.e., almost a 2� shift into the phantom domain. This is partly,
but not entirely, a parameter volume e↵ect, with the average ef-
fective �2 improving by h��2i ⇡ 2 compared to base ⇤CDM.
This is consistent with the preference for a higher lensing am-
plitude discussed in Sect. 5.1.2, improving the fit in the w < �1
region, where the lensing smoothing amplitude becomes slightly
larger. However, the lower limit in Eq. (51) is largely determined
by the (arbitrary) prior H0 < 100 km s�1Mpc�1, chosen for the
Hubble parameter. Much of the posterior volume in the phan-
tom region is associated with extreme values for cosmological
parameters,which are excluded by other astrophysical data. The
mild tension with base ⇤CDM disappears as we add more data
that break the geometrical degeneracy. Adding Planck lensing
and BAO, JLA and H0 (“ext”) gives the 95 % constraints:

w = �1.023+0.091
�0.096 Planck TT+lowP+ext ; (52a)

w = �1.006+0.085
�0.091 Planck TT+lowP+lensing+ext ; (52b)

w = �1.019+0.075
�0.080 Planck TT,TE,EE+lowP+lensing+ext .

(52c)

The addition of Planck lensing, or using the full Planck tem-
perature+polarization likelihood together with the BAO, JLA,
and H0 data does not substantially improve the constraint of
Eq. (52a). All of these data set combinations are compatible with
the base ⇤CDM value of w = �1. In PCP13, we conservatively
quoted w = �1.13+0.24

�0.25, based on combining Planck with BAO,
as our most reliable limit on w. The errors in Eqs. (52a)–(52c) are
substantially smaller, mainly because of the addition of the JLA
SNe data, which o↵er a sensitive probe of the dark energy equa-
tion of state at z <⇠ 1. In PCP13, the addition of the SNLS SNe
data pulled w into the phantom domain at the 2� level, reflecting
the tension between the SNLS sample and the Planck 2013 base
⇤CDM parameters. As noted in Sect. 5.3, this discrepancy is no
longer present, following improved photometric calibrations of
the SNe data in the JLA sample. One consequence of this is the
tightening of the errors in Eqs. (52a)–(52c) around the ⇤CDM
value w = �1 when we combine the JLA sample with Planck.

If w di↵ers from �1, it is likely to change with time. We
consider here the case of a Taylor expansion of w at first order in
the scale factor, parameterized by

w = w0 + (1 � a)wa. (53)

More complex models of dynamical dark energy are discussed
in Planck Collaboration XIV (2015). Figure 27 shows the 2D
marginalized posterior distribution for w0 and wa for the com-
bination Planck+BAO+JLA. The JLA SNe data are again cru-
cial in breaking the geometrical degeneracy at low redshift and
with these data we find no evidence for a departure from the
base ⇤CDM cosmology. The points in Fig. 27 show samples
from these chains colour-coded by the value of H0. From these
MCMC chains, we find H0 = (68.2 ± 1.1) km s�1Mpc�1. Much
higher values of H0 would favour the phantom regime, w < �1.

As pointed out in Sects. 5.5.2 and 5.6 the CFHTLenS weak
lensing data are in tension with the Planck base ⇤CDM parame-
ters. Examples of this tension can be seen in investigations of
dark energy and modified gravity, since some of these mod-
els can modify the growth rate of fluctuations from the base

39

Ade et al (Planck 2015 XIII)DES Collaboration 1507.05552
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Why is the universe accelerating? 

• Next steps: Sub-percent precision on w and few percent accuracy on growth rate 
exponent γ or Gmat/Glight

• To achieve: Future distinct and complementary surveys 
– Careful control of instrumental and astronomical systematics
– Multiple projects and approaches (lensing, motions, positions): LSS surveys 

(DESI, LSST, Euclid, WFIRST and others) and CMB lensing
– Techniques: SN1a, BAO, RSD, gravitational lensing.

• Need multiple surveys to:
– Balance photometric speed (billions of galaxies) vs. spectroscopic precision 

and angular and spectral resolution (millions of galaxies)
– Provide complementary tracers (LRGs, ELGs, Lya/QSOs, clusters), redshifts, 

scales and environs (cluster vs dwarf galaxies)
– Leverage cross-correlations e.g. galaxy-CMB lensing, CMB-LSS kinetic SZ
– Provide trade offs in survey area vs depth (repeat imaging, dithering, 

cadence and survey area overlap/configuration) for systematic control.
9

for both the LSST DESC and MS-DESI. Modifications to GR include the presence of extra degrees of
freedom (e.g. Carroll et al. (2004)), massive gravitons (e.g. Hinterbichler (2012)), gravity pervading extra
dimensions (e.g. Dvali et al. (2000)), and those which attempt to resolve the fine tuning cosmological
constant problem through degravitation (Dvali et al. 2007; de Rham et al. 2008).

In stark contrast to ⇤ and quintessence, modifications to gravity can have marked effects on both the growth
of large scale structure and the background expansion. It is common that models that modify GR are able to
reproduce the distance measurements but alter the growth of large scale structure, opening up the possibility
of testing and discriminating between the different theories. Generically, the Poisson equation relating
over-densities to gravitational potentials is altered and the potential that determines geodesics of relativistic
particles, in terms of the Newtonian gauge potentials (�+ )/2, differs from that that determines the motion
of non-relativistic particles,  . Creating �/ 6= 1 during an accelerative era is extraordinarily difficult in
fluid models of dark energy (Hu 1998). Measuring it, therefore, could be a smoking gun of a deviation from
GR. In Zhang et al. (2007b) we proposed a way to constrain �/ , by contrasting the motions of galaxies
and the lensing distortions of light from distant objects that LSST and MS-DESI data will be idea for.

Bean and her group have developed software based on the publicly available CAMB and CosmoMC codes
(Lewis et al. 2000; Lewis & Bridle 2002) to perform likelihood analyses and forecasting for generic pho-
tometric and spectroscopic surveys (Bean & Tangmatitham 2010; Laszlo et al. 2011; Kirk et al. 2011;
Mueller & Bean 2013). This includes peculiar velocity, weak lensing and galaxy clustering correlations
and cross-correlations with the CMB. The code models dark energy and modified gravity using a variety
of phenomenological parameterizations, including the equation of state w(z), the Hubble expansion rate
H(z), the logarithmic growth factor, fg(z), and its exponent, �(z), and a parameterization directly related
to modifications of the perturbed Einstein equations, Gmatter(z, k) and Glight(z, k),

k2 = �4⇡Gmattera
2⇢� , k2( + �) = �8⇡Glighta

2⇢� , (1)

where ⇢ is background density, k is comoving spatial, a, the scale factor and � is the rest-frame, gauge
invariant, matter perturbation. It includes general parameterizations for galaxy bias and intrinsic alignments
(Hirata & Seljak 2004; Laszlo et al. 2011), a simple, Gaussian model for photometric redshift errors and
nonlinear model based on the ⇤CDM-modeled Halofit algorithm (Smith & Zaldarriaga 2011).

Proposed work: This existing software will be modularized and documented to integrate into the LSST
DESC and MS-DESI analysis pipelines. Three specific projects to enhance the software are described in
sections C.1-C.3. The improvements will ensure that the analysis pipelines are able to meet the required
level of both theoretical modeling and survey-specific systematic error characterization necessary to define
science requirements. When Stage III data is made public, expected on this proposal’s timeframe, we
will analyze the data using this software pipeline, and integrate improvements in the intrinsic alignment,
photometric error and nonlinear modeling into the code.

C.1. Detailed ties between dark energy theory and LSST and MS-DESI observations

While the phenomenological parameterizations outlined above help translate observations into broad dark
energy characteristics, more needs to be be done to connect the data further to dark energy theory and
astrophysically relevant modifications to GR. Many classes of modified gravity theories are described by
the general “Horndeski” action, the most general theory of a scalar field coupled to gravity for which the

Narrative - 3

for both the LSST DESC and MS-DESI. Modifications to GR include the presence of extra degrees of
freedom (e.g. Carroll et al. (2004)), massive gravitons (e.g. Hinterbichler (2012)), gravity pervading extra
dimensions (e.g. Dvali et al. (2000)), and those which attempt to resolve the fine tuning cosmological
constant problem through degravitation (Dvali et al. 2007; de Rham et al. 2008).

In stark contrast to ⇤ and quintessence, modifications to gravity can have marked effects on both the growth
of large scale structure and the background expansion. It is common that models that modify GR are able to
reproduce the distance measurements but alter the growth of large scale structure, opening up the possibility
of testing and discriminating between the different theories. Generically, the Poisson equation relating
over-densities to gravitational potentials is altered and the potential that determines geodesics of relativistic
particles, in terms of the Newtonian gauge potentials (�+ )/2, differs from that that determines the motion
of non-relativistic particles,  . Creating �/ 6= 1 during an accelerative era is extraordinarily difficult in
fluid models of dark energy (Hu 1998). Measuring it, therefore, could be a smoking gun of a deviation from
GR. In Zhang et al. (2007b) we proposed a way to constrain �/ , by contrasting the motions of galaxies
and the lensing distortions of light from distant objects that LSST and MS-DESI data will be idea for.

Bean and her group have developed software based on the publicly available CAMB and CosmoMC codes
(Lewis et al. 2000; Lewis & Bridle 2002) to perform likelihood analyses and forecasting for generic pho-
tometric and spectroscopic surveys (Bean & Tangmatitham 2010; Laszlo et al. 2011; Kirk et al. 2011;
Mueller & Bean 2013). This includes peculiar velocity, weak lensing and galaxy clustering correlations
and cross-correlations with the CMB. The code models dark energy and modified gravity using a variety
of phenomenological parameterizations, including the equation of state w(z), the Hubble expansion rate
H(z), the logarithmic growth factor, fg(z), and its exponent, �(z), and a parameterization directly related
to modifications of the perturbed Einstein equations, Gmatter(z, k) and Glight(z, k),

k2 = �4⇡Gmattera
2⇢� , k2( + �) = �8⇡Glighta

2⇢� , (1)

where ⇢ is background density, k is comoving spatial, a, the scale factor and � is the rest-frame, gauge
invariant, matter perturbation. It includes general parameterizations for galaxy bias and intrinsic alignments
(Hirata & Seljak 2004; Laszlo et al. 2011), a simple, Gaussian model for photometric redshift errors and
nonlinear model based on the ⇤CDM-modeled Halofit algorithm (Smith & Zaldarriaga 2011).

Proposed work: This existing software will be modularized and documented to integrate into the LSST
DESC and MS-DESI analysis pipelines. Three specific projects to enhance the software are described in
sections C.1-C.3. The improvements will ensure that the analysis pipelines are able to meet the required
level of both theoretical modeling and survey-specific systematic error characterization necessary to define
science requirements. When Stage III data is made public, expected on this proposal’s timeframe, we
will analyze the data using this software pipeline, and integrate improvements in the intrinsic alignment,
photometric error and nonlinear modeling into the code.

C.1. Detailed ties between dark energy theory and LSST and MS-DESI observations

While the phenomenological parameterizations outlined above help translate observations into broad dark
energy characteristics, more needs to be be done to connect the data further to dark energy theory and
astrophysically relevant modifications to GR. Many classes of modified gravity theories are described by
the general “Horndeski” action, the most general theory of a scalar field coupled to gravity for which the

Narrative - 3
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Starts, duration

WFIRST-AFTA

~2023, 5-6 yr

Imaging/
weak lensing

(0<z<2.)

68 gal/arcmin2

3 bands
927-2000nm

BAO/RSD

20m Hα ELGs
z = 1–2,

2m [OIII] ELGS 
z = 2–3

Spec. res. Δλ/λ 550-800 (slitless)

Diameter (m) 2.4

FoV (deg2) 0.281

Spec. range 1.35-1.95 mm 

Area (deg2) 2,400 (S)

pixel (arcsec) 0.12

Euclid

2020 Q2, 7 yr

30-35 gal/arcmin2

Broad visible band 
550– 900 nm 

~20-50m Hα ELGs
z~0.7-2.1 

250 (slitless)

1.3

0.54

1.1-2 mm 

15,000 (N + S)

0.13

Stage IV DESI LSST

~2018, 5 yr 2020, 10 yr

~30 gal/arcmin2

6 bands
320-1080 nm

20-30m LRGs/[OII] 
ELGs 0.6 < z < 1.7,

1m QSOs/Lya 
1.9<z<4

3-4000 (Nfib=5000)

4 (less 1.8+) 6.7

7.9 10

360-980 nm

14,000 (N) 20,000 (S)

0.7

SN1a
2700 SN1a 
z = 0.1–1.7

IFU spectroscopy

104-105 SN1a/yr
z = 0.–0.7

photometric

Based on publicly available data

Why is the universe accelerating? 

• Upcoming Surveys:  Different strengths & systematics
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What is dark matter?

• CMB has established that there were two fluids: non-baryonic dark matter + 
baryon/photon fluid

• CMB galactic foreground generated interest as potential DM signature

• Aim: Detect dark matter, determine their mass and cross-section.
– 3 Main Approaches to detect WIMPs and related candidates
– Indirect detection: DM pair annihilation or decay in our galactic 

neighborhood into positrons, high-energy photons, neutrinos…

• Progress: No direct detections, but improvements on DM constraints

11

X X

q q
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(Indirect  detection)

Scattering
(Direct  detection)
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Courtesy Jonathan Feng
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What is dark matter?

Direct Detection

• Progress: since 2010, sensitivity improved by ~100 (for m ~ 100 GeV)

• Next steps: 2-3 orders of magnitude improemenexpected by a suite of 
experiments world-wide

Snowmass  Cosmic  
Frontier  Summary  (2014)

Courtesy Jonathan Feng

2010

Now

LZ  2021  
start…
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What is dark matter?

Indirect Detection with positrons

• Progress: since 2010, electron and positron fluxes have been measured by AMS 
with remarkable precision, constrained up to ~400 GeV

• Next steps: 2-3 orders of magnitude improvement expected by a suite of 
experiments world-wide

AMS  (2014)

Courtesy Jonathan Feng
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What is dark matter?

Indirect Detection with photons

• Progress: since 2010, rapid improvements, Fermi-LAT now excludes WIMP 
masses up to ~100 GeV for certain annihilation channels

• Next steps: the Cerenkov Telescope Array (CTA), will extend reach to masses ~ 
10 TeV; with dwindling U.S. support, this frontier is moving to Europe

Funk (2013)

CTA

Courtesy Jonathan Feng

Fermi-LAT (2015)
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What are the properties of neutrinos? 

• Aims: Determine the neutrino mass sum, heirarchy & relativistic species number 

• Progress: Planck CMB + SDSS BAO sub-eV constraints on neutrino mass. Neff
consistent with no extra relativistic species

Ade  et  al  (Planck  2015  XIII)

Planck Collaboration: Cosmological parameters

Fig. 29. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s�1Mpc�1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of
P

m⌫ < 0.23 eV reported in PCP13 for Planck+BAO. The
limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in⇤CDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2�). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ⇤CDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ⇤CDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

X
m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (55)
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Fig. 30. Constraints on
P

m⌫ for various data combinations.

Adding the polarization spectra improves this constraint slightly
to
X

m⌫ < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit
X

m⌫ < 0.23 eV

⌦⌫h2 < 0.0025

9>>=
>>; 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=
>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.

41
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What are the properties of neutrinos? 

• Next steps: Order of magnitude improvement, to ~15-20 meV, constraints on mv

to determine the mass hierarchy, and 1.5% on Neff to test Beyond-Standard-
Model (BSM) physics 

• Multiple probes (e.g. DESI BAO/RSD, LSST WL/galaxy, CMB-S4 lensing) promise 
20meV constraints. In combination we might how to achieve 15meV 
complementary constraints from CMB-lensing and BAO.

Abazjian et al 1309.5383

2 Forecast sensitivity to N
e↵

and
P

m
⌫

11

Figure 4. The same as Figure 3, but showing forecasts in the ⌃m⌫ - N
e↵

plane for a model including the
e↵ective number of neutrino species as a free parameter. A Stage-IV CMB experiment will not be able to
distinguish between the standard model value of N

e↵

= 3.046 and the integer value of 3 at high statistical
significance, but it will indicate a preference for one over the other at the ⇠ 2 � level.

CMB polarization as a probe of large scale structures has a few unique advantages. First of all, CMB
lensing is highly complementary to galaxy surveys, since it probes matter distributions in the linear regime
at higher redshift (z ⇠ 2�4). Secondly, because the unlensed background is precisely understood (Gaussian-
distributed E-mode polarization at redshift z = 1090 in the absence of non-Gaussianities, which are strongly
limited in the primordial CMB [53]), the reconstruction of lensing potential is absolutely calibrated and free
of shape noise. This property also enables reconstruction beyond the quadratic order, with sensitivity only
limited by instrumental noise. Finally, the systematics associated with CMB lensing originated largely from
well-understood instrumental e↵ects, which tend to decrease with higher resolution.

Figure 5 shows the projected constraints on the CMB lensing potential power spectrum C��

L

for a Stage-IV
CMB experiment, along with the fractional change in C��

L

for some fiducial values of
P

m
⌫

relative to theP
m

⌫

= 0 case.

2.2 Tomographic galaxy clustering with spectroscopic surveys

Starting in 2014, the Extended Baryon Oscillation Spectroscopic Survey (eBOSS) will use the BOSS spec-
trograph to perform spectroscopy on a massive sample of galaxies and quasars in the redshift range that lies
between the BOSS galaxy sample and the BOSS Lyman-↵ sample. The targets for eBOSS spectroscopy will
consist of Luminous Red Galaxies (LRGs: 0.6 < z < 0.8), Emission Line Galaxies (ELGs: 0.6 < z < 1.0),
“clustering” quasars to directly trace large-scale structure (1 < z < 2.2), and Lyman-↵ quasars (2.2 < z <

Community Planning Study: Snowmass 2013

1 Introduction 3

Figure 1. Fractional change in the matter density power spectrum as a function of comoving wavenumber
k for di↵erent values of

P
m⌫ . Neutrino mass suppresses the power spectrum due to free streaming below

the matter-radiation equality scale. The shape of the suppression is highly characteristic and precision
observations over a range of scales can measure the sum of neutrino masses (here assumed all to be in a
single mass eigenstate). Also shown are the approximate ranges of experimental sensitivity in the power
spectrum for representative probes: the cosmic microwave background (CMB), galaxy surveys (Gal.), weak
lensing of galaxies (WL), and the Lyman-alpha forest (Ly↵). The CMB lensing power spectrum involves
(an integral over) this same power spectrum, and so is also sensitive to neutrino mass.

when m
1

= 0, m
2

= 8.68+0.15

�0.13

meV, and m
3

= 49.7+0.8

�1.0

meV. So, in the normal hierarchy, the minimum sum

of the masses is
P

m
⌫

= 58.4+1.2

�0.8

meV. In the case of a so-called inverted hierarchy, where m
1

' m
2

� m
3

,
the minimum sum of the masses must be greater than 100 meV. For the degenerate neutrino mass case
where m

1

' m
2

' m
3

, the sum of neutrino masses is at least approximately 150 meV. As we will discuss
below, future CMB-S4 and LSS experiments in the Cosmic Frontier have projected constraints to detect the
minimum mass scale of 58 meV at ⇠4� confidence, a ground-breaking result.

Community Planning Study: Snowmass 2013

Wu et al 2014 (1402.4108)
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Maintaining US leadership in survey science

• We want to ensure there is sufficient funding for the delivery of science to reap 
the return on the major US (NSF, DOE and NASA) investments in key 
astrophysical facilities in the coming decade.

• e.g. LSST Facility 
– Facility investment: NSF MREFC $473M, DOE MIE Camera $168M + $38 

commissioning + Operations ~75% of $40M/year (2013 USD) 
– Facility produces “science-ready” Level 1 nightly alerts and Level 2 object 

catalogs. Science analysis wholly falls to the (international) community.
– Broad recognition across the science collaborations at the LSST All-hands 

meeting that significant preparatory work is needed, in advance of first light, 
to deliver science from data.

• Low funding levels: 
– Creates challenges for peer-review process to prioritize preparatory work.
– Needs funding models that encourage advance preparation. Common in 

HEP projects in DOE and NSF physics, newer in the astronomy community. 
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Maintaining US leadership in survey science

• An example: The LSST Dark Energy Science Collaboration (DESC) has just 
completed a major planning exercise, the Science Roadmap*, to lay out the 
critical tasks, now through first light, to be ready to fully leverage LSST data for 
dark energy science.
– An incremental, data-challenge led approach is to be used to build and 

validate the analysis pipeline infrastructure.
– The work requires ~40-50FTEs effort/year, now through first light.

*http://lsst-desc.org/sites/default/files/DESC_SRM_V1.pdf 
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Conclusions (again)

• Investment in CFP flagship facilities, both in progress and in preparation, has the 
potential to deliver profound physical insights in CFP-centered science
– Includes current and upcoming CMB, photometric and spectroscopic LSS 

surveys and direct and indirect DM surveys. 

• Have the potential for order of magnitude or better improvements in inflationary, 
dark energy, dark matter and neutrino parameters that could reveal:
– The inflationary energy scale
– Properties of gravity (and perhaps deviations from GR) on Mpc-Gpc scales
– Dark matter detection and constraints on the cross-section and mass
– The neutrino mass sum and hierachy

• The significantly smaller budget does threaten CFP science
– Lower grant funding limits US preparation and leadership in the science 

delivery from facilities in which the US has heavily invested, such as LSST.
– Limits US participation in international projects, such as CTA.

• WFIRST, Euclid, LSST and DESI each provide valuable complementary datasets 
that comprise critical pieces needed to achieve percent level constraints on dark 
energy. Key factors are systematic error mitigation in weak lensing measurements 
and complementarity of gravitational constraints from peculiar motions & lensing.


