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Three big questions in cosmology

Dark  
Matter

Inflation 
(Early Univ)

Dark 
Energy

What is the DM 
particle? 

What are its 
interactions, 

decay modes..?

What is the 
physics behind 
the accelerated 

expansion?

At what energy? 
How many 

fields? 
With what 

interactions? 
“Who is this 

inflaton field?”  



Dark Matter

Fritz Zwicky  
“Dunkle Materie”,1933

Vera Rubin 
flat rotation curves, 1970s

Coma cluster 
of galaxies

Illustration: 
Jessie Muir



“Bullet” cluster: more evidence for DM
X-ray light mass (does the lensing)

Modern evidence for Dark Matter

Bullet cluster

16 Grillo et al.

Fig. 9.— The total surface mass density ΣT in the inner regions of MACS 0416 reconstructed from the best-fitting strong lensing model
(see Table 5). The different contributions of the two extended dark-matter halo and many candidate cluster member components are
visible. The contour levels on the lens plane are in units of 1014 M⊙Mpc−2.Mass profile around a cluster

Grillo et al 2015  
(CLASH team)

Mass 
surface  
density

Markevitch et al 
Clowe et al



Modern evidence for Dark Matter

Ωdark matterh
2 = 0.1193± 0.0014

Ωbaryons h
2   = 0.0222 ± 0.0001

Planck full-sky map

Planck 2015
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid

lines) and hints of WIMP signals (closed contours) from current dark matter experiments

and projections (dashed) for planned direct detection dark matter experiments. Also

shown is an approximate band where neutrino coherent scattering from solar neutrinos,

atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].

14

J. Cooley, arXiv:1410.4960

Direct searches: 
Cross-section vs mass constraints

Lux, LZ: 
Akerlof, Lorenzon
PandaX: 
Lorenzon, Schubnell, Tarlé

DAMIC: 
Amidei, Schwarz



  
 

Methods of WIMP Dark Matter detection: 

• Discovery at accelerators (LHC, ILC…),  if 
kinematically allowed.  Can give mass  scale, but no 
proof of required long lifetime. 

• Direct detection of halo dark matter particles  in 
terrestrial detectors. 

• Indirect detection of particles produced in dark 
matter annihilation: neutrinos, photons or antimatter in 
ground- or space-based experiments. 

•For a convincing determination of the identity of dark 
matter,  plausibly need detection by at least two 
independent experiments. For most methods, the 
background problem is very serious. 

Indirect detection 
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The Milky Way in gamma-rays as measured by Fermi-LAT 

F�
F�

Direct 
detection 

Annihilation rate enhanced for 
clumpy halo; near galactic 
centre and in nearby dwarf 
galaxies; also for larger systems 
like galaxy clusters, and large-
scale cosmological structure (as 
seen in N-body simulations). 

CERN LHC/ATLAS 

Numerous alarms about “bumps” in spectra seen from Galaxy,  
and from dwarf galaxies (Reticulum, etc)

So far, none are convincing or truly statistically significant

Exciting and fast-developing field, but will be hard to have a 
convincing detection of DM just from indirect detection 



Three big questions in cosmology

Dark  
Matter

Inflation 
(Early Univ)

Dark 
Energy

What is the 
physics behind 
the accelerated 

expansion?



Evidence for Dark energy 
from type Ia Supernovae
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Current evidence for dark energy is  
impressively strong

Daniel Shafer, 2017

SN + BAO + CMB: 
ΩΛ=0.724±0.010 
ΩΛ=0 is 72-σ away



Recent (2011) constraints on  
dark energy density

Matter density (relative to critical)
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Huterer & Shafer 2017,  
review to appear in Rep. of Prog. Phys.

⌦m = 1� ⌦DE

⌦DE ⌘ ⇢DE

⇢crit

w ⌘ pDE

⇢DE



Huterer & Shafer 2017,  
review to appear in Rep. of Prog. Phys.

FuturePast

Constraints on 𝝆DE assume 
(w0, wa) parametrization + current data



Fine Tuning Problem: 
“Why so small”?

Vacuum Energy: Quantum Field Theory 
predicts it to be determined by cutoff scale

60-120 orders of magnitude 
smaller than expected!

Planck scale:

SUSY scale: 
(1019 GeV)4
(1 TeV)4 }
(10−3eV)4Measured:
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V

φ

Lots of theoretical ideas, few compelling ones:
Very difficult to motivate DE naturally

E.g. ‘quintessence’  
(evolving scalar field)

mφ ≃ H0 ≃ 10−33 eV

�̈+ 3H�̇+
dV

d�
= 0



String landscape?  

0 10−120 MPL
4 MPL

4 ρΛ

Among the ∼10500 minima,  
we live in one that allows structure/galaxies to form
(selection effect) (anthropic principle)

Pam Jeffries

Kolb & Turner, “Early Universe”, footnote on p. 269: 
“It is not clear to one of the authors how a concept as lame 

as the “anthropic idea” was ever elevated to the status of a principle”

Landscape 
“predicts” the   
observed ΩDE



A difficulty: 
DE theory target accuracy, in e.g. w=p/ρ,  

not known a priori

(Δm2)sol ≃ 8×10−5 eV2  

(Δm2)atm ≃ 3×10−3 eV2 

Contrast this situation with:

1. Neutrino masses:
∑mi = 0.06 eV*  (normal)}
∑mi = 0.11 eV*  (inverted)

*(assuming m3=0)

vs.

2. Higgs Boson mass (before LHC 2012):
mH ≲ O(200) GeV

(assuming Standard Model Higgs)



What if gravity deviates from GR?

H2
− F (H) =

8πG

3
ρ, or H2 =

8πG

3

!

ρ +
3F (H)

8πG

"

For example:

Modified gravity Dark energy

Notice: there is no way to distinguish these two possibilities just 
by measuring expansion rate H(z)!



•In standard GR, H(z) determines distances and growth of 
structure

•So check if this is true by measuring separately

δ̈ + 2H δ̇ − 4πρMδ = 0

Geometry 
(as known as kinematic probes) 

(a.k.a. 0th order cosmology)

Growth 
(a.k.a. dynamical probes) 

(a.k.a. 1st order cosmology)

Can we distinguish between DE and MG?

Probed by supernovae, CMB, 
weak lensing, cluster abundance

Probed by galaxy clustering,  
weak lensing, cluster abundance

Yes; here is how:



Idea: compare geometry and growth

Ruiz & Huterer, PRD 2015

Our approach:

Double the standard DE parameter space 
(ΩM=1−ΩDE and w): 

⇒ ΩM
geom

, wgeom ΩM
grow

, wgrow 

[In addition to other, usual parameters]



Sensitivity to geometry and growth
2

program has been started very successfully byWang et al.
[17] (see also [18–20] which contained very similar ideas),
who used data available at the time; the constraints how-
ever were weak. Our overall philosophy and approach
are similar as those in Refs. [17–20], but we benefit enor-
mously from the new data and increased sophistication
in understanding and modeling them, as well as the avail-
ability of a few additional cosmological probes not avail-
able in 2007.

The paper is divided as follows: we present the reason-
ing behind our approach in section II. In section III we
review the cosmological probes used in the analysis. A
review of the analysis method is provided in section IV,
and we present our constraints on parameters in section
V. We discuss these results in section VI, and give final
remarks in section VII.

II. PHILOSOPHY OF OUR APPROACH

We would like to perform stringent but general consis-
tency tests of the currently favored ⇤CDM cosmological
model with ⇠25% dark plus baryonic matter and ⇠75%
dark energy, as well as the more general wCDM model.
The ⇤CDM model, favored since even before the direct
discovery of the accelerating universe (e.g. [21]), is in ex-
cellent agreement with essentially all cosmological data,
despite occasional mild warnings to the contrary ([22–
25]). There has been a huge amount of e↵ort devoted
to tests alternative to wCDM – most notably, modified
gravity models where modifications to Einstein’s Gen-
eral Theory of Relativity, imposed to become important
at late times in the evolution of the universe and at large
spatial scales, make it appear as if the universe is accel-
erating if interpreted assuming standard GR.

Here we take a complementary approach, and study
the internal consistency of the wCDM model itself, with-
out assuming any alternative model. We split the cosmo-
logical information describing the late universe into two
classes:

• Geometry: expansion rate H(z) and the comoving
distance r(z), and associated derived quantities.

• Growth: growth rate of density fluctuations in lin-
ear (D(z) ⌘ �(z)/�(0)) and non-linear regime.

Regardless of the parametric description of the geome-
try and growth sectors, one thing is clear: in the standard
model that assumes General Relativity with its usual re-
lations between the growth and distances, the split pa-
rameters Xgeom

i and Xgrow
i have to agree – that is, be

consistent with each other at some statistically appro-
priate confidence level. Any disagreement between the
parameters in the two sectors, barring unforseen remain-
ing systematic errors, can be interpreted as the violation
of the standard cosmological model assumption.

The split parameter constraints provide very general,
yet powerful, tests of the dominant paradigm. They can

Cosmological Probe Geometry Growth

SN Ia H
0

DL(z) —–

BAO

✓
D2

A(z)
H(z)

◆
1/3

/rs(zd) —–

CMB peak loc. R /
p

⌦mH2

0

DA(z⇤) —–

Cluster counts
dV

dz

dn

dM

Weak lens 2pt
r2(z)
H(z)

Wi(z)Wj(z) P

✓
k =

`

r(z)

◆

RSD F (z) / DA(z)H(z) f(z)�
8

(z)

TABLE I. Summary of cosmological probes that we used and
aspects of geometry and growth that they are sensitive to.
The assignments in the second and third column are neces-
sarily approximate given the short space in the table; more
detail is given in respective sections covering our use of these
cosmological probes. Here rs(zd) refers to the sound horizon
evaluated at the baryon drag epoch zd.

be compared to more specific parametrizations of depar-
tures from GR — for example, the � parametrization
[26], or the various schemes of the aforementioned com-
parison of the Newtonian potentials. Our approach is
complementary to these more specific parametrizations:
while perhaps not as powerful in specific instances, it is
equipped with more freedom to capture departures from
the standard model.
Most of the cosmological measurements involve large

amounts of raw data, and their information is often com-
pressed into a very small number of meta-parameters.
For example, weak lensing shows the two-point cor-
relation function, cluster number counts are given in
mass bins, while baryon acoustic oscillations, cosmic
microwave background, and redshift space distortions
information is often captured in a small number of
meta-parameters which are defined and presented below.
[Type Ia supernovae are somewhat of an exception, since
we use individual magnitude measurements from each
SN from the beginning.] Given that in some cases one
assumes the cosmological model (often ⇤CDM) to derive
these intermediate parameters, the question is whether
we should worry about using the meta-parameters to
constrain the wider class of cosmological models where
growth history is decoupled from geometry. Fortunately,
in this particular case our constraints are robust: cer-
tainly for surveys that specialize in either geometry and
growth alone, the meta-parameters are de facto correct
by construction, and capture nearly all cosmological in-
formation of interest. For probes that are sensitive to
both growth and geometry, like the weak lensing and
cluster counts, the quantities used for the analysis —
correlation functions and number counts, respectively —
provide a general enough representation of the raw data
that one can relax the assumption that growth and ge-
ometry are consistent without the loss of robustness and

Ruiz & Huterer, 2015



Standard parameter space

EU = Early Universe prior from Planck (ΩMh2, ΩBh2, ns, A) 
SH = Sound Horizon prior from Planck (ΩMh2, ΩBh2)



w (eq of state of DE): geometry vs. growth

Evidence for 
wgrow > wgeom: 

3.3-σ

Ruiz & Huterer 2015



•Ground photometric:  
‣Dark Energy Survey (DES) 

‣Pan-STARRS 

‣Hyper Supreme Cam (HSC)  

‣Large Synoptic Survey Telescope (LSST) 

•Ground spectroscopic: 
‣Hobby Eberly Telescope DE Experiment (HETDEX) 

‣Prime Focus Spectrograph (PFS) 

‣Dark Energy Spectroscopic Instrument (DESI) 

•Space:  
‣Euclid  

‣Wide Field InfraRed Space Telescope (WFIRST)

Ongoing or upcoming DE experiments:



Dark Energy Survey (DES)  

Dark Energy Spectroscopic Instr. (DESI) 

Cerro Tololo, Chile

Kitt Peak, Arizona
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At what energy? 
How many 

fields? 
With what 

interactions? 
“Who is this 

inflaton field?”  



In the 1970s, it was established that standard 
cosmological model has some problems 

‣Horizon problem: the CMB is (very nearly) uniform, while 
we can show that regions greater than about 1° apart could 
not have been in a causal contact 

‣ Flatness problem: the universe is close to flat (flat 
geometry), while, if you work out basic equations, it tends to 
diverge from flat. Therefore, present-day flatness implies 
extreme fine tuning (to flat) in early universe  

‣Origin of Structure: the CMB (and our sky) show structures: 
hot and cold spots first, and then later galaxies etc. CMB 
shows that you need a seed density perturbation of δρ/ρ≈10-5  

(ρ is density)

1

t

?
!



scalar field (‘inflaton’) 
is slowly “rolling”

inflation 
ends

reheating

φ

V

Inflation: basic picture

�̈+ 3H�̇+
dV

d�
= 0

Guth 1981;  
Linde 1982; Albrecht & Steinhardt 1982



 

Generic Inflationary Predictions:

 Flat spatial geometry; ΩK = 0.000 ± 0.005 √ 

 Nearly scale-inv spectrum; ns = 0.965 ± 0.005 √ 

 Background of gravity waves (r ≲ 0.1)? 

 (Nearly) gaussian ICs fNL = 0.8 ± 5.0

 What energy scale? 

 How many fields? 

 What interactions?

 Flat spatial geometry 

 Nearly scale-inv spectrum 

 Background of gravity waves 

 (Nearly) gaussian ICs

Planck full-sky map

Millenium simulation



Standard Inflation, with...

1. a single scalar field 

2. the canonical kinetic term 

3. always slow rolls 

4. in Bunch-Davies vacuum 

5. in Einstein gravity

produces unobservable NG

Therefore, measurement of nonzero NG would 
point to a violation of one of the assumptions above



� = �G + fNL

�
�2

G � h�2
Gi

�

T1
T2

T3

NG from 3-point correlation function

“Local NG” (squeezed triangles) is defined as

“Local”, “Equilateral”, “orthogonal” fNL - refers to triangle shapes 
⇒ test number of fields & their interactions

Threshold for new physics: fNL
any kind ≳ O(1)

Alvarez et al, arXiv:1412.4671



fNL= -5000

fNL= +5000 fNL= +500

fNL= -500
fNL= 0

(Gaussian)

Planck Temp + Pol: fNL = 0.8    5.0

→

±

Simulated maps



Does galaxy/halo bias depend on NG?

cosmologists  
measure

theory predictsusually nuisance 
parameter(s)

bias ⌘ clustering of galaxies

clustering of dark matter

=

✓
�⇢

⇢

◆

halos✓
�⇢

⇢

◆

DM

(theorem:) Large-scale bias is scale-independent (b doesn’t depend on k) 
if the short and long modes are uncorrelated 
that is, if structure distribution is Gaussian

Ph(k, z) = b2(k, z)PDM(k, z)



Scale dependence of NG halo bias

Dalal, Doré, Huterer & Shirokov 2008

b(k) = bG + fNL
const

k2
Verified using a variety of theory and simulations. 

~500 papers on subject so far.



SPHEREx 
proposal for telescope dedicated to measuring NG (and other science)

spherex.caltech.edu

•97 bands (!) with Linearly Variable Filters (LVF) 
•λ between 0.75 and 4 μm 
•small (20cm) telescope, big field of view 
•whole sky out to z~1 
•goal: σ(fNL) ≲ 1



Non-Gaussianity vs inflation recap:

If we find:

fNL
local ≳ O(1) ⇒ multiple fields  

fNL
equil ≳ O(1) ⇒ strong coupling (non-slow roll)  

fNL
any kind < O(1) [no detection] ⇒  

consistent with slow-roll, weakly coupled single field



Story so far:
Cosmology definitely in the precision regime 
Impressive constraints on DM, DE and inflation…  
…but some big questions unanswered 
Lots of potential from upcoming surveys

Planck Collaboration: Cosmological parameters
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Fig. 3. Frequency-averaged T E and EE spectra (without fitting for temperature-to-polarization leakage). The theoretical T E and
EE spectra plotted in the upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with
respect to this theoretical model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the
lower panels show the best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and
EE spectra.
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Planck Collaboration: Cosmological parameters
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Fig. 3. Frequency-averaged T E and EE spectra (without fitting for temperature-to-polarization leakage). The theoretical T E and
EE spectra plotted in the upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with
respect to this theoretical model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the
lower panels show the best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and
EE spectra.
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temp-temp temp-pol pol-pol
But are Planck++ constraints so good that they bias us?

Danger of declaring currently favored model to be the truth 
blinding new data is key⇒



Blinding the DES analysis

Our requirements: 
• Preserve inter-consistency of cosmological probes 
• Preserve ability to test for systematic errors

Muir, Elsner, Bernstein,  
Huterer, Peiris and DES collab.

Our choice is specifically:

ξij
blinded (k) = ξij

measured (k) 
ξij

model 1(k)
ξij

model 2 (k)
⎡

⎣
⎢

⎤

⎦
⎥

Tests passed, black-box code ready.  
First application expected for clustering measurements in DES year-3 data.



Conclusions

•Huge variety of new observations in cosmology, 
particularly in the large-scale structure

•3 big questions: dark matter, dark energy, inflation

•Blinding in analysis (along with sophisticated 
statistical tools) will be key

•Like particle physicists, we would really like to 
see some “bumps” in the data

•Ability to measure parameters, test theories, at the 
1% level


