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Current Status



Current Status

Observations of supernovae, cosmic microwave 
background, and galaxy redshift surveys are in good 
agreement with the simple six-parameter LCDM model. 
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(Betoule et al. 2014)

Supernovae

• functional relation between luminosity distance and redshift

Provide measurement of 

H0 = 73.24± 1.74kms−1Mpc−1
(Riess et al. 2016)

• Hubble rate



Baryon Acoustic Oscillations

(Anderson et al. 2013)

(Anderson et al. 2013)



Cosmic Microwave Background



Parameter Constraints

Parameter constraints from TT



LCDM+X
(A

de et al. 2015)



Paper XIII
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tSZ power spectrum

• Small tensions exist between the Planck TT data 
and a number of low redshift observations
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• A milder tension also exists between Planck lensing 
and cosmology predicted by Planck TT
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• Both Planck TE and Planck EE cosmologies in 
excellent agreement with Planck lensing 

Clustering
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Upcoming and 
Future Experiments



DES

HETDEX

Cosmic Surveys

Stage III: now-2020

HSC PFS

eBOSS
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Cosmic Surveys

LSST

Euclid

WFIRSTDESI

Stage IV: 2020-2030



Cosmic Microwave Background

ACTPol
ABS

SPIDERBICEP/Keck

SPTPol/SPT3G

POLARBEAR/
Simons Array

EBEX

Stage III: now-2020

CLASS



Cosmic Microwave Background

Stage III.5: soon-2020



Cosmic Microwave Background

Stage IV: 2020-2030

Potentially Space Missions

LiteBIRD, PIXIE, COrE



Radio Interferometers

John McKean - ERIS 2015 - Modern Radio Interferometers 88

The Low Frequency Array

! International LOFAR Telescope being 
built by a consortium of institutes in 
the Netherlands, Germany, UK, 
France, Sweden and Poland. 

! Low Band Antenna (LBA; 10--90 
MHz) - simple dipoles. 

! High Band Antenna (110-180 MHz, 
210-240 MHz) - tiled array. 

! 78 MHz bandwidth. 

! 48 Stations throughout Europe (~50 
m to 1500 km baselines), resolution 
~few degrees to sub-arcsec. 

! More details in the LOFAR lecture.

LOFAR

John McKean - ERIS 2015 - Modern Radio Interferometers 99

The Murchison Wide-field Array

! Low frequency pathfinder based in 
Australia (quiet-site). 

! 80--300 MHz frequency coverage, with 
31 MHz instantaneous bandwidth. 

! 8000 dipoles, put into 4 x 4 dipole tiles, 
giving 512 tiles. 

! Max baseline 1.5 km, with 3 km 
outriggers. 

! Wide field-of-view (15-45 degrees) 

! Resolution of 2.5 to 8.5 arcmin

MWA

PAPER

ALMACHIME

SKA

HERA



Future Prospects



Future Prospects

For this workshop, perhaps the most interesting topics are 

• Primordial gravitational waves

• Light dark sector relics

• Neutrino mass

• Dark matter 



Primordial B-modes

Detection of primordial B-modes would provide a 
measurement of the Hubble rate during inflation 

and via the Friedmann equation

V 1/4
inf = 1.04× 1016 GeV

� r

0.01

�1/4
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CMB-S4 could detect r=0.01 at high significance
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Primordial B-modes

Even an upper limit from CMB-S4 is interesting

V (φ) = µ4−2pφ2p

V (φ) = V0 exp

�
−
�
φ

Λ

� 2p
p−1

�

If the inflationary model naturally explains the 
observed value of the spectral index, i.e.

ns(N )− 1 = −p+ 1

N
then the inflationary part of the potential is either

or

The characteristic scale in latter case is M = Λ
|1− p|

p

(p �= 1)



An upper limit with CMB-S4 would disfavor all models 
of inflation that naturally explain    with super-Planckian 
characteristic scale  

p
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Light Relic

Particle that is stable on cosmological time scales 
and light enough to be relativistic at recombination

Light Relics

with                      in the Standard Model 

ρrad =
π2k4B
15�3c3

�
1 +

7

8

�
4
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�4/3

Neff

�
T 4
γ

Contribute to the energy density in radiation

Neff = 3.046



A detection of                                        would ∆Neff = Neff − 3.046 �= 0

indicate physics beyond the Standard Model or a non-

standard cosmology.

• the damping tail

• the phase of accoustic oscillations

• lensing

The CMB is sensitive to       throughNeff

Light Relics



Many well-motivated models addressing open problems 
in particle physics lead to light relics

• Axions (spin-0)  

• Sterile/Dark sector neutrinos (spin-1/2) 

• Dark radiation (spin-1)

• Gravitinos (spin-3/2) 

Light Relics
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Natural targets:

• Spin-1/2, 1, 3/2 particles predict*

∆Neff ≥ 0.047

• Real scalars like the QCD axion predict*

∆Neff ≥ 0.027

Currently studied configurations for CMB-S4 can 
achieve                      .

Light Relics

σ(Neff) ≈ 0.03

(*) assumes that there are no states that annihilate into standard 
model particles after freeze-out of the relic
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Light Relics

Future reach in Future reach in

CMB-S4 Science Book (http://www.cmbs4.org)

http://www.cmbs4.org
http://www.cmbs4.org


CMB-S4 Science Book (http://www.cmbs4.org)

Neutrinos
Structure formation is suppressed on scales smaller 
than the free streaming scale. This can be detected in 
large scale structure surveys and through lensing of the 
cosmic microwave background.

3.3 Cosmological Measurements of Neutrino Mass 53
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Figure 2–3: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01hMpc−1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.

20

Figure 14. The effect of massive neutrinos on the matter power spectrum and CMB lensing power
spectrum. Top Left: The effect of neutrino mass on the matter power spectrum. Top Right: The change to
the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter
power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom
Right: The relative change to the lensing potential power spectrum.

The lower limit on Ωνh2 is a reflection of the lower limit on the sum of the masses,
�

mν � 58meV, that
is determined from neutrino oscillation experiments [277]. This sets a clear observational target for future
observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question
we will be most interested in is whether a given probe is sensitive to the lower limit,

�
mν = 58meV (or

Ωνh2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through
which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will
also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
structure surveys such as DESI and LSST.

CMB-S4 Science Book
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massive neutrinos wash out structure on scales k > 0.01hMpc−1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.
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Figure 14. The effect of massive neutrinos on the matter power spectrum and CMB lensing power
spectrum. Top Left: The effect of neutrino mass on the matter power spectrum. Top Right: The change to
the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter
power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom
Right: The relative change to the lensing potential power spectrum.

The lower limit on Ωνh2 is a reflection of the lower limit on the sum of the masses,
�

mν � 58meV, that
is determined from neutrino oscillation experiments [277]. This sets a clear observational target for future
observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question
we will be most interested in is whether a given probe is sensitive to the lower limit,

�
mν = 58meV (or

Ωνh2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through
which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will
also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
structure surveys such as DESI and LSST.
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DESI+CMB-S4: σ(mν) ≈ 0.02 eV

measurement even for normal hierarchy3σ



Dark Matter
CMB-S4 Science Book (http://www.cmbs4.org)

(only applies to s-wave annihilation)
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Dark Matter
10 HEZAVEH ET AL.

Figure 6. The top left panel shows the sky emission model in band 6 for the best-fit smooth lens parameters for the SDP.81 data. The top middle panel shows
the same for the perturbed model and the top right panel the difference between the two models. The bottom panels show the same for band 7. The bright feature
in the difference plots is mainly caused by the astrometric anomaly of the arc.

the subhalo parameters and the parameters of the smooth lens
model, including low-order multipoles in the gravitational po-
tential. This confirms findings that such multipoles cannot
mimic the effects of small-scale substructure for lenses with
high-quality arcs (Kochanek & Dalal 2004).

The full set of best-fit lens model parameters are presented
in Table 1. Many previous works have modeled the lens po-
tential in SDP.81, using HST data (Dye et al. 2014), Sub-
millimeter Array data (Bussmann et al. 2013), and ALMA
data (Dye et al. 2015; Rybak et al. 2015a; Wong et al. 2015;
Tamura et al. 2015; Hatsukade et al. 2015; Rybak et al.
2015b). Our smooth model has a larger ellipticity compared
to these models. We note however that our model has more
degrees of freedom (e.g., angular multipoles) and phase er-
rors, and that the degeneracy of some of these additional pa-
rameters with ellipticity may shift its value. We do find that
models with parameters given by these authors produce rea-
sonable fits to the data. We also performed the linear subhalo
search for these parameters, finding that they produce similar
results and that the conclusion of the presence of the subhalo
is robust against these variations. Figure 8 shows the recon-
structed source using this model with pixel size of 10 milli-
arcsec in band 6 (top panel) and band 7 (bottom panel).

This model appears to be a good fit to the data, when we fit
the entire data set. The full data set, however, includes emis-
sion unrelated to SDP.81. The ALMA primary beam covers
approximately ∼ 25��, of which only the central few arcsec-
onds are relevant for strong lens modeling. If we model the

sky emission only over a 5× 5 arccsec area centered on the
lens, our model obtains χ2 = 2× 105 for 1.7× 105 degrees
of freedom, suggesting that not all the signal in the data has
been modeled. However, if we expand our source-plane im-
age to cover the entire primary beam, additional flux is indi-
cated away from the lensed galaxy and the χ2 decreases to
1.7× 105. Since this emission originates from regions well
separated from the lensed images (far beyond the correlation
length of the dirty beam), it has no model covariance with the
lens parameters, and we therefore neglect it in the remainder
of our analysis.

5.2. Search for additional substructure
ALMA observations of SDP.81 allow us to search for addi-

tional substructure besides the subhalo detected in the previ-
ous subsection. Given our lens model (including one subhalo
of Msub = 108.96M⊙), we next searched for additional substruc-
ture using the linearized treatment discussed in Section 3. We
repeated our search for a second subhalo, by linearly expand-
ing about a smooth model now containing a subhalo of mass
Msub = 108.96M⊙. As before, we marginalize over all parame-
ters of the smooth model, including the mass and location of
the detected subhalo discussed above.

The inclusion of the subhalo in our main lens model re-
moves any improvement to the marginalized posterior from
additional subhalos of mass Msub ≥ 108.6M⊙, as illustrated
in top panel of Figure 9. Instead, additional subhalos of this
mass are excluded from occurring near the observed arcs. For

Abundance of substructure from lensing, here from ALMA

(Hezaveh et al. 2016)



Dark Matter
Abundance of substructure from lensing, here from ALMA

(Hezaveh et al. 2016)
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Figure 11. The errorbars indicate the 95% confidence limits on the projected
differential number density of subhalos around SDP.81, derived using the
non-detection regions shown in Figure 10 and the detection of the 109 M⊙
subhalo. For comparison, the shaded band shows the 90% confidence region
from Dalal & Kochanek (2002).

Figure 12. Limits on the normalization (A) and slope (η) of the mass func-
tion dn/d logM = A(M/Mpivot)−η , using the bounds in Figure 11. Here we
use Mpivot = 109M⊙. The grey contours show constraints derived using Equa-
tion (26), while the red contours show how the constraints change if we ne-
glect the marginally detected subhalo with M ≈ 108M⊙. The top panel shows
the probability at η = 0.9. The red and black curves simply show a slice of
the probability of the lower panel at η = 0.9. For comparison, the histograms
show the distribution of A using assumptions based on ΛCDM simulations
assuming two different values of csubs/chost, which are intended to be repre-
sentative. These values assume η = 0.9 and a distribution of host halo masses
and concentrations given by abundance matching. See Section 6 for details.

use the same set of high-resolution zoom-in simulations de-
scribed in Mao et al. (2015) with the addition of a very high-
resolution cosmological box, (40963 particles in a 400 Mpc/h
box, ds14_i) from the Dark Sky Simulations (Skillman
et al. 2014)14. This calibration is done by first assuming a
constant log–log slope (η), then finding the best-fit M0 for
each host halo in the simulations, and finally for all host ha-
los, finding the best-fit values of (α,β,γ) in

M0 = αMβ
hostc

γ
host. (28)

With this model, we can then predict the subhalo mass func-
tion given the host halo mass and concentration and the log–
log slope.

The subhalo abundance predicted in the procedure de-
scribed above is for all subhalos within the virial radius of the
host halo. To convert our prediction to the relevant quantity
probed by strong lensing measurements, we need to assume
a spatial distribution for the subhalos. Here we make three
simplifying assumptions: (1) the subhalo spatial distribution
is independent from the subhalo mass function (i.e., subhalos
of different mass halos have the same spatial distribution); (2)
the angular distribution of subhalos is isotropic (see, however,
Nierenberg et al. 2011); and (3) the radial distribution of sub-
halos within their host halos follows an NFW profile with a
characteristic concentration csubs. In other words, we assume
the subhalo abundance factorizes into a mass dependence and
radial dependence, n(M,r) = n(M) f (r), where the radial de-
pendence f (r) is an NFW profile of concentration csubs.

To predict the projected abundance of substructure, our
model requires a prescription for the concentration of the
subhalo distribution, csubs. In ΛCDM simulations, gener-
ally the radial distribution of subhalos is less centrally con-
centrated than the dark matter distribution of the host halo
(i.e., csubs/chost < 1) (e.g., Nagai & Kravtsov 2005; Gao et al.
2012), and at small radii the subhalo distribution may become
shallower than an NFW profile (e.g., Xu et al. 2015a). Ob-
servational results for real galaxies are less clear: some are
consistent with csubs/chost � 1 (e.g., Guo et al. 2012; Yniguez
et al. 2014), while others imply that galaxies are less concen-
trated (e.g., Hansen et al. 2005) than the total mass distribu-
tion in their hosts. Also note that our assumption of spher-
ical symmetry might lead us to underestimate the average
substructure abundance around lenses, since strong lenses are
preferentially viewed along the major axis of their host halos
(Rozo et al. 2007; Hennawi et al. 2007).

Given the uncertainty in predictions for csubs, we treat it as
a free parameter, along with other parameters describing the
lens halo: the host halo mass and concentration (Mhost, chost),
and the log–log slope (η) of the subhalo mass function. Us-
ing these model ingredients, we can predict dn/d logM pro-
jected at the Einstein radius. The histograms in the top panel
of Figure 12 show an example, the distribution of A, i.e.,
dn/d logM at M = 109M⊙ computed with this model. For
this figure, we assume the mass function slope is η = 0.9, and
we show two possible values for the subhalo concentration,
csubs/chost = 0.2 and 1.0, which should span the range of un-
certainty described above. For the other two parameters, we
marginalize over possible values of the host halo mass and
concentration using the following prior. We first assign galaxy
luminosity to dark matter halos and subhalos with the abun-
dance matching technique (e.g., Conroy et al. 2006; Reddick
et al. 2013), and find the joint distribution of mass and con-

14 http://darksky.slac.stanford.edu
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Figure 2.10: Expansion rate of the Universe as a function of redshift. In the upper plot, the filled

blue circle is the H0 measurement of [106], the solid black square shows the SDSS BAO measurement

of [107], the red square shows the BOSS galaxy BAO measurement of [6], the red circle shows the

BOSS Ly-α forest BAO measurement of [47], and the red x shows the BOSS Ly-α forest BAO-quasar

cross-correlation measurement of [108]. The lower plot shows projected DESI points.

Figure 2.11: The w0 − wa plane showing projected limits (68%) from DESI using just BAO and

using the broadband (BB) power spectrum. Also shown is the limit from BOSS BAO. Planck priors

are included in all cases, and DESI includes the BGS and non-redundant part of BOSS. The figure

of merit of the surveys is inversely proportional to the areas of the error ellipses.

• BAO will map the expansion history extremely well 
and constrain any departures from a cosmological 
constant

• Redshift space distortions will allow to measure the 
growth of structure and provide stringent tests of 
general relativity

• ...



Conclusions

•Our understanding of the early universe has 
improved significantly over the past two decades

•Although there are small tensions, all data remains 
consistent with the simple LCDM model 

•Many experiments are already taking data, many will 
soon come online and will constrain light relics, 
neutrinos, dark matter, ...

•How they can best be used to constrain dark 
interactions has likely not been fully explored

•The next decade will be eventful and we should 
continue to learn a lot about the early universe



Thank you


