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Big	Questions	in	Cosmology

– What was the pre-Big Bang universe like?

– What is the origin of structure?

– What are dark matter and dark energy?

– Where is the universe headed?



Big Bang Today     

A	brief	history	of	our	universe
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• Geometry:	Distance-Redshift	relation	D(z),	Expansion	rate	H(z)

• Growth:	Fluctuations	in	temperature,	mass,	gas	and	galaxies

a=0.001

• The	power	spectrum	of	fluctuation	in	the	Cosmic	Microwave	Background	
(CMB)	temperature	and	polarization:	t	~	400,000	years

– Tilt	(inflation),	locations	of	peaks	(geometry),	damping	tail	(neutrinos)

• Late	time	universe	probes	of	geometry	and	growth:	t	~	1-14	billion	years

- Combining	CMB	with	late	time	data	provides	huge	lever	arm	in	scale	and	time:	tests	of	
inflation,	dark	energy,	massive	neutrinos,	dark	sector	interactions

Cosmology	probes:	geometry	and	growth	
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Cosmic	Microwave	Background	Temperature

Planck	satellite,	arXiv:1502.01589



CMB	temperature	power	spectrum
Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Power	spectrum	of	temperature	fluctuations	from	the	Planck	satellite
arXiv:1502.01589



CMB	Polarization	power	spectra

Planck Collaboration: Cosmological parameters
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Fig. 3. Frequency-averaged T E and EE spectra (without fitting for T -P 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 T -P 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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Power	spectrum	of	polarization	fluctuations	from	the	Planck	satellite
arXiv:1502.01589



From	the	CMB	to	the	late	universe:			
Energy	budget	over	cosmic	time

WMAP web site



Cosmology	probes:	late	times

Probe Physical	Observable Sensitivity to	Dark	
Energy	or	Modified	
Gravity

Weak	Lensing
Imaging

Coherent distortions	
in	galaxy	shapes

Geometry	and	Growth	
of	structure
(projected)

Large-Scale	Structure
Spectroscopic

Power	spectrum	of	
galaxy	distribution

Geometry	(BAO) and	
Growth

Galaxy	Clusters
Imaging	+ SZ/Xray

Abundance of	massive	
clusters

Geometry	and	Growth

Type	Ia Supernovae
Imaging	+	Spectra

Fluxes of	standard	
candles

Geometry	

Strong lensing
Imaging	+	Spectra

Time	delays	 Geometry



Baryon	wiggles	in	the	galaxy	
distribution

Anderson	et	al	2013,	
BOSS	survey



Growth	of	structure

• Growth of structure: Galaxy clustering; Galaxy Clusters; Lensing; 21cm…
• CMB+low-z universe: generally consistent with inflation, and Λ-CDM
• Gome intriguing hints of deviation exist; tests will get much sharper in the next years

BOSS anisotropic clustering 3

et al. (2012), who measured the RSD and AP simultaneously in
the BOSS CMASS DR9 sample, achieving a 15 per cent mea-
surement of growth, 2.8 per cent measurement of angular diame-
ter distance, and 4.6 per cent measurement of the expansion rate
at z = 0.57. Using these estimates Samushia et al. (2013) derived
strong constraints on modified theories of gravity (MG) and DE
model parameters. In this paper we perform a similar analysis on
the CMASS DR11 sample, which covers roughly three times the
volume of DR9.

This paper is organised as follows. In section 2 we describe
the data used in the analysis. Section 3 explains how the two-
dimensional correlation function is estimated from the data. Sec-
tion 4 shows how we derive the estimates of the covariance ma-
trix for our measurements. In section 5 we describe the theoretical
model used to fit the data. Section 6 presents and discusses our
main results – the estimates of growth rate, distance-redshift rela-
tionship and the expansion rate from the measurements. Section 7
uses these estimates to constrain parameters in the ⇤CDM model
assuming General Relativity (⇤CDM-GR) and possible deviations
from this standard model. We conclude and discuss our results in
section 8.

Our measurements require the adoption of a cosmological
model in order to convert angles and redshifts into comoving dis-
tances. As in Anderson et al. (2013) we adopt a spatially-flat
⇤CDM cosmology with ⌦m = 0.274 and h = 0.7 for this purpose.
For ease of comparison across analyses, we follow Anderson et al.
(2013) and also report our distance constraints relative to a model
with ⌦m = 0.274, h = 0.7, and ⌦bh2 = 0.0224, for which the BAO
scale rd = 149.31 Mpc.

2 THE DATA

The SDSS-III project (Eisenstein et al. 2011) uses a dedicated 2.5-
m Sloan telescope (Gunn et al. 2013) to perform spectroscopic
follow-up of targets selected from images made using a now-retired
drift-scanning mosaic CCD camera (Gunn et al. 2006) that imaged
the sky in five photometric bands (Fukugita et al. 1996) to a limit-
ing magnitude of r ' 22.5. The BOSS (Dawson et al. 2013) is the
part of SDSS-III that will measure spectra for 1.5 million galaxies
and 160.000 quasars over a quarter of the sky.

We use the DR11 CMASS sample of galaxies (Anderson et al.
2013; Smee et al. 2013; Bolton et al. 2012). This lies in the redshift
range of 0.43 < z < 0.70 and consists of 690826 galaxies covering
8498 square degrees (effective volume of 6.0 Gpc3).

Figure 1 shows the redshift distribution of galaxies in our
sample. The number density is of order of 10�4 peaking at n̄ '
4 ⇥ 10�4h3 Mpc�3.

3 THE MEASUREMENTS

We measure the correlation function of galaxies in the CMASS
sample defined as the ensemble average of the product of over-
densities in the galaxy field separated by a certain distance r

⇠(r) ⌘ h�g(r0)�g(r0 + r)i. (4)

The overdensity as a function of r is given by

�g(r) =
ng(r) � n̄g(r)

n̄g(r)
, (5)

where n̄g(r) is expected average density of galaxies at a position r
and ng(r) is an observed number density.

Figure 1. The number density of CMASS DR11 galaxies in redshift bins
of �z = 0.01 in northern and southern Galactic hemispheres, computed
assuming our fiducial cosmology.

Figure 2. The two-dimensional correlation function of DR11 sample mea-
sured in bins of 1h�1 ⇥ 1h�1 Mpc2. We use first two Legendre multipoles of
the correlation function in our study rather than the two-dimensional corre-
lation function displayed here.

We estimate the correlation function using the Landy-Szalay
minimum-variance estimator (Landy & Szalay 1993)

⇠̂(�ri) =
DD(�ri) � 2DR(�ri) + RR(�ri)

RR(�ri)
, (6)

where DD(�ri) is the weighted number of galaxy pairs whose sep-
aration falls within the �ri bin, RR(�ri) is number of similar pairs
in the random catalogue and DR(�ri) is the number of cross-pairs
between the galaxies and the objects in the random catalogue.

Figure 2 shows the two-dimensional correlation function of
DR11 sample measured in bins of 1h�1⇥1h�1 Mpc2. Both the “BAO
ridge” (a ring of local maxima at approximately 100h�1 Mpc) and
the RSD signal (LOS “squashing” of the correlation function) are
detectable by eye.

The random catalogue is constructed by populating the vol-
ume covered by galaxies with random points with zero correlation.
We use a random catalogue that has 50 times the density of galaxies

c� 0000 RAS, MNRAS 000, 1–15

Galaxy clustering

Gravitational	Lensing Galaxy	distribution	in	redshift	space



The	parameters	of	the	standard	model

Planck Collaboration: Cosmological parameters

Table 3. Parameters of the base ⇤CDM cosmology computed from the 2015 baseline Planck likelihoods illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at
low and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the TT+lowP and TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

which do not depend strongly on ⌧ are consistent between the TT
and T E spectra to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
comparable errors to the TT parameters. None of the conclu-
sions in this paper would change in any significant way were we
to use the T E parameters in place of the TT parameters. The
consistency of the cosmological parameters for base ⇤CDM be-
tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
Planck are noisier than the TT spectra, the errors on the EE pa-
rameters are significantly larger than those from TT . However,
both the T E and EE likelihoods give lower values of ⌧, As and
�8, by over 1� compared to the TT solutions. Note that the T E
and EE entries in Table 3 do not use any information from the
temperature in the low multipole likelihood. The tendency for
higher values of �8, As, and ⌧ in the Planck TT+lowP solution is
driven, in part, by the temperature power spectrum at low multi-
poles.

Columns [4] and [5] of Table 3 compare the parameters of
the TT likelihood with the full TT,T E, EE likelihood. These
are in agreement, shifting by less than 0.2�. Although we have
emphasized the presence of systematic e↵ects in the Planck
polarization spectra, which are not accounted for in the errors
quoted in column [4] of Table 3, the consistency of the TT and
TT,T E, EE parameters provides strong evidence that residual
systematics in the polarization spectra have little impact on the
scientific conclusions in this paper. The consistency of the base
⇤CDM parameters from temperature and polarization is illus-
trated graphically in Fig. 6. As a rough rule-of-thumb, for base
⇤CDM, or extensions to ⇤CDM with spatially flat geometry,
using the full TT,T E, EE likelihood produces improvements in
cosmological parameters of about the same size as adding BAO
to the Planck TT+lowP likelihood.

3.4. Constraints on the reionization optical depth parameter ⌧

The reionization optical depth parameter ⌧ provides an important
constraint on models of early galaxy evolution and star forma-
tion. The evolution of the inter-galactic Ly↵ opacity measured in
the spectra of quasars can be used to set limits on the epoch of
reionization (Gunn & Peterson 1965). The most recent measure-

ments suggest that the reionization of the inter-galactic medium
was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵ emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2014). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
even assuming high escape fractions for ionizing photons, im-
plying additional sources of photoionizing radiation from still
fainter objects. Evidently, it would be useful to have an indepen-
dent CMB measurement of ⌧.

The ⌧ measurement from CMB polarization is di�cult be-
cause it is a small signal, confined to low multipoles, requiring
accurate control of instrumental systematics and polarized fore-
ground emission. As discussed by Komatsu et al. (2009), uncer-
tainties in modelling polarized foreground emission are com-
parable to the statistical error in the WMAP ⌧ measurement.
In particular, at the time of the WMAP9 analysis there was
very little information available on polarized dust emission. This
situation has been partially rectified by the 353 GHz polariza-
tion maps from Planck (Planck Collaboration Int. XXII 2014;
Planck Collaboration Int. XXX 2014). In PPL13, we used pre-
liminary 353 GHz Planck polarization maps to clean the WMAP
Ka, Q, and V maps for polarized dust emission, using WMAP
K-band as a template for polarized synchrotron emission. This
lowered ⌧ by about 1� to ⌧ = 0.075 ± 0.013 compared to
⌧ = 0.089 ± 0.013 using the WMAP dust model.12 However,
given the preliminary nature of the Planck polarization analysis
we decided to use the WMAP polarization likelihood, as pro-
duced by the WMAP team, in the Planck 2013 papers.

In the 2015 papers, we use Planck polarization maps based
on low-resolution LFI 70 GHz maps, excluding Surveys 2 and
4. These maps are foreground-cleaned using the LFI 30 GHz

12Note that neither of these error estimates reflect the true uncer-
tainty in foreground removal.
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Present	day	parameters	
assuming	ΛCDM

• Consistent	with	a	spatially	flat,	GR+LambdaCDM universe
• H0 (expansion	rate),	Ωm (mass	density)	and	σ8 (amplitude	of	

fluctuations):	compare	extrapolation	of	CMB	to	present	day	
measurements	– discrepancy	signals	breakdown	of	standard	model!

• Sum	of	neutrino	masses	<	0.2	eV	(Planck	+	BOSS)



Wyman	et	al.
Wayne	Hu	

Fluctuation
Amplitude

Expansion Rate

Extrapolation from CMB to present disagrees with low-z measurements
in some cases. 

(Mild)	tension	in	cosmology	data

Update:	73+/-2,	Reiss	et	al	2015



(Mild)	tension	in	cosmology	data:							
metric	potentials	in	the	Poisson	eqn

General	Relativity

Planck	collaboration,	2015



(Mild)	tension	in	cosmology	data:	coupling	
of	dark	energy-dark	matter

Planck	collaboration,	2015



– Overview of cosmology

– Beyond the standard model

– New tests of gravity  

– Results from the Dark Energy Survey
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• Is	dark	energy	constant	in	redshift?		

• Is	dark	energy	spatially	clustered	or	anisotropic?

• Are	there	couplings/interactions	between	dark	energy,	dark	matter,	
baryons?	

• Is	it	dark	energy	or	modified	gravity?	

Beyond	Λ



New degrees of freedom in the universe

• Theorem:	Cosmological	constant	is	the	`unique’ large	distance	
modification	to	GR	that	does	not	introduce	any	new	degrees	of	freedom

• Dynamical	models	of	Dark	Energy	or	Modified	Gravity	invoke	new	degrees	
of	freedom	(also	arise	in	string	theory,	higher	dimension	theories…).	

• Modified	gravity	(MG)	theories	typically	invoke	a	scalar field	coupled	non-
minimally	to	gravity.	The	scalar	enhances	the	gravitational	potential	

observable	effects	on	all	scales,	mm	to	Gpc!

• In	addition	

– Dark	energy	and	dark	matter	can	directly	couple	to	standard	model	particles,	leading	to	
other	5th force-like	effects.	

– Dark	matter	particles	may	have	self-interactions



• Consider	a	scalar																				 coupled	to	the	energy	density	ρ.	

• Since	it	is	light,	the	long	range,	scalar	force	inside	the	solar	system	
must	be	suppressed	to	satisfy	tests	of	the	equivalence	principle	and	
GR.	

• In	the	last	decade,	some	natural	ways	to	achieve	this	have	been	
realized	by	theories	designed	to	produce	cosmic	acceleration.		

• The	generic	form	of	the	equation	of	motion	for	δϕ is:

kinetic	term mass	term coupling	to	matter

Modified gravity and scalar fields
φ = φb +δφ

A. Tolley

(range of interaction)



To	keep	force	enhancement	small,	this	term	must	be	small.	
Only	3	options!

(a) Coupling	β is	small	(Symmetron)
(b) Mass	m is	large	(Chameleon)
(c) Kinetic	term	Z is	large	(Vainshtein)

Screening: how to hide enhanced gravity

• The three mechanisms of screening lead to distinct observable effects as 
one transitions from MG on large scales to GR well inside galaxies. 

• A successful MG theory must incorporate a screening 
• The parameters that observations constrain: 

- coupling β & mass m (the range of the scalar force λ)

δ



Signatures of modified gravity

• Unscreened	environments	in	the	universe	will	show	these	signatures	of	
gravity:	from	cosmological	scales	to	nearby	galaxies

• GR:	Ψ=Φ.	MG:	Ψ≠Φ.

• Generically extra	scalar	field	enhances	forces	on	stars	and	galaxies

– acceleration	=	- Ψ =			- (ΨS +	ΨN)

• Photons	respond	to	the	sum	(Ψ+Φ)	which	is	typically	
unaltered
– Dynamical	masses	are	larger	than	Lensing	(true)	masses		

€ 

∇

€ 

ds2 = −(1+ 2ψ)dt 2 + (1− 2φ)a2(t)dx2

€ 

∇



Einstein ring test of gravity

y/f = 1.01+/-0.05 from Einstein Rings + velocity dispersion
Bolton et al 2006; Schwab, Bolton, Rappaport 2010

Tests on large scales will be carried out with upcoming surveys



Tests	of	gravity	and	the	dark	sector

Dynamical probes (blue) measure Newtonian potential y
Lensing and ISW (red) measures f + y

BJ & Khoury 2010; Joyce, BJ, Khoury, Trodden 2014; BJ	et	al,	Snowmass	report	2013

 
Galaxies Galaxy Clusters Linear regime LSS



bulk flows

✪ BBN+CMB

disk dynamics



– Overview of cosmology

– Beyond the standard model

– New tests of gravity  

– Results from the Dark Energy Survey



Gravitational	Lensing

Unlensed Lensed

Image	credit:
Jim	Bosch
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Mass	
and	
Light



Questions	about	Halos	and	Voids	

• What	is	the	edge	of	a	dark	matter	halo?

• How	round	and	smooth	are	halos?

• How	empty	are	voids?	Do	they	cluster?	

For	the	first	time	we	are	able	to	measure	both	the	light	
and	the	mass	– and	answer	these	questions.	

These	small	scale	measurements	enable	new	tests	of	
fundamental	physics.	



Mass profiles via shear cross-correlations



Halo	mass	profile

  

NFW + Satellites + 2-halo term fit

2-halo term by Elisabeth Krause

Total S/N = 22

Measurement	and	modeling	of	halo	mass	profiles:	1	and	2-halo	terms
Clampitt et	al	2016	(DES	collaboration)

Tangential	shear

Angle	in	arcminutes
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More et al 2016

The	edge	of	halos

Splashback:	radius	at	which	
accreted	matter	reaches	apocenter

Cluster galaxy profile



Dark	matter	self-interaction:	
Bullet	cluster

Coincidence	of	dark	matter	and	stars:	sigma/m	<	1	cm2/g



✖ ✖

A new test for extra forces due 
to modified gravity or dark 
matter self-interactions

BJ & VanderPlas 2011
Secco et al, in preparation

Disk	galaxies	and	dark	interactions



How	round	are	halos?
halo	ellipticity,	gravity	and	dark	matter

For	typical	galaxies,	the	halo	virial	radius	is	
~20x	larger than	the	visible	stars.	

- How	elliptical	are	the	density	contours?
- How	do	they	change	with	radius?	
- How	do	they	relate	to	the	light?	

- Some	attempts	to	modify	gravity produce	rounder	contours with	increasing	radius.	
- Other	theories	involve	self-interacting dark matter,	which	makes the halo rounder at 

small radii.



Galaxy	Cluster Halos

• We	used	a	new	estimator	to	measure	halo	ellipticity using	lensing.		
• The	best	fit	axis	ratio	for	these	redMaPPer	clusters	is	0.6.	Nearly	5-sigma detection.	
• Galaxy	halo	shapes	-- in	progress..		

2

Figure 1. Satellite density contours of all clusters, with random
orientations (top panel) and stacked to align the major axes (bot-
tom panel). An interesting plot might involve taking these two
panels, but plotting the satellite contours on top of a colormap
determined from the best-fit lensing model.

The results are shown in the left panel of Fig. 3 for a range
of realistic N

sat

values. To confirm that we can recover the
true, input ellipticity in the ideal case of small noise bias,
we perform a test with N

sat

= 10

4. This ideal case results in
excellent agreement between the input and output ellipticity
values.

Comparing the input and output values of ellipticity,
we see that noise bias always increases the observed cluster
ellipticity. The bias is less problematic for larger N

sat

values:
for fixed true ellipticity, doubling the number of satellites
decreases the fractional difference by about a factor of 2.

3.3 Edge bias correction

A second bias results from the requirement that redMaP-
Per galaxies fit within a circular aperture of size

R

�

= 1 Mpc/h

✓
�

100

◆
0.2

. (8)

This will cut off potential satellites along the major axis,
causing an underestimate of the true ellipticity. We can cor-
rect for this bias by applying the same cut when measuring
the simulated clusters to obtain the correction factor. The
result is shown in the right panel of Fig. 3. As expected,

edge bias always tends to decrease the measured ellipticity,
and the effect is larger for more elliptical clusters.

Caveats and other tests

• Will we get additional biases due to partially masked
clusters? All clusters in the Redmapper catalog have masked
fractions of 20% or less (Rykoff et al. 2014).

• Should we also simulate a constant background? Rozo
et al. (2015) finds only ⇠ 6% for the number of background
galaxies in the cluster member catalog, maybe a small effect
at our level of accuracy. Note also that if the background is
correlated with the cluster and has the same shape as the
cluster, then it won’t bias our ellipticity.

• There is some study of the effect of halo ellipticity in
Rozo et al. (2011). They conclude that ellipticity does not af-
fect the richness measurements very much. Rozo et al. (2011)
is similar to the other papers by Eli and Eduardo, but in-
stead of a varying R

�

cutoff they use a fixed R

c

= 1 Mpc/h

for simplicity.

3.4 Results

In Fig. 4 the black points show the result for the observed
ellipticity, without the corrections discussed in the preceding
sections. After tuning the simulations to account for biases,
the green points show the resulting corrected ellipticity. Re-
markably, it is well fit by a constant of 0.25 (axis ratio of
0.6) over an entire decade in richness, from 20 to 200. This
also corresponds to a factor of 10 in halo mass, from 2⇥10

14

to 2⇥ 10

15

M�/h.
We have assumed simple diagonal errors for the ob-

served ellipticity: they just come from the standard devia-
tion of the mean. The “corrected” ellipticity errors are propa-
gated via the mapping between observed and true ellipticity
in simulations. This is almost certainly an underestimate
(lower bound) of the true errors. Nonetheless, the fit is not
bad with a reduced �

2

= 26.3/23.
Scaling to the old ellipticity definition (used in Clampitt

& Jain (2015)), the mean ellipticity is ⇠ 0.47. For this same
sample, the lensing-estimated ellipticity was ⇠ 0.21. This
means a dilution due to misalignment of 50% is pretty close
to what is needed to get the numbers to line up. We can also
estimate the misalignment using these same simulations, to
get a more accurate dilution factor (see Fig. 7).

4 COMPARISON TO LENSING ELLIPTICITY

4.1 Method

We follow the methods developed in Clampitt & Jain (2015),
which built on the prior work of Adhikari et al. (2015) and
Mandelbaum et al. (2006).

This model for the surface density of elliptical halos uses
a multipole expansion:

⌃(R, ✓) / R

⌘0
[1 + (✏/2) cos 2✓ + O(✏

2

)] (9)
⌘ ⌃

0

(R) + ⌃

2

(R) cos 2✓ + ... (10)

and we assume the coeffecient of the quadrupole ✏/2 ⌧ 1,
justifying the neglect of higher orders in the expansion. Here
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Dark Energy Survey

•500	Mpix camera	for	Cerro	Tololo 4-meter	telescope	
•5-year,	5000-square-degree:	2+	years	completed



Galaxy	clustering	+	Lensing

Constraints	on	the	amplitude	of	mass	fluctuations

Kwan	et	al,	DES	Collaboration 2016;	Cacciato et	al	2012;	van	den	Bosch	et	al	2012;	

Mandelbaum	et	al	2012…

New	analyses	with	DES	are	underway….including	the	impact	of	massive	neutrinos	on	

the	matter	and	galaxy	distribution



Galaxies	x	CMB

37

DES	SV	galaxies,
0.2<z<1.2

SPT	gravitational
lensing	

Giannantonio et	al	2015;	Saro et	al	2015;	Kirk	et	al	2016;	Baxter	et	al	2016



Outlook	

• With	Galaxy	+	CMB	surveys	we	are	testing	many	aspects	of	the	GR-ΛCDM	model.	

• New	measurements	of	large-scale	correlations,	as	well	as	the	interior	of	galaxy	
halos	and	voids,	help	test	galaxy	formation	theories	and	dark	sector	interactions.	

• Surveys	that	will	be	completed	or	mature	in	the	next	5	years:	
– Imaging	surveys:	DES,	KiDS,	HSC…		
– Spectroscopic	surveys:	+PFS,	Hetdex,	DESI…
– CMB	experiments:	next	generation	SPT,	ACT,	Simons	Observatory…
– 21cm	surveys:	CHIME,	HERA…

• 2020’s:	LSST,	Euclid,	WFIRST,	SKA,	CMB-S4	…


