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Outline	  

•  Cosmological	  observa/ons:	  CMB	  to	  galaxy	  surveys	  	  

•  Beyond	  dark	  energy	  

•  Tests	  of	  gravity	  from	  mm	  to	  Gpc	  scales	  

•  Discovery	  space	  for	  the	  future	  
	  



•  Geometry:	  Distance-‐RedshiB	  rela/on	  D(z),	  Expansion	  rate	  H(z)	  

•  Growth:	  Fluctua/ons	  in	  temperature,	  mass,	  gas	  and	  galaxies	  

	   	  a=0.001	  

	  

•  Features	  in	  the	  fluctua/on	  power	  spectrum	  

–  Tilt	  (infla/on),	  loca/ons	  of	  peaks	  (geometry),	  damping	  tail	  (neutrinos)	  

•  Low-‐z/late	  /me	  universe	  has	  several	  probes	  of	  geometry	  and	  growth	  

-‐	  Combining	  CMB	  with	  late	  /me	  data	  provides	  huge	  lever	  arm	  in	  scale	  and	  /me:	  tests	  of	  
infla/on,	  dark	  energy,	  massive	  neutrinos,	  dark	  sector	  interac/ons	  

Cosmology	  probes:	  geometry	  and	  growth	  	  
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Cosmology	  probes:	  late	  /mes	  

Probe	   Physical	  Observable	   Sensi8vity	  to	  Dark	  
Energy	  or	  Modified	  
Gravity	  

Weak	  Lensing	   Coherent	  distor/ons	  
in	  galaxy	  shapes	  

Geometry	  and	  growth	  
of	  structure	  
(projected)	  

Large-‐Scale	  Structure	  
(BAO)	  

Power	  spectrum	  of	  
galaxy	  distribu/on	  

Geometry	  and	  Growth	  

Galaxy	  Clusters	   Abundance	  of	  massive	  
clusters	  

Geometry	  and	  Growth	  

Type	  Ia	  Supernovae	   Fluxes	  of	  standard	  
candles	  

Geometry:	  Distance-‐
redshiB	  rela/on	  

Strong	  lensing,	  Lyman-‐
alpha,	  21cm,	  and	  
others	  

Time	  delays,	  power	  
spectra	  

Geometry	  and	  growth	  
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DLS	  
DSb	  

4GM	  

sheared	  image	  

shear	  

Gravity	  &	  Cosmology	  change	  the	  
growth	  rate	  of	  mass	  structure	  

Cosmology	  changes	  geometric	  
distance	  factors	  

Gravita/onal
Lensing	  
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Large-Scale
Structure
Lenses the CMB

• RMS deflection of ~2.5ʼ
• Lensing efficiency peaks at z ~ 2 
• Coherent on ~degree 
   (~300 Mpc) scales

CMB lensing

graphic from ESA WebsiteCarlstrom 



Current	  results:	  geometry	  2 Galaxy Redshift Surveys: Baryon Acoustic Oscillations and Alcock-Paczynski E↵ect 3

Figure 1. Top panel is a compilation of the current and the near future projects. Planck ⇤CDM Cosmology
(h = 0.673, ⌦m = 0.315, ⌦⇤ = 0.685) is used for the fitted lines and near future data are simulated based
on their error forecasts. Bottom three panels are fractional measurement errors of ’today’, in the next 5
years and in the next decade as a function of redshift. The shaded regions show the limit of constraints in
precision and redshift at each stage. Left: Hubble Diagram in comoving distance SN Ia cosmology
measures the luminosity distance (DL) while BAO measures angular diameter distance (DA) and expansion
rate (H(z)). For this compilation, we use comoving distance D(z) which is related to DL by 1 + z division
and DA by 1+ z multiplication. Today, 580 SNe Ia leads to 1� 5% precision in redshift z<1.5, and we note
the Ly↵ Forest BAO measurement finds the existence of dark energy at z=2.4 for the first time. In the next
5 years, eBOSS will conduct BAO measurement in various redshifts using di↵erent targets: luminous red
galaxies (LRGs), emission-line galaxies (ELGs), QSO and the Ly↵ Forest, while Prime Focus Spectrograph
(PFS) on the Subaru telescope aims to observe ELGs and Hobby-Eberly Telescope Dark Energy Experiment
(HETDEX) uses LRGs. With satellite missions in the next decade, sub-percent precision is expected in all
redshift ranges. Right: Expansion Rate History H(z)/(1+z) represents ȧ which is the expansion rate of
the scale factor, a. This is equivalent of taking a derivative of the distance measurement. In ⇤CDM model,
the expansion of the universe is decelerating in the matter-dominated era, but it turns to accelerate around
z = 0.7 when the fraction of dark energy in critical density becomes dominant. The current measurements
trace the acceleration history of the universe and the Ly↵ Forest BAO probes the expansion rate in the
epoch of deceleration. Future experiments are expected to trace the entire expansion history of the universe
from deceleration to acceleration.

2.2 Context

The acoustic peaks were predicted over 40 years ago but only first detected in the CMB in 1999-2000. First
detections in lower redshift galaxy data took another 5 years [20, 21]. The large scale of the acoustic peak

Community Planning Study: Snowmass 2013
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•  Distance-redshift relation from SN and BAO 
•  Consistent with Lambda-CDM 



CFHTLenS: Tomographic weak lensing 11

tion ij and each statistic (+/�). We then define a free parameter
↵ij
± which allows the overall amplitude of the model to vary, but

keeps the angular dependence fixed. The best-fitting amplitude ↵ij
±

is then found from a �2 minimization of ↵ij
±⇠ij

fid

(✓) to the shear
correlation functions measured at 5 angular scales in each ij bin
and each statistic. A best-fitting value of ↵ij

± = 1 implies the data
in bin ij are well-fit by a WMAP7 GG-only cosmology. Following
Schrabback et al. (2010), each bin is then assigned a single value
of ↵ij

ˆ⇠ij
fid

(✓ = 1

0
) which can be interpreted as the amplitude of

the two-point shear correlation function measured in bin ij at an
angular scale of ✓ = 1 arcmin.

To compress the information in the redshift bin combination,
we calculate the lensing efficiency function qi(w) (equation 7) for
each redshift bin i, and then determine the peak redshift z

peak

of
the combined lensing sensitivity qi(w)qj(w) for each redshift bin
ij combination. This peak redshift locates the epoch that is the
most efficient at lensing the two galaxy samples in the redshift
bin combination ij, but we note that these distributions are very
broad, particularly for the redshift bins with a significant fraction
of catastrophic outliers in the photometric redshift distribution (see
Figure 1).

Figure 3 shows the resulting compressed 21 data points for
each statistic, ⇠

+

(circles) and ⇠� (crosses), plotting ↵ij
ˆ⇠ij
fid

(✓ =

1

0
) against z

peak

. This can be compared to the fiducial cosmology
prediction (shown dotted, by setting ↵ = 1). Note that the rela-
tively high fraction of catastrophic redshift outliers in the lowest
redshift bin impacts on the expected signal measured from redshift
bin combinations that include this bin. The expected increase in
signal, as z

peak

increases, is therefore not smooth. This can be seen
in the theoretical curve in Figure 3 which displays a slight kink at
z
peak

= 0.22. To recover ↵ij from this figure, one simply divides
the value of each data point by the value of the fiducial model,
shown dotted, at that z

peak

. Consistent values for ↵ij are measured
from both the ⇠

+

and ⇠� statistic. We find a signal that rises as
the peak redshift of the lensing efficiency function increases; the
more large scale structure the light from our background galaxies
propagates through, the stronger the lensing effect. In general, the
data are well-fit by the WMAP7 GG-only fiducial model, but we
do see an indication of an excess signal at low redshifts where,
for a fixed angular scale, the smaller physical scales probed are
more likely to be contaminated by the intrinsic galaxy alignment
signal. This is however also the regime where the analysis is most
affected by catastrophic outliers in our photometric redshift distri-
bution. Based on the cross-correlation analysis of Benjamin et al.
(2013) we expect these errors to be accounted for by our use of
photometric redshift distributions P (z). In Heymans et al. (2012),
we also show that the catalogues used in this analysis present no
significant redshift-dependent systematic bias when tested with a
cosmology-insensitive galaxy-galaxy lensing analysis. This gives
us confidence in the robustness of our results at all redshifts. We
note that in order to make this visualization of the data, the differ-
ent redshift bin combinations and the ⇠

+

and ⇠� statistics are con-
sidered to be uncorrelated. The plotted 1� errors on ↵ are therefore
underestimated but we re-iterate at this point that this data com-
pression is purely for visualization purposes and it is not used in
any of the cosmological parameter constraints that follow.

Figure 3. Compressed CFHTLenS tomographic data where each point rep-
resents a different tomographic bin combination ij as indicated by z

peak

,
the peak redshift of the lensing efficiency for that bin combination. The
best-fitting amplitude ↵ij of the data relative to a fixed fiducial GG-only
cosmology model is shown, multiplied by the fiducial model at ✓ = 1
arcmin for ⇠

+

(circles) and ⇠� (crosses, offset along the z
peak

axis for
clarity). The error bars show the 1� constraints on the fit. The data can be
compared to the fiducial GG-only model, shown dotted. Note that the colour
of the points follow the same colour-scheme as Figure 1, and indicates the
lower redshift bin that is used for each point.

4.2 Comparison of parameter constraints from weak lensing
in a flat ⇤CDM cosmology

The measurement of cosmological weak lensing alone is most sen-
sitive to the overall amplitude of the matter power spectrum. This
depends on a degenerate combination of the clustering amplitude
�
8

and the matter density parameter ⌦
m

, and it is therefore in this
parameter space that we choose to compare the constraints we find
from weak lensing alone using different analysis techniques. We
limit this comparison to flat ⇤CDM cosmologies. Figure 4 com-
pares three cases. In blue we show the 68 per cent Bayesian confi-
dence limits from a 2D weak lensing analysis of CFHTLenS, lim-
ited to the same angular scales as our tomography analysis with
✓ < 35 arcmin. This can be compared to the 68 per cent con-
straints from our 6-bin ⇠± tomographic lensing measurement when
intrinsic alignments are assumed to be zero (pale blue) and when
the amplitude of the intrinsic alignment model is allowed to be a
free parameter and is marginalised over (pink). All three measure-
ments are consistent and can be compared to the best-fit WMAP7
results shown as a black cross for reference.

Table 2 lists the parameter constraints, for the three cases
shown in Figure 4, on the combination �

8

(⌦

m

/0.27)↵. The param-
eter ↵ is derived from a fit to the likelihood surface to determine the
direction that is orthogonal to the �

8

� ⌦

m

degeneracy direction.
These results can be compared to the 2D CFHTLenS constraints
from Kilbinger et al. (2013), where large angular scales were in-
cluded in the analysis, and a 2-bin tomography analysis from Ben-
jamin et al. (2013), limited to the same angular scales considered in
this analysis. We find excellent agreement between the cosmolog-
ical results from the different analyses, indicating that ignoring in-
trinsic alignment contamination in Kilbinger et al. (2013) and Ben-

c� 0000 RAS, MNRAS 000, 000–000

Current	  results:	  growth	  of	  structure	  

•  Growth of structure: BOSS, CFHLS, Planck and SPT data (also galaxy clusters) 
•  CMB+late universe: consistent with inflationary fluctuations 
•  But…amplitude at late times lower than inferred from CMB 

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
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Neutrinos?

Σmν
Sum of the neutrino masses
impacts growth of large scale structure,
i.e., the matter power spectrum
Probed by CMB lensing
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Neutrinos	  



•  Neutrinos	  as	  a	  known	  hot	  
component	  of	  dark	  ma]er	  

•  Changes	  ma]er-‐radia/on	  
equality:	  impact	  on	  CMB	  

•  Suppress	  growth	  of	  
structure	  in	  a	  scale	  
dependent	  way	  

•  Note:	  	  Data	  also	  sensi/ve	  to	  
other	  features	  in	  primordial	  
power	  spectrum.	  	  

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.

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

Mul/-‐component	  dark	  
ma]er	  and	  neutrinos	  
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observations over a range of scales can measure the sum of neutrino masses (here assumed all to be in a
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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.

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

1
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' 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.
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Mul/-‐component	  dark	  
ma]er	  and	  neutrinos	   Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇥ 4nHe/nb for helium-4 and yBBN
DP ⇥ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).

45

Constraining model extensions: 
joint Neff and Σmν constraints

Planck XVI 2013

Neff is the effective number of relativistic species.  
For standard 3 neutrinos Neff =3.046.
It measures the extra energy relative to the photons.

Neff$=$3.30±0.27

Σmν$<$0.23eV$
$$at$95%$C.L.
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Extrapolation from CMB to Present disagrees with low-z measurements 

(Mild)	  tension	  in	  cosmology	  data	  



•  BICEP2	  

•  CMB	  vs	  low-‐z	  measurements	  of	  H0	  	  

•  Amplitude	  of	  fluctua/ons	  

	  

(Mild)	  tension	  in	  cosmology	  data	  

2-3 theory papers per day since BICEP2 -> we need more data! 

	  Resolu/on?	  	  
•  Tilt+running	  of	  primordial	  spectral	  index,	  	  
•  evolving	  dark	  energy,	  	  
•  sterile	  neutrinos,	  
•  ??	  	  



Dark	  Energy	  Survey:	  150	  sq	  deg	  mass	  map	  	  	  

l  Convergence	  map	  
from	  DES:	  largest	  
mass	  map	  to	  date	  

l  	  Overlaid	  with	  with	  
galaxy	  clusters	  

l  Preliminary!	  

Vikram, Chang, BJ, Bacon and the DES collaboration, in prep.  



Beyond dark energy 
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•  Is dark energy constant in redshift?   

•  Is dark energy spatially clustered or anisotropic? 

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

•  Is it dark energy or modified gravity?  
 
  

Beyond	  Lambda	  



New degrees of freedom in the universe���
	  	


•  Theorem:	  Cosmological	  constant	  is	  the	  `unique’	  large	  distance	  
modifica/on	  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	  gravita/onal	  poten/al	   	  
	  	  	  	  	  observable	  effects	  on	  all	  scales,	  mm	  to	  Gpc!	  

•  Dark	  energy	  and	  dark	  ma]er	  can	  also	  directly	  couple	  to	  standard	  model	  
par/cles,	  leading	  to	  other	  5th	  force-‐like	  effects.	  	  



•  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 mechanism      we 
can pursue observable effects even before theorists agree on a theory!  

•  The parameters that observations constrain:  
- coupling β & mass m (the range of the scalar force λ) 

δ 



Signatures of modified gravity���
how	  cosmological	  effects	  show	  up	  in	  galaxies	  

	

•  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 	   	  
	   	  	  
–  	  accelera7on	  =	  -‐	  	  	  	  	  Ψ	  	  =	  	  	  -‐	  	  	  	  (ΨS	  +	  ΨN) 	  	  

–  This	  enhances	  effec/ve	  G	  &	  veloci/es	  by	  ~10%	  
•  	  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

€ 

∇



•  Enhanced forces can alter the luminosities, colors and ages of stars in 
unscreened galaxies.  

-  Pulsating giant stars may feel higher Geff: faster pulsations are detectable 
 Chang & Hui 2010; Davis et al 2011; BJ, Vikram, Cabre 2012 

 

•  Dark matter and gas clouds are diffuse -> should feel the fifth/scalar force if 
their host galaxy is unscreened.  

-  Stars rotate slower and separate from gas due to external forces 
-  Black holes and stars may also separate in some scenarios 

 Hui, Nicolis & Stubbs 2009; BJ & VanderPlas 2011; Hui &Nicolis 2012 

Modified Gravity���
Stars,	  gas	  and	  dark	  ma@er	




Astrophysical	  and	  cosmological	  
probes	  of	  gravity	  

Dynamical probes (blue) measure Newtonian potential ψ	

Lensing and ISW (red) measures φ + ψ 	
Jain & Khoury 2010	
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Cosmological tests with nearby galaxies 



•  Cepheids are 3-10 M¤ giant stars that pulsate over days to weeks. The period 
P and luminosity L are tightly related -> distance indicator 

- Newtonian potential in oscillating envelope of star ~ 10-7 

-   
- Scalar force enhances G -> lowers P -> underestimate distance.   
 

•  The peak luminosity at the TRGB (tip of the red giant branch) is nearly 
universal for 1-2 M¤ stars -> distance indicator 

-  Distance estimate is insensitive to gravity theory, and has the opposite 
change from cepheid distance 

 

•  Water masers around SMBHs provide a geometric method: independent of G! 

Pulsating stars and nearby distances	


P ~1/ Gρ



✖	  

Disk Galaxy Tests 

✖	  

• Enhanced forces between dwarf 
galaxies can displace stellar disk 
from halo center  
•  The gas disk tracks the dark matter 
halo -> observable offsets 

 BJ & VanderPlas 2011 



Current limits on gravity theories	


•  Nearly all these limits have been obtained in the last 5 years. 
•  A broad class of gravity theories ``ruled out’’   



Einstein	  ring	  test	  of	  gravity	  

ψ/φ = 1.01+/-0.05 from Einstein Rings + velocity dispersion 

Bolton et al 2006; Schwab, Bolton, Rappaport 2010 

A suite of tests on large scales will be carried out with upcoming surveys 



Discovery Space	


•  Cosmic	  accelera/on	  and	  fundamental	  physics	  mo/va/ons	  	  	  	  	  	  mul/-‐
scale	  tests	  of	  dark	  energy,	  gravity	  and	  dark	  sector	  couplings.	  	  

•  The	  ``discovery	  space’’	  spans:	  	  

–  Early	  universe	  

–  Evolu/on	  of	  the	  universe	  at	  late	  /mes	  

–  Dark	  sector	  interac/ons	  


