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•  Geometry:	  Distance-‐Redshi4	  rela6on	  D(z),	  Expansion	  rate	  H(z)	  

•  Growth:	  Fluctua6ons	  in	  CMB,	  mass,	  gas	  and	  galaxies	  

	   	  a=0.001	  

	  

•  Low-‐z/late	  6me	  universe	  has	  several	  probes	  of	  geometry	  and	  growth	  

-‐	  Combining	  CMB	  with	  late	  6me	  data	  provides	  huge	  lever	  arm	  in	  scale	  and	  6me:	  tests	  of	  
infla6on,	  dark	  energy,	  massive	  neutrinos,	  dark	  sector	  interac6ons	  

Cosmology	  probes:	  geometry	  and	  growth	  	  
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Cosmology probes: late times	


Probe	   Physical	  Observable	   Sensi>vity	  to	  Dark	  
Energy	  or	  Modified	  
Gravity	  

Weak	  Lensing	   Coherent	  distor6ons	  
in	  galaxy	  shapes	  

Geometry	  and	  growth	  
of	  structure	  (projected)	  

Large-‐Scale	  Structure	  
(BAO)	  

Power	  spectrum	  of	  
galaxy	  distribu6on	  

Geometry	  and	  Growth	  

Galaxy	  Clusters	   Abundance	  of	  
massive	  clusters	  

Geometry	  and	  Growth	  

Type	  Ia	  Supernovae	   Fluxes	  of	  standard	  
candles	  

Geometry:	  Distance-‐
redshi4	  rela6on	  

Strong	  lensing,	  Lyman-‐
alpha,	  21cm…	  

Time	  delays,	  power	  
spectra	  

Geometry	  and	  growth	  



Galaxies vs. CMB	


•  Amplitude at late times/small scales is lower than inferred from CMB 
  Maccrann,, Zuntz, Bridle, BJ, Becker 2014, arxiv:1408.4742  

Cosmic Discordance: Are Planck CMB and CFHTLenS weak lensing measurements out of tune? 9

Figure 8. Comparison of constraints in the �8, ⌦m plane in ⇤CDM from CFHTLenS (this work; green), Planck+WP (yellow, Planck
Collaboration et al. (2013d)), Planck SZ cluster counts (orange, Planck Collaboration et al. (2013c)), X-ray clusters (red, Vikhlinin et al.
(2009)) and CMASS f�8 (blue, Beutler et al. (2014b)). In the left panel, the contours are obtained assuming ⇤CDM, while in the right
panel, the CFHTLenS and Planck+WP constraints allow a varying active neutrino mass. Of note is the improved consistency of the
Planck+WP contours with the CMASS f�8 and the Planck SZ contours when the neutrino mass is allowed to vary, driving the neutrino
mass detections of Battye & Moss (2014) and Beutler et al. (2014a).

5 DISCUSSION

In this Section we compare our results with those from other
analyses, and speculate on alternative potential explanations
for the discrepancy. We will refer to Fig. 8, which shows a
selection of other low-z probes of the growth of structure.

5.1 Comparison with other work

Several other authors have considered how to reconcile cos-
mology from the CMB and the amplitude of matter fluctua-
tions measured by low-redshift probes. The most relevant to
our work are by Planck Collaboration et al. (2013d), Battye
& Moss (2014), Beutler et al. (2014a), Dvorkin et al. (2014),
Leistedt et al. (2014), and Archidiacono et al. (2014). We
discuss next the di↵erences to our analysis.

The Planck Collaboration et al. (2013d) noted an ap-
proximately 2� discrepancy between their Planck CMB
analysis and the CFHTLenS analysis of Heymans et al.
(2013) and noted that further work will be required to re-
solve the di↵erence. They allow freedom in the e↵ect of lens-
ing on the primary anisotropies and find that a larger lens-
ing amplitude is preferred when the Planck data is combined
with smaller scale CMB measurements. Taken at face-value
this suggests an increased �8 from low redshift data, unlike
all the other low redshift data considered in the other papers
we discuss below.

The tension between Planck Sunyaev–Zel’dovich (SZ)

cluster counts and the primary anisotropies was discussed by
the Planck Collaboration et al. (2013c). They discuss pos-
sible systematics in the SZ analysis and conclude that each
is improbable, but that understanding the mass bias scaling
relation is the key to further investigation. They find a 1.9�
preference for a non-zero active neutrino mass by combining
Planck+WP with the Planck SZ constraints marginalising
over their preferred range in the mass bias.

Planck Collaboration et al. (2013e) used lensing of the
CMB to measure the power spectrum of the gravitational
potential at slightly higher redshift than that probed by
CFHTLenS. This was combined with the constraints from
the primary anisotropies and found to reduce the mea-
sured amplitude of fluctuations (Planck Collaboration et al.
2013d). One of the many extensions to ⇤CDM investigated
by the Planck team (Planck Collaboration et al. 2013d) was
the mass of the active neutrino. When using the CMB lens-
ing information, they found that this increased the upper
limit on the neutrino mass relative to that from CMB pri-
mary anisotropies alone (the 95% upper limit increased from
0.66eV to 0.85eV), indicating some tension.

Battye & Moss (2014) found a preference for a non-
zero active neutrino mass when combining CMB lensing,
CFHTLenS and Planck SZ cluster counts (Planck Collab-
oration et al. 2013b) with the CMB. They use the corre-
lation functions measured by Kilbinger et al. (2013), who
performed a 2d cosmic shear analysis i.e. they did not use
multiple redshift bins. They found similar but stronger pref-
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Wyman et al. 
Wayne Hu  
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Extrapolation from CMB disagrees with low-z measurements 

(Mild)	  tension	  in	  cosmology	  data	  
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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  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! 

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



•  Let’s go beyond Λ or smooth dark energy.  

•  Consider a scalar                    coupled to the energy density ρ.  
 
•  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

(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, e.g. f(R)) 
(c)  Kinetic term Z is large (Vainshtein, e.g. DGP and galileon) 

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 (equivalent to the range of the scalar force λ) 

δ 



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

	

•  Unscreened	  environments	  in	  the	  universe	  will	  show	  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	  effec6ve	  G	  &	  veloci6es,	  typically	  by	  O(10%)	  
•  	  Photons	  respond	  to	  the	  sum	  (Ψ+Φ)	  which	  is	  typically	  unaltered	  	  

–  Dynamical	  masses	  are	  larger	  than	  Lensing	  (true)	  masses	  	  	  

–  Tests	  from	  ~kpc	  to	  ~100	  Mpc	  scales	  can	  carried	  out	  with	  next	  
genera6on	  surveys!	  

€ 

∇
€ 

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 

 

•  Black holes, stars, gas clouds and dark matter-> Different levels of 
compactness -> respond differently to the fifth/scalar force   

-  Stars rotate slower and separate from gas due to external forces 
-  Galaxies and clusters show signatures in morphology and dynamics 
-  Black holes and stars may separate in some scenarios 

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

Signatures of modified gravity II	

Stars,	  gas	  ,	  black	  holes	  and	  dark	  maAer	




Signatures of modified gravity	

Two	  examples	


Cepheids pulsate faster 

Giant stars and disk galaxies: use control samples 
to distinguish astrophysical effects  

Stellar disks warp  
HI gas does not 



Current limits on gravity theories	


•  Nearly all these limits on chameleon/f(R) gravity theories have been 
obtained in the last 5 years. 

•  A broad class of gravity theories is essentially ``ruled out’’   
	
BJ, Vikram, Sakstein 2012; Lombriser et al 2012; BJ et al 2013 (Snowmass)	




Beyond smooth dark energy: 
experimental prospects	


How do we plan for and integrate information from different regimes?
These and other questions are being figured out, while theories are evolving!

Gravity	  Test	   Length	  scale	   Telescope/Experiment	  

Consistency	  of	  growth	  
and	  expansion	  

100	  Mpc	  –	  1	  Gpc	   Dark	  energy	  (DE)	  surveys:	  	  
Ongoing	  +	  Stage	  IV	  surveys	  

Lensing	  vs.	  Dynamics	   1	  kpc	  –	  100	  Mpc	   Imaging	  +	  Spectroscopy	  on	  common	  
sample	  of	  galaxies/clusters:	  	  
DE	  Surveys	  supplemented	  by	  4-‐8m	  
telescope	  observa6ons	  

Astrophysical	  Tests	   0.01	  AU	  –	  100	  kpc	   Low-‐z*	  spectroscopy	  +	  imaging:	  	  
DE	  Surveys	  +	  supplementary	  data	  
from	  diverse	  telescopes	  

Lab	  and	  Solar	  System	  
Tests	  

1mm	  –	  10	  AU	   A	  variety	  of	  experiments:	  
	  EotWash,	  CHASE,	  Lunar	  Laser	  Ranging	  



How	  to	  think	  about	  surveys	  

We need a set of mini-surveys for astrophysical tests of gravity 



Beyond Dark Energy	


•  Cosmic	  accelera6on	  and	  fundamental	  physics	  mo6va6ons	  	  	  	  	  	  mul6-‐
scale	  tests	  of	  gravity	  and	  dark	  sector	  couplings.	  	  

•  By	  bridging	  local	  and	  astrophysical	  tests	  of	  gravity	  with	  
cosmological	  observa6ons	  we	  will	  probe	  many	  failure	  modes	  of	  the	  
standard	  model	  of	  cosmology.	  	  

•  The	  new	  experimental	  program	  makes	  life	  interes6ng!	  	  	  

–  Mul6-‐scale,	  mul6-‐wavelength	  imaging	  +	  spectroscopy,	  and	  innova6ve	  analysis	  

–  Several	  combina6ons	  of	  LSST	  and	  WFIRST	  with	  other	  datasets	  are	  of	  interest!	  

Snowmass	  report	  presents	  these	  ideas:	  BJ	  et	  al,	  arXiv:1309.5389	  
Review	  ar7cle:	  Joyce,	  BJ,	  Khoury,	  Trodden,	  arxiv:1407.0059	  

•  	  	  



Spare slides 



Energy	  budget	  over	  cosmic	  6me	  

WMAP web site 



Discovery Space	


•  Cosmic	  accelera6on	  and	  fundamental	  physics	  mo6va6ons	  	  	  	  	  	  mul6-‐
scale	  tests	  of	  dark	  energy,	  gravity	  and	  dark	  sector	  couplings.	  	  

•  The	  ``discovery	  space’’	  spans:	  	  

–  Early	  universe	  

–  Evolu6on	  of	  the	  universe	  at	  late	  6mes	  

–  Dark	  sector	  interac6ons	  



Psaltis 



Astrophysical	  and	  cosmological	  
probes	  of	  gravity	  

Dynamical probes (blue) measure Newtonian potential ψ	

Lensing and ISW (red) measures φ + ψ 	
	


	
	

	
 	
 	
BJ & Khoury 2010	
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Void lensing detection from the SDSS 

Galaxy-galaxy lensing cosmology 17

Figure 6. Top: Observed lensing signal !"gm(R) for all three
lens samples. The vertical line indicates the minimum scale used
for cosmological constraints. The axes on the top and right indi-
cate the angular scale ! and the tangential shear 100"t for the
LRG sample. Bottom: R#gm(R;R0 = 2) for all three samples as
labeled on the plot.

over the range of scales (2 < R < 70h!1Mpc) shown on the
plot.

A detailed discussion of tests for systematic errors in
the lensing signal is in Appendix B.

5.2 Covariance matrices

Here, we present the error estimates for the !gm results
shown above. As stated in Sec. 4.1, the noisiness of the jack-
knife covariance matrices requires some correction in order
to get cosmological parameter estimates. Rather than mod-
ifying the procedure for using them to get confidence inter-
vals, as in Hirata et al. (2004) or Hartlap et al. (2007), we
instead model the matrices to make noiseless versions.

The process begins by modeling the diagonal terms of
the covariance matrix as a function of R. We refer to the co-
variance matrix for !gm as C(!)

gm with elements correspond-

ing to radial bins i and j of C(!)
gm (Ri, Rj). Our smooth model

is

C(!)
gm (Ri, Ri) = AR!2[1 + (R/Rt)

2], (38)

with an amplitude A and a turnover radius Rt. This two-
parameter model is motivated as follows: on all scales, we
expect sampling variance to be minimal because of the large
area and the compensated nature of !, so shape noise should
be the dominant source of error. The shape noise variance
scales like R!2 for logarithmically spaced annular bins, and
we fit for the amplitude A of this term. However, as shown
in Jeong et al. (2009), above some radius the shape noise
fails to decrease as rapidly with R, in the regime where R
is significantly larger than the typical separation between
lenses. In that case, the lens-source pairs in the annular bin

include many of the same sources around nearby lenses, so
the shape noise does not decrease by adding more lenses.
The term in brackets in Eq. (38) represents this flattening
of the errors with scale. (There will also be a corresponding
increase in bin-to-bin correlations on those scales, as will
shortly be apparent.)

Our approach is to model the diagonal elements of the
covariance matrix by directly fitting for (A,Rt) for each
lens sample using !2 minimisation, doing an unweighted
fit for logC(!)

gm (Ri, Ri) as a function of logR. The scale on
which the term in brackets in Eq. (38) becomes important is
Rt = (8, 31, 41)h!1Mpc for the three samples. This trend of
Rt is unsurprising given the trends in lens number density
for the three samples. In the top panel of Fig. 7, we show a
comparison between the jackknife covariance diagonal terms
and those from the model, for the LRG sample. As shown,
the RMS level of fluctuations of the jackknife variances com-
pared to those in the model is 12 per cent.

Next, we model the o"-diagonal terms, which are also
somewhat noisy. O"-diagonal terms can arise due to (a)
cosmic variance (not very significant for this sample), (b)
correlated shape noise due to the large R compared to the
separation between lenses, and (c) the fact that !(R) at
some radius depends on the #$(R0), which tends to anti-
correlate bins at R ! R0 with each other. Since there are sev-
eral sources of correlations, they are not as simple to model
analytically. Thus, we take a non-parametric approach, by
generating the correlation matrix, i.e. Ccorr, defined by

Ccorr,i,j =
C

(!)
gm (Ri, Rj)

!

C
(!)
gm (Ri, Ri)C

(!)
gm (Rj , Rj)

(39)

We then apply a boxcar smoothing algorithm with a length
of 3 bins in radius to this matrix, to reduce the noise. The
middle and bottom panels of Fig. 7 show the unsmoothed
and smoothed correlation matrix for the LRG sample. As
shown, the smoothing has not resulted in any significant
modification of the apparent real trends, but has eliminated
the majority of the noise.

6 RESULTS OF CLUSTERING

MEASUREMENTS

In this section we present the galaxy clustering measure-
ments (Sec. 6.1), the error estimates (Sec. 6.2), and cross-
covariance with the lensing results (Sec. 6.3). Tests for sys-
tematic errors in the clustering measurements are in Ap-
pendix C.

6.1 Observations

The clustering signals for all three samples are shown in
Fig. 8. This figure shows the observable quantity, wgg,
and also the quantity used for cosmological constraints,
!gg(R0 = 4h!1Mpc) (plotted as R! for easier viewing on
a linear scale). Clearly the S/N of the observable is quite
high, significantly more so than for the lensing observable.
! gives a total average S/N of 19, 33, and 32 (Main, LRG,
LRG-highz) when averaged over scales R > 4h!1Mpc using
Eq. (37).

c! 0000 RAS, MNRAS 000, 000–000

10 Mpc/h 

•  16-sigma detection of void lensing: Clampitt & BJ, arxiv: 1404.1834 
•  For the first time can measure the mass content of cosmic voids 

Mandelbaum et al 2012 


