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Definitions

In linear theory (large scales), 
δ grows at the same rate for each k-mode

amount of fluctuation over a sphere of radius
R usually calculated as

�2
R(a) =

Z 1

0

k3Plinear(k, a)

2⇡2
W 2(kR) d ln k

�(a) = D(a)�(a = 1)

� ⌘ �⇢/⇢ density fluctuation in matter
D(a) is linear growth factor
a is scale factor (a=0 Big Bang, a=1 today)

For historical reasons, 
σ8 (so R=8 h-1 Mpc) is popular to gauge “how much structure”

todaypast



Dark Energy suppresses 
the growth of density fluctuations
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Dark Energy suppresses 
the growth of density fluctuations

The Virgo Consortium (1996)

with DE

without 
DE

Today1/4 size of today 1/2 size of today
(a=1/4 or z=3) (a=1/2 or z=1) (a=1 or z=0)



What if gravity deviates from GR?

H2
− F (H) =

8πG

3
ρ, or H2 =

8πG

3

(

ρ +
3F (H)

8πG

)

For example, in the Friedmann equation:

Modified gravity Dark energy

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



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

•So check if this is true by measuring separately

δ̈ + 2H δ̇ − 4πρMδ = 0

Geometry
(as known as kinematic probes)

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

Growth
(a.k.a. dynamical probes)

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

Can we distinguish between DE and MG?

Probed by SN Ia, BAO, CMB,
weak lensing, cluster abundance

Probed by galaxy clustering, 
weak lensing, cluster abundance



Growth distinguishes MG from “new-stuff” DE
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Principal probes of
the growth of structure

•Redshift-space distortions (RSD)

•Counts of clusters of galaxies

•Weak gravitational lensing (WL)

vs. Powerful probes of cosmology
but geometry aspect only:

•type Ia supernovae
•Baryon Acoustic Oscillations (BAO)
•Cosmic Microwave Background (CMB)

including CMB lensing



Redshift-Space Distortions (RSD)
- anisotropic clustering of galaxies due to grav infall
- sensitive to f(a)σ8(a) ∝ dD/dlna
- readily measured (2dF, BOSS, Wiggles; future: eBOSS, PFS, DESI)
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Current constraints from various
spectroscopic surveys6 Tojeiro et al.

Figure 2. Evolution of fσ8 as a function of redshift for the
passive model and free growth. The black data points are from:
Blake et al. (2011d), Percival et al. (2004), Tegmark et al. (2006)
and Guzzo et al. (2008); as collected by Song & Percival (2009).
We also show measurements from Samushia et al. (2012) and
from Reid et al. (2012). For completeness we also show the mea-
surements of Davis et al. (2011) and Turnbull et al. (2012) from
peculiar velocities at z = 0.02, as compiled by Hudson & Turnbull
(2012). The smooth solid line shows the prediction of ΛCDM and
GR, using a WMAP7 cosmology with σ8(z = 0) = 0.81.

bz0 σ8(0) σ8(0.3) σ8(0.6)

bz0 0.02335 - - -
σ8(0) -0.006917 0.002666 - -
σ8(0.3) -0.007086 0.002338 0.002459 -
σ8(0.6) -0.007000 0.002293 0.002482 0.002570

Table 2. Covariance matrix for the fitted parameters recovered
from the MCMC chain described in Section 5.

State/Notre Dame/JINA Participation Group, Johns Hop-
kins University, Lawrence Berkeley National Laboratory,
Max Planck Institute for Astrophysics, Max Planck Insti-
tute for Extraterrestrial Physics, New Mexico State Univer-
sity, New York University, Ohio State University, Pennsyl-
vania State University, University of Portsmouth, Princeton
University, the Spanish Participation Group, University of
Tokyo, University of Utah, Vanderbilt University, University
of Virginia, University of Washington, and Yale University.
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Counting galaxy clusters

d2N

dΩ dz
= n(z)

r(z)2

H(z)
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Counting galaxy clusters helps 
us understand dark energy
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Future prospects
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Weak Gravitational Lensing
Galaxy shapes appear sheared due to all matter along line-of-sight

Measure correlations of those shears - not random



Weak Lensing and Dark Energy

Shear-shear correlation function:
integral along the line of sight
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Weak lensing shear correlation function
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LCDM

Stage III

Stage IVc

Stage IVb

Stage IVa

David Kirkby



Stage IVc

Stage IVb

Stage IVa

Is there a compelling new theory 
that has not been excluded?
  YES: proceed to stage V
  NO: done for now?

David Kirkby



Stage IVc

Stage IVb

Stage IVa

Is there a compelling new theory 
that has not been excluded?
  YES: proceed to stage V
  NO: done for now?

We need a new theory. Find it, 
then proceed to stage V for 
validation and refinement.

David Kirkby



Stage IVc

Stage IVb

Stage IVa

Is there a compelling new theory 
that has not been excluded?
  YES: proceed to stage V
  NO: done for now?

We need a new theory. Find it, 
then proceed to stage V for 
validation and refinement.

Do we really understand our 
systematics? Limited scope stage 
IV.5 to clarify picture.

David Kirkby



Growth distinguishes MG from “new stuff” DE

0 0.5 1 1.5
Redshift z

0.4

0.5

0.6

0.7

0.8

0.9

1

G
ro

w
th

 ra
te

 =
 d

ln
D

 / 
dl

na

DGP
f(R)k=0.02 ΛCDM

f(R)k=0.1

Error bars
forecasted for DESI


