
1 1 

 Eric Linder 
UC Berkeley/KASI 

 

CosKASI Workshop on Cosmology 
24 April 2019 

Correlating  
Cosmic Growth and Gravity  

11

Figure 6. The cross power spectra between the CMB lensing convergence from Polarbear and the cosmic shear from HSC.
The CMB lensing map is obtained from the optimal combination of the EE and EB estimators (MV). We show the cross
spectrum between the HSC shear B-mode and the CMB lensing convergence, consistent with zero as expected. The black solid
line shows the theoretical prediction, assuming the Planck 2018 best-fit cosmological parameters for the flat ⇤CDM model.

Figure 7. Correlation coe�cients of the cross power spec-
trum between CMB lensing and cosmic shear, estimated from
100 realizations of simulations.

ing to the detection of a non-zero cross-correlation at
3.5� significance. Here, the quoted error is the stan-
dard deviation of Alens obtained from the MC simula-
tions. The high detection significance is in part because
of the central value fluctuated high; for a fiducial value of
Alens = 1, the expected signal-to-noise ratio is S/N ⇠ 2.
The PTE of the spectrum with respect to the fiducial
Planck ⇤CDM cosmology is 66%.
Figure 8 compares the values of Alens and their 1�

errors among recent cross-correlation studies between
CMB lensing and cosmic shear from galaxy shapes. The

b
Alens value obtained is slightly higher than unity but is
consistent with the Planck prediction within 2� level.
Our result also agrees with the previous cross-correlation
analyses, although their best-fit values still have a large
variation Alens ' 0.4–1.3 (e.g., Liu & Hill 2015; Harnois-
Déraps et al. 2016, 2017). It should be noted that in the
other cross-correlation studies, CMB lensing signals are
dominated by those from the temperature maps, unlike
our study, in which we use the polarization map only.
In addition, the redshift distributions of source galaxies
are di↵erent among these measurements.
To check the robustness of our results, Table 3 shows

the dependence of the amplitude on the photometric
redshift estimation methods, the CMB multipoles used
for the CMB lensing reconstruction, and estimators of
the CMB lensing convergence. We find that the changes
in b

Alens are minor compared to our measurement er-
ror. We also show the amplitude with respect to the
WMAP-9 cosmology.
Polarized di↵use Galactic foregrounds and extra-

Galactic point sources are a potential contaminant to
the CMB data. The characterization of di↵use Galac-
tic and extra-Galactic foregrounds has been derived in
PB17, and here we highlight the main aspects that are
relevant in our study.
The Polarbear maps have a 5� source detec-

tion threshold of 25 mJy. We mask out sources
above 25 mJy to suppress contaminations from polar-
ized extra-Galactic point sources. All of the sources
we detect correspond to sources detected by either
ATCA (Murphy et al. 2010) or Planck (Planck Collab-
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New Connections 

In just the last couple of years, we have fully 
recognized close connections: 

Gravitational Waves CMB 

Δ(DGW/DEM) 
çè Δ growth 

Δ growth çè 
Δ CMB lensing 
+ ISW 

Δ gravity çè 
Δ CMB lensing 
+ B-modes 

Density 

Velocity 
Cosmic Growth 
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Density and Velocity 

Correlating density and velocity fields is interesting. 
Why?  

(Over)density and velocity are simply related by 
mass conservation and should be robust for many 
gravity theories.  

Velocity is proportional to acceleration (Euler’s 
equation) for any central force law.  

But acceleration is related to (over)density through 
Poisson’s equation and is a test of G=GN.  

It is difficult to measure acceleration but correlating 
growth of density and velocity tests gravity.  
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Peculiar Velocity Power Spectrum 

To measure peculiar velocities, we need to measure 
distances to back out cosmic velocity.  
Possibilities include galaxy Tully-Fisher, fundamental plane, 
etc. (cf. Taipan, Wallaby, DESIbright; talks by Davis, 
Parkinson, Saulder).  

Or supernovae.  

LSST will 
measure 
100,000+ SN 
distances.  

Kim+ 1903.07652 Astro2020 white paper 
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Gravitational Growth Index 

Peculiar velocities measure fσ8, just like redshift 
space distortions (RSD) but RSD cannot achieve 
enough volume at z<0.2 so >10% precision.  

Gravitational growth index enters as f=Ωm
γ so it has 

the most impact at low z (small Ωm).  5

where µ is the cosine of the angle of the density pertur-
bation Fourier mode k with respect to the line of sight,
and b is the galaxy bias. Since the linear theory power
spectrum P r is proportional to the mass amplitude fluc-
tuation squared, σ2

8 , then the three cosmological quanti-
ties of observational interest are fσ8 and bσ8 or the ratio
f/b [41], all of which are redshift dependent.
Figure 2 plots the behavior of fσ8(z) with the growth

index γ and dark matter clustering strength Fcl. We
vary γ, i.e. do not assume general relativity, in this one
place in order to contrast the effects of γ and Fcl. The
background expansion is taken to be ΛCDM and the pri-
mordial scalar amplitude As is fixed. The different γ
values (taking the standard case of Fcl = 1) give rise to
fσ8 differing most at low redshift, since at high redshift
all go to standard matter domination. Stronger grav-
ity (smaller γ) increases the growth rate and shifts the
growth suppression due to dark energy to later times, so
the small γ curves have higher peaks, at lower redshift.
For different Fcl, however, smaller Fcl acts to suppress
the growth rate, and this persists to high redshift, so the
curves remain distinct.
Galaxy bias is an astrophysical quantity, but observa-

tions indicate a good fit for the types of galaxy targeted
in galaxy redshift surveys is given by [42]

b(z) = b0
δ(z = 0)

δ(z)
, (20)

so that bσ8 is nearly constant. In this case, the observa-
tional quantity β(z) ≡ f/b ∝ fσ8/σ8,0. Figure 3 displays
this for the various values of γ and Fcl. An interesting
null occurs where the γ dependence vanishes at z ≈ 0.95.
For the Fcl dependence, the differing total growth fac-
tors σ8,0 almost cancel out the growth rate differences,
leading to little distinction at high redshift.
Comparing current redshift space distortion data for

fσ8 from the several surveys [43], we find that the data
are consistent with Fcl ≈ 0.99 ± 0.02, holding all other
parameters fixed. For more realistic constraints we must
take into account parameter covariances, while keeping in
mind that future observations will have better precision
for constraining the behavior of dark matter. We should
also consider the clustering strength to vary with time if
we want to preserve the standard early universe.

B. Time varying clustering

For a constant deviation in dark matter clustering
strength, the impact on observables builds up over cos-
mic history. But as mentioned previously, we generally
want to avoid early time deviations to preserve the CMB
power spectrum agreement with the standard dark mat-
ter scenario. For example, gravitational potentials would
decay roughly as φ ∼ a−3(1−Fcl,∞)/5, leading to a large
integrated Sachs-Wolfe (ISW) effect. Therefore a more
viable model would have Fcl,∞ = 1, but we still want
to explore deviations at late times (where dark energy

FIG. 2. The growth rate fσ8(z) ∝ dδ/d ln a is plotted for
different values of the growth index γ, for standard matter
with Fcl = 1 (top panel), and different values of the dark
matter clustering strength Fcl (bottom panel). Dashed error
bars show measurements from several surveys [43].

breaks matter domination and gives an ISW effect any-
way).
The time variation of the clustering strength may be

driven by the matter density, and hence the expansion
factor a, as in the model used in Eq. (9), or have a time
scale from dark matter properties as in dark matter decay
models, or be somehow driven by the cosmic acceleration.
Without a physical model we resort to phenomenology,

LSST can deliver σ(γ)~0.02 
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Gravitational Wave Distances 

Just because cT=c doesn’t mean no effect on GW 
propagation.  

2

scalar-tensor models.
One generically expects that if there is such a confor-

mal coupling of gravity, the model must feature screen-
ing so that precision tests of gravity do not already rule
it out. This screening mechanism would act as to sup-
press the Solar-System value of –

M

, which is essentially
the rate of change per Hubble time of the gravitational
constant, compared to that in the wider cosmology. The
present and local value of |–

M

| can indeed be constrained
to be less than 0.01÷0.03 in the laboratory and in the So-
lar System (see for instance a recent summary of results
and a positive detection in [24]). A cosmological con-
straint from Big-Bang nucleosynthesis (BBN) is also a
stringent one, |G

BBN

/G
0

≠ 1| . 0.2 [25]. The Planck
constraint on the variation of the mass of the electron,
�m

e

/m
e

. 0.01 [26] can, in these gravity theories, be
re-interpreted as the variation of the Planck mass. As
will be shown in the following, the completely indepen-
dent test we propose here can reach similar or even better
sensitivity.

The idea of using GWs to test –
M

and –
T

was put for-
ward for the first time in [27], where it was shown that B-
modes created by primordial GWs in the polarized Cos-
mic Microwave Background (CMB) sky can in principle
constrain both quantities. The Planck’s CMB analysis
[28] produced, for some classes of functional parametriza-
tion of –

M

(t), errors around 0.05 at 95% confidence level
for the present value of –

M

. These errors, however, de-
pend on the assumption of a standard cosmological model
and, in particular, of a �CDM background. Therefore,
these are tests of structure formation for particular mod-
ified gravity models, rather than direct tests of generic
modifications of gravity.

In contrast, we shall emphasise that the method we
propose here is independent of the underlying cosmolog-
ical model and of the precise model of modified gravity.
Another advantage with respect to CMB or BBN con-
straints is that one can in principle map the evolution of
–

M

in an extended redshift range from today to z ¥ 8.

GW PROPAGATION

We consider a flat Friedmann-Robertson-Walker
(FRW) spacetime with scale factor a and conformal Hub-
ble function H. As it has been shown in [2], in such
a cosmological background the GW amplitude h in any
modified gravity theory which does not give gravitons a
mass, obeys the equation

ḧ + (2 + –
M

)Hḣ + c2

T

k2h = 0, (1)

where the dot stands for a derivative with respect to con-
formal time, c

T

is the speed of GWs, and

–
M

= H≠1

d ln M2

ú
dt

(2)

expresses the time variation of the time-dependent e�ec-
tive Planck mass Mú (see [13]). M2

ú is defined as the
normalization of the kinetic term for the metric fluctua-
tions h in the action for perturbations. For example, in
the simple case of a Brans-Dicke gravity with parameter
Ê, one finds –

M

= 1/(1 + Ê).
The GW event reported in Ref. [1] has shown that

c
T

= 1 with extreme precision, at least for the present
Universe. Here we would like to investigate the observ-
able e�ects of –

M

on the GW signal, remembering that,
fixing –

M

, –
T

, as already mentioned, amounts to com-
pletely fixing the non-minimal scalar-tensor interaction.

Let us define the field v © Múah. This quantity obeys
the equation of motion

v̈ + k2v ≠ µ2v = 0, (3)

with tachyonic mass µ of order H, and given by 4µ2 ©
(2+–

M

)2H2+2(2+–
M

)Ḣ+4–̇
M

H. So, provided that the
wavelength of the GW is subhorizon, k ∫ H, v evolves
according to the standard wave equation, v̈+k2v = 0, i.e.
subhorizon GWs in the Jordan frame evolve according to

h = h
a

ei(kx≠Êt) , h
a

aMú = const, (4)

where h
a

is the wave’s amplitude. This result implies
that h

a

is sensitive only to the ratio of the e�ective Planck
mass and scale factors at emission and observation.

In GR, the GW amplitude can be related to the lumi-
nosity distance d

L

of the source from the observer – the
potential evolution of Mú is the only modification here,
so that

h
a

=
3

Mú,em

Mú,obs

4
◊ h

s

, (5)

where h
s

is the standard amplitude expression that, for
merging binaries, can be approximated as (see e.g. equa-
tion (4.189) of [29])

h
s

= 4
d

L

3
GM

c

c2

4
5/3

3
fif

GW

c

4
2/3

, (6)

with M
c

the so-called chirp mass and f
GW

the GW fre-
quency measured by the observer.

The observable signal in the two polarizations h
+

, h◊
is finally obtained by multiplying h by sinusoidal oscilla-
tions and by the factors cos i (for the ◊ polarization) and
the (1+cos2 i)/2 (for the + polarization) that depend on
the inclination i of the binary orbit with respect to the
line of sight.

As a concrete example, in the rest of this paper we
assume for simplicity that –

M

is constant in the region
of observability (i.e. for z Æ 2 roughly). Then we have
that,

Mú ≥ a
–M

2 , (7)

GW amplitude is proportional to 1 / distance    
(energy goes as inverse square)  

  h ~ 1/DL
GW  

So we can measure changes in gravity by 
comparing the GW distance to the photon 
luminosity distance to the same object.  

Horndeski αM (running of Planck mass) damps h.  
Nishizawa 1710.04825        
Arai & Nishizawa 1711.03776 
Belgacem+ 1712.08108 
Amendola+ 1712.08623 
Linder 1801.01503 
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Gravitational Wave Distances 

4

lowing [18, 19] we see that the GW strain amplitude

h = hGRe−(1/2)
!

obs

em
d ln aαM (a) = hGRe−(1/2)

!
obs

em
d lnM2

⋆
(a)(24)

= hGR

!

M2
⋆,em

M2
⋆,obs

"1/2

. (25)

Since the strain is inversely proportional to the standard
siren luminosity distance, one has1

dL,GW (a) = dGR
L (a)

#

M2
⋆ (a = 1)

M2
⋆ (a)

$1/2

. (26)

This is a quite general expression for Horndeski gravity
and some other theories. Note in particular that the pho-
ton luminosity distance is simply dGR

L so a comparison of
the GW standard siren distance and the photon standard
candle distance gives a simple test of gravity. Thus one
can in principle measure the evolution of M⋆(a); the run-
ning αM would require a derivative of noisy data. For No
Slip Gravity we have the further simplification that

dL,GW (a) = dGR
L (a)

#

Gmatter(a)

Gmatter(a = 1)

$1/2

, (27)

and one could compare the modified gravity derived from
GW in the tensor sector to that from growth of structure
in the scalar sector.
Returning to growth observables, galaxy redshift sur-

veys already have a slew of measurements of the growth
rate quantity fσ8. Figure 3 compares the predictions
of No Slip Gravity, where we use the exact solution of
growth, with the cosmic expansion fixed to the best fit
Planck cosmology (i.e. flat ΛCDM with Ωm = 0.31), to
a compendium of current observations.
The fits of the two representative models of No Slip

Gravity, employing a motivated functional form for
M2

⋆ (a) and αM (a) respectively, are quite good. Recall
they have the same expansion history as the Planck cos-
mology, and so will fit distance data as well as the concor-
dance, general relativity cosmology. They provide better
fits to the growth rate data coming from redshift space
distortion measurements, however. We find that current
observations are well fit by the M2

⋆ model with µ = 0.1
or the αM model with A = 0.03, both with transition
time at = 0.5 and τ = 1.5.
We can further highlight the deviation from general rel-

ativity by employing the conjoined expansion and growth
history visualization of [26]. Figure 4 illustrates that the
modification of gravity is distinct from a change in the
background cosmological model. Recall that for the No
Slip Gravity models we adopted the Planck cosmology
of flat ΛCDM with Ωm = 0.31, but we see the modified
gravity conjoined growth-expansion history in terms of

1 During the late stages of this work, [20] appeared with an equiv-
alent expression.

FIG. 3. Current measurements of the cosmic structure
growth rate fσ8 are compared with the general relativity pre-
diction for the Planck cosmology (Ωm = 0.31; solid black
curve) and the No Slip Gravity models of M⋆ (dashed blue)
and αM (dot dashed red) functions. The data points come
from 6dFGRS (6; [21]), GAMA (G; [22]), BOSS (B; [23]),
WiggleZ (W; [24]), and VIPERS (V; [25]).

fσ8 vs H does not lie along the general relativity curves.
While one can change the background to match the mod-
ified gravity prediction over a narrow range of redshifts,
the modified gravity model has its own characteristic be-
havior.

Next we consider the leverage of next generation obser-
vations, such as from the Dark Energy Spectroscopic In-
strument (DESI [27]), with percent level measurements of
fσ8 to test gravitation theory. We carry out a Fisher in-
formation analysis following the approach of [28] in test-
ing early modified gravity. The data is taken to be future
measurements of fσ8 in 18 redshift bins over z = 0.05–
1.85 as projected by [27]. Only linear modes are used,
out to kmax = 0.1 h/Mpc. We include a Gaussian prior
on the matter density Ωm of 0.01 to represent external
data such as Planck CMB measurements.

For the gravity model we take the fit parameters as
exhibited in Fig. 3, for the two cases. In each case we fix
at = 0.5 as a reasonable transition time and τ = 1.5 as
the maximum allowed rapidity. Constraints weaken for
early or late transitions, and slow ones, due to param-
eter degeneracies so we present an optimistic scenario
for searching for modifications to gravity. We fit for the
matter density and amplitude of the deviation from gen-
eral relativity, either µ in the M2

⋆ model or A in the αM

model. Both correspond to the maximum deviation over
time of the functions from the general relativity limit.
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FIG. 3. Current measurements of the cosmic structure
growth rate fσ8 are compared with the general relativity pre-
diction for the Planck cosmology (Ωm = 0.31; solid black
curve) and the No Slip Gravity models of M⋆ (dashed blue)
and αM (dot dashed red) functions. The data points come
from 6dFGRS (6; [21]), GAMA (G; [22]), BOSS (B; [23]),
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fσ8 vs H does not lie along the general relativity curves.
While one can change the background to match the mod-
ified gravity prediction over a narrow range of redshifts,
the modified gravity model has its own characteristic be-
havior.

Next we consider the leverage of next generation obser-
vations, such as from the Dark Energy Spectroscopic In-
strument (DESI [27]), with percent level measurements of
fσ8 to test gravitation theory. We carry out a Fisher in-
formation analysis following the approach of [28] in test-
ing early modified gravity. The data is taken to be future
measurements of fσ8 in 18 redshift bins over z = 0.05–
1.85 as projected by [27]. Only linear modes are used,
out to kmax = 0.1 h/Mpc. We include a Gaussian prior
on the matter density Ωm of 0.01 to represent external
data such as Planck CMB measurements.

For the gravity model we take the fit parameters as
exhibited in Fig. 3, for the two cases. In each case we fix
at = 0.5 as a reasonable transition time and τ = 1.5 as
the maximum allowed rapidity. Constraints weaken for
early or late transitions, and slow ones, due to param-
eter degeneracies so we present an optimistic scenario
for searching for modifications to gravity. We fit for the
matter density and amplitude of the deviation from gen-
eral relativity, either µ in the M2

⋆ model or A in the αM

model. Both correspond to the maximum deviation over
time of the functions from the general relativity limit.

Modified gravity αM (running of Planck mass) 

h = hGRe�(1/2)
R
obs

em

d ln a↵M (a) = hGRe�(1/2)
R
obs

em

d lnM2

? (a)

= hGR

"
M 2

?,em

M 2

?,obs

#
1/2

1

So 

but M* also affects growth, so GW distance tied to growth! 
Linder 1801.01503 

e.g. in No Slip Gravity 

(also in nonlocal gravity) 

↵M =
d lnM 2

?

d ln a

h = hGRe�(1/2)
R
obs

em

d ln a↵M (a) = hGRe�(1/2)
R
obs

em

d lnM2

? (a)

= hGR

"
M 2

?,em

M 2

?,obs

#
1/2

1

damps h  
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Gravitational Waves and Cosmic Growth 

GW distance tied to growth! 

If we detect, e.g., a suppression in growth, then this 
can be checked vs GW distances different than GR. 4

lowing [18, 19] we see that the GW strain amplitude
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!
obs
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⋆
(a)(24)

= hGR

!
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⋆,em

M2
⋆,obs

"1/2

. (25)
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siren luminosity distance, one has1
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$1/2

. (26)

This is a quite general expression for Horndeski gravity
and some other theories. Note in particular that the pho-
ton luminosity distance is simply dGR

L so a comparison of
the GW standard siren distance and the photon standard
candle distance gives a simple test of gravity. Thus one
can in principle measure the evolution of M⋆(a); the run-
ning αM would require a derivative of noisy data. For No
Slip Gravity we have the further simplification that
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L (a)

#

Gmatter(a)

Gmatter(a = 1)

$1/2

, (27)

and one could compare the modified gravity derived from
GW in the tensor sector to that from growth of structure
in the scalar sector.
Returning to growth observables, galaxy redshift sur-
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growth, with the cosmic expansion fixed to the best fit
Planck cosmology (i.e. flat ΛCDM with Ωm = 0.31), to
a compendium of current observations.
The fits of the two representative models of No Slip

Gravity, employing a motivated functional form for
M2

⋆ (a) and αM (a) respectively, are quite good. Recall
they have the same expansion history as the Planck cos-
mology, and so will fit distance data as well as the concor-
dance, general relativity cosmology. They provide better
fits to the growth rate data coming from redshift space
distortion measurements, however. We find that current
observations are well fit by the M2

⋆ model with µ = 0.1
or the αM model with A = 0.03, both with transition
time at = 0.5 and τ = 1.5.
We can further highlight the deviation from general rel-

ativity by employing the conjoined expansion and growth
history visualization of [26]. Figure 4 illustrates that the
modification of gravity is distinct from a change in the
background cosmological model. Recall that for the No
Slip Gravity models we adopted the Planck cosmology
of flat ΛCDM with Ωm = 0.31, but we see the modified
gravity conjoined growth-expansion history in terms of

1 During the late stages of this work, [20] appeared with an equiv-
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FIG. 3. Current measurements of the cosmic structure
growth rate fσ8 are compared with the general relativity pre-
diction for the Planck cosmology (Ωm = 0.31; solid black
curve) and the No Slip Gravity models of M⋆ (dashed blue)
and αM (dot dashed red) functions. The data points come
from 6dFGRS (6; [21]), GAMA (G; [22]), BOSS (B; [23]),
WiggleZ (W; [24]), and VIPERS (V; [25]).

fσ8 vs H does not lie along the general relativity curves.
While one can change the background to match the mod-
ified gravity prediction over a narrow range of redshifts,
the modified gravity model has its own characteristic be-
havior.

Next we consider the leverage of next generation obser-
vations, such as from the Dark Energy Spectroscopic In-
strument (DESI [27]), with percent level measurements of
fσ8 to test gravitation theory. We carry out a Fisher in-
formation analysis following the approach of [28] in test-
ing early modified gravity. The data is taken to be future
measurements of fσ8 in 18 redshift bins over z = 0.05–
1.85 as projected by [27]. Only linear modes are used,
out to kmax = 0.1 h/Mpc. We include a Gaussian prior
on the matter density Ωm of 0.01 to represent external
data such as Planck CMB measurements.

For the gravity model we take the fit parameters as
exhibited in Fig. 3, for the two cases. In each case we fix
at = 0.5 as a reasonable transition time and τ = 1.5 as
the maximum allowed rapidity. Constraints weaken for
early or late transitions, and slow ones, due to param-
eter degeneracies so we present an optimistic scenario
for searching for modifications to gravity. We fit for the
matter density and amplitude of the deviation from gen-
eral relativity, either µ in the M2

⋆ model or A in the αM

model. Both correspond to the maximum deviation over
time of the functions from the general relativity limit.

Example:  No Slip Gravity 
(1 free function) fits growth 
from redshift space 
distortions, better than GR.   

It predicts ~5% deviation in 
GW distances. 

Galaxy surveys have deep complementarity 
with GW and CMB surveys.  
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Beyond LCDM and Gravity 

Opening up non-LCDM backgrounds allows for 
αM<0. This gives greater freedom and means the 
strength of gravity can evolve nonomonotically.  

 

Brando & Linder 1904.xxxxx 
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No Slip Gravity away from LCDM 

However, growth is still suppressed – very unusual 
for modified gravity – and this agrees well with data. 
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ISW Crosscorrelation 

Crosscorrelating CMB integrated Sachs-Wolfe (ISW) 
effect with galaxy density gives a positive value in 
agreement with observations, unlike some modified 
gravity (e.g. Galileon-3).  

Lensing (Weyl) potential ISW-galaxy xcorrelation 
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CMB B-modes and Gravity 

Effective field theory approach to modified gravity 
defines property functions αB, αK, αM, αT. We know* 
αT=0, and αK is only important on horizon scales. 

Even with αT=0, GW propagation affected by αM.  

5

FIG. 3. Regions of stability (levels of green) and gradient
instability (red) plotted in the αB,0 and αM,0 plane for s = 1.3
(dark green), s = 1.5 (green) and s = 1.7 (light green). Black
solid line corresponds to f(R) theories (αB = −αM ), blue
dotted line corresponds to No Slip Gravity (αB = −2αM ).

FIG. 4. The primordial B-mode spectrum calculated using
the property function parametrization of Horndeski models
within the hi_class, with time dependence a1, for five val-
ues of αM,0 = 1, 2, 3, 4, 5, and αB,0 = 1 or −3, αK,0 = 0.001.
The inset zooms in on the low multipoles, showing that only
αM matters. The tensor-to-scalar ratio r = 0.01 and all spec-
tra include the effects of gravitational lensing. The ΛCDM
primordial spectrum is given by the solid black curve.

This then becomes

αM,0

!

(2s− 3)Ωma−3 + 2s(1− Ωm)
"

≤ 0 , (5)

where we ignore radiation. We can readily define three
cases:

N1. s > 3/2: Stable for αM,0 < 0.

N2. s < 3Ωm/2: Stable for αM,0 > 0.

N3. 3Ωm/2 < s < 3/2: Unstable at some point in a =
[0, 1].

This agrees with the dotted line in Fig. 2 representing the
No Slip Gravity condition αB = −2αM (note αM,0 = 0
is just general relativity).
For f(R) gravity the stability condition in the power

law αM (a) model reads

αM,0

#

1− s+
αM,0as

2
+

3

2

Ωma−3

Ωma−3 + 1− Ωm

$

≥ 0 . (6)

This gives four cases:

F1. s > 5/2: Stable for αM,0 < 0.

F2. 0 < s < 1 + 3Ωm/2: Stable for αM,0 > 0.

F3. 1 + 3Ωm/2 < s < 5/2: Necessary but not sufficient
condition for stability is αM,0 > 2[s−(1+3Ωm/2)].

F4. s = 0: Stable for αM,0 > 0 and αM,0 < −5.

This agrees with the solid line in Fig. 2 representing the
f(R) gravity condition αB = −αM . (Note that s = 2
requires αM,0 > 1.11; the exact stability condition for
case F3. is analytic but messy, so we only show the sim-
pler necessary condition.) For s = 0 we see islands of
stability appear that are disconnected from each other.
This is an interesting property that we revisit in the
next section when considering implicitly stable numer-
ical parametrizations.
There is physical motivation for these two theories,

while there is not in general for ones with arbitrary
αB = −rαM . However, we can use such a relation to
show that:

R1. s > 3/2: Stable for αM,0 > 0 when r < 4/(2s− 1),
for αM,0 < 0 when 4/(2s− 1) < r < 2.

R2. s < 3/2: Stable for αM,0 > 0 when r < 2/(1 + s−
3Ωm/2), unstable for αM,0 < 0.

R3. r < 0: Unstable.

It is interesting to note that αB = −2αM , i.e. No Slip
Gravity, is a bounding model in the first case above.
For the two physical theories we now consider the forms

of the sound speed cs that these stable solutions repre-
sent. Figure 5 and Figure 6 show cs(a) for various stable
power law forms of No Slip Gravity, for αM,0 > 0 and

Low l bump is 
primordial GW. Clear 
impact of (only) αM. 

High l bump is lensing. 
Matter growth 
suppression by αM, αB. 

hi_class with αi=αi,0a1  

Denissenya & Linder 1808.00013 

C
M

B
 B
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CMB B-modes and Gravity 

No Slip Gravity with αB= -2αM.  

Brush, Linder, Zumalacárregui 1810.12337 

B-modes modified: 
GW + Lensing 

Lensing power modified: 
Analytic prediction 
based on cosmic growth 
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Crosscorrelating CMB x galaxy 

POLARBEAR CMB x H-ATLAS high z submm galaxy 5

Figure 1. The radial and angular distribution of sub-mm
galaxies in all of the five Herschel -ATLAS patches. Note
that photometric redshifts have been used to place sources
along the redshift axis.

area between H-ATLAS and Polarbear amounts to
approximately 10 deg2.

2.4. Galaxy redshift distribution

The knowledge of the galaxies’ redshifts, along with
their uncertainties, plays a fundamental role. One one
hand, it enables to construct pixelized maps of the pro-
jected galaxy distribution in the respective redshift bins.
On the other hand, it allows to predict the theoretical
cross-power spectrum that is ultimately compared to the
measured one and through that, carry out the cosmo-
logical and astrophysical inference.
Following Bianchini et al. (2015); Bianchini et al.

(2016), we estimate the photometric redshift of each
source by �2-fitting the observed Herschel photometric
points to a typical high-z SED. Our baseline SED choice
is that of SMM J2135-0102, ”The Cosmic Eyelash” at
z = 2.3 (Ivison et al. 2010; Swinbank et al. 2010), that
has been shown by Lapi et al. (2011) and González-
Nuevo et al. (2012) to be a good template for z & 1, with
a median value of�z/(1+z) ⌘ (zph�zspec)/(1+zspec) =
�0.002 and a normalized scatter of ��z/(1+z) = 0.115.
The redshift-dust temperature degeneracy a↵ecting the
SED fitting becomes worse at lower redshifts, thus we
restrict the analysis to zph � 1.5. The robustness of the
analysis results with respect to the choice of the assumed
SED is tested in Sec. 5.4.
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Figure 2. The redshift distribution (solid red line) of the
sub-mm sources used in this work is an excellent match to the
CMB lensing kernel (dotted black line). The CMB lensing
kernel W reflects the relative size of the CMB lensing signal
for a fixed mass object at di↵erent redshifts; the maximum
signal is observed for objects around 1.5 . z . 2.

Following Budavari et al. (2003), we model the redshift
distribution p(z|W) of galaxies selected by our window
function W(zph) as:

p(z|W) = p(z)

Z
dzphW(zph)p(zph|z), (3)

where p(z) is the fiducial redshift distribution, W(zph)
is 1 for zph in a selected photo-z interval and 0 other-
wise. p(zph|z) is the probability that a galaxy with a true
redshift z has a photometric redshift zph and is param-
eterized as a Gaussian distribution with zero mean and
scatter (1+z)��z/(1+z). The resulting redshift distribu-
tion is shown in Fig. 2. We normalize p(z|W) to unity
and finally calculate the redshift distribution dN/dz as
dN

dz

=
�R

dz0p(z0|W)
��1

p(z|W).

2.5. Galaxy overdensity simulations

To generate realizations of the galaxy field compris-
ing of signal and noise with statistical properties that
match those of the data, we follow the approach in Smith
et al. (2007). We start by generating a simulated galaxy
counts map, where the value at each pixel p is spatially
modulated by a Gaussian field g generated from the fidu-
cial galaxy auto-spectrum Cgg

L

. For each pixel, this is
accomplished by drawing a number from a Poissonian
distribution with mean �(p) = n̄(1 + g(p)), where n̄ is
defined in Sec. 2.3. Finally, we convert the galaxy counts
map to overdensity as done for the real galaxies.

3. THEORY

The observed CMB lensing and galaxy overdensity
fields trace the same underlying matter fluctuations in

POLARBEAR 1903.07046 



15 15 

Crosscorrelating CMB x shear 

POLARBEAR CMB x HyperSuprime Cam shear 

First crosscorrelation measurement using CMB 
polarization only – lower systematics.  

3.5σ detection. Very deep data: 6 µK-arcmin CMB, 
ng=23 arcmin-2. Precursor to CMB-S4 x LSST.  

 

POLARBEAR+HSC 1904.02116 

11

Figure 6. The cross power spectra between the CMB lensing convergence from Polarbear and the cosmic shear from HSC.
The CMB lensing map is obtained from the optimal combination of the EE and EB estimators (MV). We show the cross
spectrum between the HSC shear B-mode and the CMB lensing convergence, consistent with zero as expected. The black solid
line shows the theoretical prediction, assuming the Planck 2018 best-fit cosmological parameters for the flat ⇤CDM model.

Figure 7. Correlation coe�cients of the cross power spec-
trum between CMB lensing and cosmic shear, estimated from
100 realizations of simulations.

ing to the detection of a non-zero cross-correlation at
3.5� significance. Here, the quoted error is the stan-
dard deviation of Alens obtained from the MC simula-
tions. The high detection significance is in part because
of the central value fluctuated high; for a fiducial value of
Alens = 1, the expected signal-to-noise ratio is S/N ⇠ 2.
The PTE of the spectrum with respect to the fiducial
Planck ⇤CDM cosmology is 66%.
Figure 8 compares the values of Alens and their 1�

errors among recent cross-correlation studies between
CMB lensing and cosmic shear from galaxy shapes. The

b
Alens value obtained is slightly higher than unity but is
consistent with the Planck prediction within 2� level.
Our result also agrees with the previous cross-correlation
analyses, although their best-fit values still have a large
variation Alens ' 0.4–1.3 (e.g., Liu & Hill 2015; Harnois-
Déraps et al. 2016, 2017). It should be noted that in the
other cross-correlation studies, CMB lensing signals are
dominated by those from the temperature maps, unlike
our study, in which we use the polarization map only.
In addition, the redshift distributions of source galaxies
are di↵erent among these measurements.
To check the robustness of our results, Table 3 shows

the dependence of the amplitude on the photometric
redshift estimation methods, the CMB multipoles used
for the CMB lensing reconstruction, and estimators of
the CMB lensing convergence. We find that the changes
in b

Alens are minor compared to our measurement er-
ror. We also show the amplitude with respect to the
WMAP-9 cosmology.
Polarized di↵use Galactic foregrounds and extra-

Galactic point sources are a potential contaminant to
the CMB data. The characterization of di↵use Galac-
tic and extra-Galactic foregrounds has been derived in
PB17, and here we highlight the main aspects that are
relevant in our study.
The Polarbear maps have a 5� source detec-

tion threshold of 25 mJy. We mask out sources
above 25 mJy to suppress contaminations from polar-
ized extra-Galactic point sources. All of the sources
we detect correspond to sources detected by either
ATCA (Murphy et al. 2010) or Planck (Planck Collab-
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Crosscorrelating  z = 2-5 

Next generation spectroscopic survey z=2-5 

e.g. 20000 fibers on Magellan-3, Lyα emitter survey 

Parameter
�(parameter)

Fid./Ideal. DESI
Curvature ⌦K/10�4 6.6 / 5.2 12.0

Neutrinos
P

m⌫ 0.028 / 0.026 0.032
Spectral index ns 0.0026 / 0.0026 0.0029

Running ↵s 0.003 / 0.003 0.004
Rel. species Neff 0.069 / 0.069 0.078
Gravitational slip 0.008 / 0.008 0.01

D.E. FoM 398 / 441 162

Table 4: Forecasts on cosmological parameters from
our samples, combined with Planck priors. Gravita-
tional slip is defined as the ratio between the two po-
tentials describing the metric, in combination with a
CMB experiment with map noise of 1 µK-arcmin.
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Figure 2: Constraints on �
8

(z) from cross-
correlation with CMB lensing. ‘S3’ and ‘Future exp.’
refer to CMB experiments with map noise of 7 and 1
µK-arcmin respectively.

non-standard physics.

3 Challenges
Further development of efficient pre-selection of LAEs from broad-band photometry is a require-
ment for this case as presented. The success of this pre-selection will largely determine the neces-
sary facilities and achievable samples. Some of the measurements outlined above – especially local
fNL – also require complete understanding of e.g. the parent photometry and the galaxy selection
function generally [2, 38, 39]. Percent-level sky subtraction with fibers and exposures approaching
an hour, together with mitigation of line confusion, are also technical challenges to be overcome.
Potential strategies have already been proposed and are under active study, but future surveys will
require careful consideration of these points during any design phase.

4 Conclusions
The colossal, relatively uncharted, volume at z > 2 and known means of efficiently selecting
high-z galaxies grants a tremendous opportunity to study the beginning and fate of our Universe,
namely Inflation and Dark Energy. We have shown potential surveys can test the early Universe
(Gaussianity) up to a factor of ⇠ 50 better than our current bounds and cross the highly significant
threshold of fNL ' 1 that would separate single-field from multi-field models of Inflation. Such
measurements would be entirely complementary to low-z studies. This is enabled by spectroscopic
redshift precision, with the lesser precision of photometric redshifts degrading these constraints by
a factor of three or greater.

Such a dataset would leave an important legacy for the science cases we have presented, to-
gether with a wealth of opportunities for the fields of galaxy formation as well as many others.

9

Crosscorrelation with CMB-S4 gives σ8(z) to 0.5-1%; 
fNL to ~0.1, Ωde(a) to 1-2%, inflation PR(k) - not just ns.  

Ferraro+ 1903.09208 Astro2020 white paper 
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Redshift Drift + CMB 

If redshift drift z can be measured, it has powerful 
complementarity with CMB. 

3

FIG. 1. Constraints at 1σ on dark energy w0 and
wa, and their joint figure of merit (FOM), are

plotted vs central redshift for experiments con-
sisting of five measurements of redshift drift at
1% precision. CMB constraints are included in

(only) the FOMCMB curve; note it is shown di-
vided by 1000 (i.e. the maximum is 1400), rather
than 100 like the FOM curve without CMB.

this is independent of all other Stage 4 dark energy experiments such as LSST and DESI,
offering not only a factor of 3 gain over them in isolation, and an independent crosscheck,
but further gains from combination of all data together. Furthermore note that the emission
line galaxies to be targeted are useful in themselves to the DESI and LSST surveys. Even
diluting to a 5% redshift drift precision provides a roughly equal crosscheck to a Stage 4
experiment. Moreover, an improved measurement of the Hubble constant to 1.4% precision
can increase the FOM to 2300, showing further synergy in 2020s science goals.

By contrast, surveys aiming at z > 2 are near pessimal. They are aiming at simple
detection, but have little leverage on dark energy at such high redshift. This is the strategy
followed by the CODEX spectrograph proposed for the European Extremely Large Telescope
(EELT). By using many Lyman-α lines in quasar absorption spectra they hope to reduce the
requirements on measurement precision. However, this drives them to very high resolution
(R > 120, 000) and a poor redshift range, as well as laying them open to astrophysical
systematics from gas velocities and varying ionizing radiation field.

Thus the optimal low redshift range is ripe for US endeavors. Again, this is optimal not
only for dark energy properties but in testing the FLRW framework against, e.g. void models
or inhomogeneous universes such as Lemâıtre-Tolman-Bondi or Szekeres models that give
the mirage of acceleration without true dynamics.

A further breakthrough involves the use of emission line surveys focusing on the forbidden
OII doublet. While redshift (and redshift drift) affects the frequency of a line, it equally
affects the spacing between lines. Thus we can turn an absolute measurement into a differ-
ential measurement of the spacing between well known doublet lines whose properties are
determined by atomic physics. Emission line surveys using OII are standard workhorses of
cosmology, used in the BOSS, eBOSS, and DESI surveys, and need only spectrographs of
modest resolution R ≈ 5000.

Galaxies have spatial structure with internal dynamics. Integral Field Unit (IFU) spec-
troscopy can provide spatial resolution, not only to distinguish between bulk and internal
velocity evolution, but also to take advantage of the multiple spatially-resolved measure-
ments of a line, each of which is narrower than the line when spatially-unresolved.

Leverage ranges from 
independent crosscheck 
to 3x above Stage 4. 

Optimal range z<0.5.  

Need lots of photons, 
e.g. ELTs.  
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High Accuracy Spectroscopy 

The same technology enables 
•  Earth mass exoplanet detection from radial velocities  
•  Milky Way structure mapping through stellar accelerations  
•  Dark matter properties through Milky Way gravity mapping  

Erskine+ 1903.05656 
Astro2020 white paper 
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Summary 

The next several years – and abundant data – will 
bring these close connections to reality. 

Gravitational Waves CMB 

Δ(DGW/DEM) 
çè Δ growth 

Δ growth çè 
Δ CMB lensing 
+ ISW 

Δ gravity çè 
Δ CMB lensing 
+ B-modes 

Density 

Velocity 
Cosmic Growth 


