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Axions Curvaton

Dark matter?

Dark energy?

Present but sub-dominant during inflation….

Linger….

Decays and generates….

Dark matter?

Baryon #

Lepton #

The answer, my friend, is blowing in the wind
… encoded in the distribution of cosmological density 
perturbations
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✴Ultra-light axions 

✴Motivation, observational imprint, tools 

✴Constraints 

✴Future work 

✴Curvaton-sourced isocurvature perturbations 

✴Linearly observable isocurvature 

✴Compensated isocurvature perturbations 



2 axion populations: Cold axions

! Before PQ symmetry breaking,     is generically displaced from vacuum value

! EOM:

! After                               , coherent  oscillations begin, leading to

! Relic abundance

! Particles are cold

�̈ + 3H� + m2
a (T ) � = 0 ma (T ) � 0.1ma (T = 0) (�QCD/T )3.7

ma (T ) � 3H (T ) na � a�3
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�
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⇥�1.18

New scalar field with global U(1) symmetry!

What are axions?

4

'1
'2

LCPV =
✓g2

32⇡2
GG̃� a

fa
g2GG̃

Broken at scale fa

✴   

✴    

Field misaligned ma � 3H ! oscillation

⇢a / (1 + z)3 [as cold dark matter should]

V (a)

a

ma ⇠
⇤2
QCD

fa

  
       Peccei + Quinn (1977), Weinberg +Wilczek (1978), Kim (1979), Zhitnitsky (1980), 
Dine et al. (1981), Sikivie (1982, 1983, 1985,1986, and many others!)
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Limits and horizon
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Conclusions 
¾ CAST provides the best experimental 

limit on axion-photon coupling 
constant over a broad range of  axion 
masses. 

¾ After completing the original 
program, CAST is looking to improve 
the vacuuum results, and study other 
exotica.  

¾ CAST Collaboration has gained a lot 
of experience in axion helioscope 
searches.                                        

¾ Future helioscope experiments 
(IAXO) and Microwave cavity 
searches (ADMX) could cover a big 
part of  QCD axion model region in 
the next decade.      
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✴ Mass acquired non-perturbatively (instantons, D-Branes)
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Axiverse! Arvanitaki+ 2009 
Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 



Testing ultra-light axions with cosmology

7R.Hlozek, DG, D.J.E. Marsh, P.Ferreira
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Cosmological axion evolution

Misalignment production

For QCD axion, we have a CDM candidate!
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Cosmological axion evolution
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Different parameter space for non-QCD axion(Frieman et al 1995, Coble et al. 2007)



✴Computing observables is expensive for               : 

✴ Coherent oscillation time scale 

✴ WKB approximation

✴Axionic Jeans Scale is macroscopic [in contrast to QCD axion]:

c2a =
�P

�⇢
=

k2/(4m2a2)

1 + k2/(4m2a2

Effective fluid formalism for ULA DM

9

�� = Ac�c(k, ⌘) cos (m⌘) +As�(k, ⌘) sin (m⌘)

�⌘ ⇠ (ma)�1 ⌧ �⌘CAMB

Growth of ula perturbations
✴Perturbed Klein-Gordon + Gravity

)



✴Modes with                                 oscillate instead of growing 

Effective fluid formalism for ULA DM

9

Growth of ula perturbations

k � kJ ⇠
p
mH

CDM 
Axion DM 



Thomson scattering

gravitational perturbations

photonsbaryons

dark matter neutrinos

10

AxiCAMB

NR fluid eqs.

Boltzmann equationNR fluid eqs.

Einstein equationsAXIONS!

Included in H recombination 
Expansion history

10ULA of any mass is self-consistently followed from DE to DM regime

CMB and matter perturbation code including ULAs!

AxionCAMB

CMB and matter perturbation code including ULAs!
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AxiCAMB

11

AxionCAMB

Code by Grin et al. 2013, based on CAMB (A. Lewis) 
http://github.com/dgrin1/axionCAMB

Please download, comment, test, poke, and improve it!
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Faster early expansion brings LSS closer

ULAs as dark energy 
and the angular sound horizon
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ULAs as dark energy 
and the angular sound horizon



ULAs and the CMB: high mass and early ISW
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Higher mass (DM-like) case: high-l ISW 
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ULAs and the CMB: high mass and early ISW
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Radiation pressure causes potential decay

Higher mass (DM-like) case: high-l ISW 
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Higher mass (DM-like) case: high-l ISW 



✴DM perturbation growth severely suppressed if  

✴Suppression  

Matter power spectrum for ULA (in DM regime)
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FIG. 2. Adiabatic matter power spectra generated with the modified camb described in Sec. III, with varying axion mass and
energy-density fraction ⌦a/⌦d at fixed total dark-matter density fraction ⌦d. Power is suppressed for modes that enter the
horizon when the axion sound speed cs ⇠ 1.

cause progressively more severe suppression, indicating
that LSS data can be used to constrain ULA properties.
The e↵ect is present on linear scales k ⇠< 0.1 Mpc�1, and
so the linear power-spectrum can be used to impose tight
constraints to ULAs when ma . 10�25 eV.

We can gain some insight into the suppression of the
power spectrum by examining the evolution of a variety
of modes for a single ULA mass (ma = 10�26 eV), as
shown in Fig. 3. If k < k

J

(a) at all times (as is the case
if k = 10�4h Mpc�1), the mode locks onto the CDM
solution after an early period of DE-like behavior.

If k ⇠ k
J

(a) initially (as is the case if k = 0.1h Mpc�1),
the mode shows suppressed growth initially, but has the
same scaling with a as the CDM case at late times, when
k > k

J

(a), yielding an overall suppression of power.
Finally, if at early times, k ⇠> k

J

(as is the case for
k = 0.3 Mpc�1) the ULA perturbation oscillates rapidly
until very late times (a ⇠ 10�2 > a

osc

), yielding a signif-
icant suppression of small-scale power. This illustrates
why the matter power-spectrum is suppressed on small
scales (as in Fig. 2) at the level of the mode evolution
as a function of ⌧ . We discuss the detailed impact of al-
tered mode-evolution on cosmological observables in Sec-
tion IV.

The ULA hypothesis may have additional implica-
tions for cosmological structure formation. These in-
clude cored density-profiles in dwarf-spheroidal galax-
ies [31, 120, 137–141], suppressed number densities of
Milky-Way satellites [140] (providing a possible solution
to well-known discrepancies between small-scale obser-
vations and the ⇤CDM model, reviewed in Ref. [142]),
vortices/caustics in DM halos [139, 143], altered reion-
ization due to delayed high-redshift galaxy formation
[144], and pulsar-timing searches for gravitational wave-

FIG. 3. Evolution of the fractional DM density-perturbation
� when ⌦a/⌦d = 1 (solid), for a ULA mass of ma = 10�26 eV
and a series of wave-numbers k (as shown in the figure), com-
pared to standard CDM (dashed). The overall normalization
of the mode amplitude is arbitrary here. The range of k-values
encompasses di↵erent behaviors, with suppression of growth
relative to CDM when k ⇠ kJ(a), oscillation when k > kJ(a)
and growth as CDM when k < kJ(a). This leads to an overall
suppression of power for large-k modes.

emission caused by coherently oscillating density profiles
in DM halos [145]. These techniques all depend on the
non-linear physics of ULAs in DM halos. For the rest of
this work, we restrict our attention to the linear theory
of ULA perturbations, which we now develop.

We begin in Sec. III A by describing the exact evolu-
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emission caused by coherently oscillating density profiles
in DM halos [145]. These techniques all depend on the
non-linear physics of ULAs in DM halos. For the rest of
this work, we restrict our attention to the linear theory
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✴Analogous to effect of neutrinos   
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✴240,000 emission line galaxies at z<1 

✴3.9 m Anglo-Australian Telescope (AAT) 

✴Planck 2013 temperature anisotropy power spectra (+SPT+ACT) 

✴Cosmic variance limited to 

✴WiggleZ galaxy survey (linear scales only                                ) 

Data + Analysis
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✴Nested sampling, MCMC, vary ma,⌦ah
2,⌦ch

2,⌦bh
2,⌦

⇤

, ns, As, ⌧reion
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CONSTRAINTS

 arXiv:1410.2896, Phys. Rev. D 91, 103512 (2015) 
 arXiv:1403.4216, Phys. Rev. Lett. 113, 011801 (2014) 
arXiv:1303.3008, Phys. Rev. D 87, 121701(R) (2013) 

Comparison with data

R.Hlozek, DG, D.J. E. Marsh, P.Ferreira



✴Tight constraints over 7 orders of magnitude in mass: 

Thanks to AXICAMB and Planck 

✴ULAs are viable DM/DE candidates in linear theory outside ``belly” 16
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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log
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(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.

Parameter Planck + highL+lowL+WP (CMB) CMB+ WiggleZ

⌦ah
2 < 0.0058 < 0.0062

⌦ch
2 0.119+0.005

�0.008 0.121+0.004
�0.005

⌦a/⌦d < 0.048 < 0.049

�i/M
pl

0.073+0.1482
�0.058 0.089+0.239

�0.073

log(1010As) 3.092± 0.046 3.091± 0.046

ns 0.959± 0.012 0.956± 0.011

⌧
re

0.091± 0.025 0.089± 0.025

100⌦bh
2 2.212+0.043

�0.045 2.201± 0.046

H
0

[km/s/Mpc] 67.3+2.4
�3.5 66.2+2.4

�4.9

FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed
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FUTURE WORK: ULAS CORES + CUSPS?

Figure 3. Mass interior to any given radius and density profiles for SFDM halos for models with
Λ = 0 and different mφ.

Figure 4. Same as figure 2 but for a boson mass of mφ = 10−22 eV and Λ = 0. The UMi’s mass is
of M = 3.1× 108M⊙.

To quantify the destruction of the clump in our simulations, we calculated a map of the
projected surface density of mass in the (x, y)-plane at any given time t in the simulation.
We sample this two-dimensional map searching for the 10 × 10 pc size parcel that contains
the highest mass, Π(t). This parcel is centered at the remnant of the clump. Figure 6 shows
the evolution of Π with time for models with different mφ and Table 1 summarizes the results
of the simulations with Λ = 0. We see that in models with mφ ∼ 3 × 10−22 eV, the clump
is diluted within one Hubble time. In halos with mφ > 3 × 10−22 eV, the clump is erased
in a too short time. Therefore, we conclude that the survival of the dynamical fossil sets an
upper limit to the mass of the boson of mφ < 3× 10−22 eV.

– 7 –
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Cores! (Hu/Gruzinov/Barkana 2001, see also Marsh and Silk 
2013, Marsh and Pop 2015, Matos 2012, Schive 2014, and 
others) 18
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From Schive et al., more cosmological volume needed for 
statistics, baryons, etc…

18



6 B. Bozek et al

Figure 2. Sheth-Tormen mass function for ULAs including scale-dependent growth, shown for each redshift in the range
0 6 z 6 14. The result for CDM is shown for reference. Left Panel: ma = 10�22 eV, ⌦a/⌦d = 0.5. Right Panel: ma = 10�22 eV,
⌦a/⌦d = 1.

the values of the parameters evolve linearly with red-
shift consistent with the trends in the data at redshifts
6-10 (see the above cited works for the model details).
The data the Bouwens et al. (2014) luminosity func-
tion is based on includes more recent data than that of
Kuhlen & Faucher-Giguère (2012), but both models are
consistent with the current data set.

The parameterized fit to the observed galaxy lu-
minosity function and the dark-matter halo mass func-
tion of a given model are, at each redshift, integrated
to obtain, respectively, the cumulative galaxy luminos-
ity function, �(< MAB), the number density of galax-
ies brighter than MAB and the cumulative dark-matter
halo mass function, n(> Mh), the number density of
haloes more massive than Mh. For each dark-matter
model, an absolute magnitude, MAB , is assigned to a
dark matter halo mass, Mh by matching number den-
sities in the cumulative functions i.e. according to the
relation:

�(< MAB , z) = n(> Mh, z). (7)

This gives the dark matter halo mass-galaxy luminosity
relations, Mh(MAB), shown in Figure 3. The Mh(MAB)
relation is then used to convert the cumulative dark-
matter mass function of a given model into a predicted
cumulative galaxy luminosity function.

This may appear to be a circular process but the
predicted cumulative luminosity function for each dark-
matter model will match exactly with the input cumu-
lative galaxy luminosity function derived from obser-
vations only provided that the dark-matter halo mass
function actually contain low-mass haloes of a su�cient
(cumulative) number density to match the faint end of
the observed luminosity function – otherwise the pre-
dicted luminosity function will end prematurely com-
pared to observations.

Indeed, a truncation in the halo mass function at

some minimum halo mass, as shown in the right panel
of Fig. 2, leads to a corresponding truncation in the
Mh(MAB) relation, as is clearly seen for the ma =
10�22 eV, Model 1 (100% axion DM), case in Fig. 3. For
the case of a turnover in the halo mass function with-
out a complete truncation, as shown in the left panel
of Fig. 2, the Mh(MAB) relation will steepen such that
several orders of magnitude in dark matter halo mass
maps onto a nearly singular value of galaxy luminosity,
as can be seen for the ma = 10�22eV, Model 3 (50%
axion DM), case in Fig. 3. A truncation will occur in
the resulting aMDM cumulative luminosity function at
the corresponding magnitude for both cases. The termi-
nal value in the aMDM cumulative luminosity function,
therefore, indicates the minimum mass scale of galaxy
formation at each redshift based on whether a su�cient
number of DM halos of that mass scale have collapsed.

The advantage of the abundance-matching proce-
dure is that it provides a pathway to constraining DM
mass functions by directly comparing to galaxy observa-
tions without appealing to uncertain galaxy formation
physics. The Mh(MAB) relation additionally serves as a
prediction for validation or rejection of a given theory.

Schultz et al. (2014) used a di↵erent methodology
in their abundance-matching procedure for the WDM
case. Those authors used the Mh(MAB) relation ob-
tained from the CDM abundance-matching when con-
structing the predicted WDM cumulative luminosity
functions. Their argument for this choice was the un-
known galaxy formation physics that accounts for their
Mh(MAB) relation should be based on CDM, as WDM
mass functions would require a more e�cient galaxy for-
mation process in low-mass galaxies. Our approach uses
the same DM mass function at the beginning and end of
the abundance-matching procedure, which we consider
to be more self-consistent.

c� 0000 RAS, MNRAS 000, 000–000

Missing satellite problem?

FUTURE WORK: ULAS AND GALAXIES

Marsh et al 2014, Klypin 1999, Bullock 2010

Notes on the Missing Satellites Problem James. S. Bullock (UC Irvine) 27

Fig. 1.11. Luminosity function of dSph galaxies within Rh = 417 kpc of the Sun
as observed (lower), corrected for only SDSS sky coverage (middle), and with lu-
minosity completeness corrections from Tollerud et al. (2008) included (upper).
Note that the brightest, classical (pre-SDSS) satellites are uncorrected, while new
satellites have the correction applied. The shaded error region corresponds to the
98% spread over mock observation realizations within the Via Lactea I halo.

the total number of galaxies between Lobs and Lobs +∆L using

Ntot(Lobs) ≃ csky Nobs
N(< Rh)

N(< Rcomp(Lobs))
. (1.12)

If we make the assumption that satellite galaxies are associated with subha-
los in a one-to-one fashion, then N(< Rh)/N(< R) may be estimated from
analyzing the radial distribution of ΛCDM subhalos. Tollerud et al. (2008)
showed that the implied ratio N(< Rh)/N(< R) is almost independent of
how the subhalos are chosen. As an example, consider the correction implied
for theNobs = 2 knownMilky Way dwarfs that have Lobs ≃ 1000L⊙. For this
luminosity, we are complete to Rcomp = 66kpc. The subhalo distributions
presented in Tollerud et al. (2008) obey N(< 417kpc)/N(< 66kpc) = 5−10

19

Dynamical friction, tidal disruption, substructure, FDM disks?, globular 
cluster orbits in Fornax dwarf, halo model, spherical collapse, better 
simulations (much work to be done!)

Hui, Ostriker, Tremaine and Witten 2016
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IMPROVING THEORETICAL PREDICTIONS

✴Hard switch from scalar-field evolution (KG equation) to 0th-order 
WKB (fluid) description

c2a =
�P

�⇢
=

k2/(4m2a2)

1 + k2/(4m2a2

�� = Ac�c(k, ⌘) cos (m⌘) +As�(k, ⌘) sin (m⌘)

)

20

✴Real mode functions not sines and cosines!

✴Corrections to WKB near match-point
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IMPROVING THEORETICAL PREDICTIONS
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c2s =
k2/(4m2

aa
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1 + k2/(4m2
aa

2)
+

✓ H
ma

◆2

g(k, ⌘,ma)

Work in progress,  
J. Cookmeyer  

HC 2017 
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IMPROVING THEORETICAL PREDICTIONS
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✴Analytic improvements 

✴Compare mode evolution 

✴Determine bias to constraints 

✴Improve AxionCAMB

c2s =
k2/(4m2
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1 + k2/(4m2
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2)
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ma
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g(k, ⌘,ma)
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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.
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FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed
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Largest corrections 
likely in belly!

Work in progress,  
J. Cookmeyer  

HC 2017 



21

IMPROVING THEORETICAL PREDICTIONS

21

✴Analytic improvements 

✴Compare mode evolution 

✴Determine bias to constraints 

✴Improve AxionCAMB

c2s =
k2/(4m2

aa
2)

1 + k2/(4m2
aa

2)
+

✓ H
ma

◆2

g(k, ⌘,ma)

19

TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.

Parameter Planck + highL+lowL+WP (CMB) CMB+ WiggleZ

⌦ah
2 < 0.0058 < 0.0062

⌦ch
2 0.119+0.005

�0.008 0.121+0.004
�0.005

⌦a/⌦d < 0.048 < 0.049

�i/M
pl

0.073+0.1482
�0.058 0.089+0.239

�0.073

log(1010As) 3.092± 0.046 3.091± 0.046

ns 0.959± 0.012 0.956± 0.011

⌧
re

0.091± 0.025 0.089± 0.025

100⌦bh
2 2.212+0.043

�0.045 2.201± 0.046

H
0

[km/s/Mpc] 67.3+2.4
�3.5 66.2+2.4

�4.9

FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.
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The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 1. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors. Figure from Snowmass CF5 Neutrino planning
document.

Lastly it would be an oversight not to point out the obvious: there is only one CMB sky. It holds a wealth
of information on fundamental physics and the origin and evolution of the Universe. While we have learned
a great deal from CMB measurements, including discoveries that have pointed the way to new physics, we
have only begun to tap the information contained in CMB polarization, CMB lensing and secondary e↵ects.
CMB-S4 should be designed to maximize discovery space by producing high-fidelity maps.

1.3 From science goals to CMB-S4 design

1.3.1 Conceptual design of CMB-S4

The science goals discussed above leads to a rough conceptual design of CMB-S4, which we describe below.

1.3.1.1 Sensitivity and detector count

The sensitivity of CMB measurements has increased enormously since Penzias and Wilson’s discovery in
1965, following a Moore’s Law like scaling, doubling every roughly 2.3 years. Fig. 1 shows the sensitivity of
recent experiments as well as expectations for upcoming Stage 3 experiments, characterized by order 10,000
detectors on the sky, as well as the projection for a Stage 4 experiment with order 100,000 detectors. To
obtain many of the CMB-S4 science goals requires of order 1 µK arcminute sensitivity over roughly half of
the sky, which for a four-year survey requires of order 500,000 CMB-sensitive detectors.

CMB-S4 Science Book

From CMB-S4 Science book…. arXiv: 1610.02743 



FUTURE WORK: CMB LENSING

23

A slice of (dark matter) life at z~1
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FUTURE WORK: CMB LENSING

ULA saturating TT-only limits falsifiable at 4.5σ

Planck 2015 Lensing



S4-CAST FOR LENSING AND ULAS
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FIG. 9. Constraints on the axion fraction with and
without lensing: For a ‘CMB-S4-like’ survey, the 1�
marginalized error bar on the axion fraction, ⌦a/⌦d, for the
ranges of masses considered: 10�32 < ma < 10�22 eV. For
masses log(ma/eV) > �28, lensing more than halves the error
bar for the same survey parameters where the lensing deflec-
tion is not included. The improvement is also sensitive to the
fiducial model of ULAs assumed. This is particularly relevant
given that for the heaviest masses the ULAs are currently in-
distinguishable from a standard DM component.

We show the results of some choices for the beam size
and noise sensitivity in Figure 10. In each case we ei-
ther vary the beam and sensitivity separately (solid and
dashed lines), or we change the sky area at fixed 1 ar-
cminute beam resolution, while adjusting the sensitivity
assuming fixed total number of detectors and observing
time. In the case where we reduce the amount of sky ob-
served by S4, we adjust the correponding area used from
the Planck satellite to include the fraction not observed
by S4. This is shown in the Figure with a dot-dashed
line.

As discussed in Section III, ULAs a↵ect largely the
high-` damping tail of the CMB lensing deflection power,
and so improvements in the noise properties at small an-
gular scales tightens constraints on ULAs. Moving to
small, deep patches of the sky does not reduce the error:
to constrain ULAs we need larger sky area given a total
noise budget.

V. CONCLUSIONS

We live in the age of precision cosmology. Future ex-
periments like the proposed CMB-S4 will significantly
improve constraints on the composition of the dark sec-
tor. We have shown in detail how this is achieved in
the case of ultra-light axions, including degeneracies with
dark radiation and massive neutrinos. CMB-S4 will move
the wall of ignorance for the heaviest axion candidates

FIG. 10. Constraints on the axion fraction as a func-
tion of survey parameters: We vary the resolution and
sensitivity for a range of ‘CMB-S4’ survey parameters, around
the baseline parameters of 1 µK-arcmin, a resolution of 1 ar-
cmin and a baseline sky fraction for CMB-S4 of fsky = 0.4,
which is supplemented with a correspondingly reduced area of
the Planck sky. The error degrades slowly with worse resolu-
tion (solid line) and sensitivity (dashed line). The dot-dashed
line shows the constraints for fixed observing time, changing
the fraction of sky and accordingly modifying the sensitivity
of the ‘CMB-S4-like’ survey (and the amount of sky covered in
corresponding Planckmaps). Since the ULAs a↵ect the small-
scale damping tail and the lensing deflection most strongly,
moving to small, sensitive patches of the sky increases the er-
ror on the axion density (as opposed to having a fixed value
of fsky but pushing for lower instrumental noise levels). Con-
versely, tripling the beam size does not have a strong e↵ect
on the error on the axion fraction.

from ma = 10�26 eV to ma = 10�24 eV (detection with
an axion fraction of 20% at > 3�).

The lower limit on the dominant DM particle mass
will be increased from ma = 10�25 eV to ma = 10�23 eV
(1� constraints rule out large fractions). This begins to
make contact with the much more systematic-laden up-
per bounds on the axion mass and fraction from high-
z galaxies and reionization: ⌦a/⌦d < 0.5 for ma =
10�23 eV and ma & 10�22 eV for the dominant com-
ponent [44–46]. This value approaches the mass range
needed to explain dwarf galaxy cores and missing Milky
Way satellites (e.g. Refs. [36, 47–49]).

Perhaps more impressively, the constraints on the ax-
ion energy density at intermediate mass could improve
by an order of magnitude. CMB-S4 could detect an ax-
ion fraction as low as 0.02 at > 13� for an axion mass of
10�27 eV.

Given the power of these future e↵orts, it will be pos-
sible to probe the degeneracies between ULAs and other
potential DM components, such as massive neutrinos,
and light species such as massless sterile neutrinos.

2

FIG. 1. Projected CMB-S4 sensitivity to the axion en-
ergy density as a function of axion mass, compared
with Fisher-matrix Planck sensitivity: Vertical bars show
1� errors at fixed neutrino mass ⌃m⌫ = 0.06 eV while the
shaded bars show the errors marginalizing over ⌃m⌫ . We
classify axions as DE-like if ma < 10�29 eV, ‘DM-like’ if
ma > 10�25eV and ‘fuzzy’ DM for masses in between. In
the ‘fuzzy’ DM region, CMB-S4 will allow for percent-level
sensitivity to the axion mass fraction, improving significantly
on current constraints. For Planck data alone, neutrino de-
generacies significantly degrade sensitivity to axions, even at
the 1� level. In contrast, CMB-S4 constraints remain robust
to varying neutrino mass in the ‘fuzzy’ region. The solid and
dashed lines show the 2� and 1� exclusion limits, i.e. the
lowest axion fraction that could be excluded at those masses.

of galaxy positions and shapes) and the weak gravita-
tional lensing of the CMB. Constraints on the allowed
contribution of ULAs to the total DM component using
these observables provide a test of the CDM scenario.

A key goal of future cosmological experiments is to
measure the sum of the neutrino masses, ⌃m⌫ (see
Ref. [8] for a review of neutrino cosmology). The cur-
rent bound on ⌃m⌫ from ground-based oscillation ex-
periments is ⌃m⌫ & 0.06 eV [9]. Current cosmological
neutrino bounds indicate that ⌃m⌫ < 0.23 eV at 95%
confidence, using data from Planck [10] and measure-
ments of Baryon Acoustic Oscillations (BAO) from the
Baryon Oscillation Spectroscopic Survey [BOSS, 11].

Forecasted constraints for neutrino masses are that
�(⌃m⌫) = 15 meV for a fiducial model with ⌃m⌫ =
60 meV, for a CMB-S4-like experiment and BAO mea-
surements from a ‘DESI-like’ survey [12], promising a
4� detection of neutrino mass [13]. Much of this im-
provement is driven by weak gravitational lensing of the
CMB, in particular at high multipoles ` & 1000, al-
though the change in the lensing convergence power is
of order 25% even at low multipoles. The lensing deflec-
tion power-spectrum is determined from 4-pt functions
of CMB maps, extracting a factor of ⇠

p
3 as much in-

formation from CMB experiments [14].
The promise of CMB experiments in probing neutrino

masses motivates us to wonder: will future CMB ex-
periments o↵er dramatic improvements in sensitivity to
axion parameters? Given the known similarity of ULA
and massive neutrino imprints [15] on cosmological ob-
servables at low mass (ma ⇠< 10�29 eV), how signifi-
cant are ULA-neutrino degeneracies at CMB-S4 sensi-
tivity levels and will they degrade our ability to do fun-
damental physics with the CMB? To answer these ques-
tions, we conduct a Fisher-matrix analysis to explore the
sensitivity of future CMB experiments to ULA masses,
densities, and ⌃m⌫ . We find that CMB-S4 will allow
a 2 � 5� detection of axion mass fractions that agree
with pure Planck limits, covering an axion mass range of
10�32 eV ⇠< ma ⇠< 10�24 eV.

Near the top of this range, CMB-S4 will break the de-
generacy of axions and CDM. Sensitivity persists (but ta-
pers o↵) towards higher axion masses of ma ⇠ 10�23 eV.
CMB-S4 will push CMB tests of the ULA hypothesis to-
wards the mass range probed by subtle observables, like
the size of DM-halo cores and the number of missing
Milky-Way satellites. In the “dark-energy-like” (“DE-
like” ULAs henceforth) ULA regime (ma ⇠< 10�29 eV)
we find that the the ULA mass fraction is degraded by
degeneracies with the sum of the neutrino masses, but
that this degeneracy disappears at higher masses. We
find also that future measurements of the Hubble con-
stant could break this degeneracy. We denote ULAs in
the mass range 10�29 eV ⇠< ma ⇠< 10�25 eV as “fuzzy
DM”, and those with ma ⇠> 10�25 eV as “dark-matter-
like” (or DM-like).

We find that measurements of the lensing-convergence
power spectrum C

` drive much of the improvement in
sensitivity; if lensing is omitted, the fractional error bar
on the axion mass fraction degrades by a factor of ⇠ 3�5
in the ‘fuzzy’ regime. Finally, we explore the dependence
of our results on CMB-S4’s experimental design param-
eters.

We begin this paper by summarizing the physics and
cosmology of ULAs and neutrinos in Section II. In Sec-
tion III, we discuss the e↵ects of ULAs and neutrinos
on cosmological observables (e.g., the CMB’s primary
anisotropies and its lensing-deflection power spectrum),
as well as the degeneracies between axions and cosmic
neutrinos. Our assumptions about future data, forecast-
ing techniques, and key science results are presented in
Section IV. We conclude in Section V.

All power spectra presented here were computed us-
ing the AxionCAMB code, a modification to the CMB
anisotropy code CAMB [16], which is described in Ap-
pendix A, is publicly available, and was used to obtain
the ULA constraints of Ref. [17].2 In Appendix B, we

2 The code may be downloaded from http://github.com/dgrin1/

axionCAMB.

Fisher forecast using OXFISH code— OOM 
improvement drive by lensing

R.Hlozek, D.J.E. Marsh, D.G., J. Dunkley, R. Allison, E. Calabrese  
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All density initial conditions can be expressed in terms of these! 
These conditions are not conserved under fluid evolution 

ZOOLOGY OF INITIAL CONDITIONS

Initial conditions determine dynamics for a linear system
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The baryon isocurvature mode may be expressed in terms
of fractional fluctuations in the baryon-to-entropy ratio, which
is conserved on super-Hubble scales during this epoch. The
CDM and neutrino density isocurvature (NDI) modes may be
defined analogously. The neutrino velocity isocurvature (NVI)
mode refers to fluctuations in the neutrino velocity relative to
the average bulk velocity of the cosmic fluid. For the CMB, the
baryon and CDM isocurvature modes yield almost identical an-
gular spectra because the deficit of one is balanced by an ex-
cess of the other, so we do not consider them separately here.
In this way the primordial isocurvature modes may be defined
as dimensionless stochastic variables ICDI, INDI, INVI, like the
variable R describing the adiabatic mode.21 In this basis, the
CDI mode can be seen as an effective isocurvature mode, en-
coding both CDM and baryon isocurvature fluctuations through
Ie↵ective

CDI = ICDI + (⌦b/⌦c)IBI (Gordon & Lewis, 2003).
Within this framework, Gaussian fluctuations for the most

general cosmological perturbation are described by a 4 ⇥ 4 pos-
itive definite matrix-valued power spectrum of the form

PPP(k) =

0

B

B

B

B

B

B

B

B

B

B

B

@

PR R(k) PR ICDI (k) PR INDI (k) PR INVI (k)
PICDIR(k) PICDIICDI (k) PICDIINDI (k) PICDIINVI (k)
PINDIR(k) PINDIICDI (k) PINDIINDI (k) PINDIINVI (k)
PINVIR(k) PINVIICDI (k) PINVIINDI (k) PINVIINVI (k)

1

C

C

C

C

C

C

C

C

C

C

C

A

. (64)

Following the conventions used in CAMB (Lewis & Bridle, 2002;
Lewis, 2011) and CLASS (Lesgourgues, 2011; Blas et al., 2011),
the primordial isocurvature modes are normalized as follows in
the synchronous gauge: for the CDI mode, PII(k) is the primor-
dial power spectrum of the density contrast �⇢CDM/⇢CDM; for the
NDI mode it is that of �⇢⌫/⇢⌫; and for the NVI mode, that of the
neutrino velocity v⌫ times 4/3. 22

If isocurvature modes are present, the most plausible
mechanism for exciting them involves inflation with a multi-
component inflaton field. To have an interesting spectrum on
the large scales probed by the CMB, isocurvature modes require
long-range correlations. Inflation with a multi-component infla-
ton provides a well motivated scenario for establishing such cor-
relations. Inflation with a single-component scalar field can ex-
cite only the adiabatic mode. In models of inflation with light
(compared to the Hubble expansion rate) transverse directions,
the scalar field along these transverse directions becomes disor-
dered in a way described by an approximately scale-invariant
spectrum. If the inflaton has M light components, there are
(M � 1) potential isocurvature modes during inflation. Whether
or not the fluctuations along these transverse directions are sub-
sequently transformed into the late-time isocurvature modes de-
scribed above depends on the details of what happens after infla-
tion, as described more formally below.

As explained for example in Langlois (1999), Gordon et al.
(2001), Groot Nibbelink & van Tent (2000, 2002), and Byrnes
& Wands (2006), for inflationary models where the inflaton fol-
lows a curved trajectory, correlations are generically established
between the isocurvature and curvature degrees of freedom. To
lowest order in the slow-roll approximation, this leads to a situa-
tion where the adiabatic perturbation is the sum of several com-
ponents each of differing spectral index.

The post-inflationary evolution determines how the isocur-
vature fluctuations generated during inflation transmute into the

21 The symbol S is sometimes used in the literature to denote the
isocurvature modes, also known as entropy perturbations. To prevent
confusion we avoid this terminology because isocurvature modes are
unrelated to any notion of thermodynamic entropy.

22 In other words, of the neutrino perturbation dipole, F⌫1 = 4✓v/(3k)
in the notation of Ma & Bertschinger (1995).
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Fig. 21. CTT anisotropy shapes for the three isocurvature modes.
Top: The shapes of the CDM isocurvature mode, neutrino den-
sity isocurvature mode, and neutrino velocity isocurvature mode
are shown together with the adiabatic mode. The modes have
the same amplitude parameters (PRR for the adiabatic mode and
PII for each isocurvature mode). Bottom: The narrower multi-
pole range illustrates the relative phases of the acoustic oscilla-
tions for these modes.

three specific isocurvature modes studied here. Little is known
about the details of what happens during the epoch of entropy
generation, but to linear order we may express how the fieldsRinf
(i.e., the curvature perturbation at the end of inflation) and the
transverse components of the inflaton field �1, . . . ,�M�1 (i.e.,
the components orthogonal to the slow-roll direction) transform
into curvature perturbations and late-time isocurvature modes at
the end of the epoch of entropy generation as the linear transfor-
mation

 Rout
Ia

!

=

 

1 ⌃A
0 MaA

!  Rinf
�A

!

, (65)

where a = BI, CDI, NDI, NVI, while A = 1, . . . , (M � 1) labels
the transverse components of the N component inflaton field.
Physically, the fluctuations along the transverse directions mod-
ulate particle production during the epoch of entropy generation.

The neutrino density isocurvature can be excited in much
the same way as the CDM and baryon isocurvature mode be-
cause at least within the standard electroweak model, in which

From arXiv: 1303.5082 (Planck inflation paper)
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FIG. 3: CMB axion isocurvature power spectrum, with adi-
abatic ⇤CDM for scale (black dashed). We demonstrate the
normalisation di↵erence between ↵CDM (grey dot-dash) and
↵a (solid), with ⌦a/⌦d = 0.01 implying a normalisation dif-
ference of (0.01)2 = 10�4. We also show small-scale power
suppression by the lightest axions. The axion masses are
ma = 10�32, 10�29, 10�28, 10�20eV.

versa, thus providing a non-trivial cross-check on the in-
flationary origin of these modes, and thus on HI . Given
that there are sources of observable tensor modes possible
even with low-scale inflation [25] these regions provide a
novel and truly unambiguous way to measure the energy
scale of inflation using the concordance of {↵, r, ⌦a}. Fur-
thermore, an accompanying isocurvature signal would be
strong supporting evidence necessary to infer the axionic
origin of any detected suppression of small scale power.
We will present constraints in a forthcoming paper [23].
Stepping beyond the axiverse paradigm, an isocurvature
detection would be evidence that the additional degree of
freedom responsible for structure suppression is already
present and massless during inflation.

So far we have assumed that constraints to ↵
CDM

will
map over to constraints to ↵a. For adiabatic fluctuations,
the e↵ect of subdominant axions on the CMB observ-
ables is very small. For isocurvature fluctuations, how-
ever, the radically di↵erent super-horizon solutions [23]
of axion isocurvature lead to sharply di↵erent behavior
from the more familiar pure CDM isocurvature. This
mode, as well as the more general suppression of small-
scale structure in ULA models, is carefully implemented
using a modified version of camb [26] and is described in
Ref. [23]. In this case, all other species fall into the grav-
itational potential wells set up by axions, and so axions
drive the behavior of the observables, leading to far more
dramatic e↵ects. We show example spectra in Fig. 3.

Fig. 3 demonstrates that in the isocurvature mode,
CMB power is suppressed on small scales (large `), with

the scale of power suppression becoming larger as the
axion mass decreases, just as in P (k) (c.f. Fig. 1). As
the axion mass increases the axion isocurvature spectra
asymptote to CDM-like behaviour.

The suppression of power will be important for ULAs
in altering the isocurvature constraints. Since the isocur-
vature power spectrum falls o↵ rapidly at large `, most
constraining power on isocurvature comes from the ad-
dition of power along the low-` plateau before the first
peak at ` ⇠ 200. When the isocurvature power is sup-
pressed along this plateau the isocurvature spectrum re-
mains significant only at lower and lower `. Therefore
we should expect that not only will allowed values of
↵a be di↵erent from ↵

CDM

due to normalisation, but
also due to the power suppressing properties of ULAs.
The e↵ect of this is estimated from the reduced num-
ber of modes available to measure isocurvature fraction
and is shown in Fig. 2. Isocurvature becomes harder to
measure and further constrains the observable region for
{↵, r} at the lowest masses, ma . 10�28 eV. The low-
est mass region is harder to access observationally using
LSS measurements since the structure suppressing prop-
erties of the axions only occur on very large scales [15].
In addition, producing an observable relic density with
ma . 10�28 eV would require additional physics: for ex-
ample a large number of axions with nearly degenerate
masses.
Conclusions– In this letter we have demonstrated that

in the case of ultra-light axions one is able to unambigu-
ously infer the energy scale of inflation from their isocur-
vature fraction by using large scale structure constraints
to bound the relic density. In addition, there are regions
of parameter space allowed by current constraints where
both the isocurvature fraction and the tensor-to-scalar
ratio are within observable reach of near future CMB ex-
periments. This predicted concordance of three observ-
ables is a potentially powerful probe of the energy scale
of inflation. In the context of the axiverse, the inferred
value of HI from observed tensor modes would predict
observable axion isocurvature across more than four or-
ders of magnitude in axion mass. We present constraints
to this model in a forthcoming paper [23].
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Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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We forecast the errors on axion isocurvature for the base line CMB-S4 experiment with a 1 µK-arcmin
noise level and a 1 arcminute beam: the isocurvature limit will be improved by a factor of approximately
five compared to Planck, allowing for detection of axion-type isocurvature at 2� significance in the region
0.008 < AI/As < 0.038.

The axion isocurvature amplitude is:

AI =

✓

⌦a

⌦d

◆2 (HI/Mpl)2

⇡2(�i/Mpl)2
. (5.3)

The initial axion displacement, �i, fixes the axion relic abundance such that ⌦a = ⌦a(�i, ma) [470, 471, 472,
473, 474, 475]. Thus, if the relic density and mass can be measured by independent means, a measurement
of the axion isocurvature amplitude can be used to measure the energy scale of inflation, HI

If the QCD axion is all of the DM, axion direct detection experiments can be used in conjunction with
CMB-S4 to probe HI in the range

2.5 ⇥ 106 . HI/GeV . 4 ⇥ 109 (QCD axion + direct detection) (5.4)

This is demonstrated in Fig. 33 (left panel) for the case of ADMX [476] (in operation), and CASPEr [477]
(proposed), where we have used the standard formulae relating the QCD axion mass and relic abundance
to the decay constant (e.g. Ref. [467]).2 Combining axion DM direct detection with CMB-S4 isocurvature
measurements allows a unique probe of low-scale inflation, inaccessible to searches for tensor modes.
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Figure 33. Axion dark matter isocurvature. Red bands show the isocurvature amplitude consistent
with Planck and detectable with CMB-S4. Left Panel: The QCD axion: measuring the energy scale
of inflation with CMB-S4+axion direct detection. Here we restrict axions to be all of the DM. The purple
regions show the range of fa accessible to axion direct detection experiments. Combining ADMX [476] (in
operation), CASPEr [477] (proposed), and CMB-S4 it is possible to measure 4 ⇥ 10

5 . HI/GeV . 4 ⇥ 10

9.
Right Panel: ALPs - a combination measurement using CMB-S4 alone. Assuming 1% of the total DM
resides in an ultralight axion, the mass and axion density can be determined to high significance using, for
example, the lensing power. The isocurvature amplitude can also be determined, allowing for an independent
determination of HI in the same regime as is accessible from tensor modes (purple band).

We now consider isocurvature in ultralight ALPs (ULAs, see e.g. Refs. [483, 479]). ULA DM has a number of
distinctive features in large scale structure and the CMB [464, 484]. For ULAs with 10�32 . ma/eV . 10�23

a DM fraction of ⌦a/⌦d in the range of 1% is consistent with Planck [464] and high-z galaxy formation [485,

2

In simple models of inflation, the high-fa QCD axion is incompatible with detection of tensor modes [467, 468, 478, 479, 478],

although non-standard cosmic thermal histories of PQ breaking mechanisms can lift constraints , e.g. [480, 481, 482].

CMB-S4 Science Book

From CMB-S4 Science book…. arXiv: 1610.02743 



✴ `Curvaton’      is a spectator (sub-dominant) during inflation

✴After reheating,     decays with

CURVATON MODEL

30
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curvaton

inflaton

radiation

inflation oscillation RD

✥ Background evolution

❖ Curvaton scenario
1. inflation
2. inflaton coherent oscillation

3. radiation domination (after inflaton decay)
■ curvaton starts to oscillate at

■ curvaton decays at

�

Quantum'fluctua*ons�

some schematics from Wands, Enqvist, Lyth, Takahashi (2012-2015)

Many curvaton candidates (e.g. sneutrino from MSSM, axion, generic modulus)

�

�

✴Hard for an inflationary model to do everything you want

�

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Creation of Adiabatic vs. Isocurvature Perturbations

Inflaton field Axion field

Slow roll

Reheating

De Sitter expansion imprints
scale invariant fluctuations

Inflaton decay  → matter & radiation
Both fluctuate the same:
Adiabatic fluctuations

Inflaton decay  → radiation
Axion field oscillates late  → matter
Matter fluctuates relative to radiation:
Entropy fluctuations

De Sitter expansion imprints
scale invariant fluctuations

��

V (�)



✴ Inflationary curvature perts assumed negligible

✴Curvaton becomes more important once m� � H, ⇢� / a�3

Totally (or anti) correlated with density field

✴3 possibilities for curvaton decay products

CURVATURE PERTURBATIONS IN CURVATON MODEL

31

�

�

x

=

8
<

:

0 if x produced before curvaton decay

3
rD

⇣ if x produced by curvaton decay

⇣ if x produced after curvaton decay

Mismatch for species produced before, by curvaton decay

Isocurvature!
Lyth,Wands, Ungarelli (2002-2003) 2002, Malik and Lyth 2006 
Mollerach 1990, Moroi and Takahashi 2001

3



✴ Neutrino isocurvature generated if lepton number produced by curvaton decay

✴Modified relationship between relativistic species and total curvature

✴Weak interactions convert lepton number to neutrino density

✴There could be lepton asymmetry (carries to neutrinos)

NEUTRINO ISOCURVATURE IN THE CURVATON MODEL

32

�

f±
i2{⌫e,⌫⌧ ,⌫µ} =

h
eE/Ti + 1

i�1

�⌫ 6= ��

⇣ = (1�R⌫)
��
4

+R⌫
�⌫
4

�⌫ 6= ��

⇣ = (1�R⌫)
��
4

+R⌫
�⌫
4

S⌫� 6= 0



✴Variety of lepton number generation scenarios 

✴Affleck/Dine leptogenesis (L-generation by curvaton decay)

NEUTRINO ISOCURVATURE IN THE CURVATON MODEL

33
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PANOPLY OF DECAY SCENARIOS

34

✴ Project: T.L. Smith  + DG, systematically explore all 27 decay scenarios
TABLE I. Baryon and CDM isocurvature amplitudes (in terms of the curvature perturbation ⇣) for the various
curvaton-decay scenarios. If the lepton chemical potential ⇠

lep

= 0, S⌫� = 0. Otherwise, if ⇠
lep

6= 0 and there is a net
lepton number L 6= 0, S⌫� is given by Eq. (21), taking non-zero values only if L is generated by curvaton decay, that
is, yL = by. This is discussed in detail in Secs. III A and III B. The notation (byb , cyc , LyL) for various curvaton-decay
scenarios is introduced in Sec. II.
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isocurvature modes which are correlated to the adi-
abatic mode.

For example, the fractional contribution to the
temperature power spectrum is constrained to ↵ =
�0.0025+0.0035

�0.0047 at 95% CL using Planck TT + LowP
where the sign of ↵ indicates whether the isocurva-
ture contribution is totally correlated (↵ > 0) or
anti-correlated (↵ < 0) with the adiabatic mode.
The preference for an anitcorrelated mode comes
from the well-known deficit of power on large an-
gular scales [86, 91]. When all polarization data is
included in the analysis the centroid shifts upward
and the overall uncertainty on ↵ is reduced by more
than 50%: ↵ = 0.0003+0.0016

�0.0012 at 95% CL. As noted
by the Planck team [38] these e↵ects may both be
driven by a significantly low point in the TE cross
power spectrum which may be due to unidentified
systematic e↵ects (see, e.g., Ref. [92]).

In order to highlight the e↵ects of including
all of the publicly available Planck data we di-

vide our analysis into two sets of data: Planck

TT+BAO+LowP and Planck TT+BAO+AllP.
Given the uncertainty around systematic e↵ects in
the high-` polarization power spectrum we take the
Planck TT+BAO+LowP constraints to be more ro-
bust.

In order to compare the data to our model we use a
modified version of the publicly available Boltzmann
code CosmoMC [93] along with the publicly avail-
able Planck Likelihood code [87] included with the
2015 Planck data release. We made modifications
to these codes in order to include the two curvaton
parameters rD and ⇠lep. As discussed previously,
the parameter rD only a↵ects the initial conditions
whereas the lepton asymmetry, ⇠lep, a↵ects both the
initial conditions, the e↵ective number of neutrino
species, as well as �-decay processes occurring dur-
ing BBN. This latter e↵ect alters the primordial light
element abundances, so that from measurements of
primordial 4He and deuterium abundances, we have

9

arXiv: 1511.07431, Phys. Rev. D 94 103517



✴ Allowed parameter space for compensated scenarios: 

✴ baryon/CDM entropy fluctuations

✴ Total non-relativistic isocurvature nearly vanishes for allowed values

COMPENSATED SCENARIOS

35

S4 sensitivity
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More on this soon…. stay tuned!



COMPENSATED SCENARIOS: ENHANCED LEPTON CONSTRAINTS
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FIG. 6. Constraints to rD and ⇠2
lep

for scenario
(b

before

, c
by

, LyL). Top: the marginalized 2D con-
straints to both rD and ⇠

lep

. The red regions show
the current constraints using Planck TT+BAO+LowP
data, the blue regions show constraints using Planck

TT+BAO+AllP, and the black regions show the pro-
jected constraints for a cosmic-variance limited CMB
experiment which measures out to `

max

= 2200, ob-
tained from a Fisher-matrix analysis. In this panel, a
flat prior is imposed on ⇠2

lep

, as discussed in the text.
Bottom: marginalized 1D constraints to rD using Planck

TT+BAO+LowP under a variety of assumptions for ⇠
lep

:
flat prior on ⇠2

lep

(red), BBN-prior on ⇠2
lep

(blue), and
⇠2
lep

= 0 (orange).

using measurements of scale-dependent bias in fu-
ture galaxy surveys [48, 49] or measurements of the
matter bispectrum from high-redshift 21-cm experi-
ments [19–21]. The scenario (bbefore, cby, LyL), which

FIG. 7. Predicted value of the non-Gaussianity pa-
rameter f

nl

for the scenarios (b
by

, c
before

, LyL) and
(b

before

, c
by

, LyL) for parameter values which are consis-
tent with our limits (on isocurvature and the radiative
energy density at decoupling) from Planck/BAO data
(red). The vertical dashed lines indicate the 95% CL
range of these predictions.

makes more modest predictions, could be tested with
high-redshift 21-cm experiments [19–21].

Future CMB measurements will greatly improve
upon these constraints. As shown by the black el-
lipses in Figs. 5 and 6 a cosmic-variance limited
CMB experiment which measures both the tem-
perature and polarization power-spectrum out to
`max = 2200 will give a factor of 4.3 increase in sen-
sitivity to ⇠2lep and a factor of 3.5 increase in sensi-
tivity to rD for the scenario (bby, cbefore, LyL) and a
factor of 11 increase in sensitivity to ⇠2lep and a fac-
tor of 4 increase in sensitivity to rD for the scenario
(bbefore, cby, LyL). Note that even with the increased
sensitivity, CMB/BAO measurements of ⇠2lep are still
not as sensitive as measurements of the primordial
light-element abundances.

B. Constraints to baryon and CDM
production after curvaton decay

In the scenario where both the baryon number
and CDM are produced after curvaton decay, while
lepton number is produced by its decay, the initial
conditions are completely determined by the level
of neutrino isocurvature alone, as shown in Table
I. Looking at Eq. (22) we can see this produces a
perfect degeneracy between rD and ⇠2lep: the level

14

S4 sensitivity

Planck: TT + allP + BAO 
Planck: TT + lowP + BAO 

✴ Unavoidable neutrino isocurvature when matter isocurvature nearly vanishes

✴ Compare with 

S⌫� =
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BARYON-DM ISOCURVATURE

37

✴ “Nuisance” mode identified (Lewis 2002)

Compensated Isocurvature Perturbation (CIP)

✴ Subdominant fluctuations: Adiabatic modes dominate, but do the 
relative number densities of DM and baryons fluctuate?
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BARYON-DM ISOCURVATURE
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✴ “Nuisance” mode identified (Lewis 2002)

✴ Subdominant fluctuations: Adiabatic modes dominate, but do the 
relative number densities of DM and baryons fluctuate?

Compensated Isocurvature Perturbation (CIP)



✴ Observationally null in the CMB! (surprising but true, only at linear order!)

WHY DIDN’T ANYONE NOTICE?

38

✴ Baryon terms in photon equations …
/ ne�T (1 + �b)r · ~vb

� > �J ⇠ cs,b
H

⇠ c

H

s
kBTb

mp
! ` & 105

�P = 0 if



✴ Observationally null in the CMB! (surprising but true, only at linear order!)

WHY DIDN’T ANYONE NOTICE?

38

✴ Baryon terms in photon equations …
/ ne�T (1 + �b)r · ~vb

higher order effect … neglected in first-order Boltzmann codes 

� > �J ⇠ cs,b
H

⇠ c

H

s
kBTb

mp
! ` & 105

�P = 0 if



✴ Acoustic horizon scale modulated by CIPs

COMPENSATED ISOCURVATURE AND THE CMB: 
z~1100 EFFECTS

39

✴ Baryon-photon sound speed depends on electron density

c2s =
1

3
[1 + 3⇢b/4⇢� ]

�1

λD≈N1/2λC

N=η/λC
✴ Damping scale modulated by CIPs
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(μK2)

✴Funnels E modes  to  B modes



COMPENSATED ISOCURVATURE AND THE CMB: 
z~1100 EFFECTS

40

(μK2)

✴Funnels E modes  to  B modes

CMB detectability of CIPs shown in 
arXiv: 1107.1716- Phys. Rev. Lett. 107 261301, DG+
arXiv: 1107.5047- Phys. Rev. D. 84 123003, DG+



COMPENSATED ISOCURVATURE AND THE CMB: 
RECOVERING THE REALIZATION

41

✴ Power spec. results were true, averaging over realizations of 
primordial       
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✴ In single realization of CIP spec.,  a long wavelength CIP w/ amp                    
affafafmodulates the power spectrum across the sky 
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✴ Power spec. results were true, averaging over realizations of 
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✴ Power spec. results were true, averaging over realizations of 
primordial       

✴ In single realization of CIP spec.,  a long wavelength CIP w/ amp                    
affafafmodulates the power spectrum across the sky 

✴Heuristically: 
1. Tile all-sky map with patches 
2. Measure power spec in each patch 
3. Reconstruct �(n̂)
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OFF-DIAGONAL CORRELATIONS:  
TOY MODEL
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OFF-DIAGONAL CORRELATIONS:  
TOY MODEL

CIP modulation
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OFF-DIAGONAL CORRELATIONS:  
TOY MODEL
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Mode coupling in Fourier space
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OFF-DIAGONAL CORRELATIONS:  
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Can be used to reconstruct CIP from 
CMB map! 
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✴ Generate CIP map (reconstruction)
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✴ Generate CIP map (reconstruction)

�̂LM =
�
N��

L

��1
Z

dn̂Y ⇤
LM (n̂)T (n̂)S(n̂) + (1 $ 2)

    arXiv: 1306.4319 (DG, Duncan Hanson + …)-Phys. Rev. D 89, 023006 (2014) 
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Upper limit to CIP spectrum at a variety of scales

44
Cosmic baryon fraction is homogeneous at 10-20% level at 5-100˚ scales 

at z=1100!



Upper limit to CIP spectrum at a variety of scales

44
 Julian B. Muñoz, DG, Liang Dai, Ely Kovetz, Marc Kamionkowski
arXiv: 1511.04441 , Phys. Rev. D 93, 043008 

Comparable limit from Planck power spectra (lower order statistic)

AL = 1.14± 0.08

�2
rms  0.01
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Excluded by galaxy 
cluster measurements 

of baryon fraction
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Parameter space 
accessible with CMB

Two orders of magnitude improvement: conservatively
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Ultimate reach of power-spectrum only (Gaussian) method



COMPENSATED ISOCURVATURE AND THE CMB: 
FORECAST WITH RECONSTRUCTION

45Two orders of magnitude improvement: conservatively

Naive curvaton target
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✴ Most interesting curvaton scenario if baryon number 
generated by curvaton decay, CDM after

✴ Linear CMB isocurvature limits then require

Se↵
m� = Sc� + ⌦b

⌦c
Sb� /

⇣
rD � ⌦b

⌦m

⌘
⇣

✴ Predicting …

Sbc = A⇣; A ' 19
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✴ Linear CMB isocurvature limits then require

Se↵
m� = Sc� + ⌦b

⌦c
Sb� /

⇣
rD � ⌦b

⌦m

⌘
⇣

✴ Predicting …

Large, possibly detectable CIPs, correlated with adiabatic fluctuations

Sbc = A⇣; A ' 19
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✴ Correlation of CIP and temperature fields
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Â /
X

LM

�̂⇤
LMTLM

2L+ 1
/

X

LMlml0m0

TLMT ⇤
lmTl0m0V LM

lml0m0

3-pt function!



OBSERVABILITY OF CURVATON-GENERATED CHIPS

48

12

FIG. 3. 2� sensitivity from total cross-correlations for
Planck, SPT-3G, ACTPol and CMB-S4 as function of L

max

,
for a CIP reconstructed from l

CMB

 2500 and fixed L
min

=
f
�1/2

sky

. The shaded band from L
max

of 100 to 200 represents
the limit of the separate universe approximation employed in
the current reconstruction method.

good polarization sensitivity and sky coverage, the im-
provement can be larger due to both the higher L out
to which the signal can be detected and the addition of
the E� cross spectrum [WH: possibly break down S4
by removing E�]. Take the S4 experiment for example,
adding the E� cross spectrum improved 2�

A

from 15 to
10, making it possible to probe A = 16.5 at 3�. [WH: I
am here]

TABLE IV. Full analysis results of 2�
A

at its 2� detec-
tion threshold. We use the fiducial CIP multipole range
f
�1/2

sky

 L  100 and the CMB multipoles l
CMB

 2500
for the reconstruction. We find that CMB-S4 is able to probe
the largest prediction of A in the curvaton model (A = 16.5)
at more than 3� significance, which would not be possible us-
ing only the auto-spectrum. In addition, a detection of A > 3
would eliminate the rest of the curvaton scenarios.

Experiment 2�
A

WMAPa 152
Polarbear 141
Plancka 43.3
ACTPol 40.2
SPTPol 100.3
SPT-3G 38.2
CMB-S4 10.3
CVL 8.1

a We used the combined noise from V and W bands for WMAP
and from the 143 and 217 GHz channels for Planck.

[WH: Forecasted improvement numbers auto vs to-
tal for WMAP, and tie into discussion of actual WMAP

FIG. 4. 2� sensitivity from total cross-correlations for
Planck, SPT-3G, ACTPol and CMB-S4 as function of L

min

,
for a CIP reconstructed from l

CMB

 2500 and fixed L
max

=
100.

FIG. 5. 2� sensitivity from total cross-correlations for the
CVL experiment as function of l

CMB,max

, with fixed L
min

= 2
and L

max

= 100.

measurement]
The latest WMAP 95% C.L. upper limit on the scale-

invariant spectrum C��
L

= B/[L(L + 1)] is B  0.011
[22]. For the correlated CIP with correlation A, the cor-
responding upper limit is A2  (808)2. The Fisher fore-
cast from the auto spectrum predicts that the 2� detec-
tion threshold in A2 is A2 = 2�

A

2 = 4A�
A

= (469)2.
Note that a 2� detection in A2 is not a 2� and but a 4�
detection in A (for example, the 2� threshold in A for
WMAP is A = 307). [WH: comment on the di↵erence
between this and A = 2�

A

]. The Fisher value in this case
underestimates the actual errors by a factor of 3.0 in A2

or 1.7 in A which should be borne in mind when consid-

Curvaton CIP amplitude is detectable
C. He Heinrich, DG, and Wayne Hu 

arXiv:1505.00369 
PRD92, 063018
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✴Ultra-light axions 

✴~1% level constraints on horizon 

✴Lensing is very promising, as is tensor + iso combo 

✴Work to be done improving theory 

✴Curvaton-sourced isocurvature perturbations 

✴Existing constraints require fine tuning curvaton-decay scenario 

✴Some scenarios will be strongly probed by CIP measurements 


