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Smörgåsbord
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A meal of axions, isocurvature fluctuations, non-Gaussian 
perturbations, and their estimators



✴ Are the CMB fluctuations Gaussian?

✴ Are the primordial fluctuations adiabatic?

Outline
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Improving CMB estimators of local-type non Gaussianity

Baryon-DM isocurvature fluctuations and the CMB

Isocurvature and the axiverse

✴ Telescope searches for decaying relic axions

A new search in galaxy cluster RDCS 1252
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Improved CMB estimator for 
primordial non-Gaussianity

with T. L. Smith and M. Kamionkowski
arXiv: 1211.3417, submitted to Phys. Rev. D



✴ N-point fluctuation PDF is

✴ All cumulants specified by 2-pt function (via Wick’s theorem)

Gaussian fluctuations
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✴ Massive scalar field has Gaussian wave function: higher 
order terms (non-Gaussian) probe interactions



Smith et al. 2009

✴ Local model

✴ Claimed WMAP detection (Yadav et al.) 

✴ Planck Sensitivity

Local-type non-Gaussianity
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✴ Odd cumulants

✴ Mode correlations

✴ Squeezed limit

Bispectrum
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Bispectrum estimator
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✴ Curvaton model predicts local-type non-Gaussianity

✴ Large local non-Gaussianity falsifies single-field inflationary 
models

Non-gaussianity and fundamental physics
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✴ Other shapes probe novel inflationary models

Non-canonical kinetic
 terms for inflaton

Non Bunch-Davies vacuum

Equilateral Folded



Visualizing non-Gaussianity
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2.5 Non-Gaussianity: Beyond the Power Spectrum 59

FIG 2.25.—From top to bottom, the panels show a Gaussian CMB map and two non-Gaussian simulations of an
inflationary motivated linear plus quadratic potential model at approximately Planck resolution. The non-Gaussian
maps are characterized respectively by fNL = +3000 and fNL = −3000 (these high values are needed in order to
make the non-Gaussianity effects visible by eye). The non-Gaussian multipoles for the maps have been obtained by
the algorithm described in Liguori et al. (2003).
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✴ Expand estimator in powers of  fNL

fNL-dependent variance of NHMV
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fNL-dependent variance of NHMV
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Fractional correction of order 10-5 if fNL~100!
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✴ Choose an estimator

✴ Let ai be a Gaussian random variable with 

What’s going on? Toy model
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✴ Choose an estimator

✴ Let ai be a Gaussian random variable with 

What’s going on? Toy model
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Sum over all pairs is unconventional

✴ Audience exercise:

✴

Proof: there exist stupid estimators!



✴ In flat-sky, no-transfer-function (Sachs-Wolfe) case

What’s going on? Local model
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f̂NL = B0 + fNLB1
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✴ Term with excess variance

✴ Seek MV estimator of non-linear multipole

✴ `Divide out’ extra stochasticity (Creminelli et al. 2006)

Realization-normalized estimator (RNE)

14
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RNE performance with a real transfer function
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FIG. 4: Left : The realization-dependent normalization reduces the f
NL

-dependent variance to varying extents depending on the
level of the late-time ISW e↵ect. From top to bottom we plot the function Dl(r⇤, r⇤)/�l(r⇤, r⇤) with varying levels of late-time
ISW: 1, 0.5, 0. The overall reduction of the f

NL

-dependent variance roughly corresponds to the value of D
2

(r⇤, r⇤)/�2

(r⇤, r⇤).
Right : The fractional improvement in the f

NL

-dependent variance, R, as a function of the amplitude of the late-time ISW.
When the late-time ISW is completely removed (i.e., A

ISW

= 0) the f
NL

-dependent variance is nearly completely removed; for
an unmodified ISW level the f

NL

-dependent variance is reduced by a factor of ⇠ 0.5.

e↵ect in the line-of-sight integral [43]. When A
ISW

= 1 it takes on its standard value in the calculation of the C
l

s; when
it is zero the late-time ISW e↵ect is absent. In Fig. 4 we show D

l

(r⇤, r⇤)/�l

(r⇤, r⇤) as a function of multipole, l, with
varying late-time ISW amplitude, A

ISW

. On the right hand side of the figure, we can see R ' D
2

(r⇤, r⇤)/�2

(r⇤, r⇤)
falls o↵ sharply as A

ISW

decreases. Qualitatively this result can be understood by noting that with both the Sachs-
Wolfe and late-time ISW e↵ects contributing to the large-scale anisotropies our estimator baNL

lm

becomes less correlated
with the actual aNL

lm

leading to a larger value for the fractional reduction R.
In order to better understand how the late-time ISW e↵ect limits our ability to remove the f

NL

-dependent variance
quantitatively we can approximate the anisotropies on large-scales by [48]

a
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where A
ISW

controls the contribution of the ISW e↵ect to the temperature multipoles, and r
ISW

is the conformal
distance from the observer to the peak of the ISW visibility function. The ISW contribution extends from ⇠ 500 Mpc
to 4000 Mpc (where the present time is 0 Mpc). Eq. (71) explicitly shows how the contribution of the late-time ISW
e↵ect to the observed multipole moments a

lm

limits our ability to reconstruct aNL

lm

. Since the correlation between the
Sachs-Wolfe and ISW terms is at most 10% we neglect it and we have
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where CSW

l

and CISW

l

are the Sachs-Wolfe and the late-time ISW contribution to the power spectrum, respectively.
As shown on the right-hand panel in Fig. 4, in a ⇤CDM universe with all of the late-time ISW e↵ect included, the
f
NL

-dependent variance can only be reduced by a factor of 0.5 using the realization-dependent normalization defined
in Eqs. (39) and (43). When the late-time ISW contribution is completely removed, the f

NL

-dependent variance is
reduced by a factor of 20 (R = 0.05). This raises the question of how probes of large-scale structure closer to the
present epoch may be used to ‘remove’ the late-time ISW contribution to the CMB anisotropies and further reduce
the f

NL

-dependent variance. Next we discuss how we may use such a tracer of the ISW e↵ect to further reduce the
f
NL

-dependent variance of the RNE.

Dl(r, r
0) = �l(r, r

0)� �̂l(r, r
0)

Success is determined by fidelity of primordial potential 
reconstruction!

h�lm (r)�l0m0 (r0)i = �ll0�mm0�l(r, r
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✴ Clean map with a foreground tracer using theoretical tracer-
ISW correlation

Cleaned maps
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aISWlm t⇤lm
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htlmt⇤lmi tlm

✴ Tracers of structure at z~1

✴ High-z galaxy survey

✴ CMB weak lensing

RNE works very well if map is 
cleaned of ISW effect using 
foreground tracer (Euclid params)

Yadav claim



Conclusions/Remaining questions

19

✴ The RNE can only remove 50% of the extra variance with 
realistic data

✴ The RNE can remove almost all of the extra variance if maps 
are cleaned of the late-time ISW effect

✴ Why do we have to reach outside primary data set?

✴ Simple arguments show CR bound is changed when late-time 
ISW is introduced? Compare with Bayesian methods (Elsner 
and Wandelt 2010)- Expensive but optimal?

✴ Polarization?
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Compensated isocurvature perturbations (CIPs)
between dark matter and baryons

with O. Doré, D. Hanson, and M. Kamionkowski

arXiv: 1107.1716 (DG, OD, and MK)- Phys. Rev. Lett. 107 261301
    arXiv: 1107.5047 (DG, OD, and MK)- Phys. Rev. D. 84 123003
    DH, DG, and MK in prep
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ZOOLOGY OF INITIAL CONDITIONS
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All density initial conditions can be expressed in terms of these!
These conditions are not conserved under fluid evolution



SACHS WOLFE-EFFECT & POWER SPECTRA

22

Adiabatic



SACHS WOLFE-EFFECT & POWER SPECTRA

22

Adiabatic



OBSERVATIONAL CONSTRAINTS TO ISOCURVATURE

23

Adiabatic

✴ WMAP 7-year constraints (Komatsu/Larson et al 2010)



OBSERVATIONAL CONSTRAINTS TO ISOCURVATURE

23

Adiabatic

✴ WMAP 7-year constraints (Komatsu/Larson et al 2010)

✴ Constraints relax if assumptions (scale-invariance, 
single isocurvature mode) relaxed: Bean et al. 2009

CI NID NIV

nadi = n iso nadi = n iso nadi = n isor iso
< 0.13 < 0.08 < 0.14

CI+NID+NIV No BBN/bias

0.44 ± 0.09 0.51 ± 0.09
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Adiabatic

✴ WMAP 7-year constraints (Komatsu/Larson et al 2010)



BARYON-DM ISOCURVATURE

24

Adiabatic

✴ “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)

Baryon-dark matter entropy
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✴ Vanishing Sachs-Wolfe effect from CIPs

CIPS AND THE CMB
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CIPS AND THE SACHS-WOLFE EFFECT



✴ Vanishing Sachs-Wolfe effect from CIPs

Vanishes for all 
isocurvature modes

CIPS AND THE CMB

25

✴ Observationally null in the CMB! (surprising but true)

CIPS AND THE SACHS-WOLFE EFFECT



✴ Vanishing Sachs-Wolfe effect from CIPs

Vanishes for all 
isocurvature modes

Also Vanishes for 
compensated modes

CIPS AND THE CMB

25

✴ Observationally null in the CMB! (surprising but true)

CIPS AND THE SACHS-WOLFE EFFECT



CIPS AND ACOUSTIC WAVES

26

Adiabatic

✴ Run your favorite Boltzmann code (CAMB/CMBFAST) with a CIP
✴Fractional change in anisotropies of less than 0.00001 for angular scales 
l<10000

Definition
Baryon conservation

Gravity, pressure, Thomson scattering

DM conservation

Gravity

✴Why?
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Adiabatic

✴ Run your favorite Boltzmann code (CAMB/CMBFAST) with a CIP
✴Fractional change in anisotropies of less than 0.00001 for angular scales 
l<10000

✴For CIPs, CMB is only affected on scales where baryonic 
pressure matters



CIPS AND ACOUSTIC WAVES

26

Adiabatic

✴ Run your favorite Boltzmann code (CAMB/CMBFAST) with a CIP
✴Fractional change in anisotropies of less than 0.00001 for angular scales 
l<10000

There seems to be no affect on the CMB!

No way to observationally disentangle (using CMB) 
CDM and baryon isocurvature models!



✴ Curvaton sources entropy fluctuation in CDM
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EXISTING CONSTRAINTS TO CIPS- BBN
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Adiabatic

✴ Primordial abundances of                                   : Blue compact galaxies 
(He) and QSO Absorption systems (De)

from Holder et al. 2009
(from Allen 2008)- 42 ‘relaxed’ galaxy clusters

✴ Baryon fraction measurements in galaxy clusters



EXISTING CONSTRAINTS TO CIPS- BBN
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Adiabatic

Fluctuations as high as 8% are allowed by the data

Can we empirically show, rather than simply assume, 
that baryon trace DM in the early universe?



CIPS AND 21-CM FLUCTUATIONS
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Adiabatic

Gordon and Pritchard, 2009
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✴ Acoustic scale modulated by CIP

COMPENSATED ISOCURVATURE AND THE CMB:
z~1100 EFFECTS
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ldamp � 1000
λD≈N1/2λC

N=η/λC

✴ Damping scale modulated by CIPs

COMPENSATED ISOCURVATURE AND THE CMB:
z~1100 EFFECTS
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✴ Damping scale modulated by CIPs

COMPENSATED ISOCURVATURE AND THE CMB:
z~1100 EFFECTS
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COMPENSATED ISOCURVATURE AND THE CMB:
RECOMBINATION B-MODES
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COMPENSATED ISOCURVATURE AND THE CMB:
RECOVERING THE REALIZATION
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✴ Power spec. results were true, averaging over realizations of 
primordial      
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primordial      

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



COMPENSATED ISOCURVATURE AND THE CMB:
RECOVERING THE REALIZATION

33

✴ 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
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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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COMPENSATED ISOCURVATURE AND THE CMB:
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Excluded by galaxy 
cluster measurements 

of baryon fraction



COMPENSATED ISOCURVATURE AND THE CMB:
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Parameter space
accessible with CMB

Two orders of magnitude improvement: conservatively



First search for CIPs with WMAP
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WORK IN PROGRESS
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A cosmological search for 
ultra-light axions 

with D. J.E. Marsh and R. Hlozek
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Axions solve the strong CP problem
! Strong interaction violates CP through    -vacuum 

efjiojoijsoijdsoifjosijdfoisdjfoijdsfoijsdoifjdsoifjoidsjfoisdjiojoijoijoijoijoijoijoiuhfius

! Limits on the neutron electric dipole moment are strong. Fine tuning?
jfiojseoifjseoifjseoifjsoiejfoiesjfoisejfoisjfoijseoifjsoieejfoisejfoisjeoifjseoijfoisejfoisjefoisjefo
ijseofijseoifjseoifjsoiejfoisejfoisjefoisjefoijseoifjseoijfoiesjfoisejfoisejfoijesfoijseoifjseoijfoise
jfoisjfisoejfoisej

! New field (axion) and U(1) symmetry dynamically drive net CP-violating term to 
fheruifheriuhfieurhfuiehrfiuehrfiuheriufheiruhfiuehrfiuheriufheiurhfiuerhfiuehriufheriu
hfieurhfiuerhfiuehriufheriufhieurhfiuerhfiuheriufheiruhfiuerhfiuehrfiuhiuh

! Through coupling to pions, axions pick up a mass

� � 10�10,

LCPV =
�g2

32⇥2
GG̃

�

LCPV =
�g2

32⇥2
GG̃� a

fa
g2GG̃

term

0

z � mu/md

g

g
�
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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

�

�ah
2 ⇥ 0.13� g (�0)

�
ma/10�5eV

⇥�1.18
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Text

Prior to m ⇠ 3H



Lay of the land
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Figure 2: Axion and ALP coupling to photons vs. its mass (adapted from Refs. [2, 3,
26, 27]). Colored regions are: generic prediction for the QCD axion, exploiting Eqs. (7)
and (9), which relate its mass with its coupling to photons (yellow), experimentally ex-
cluded regions (dark green), constraints from astronomical observations (gray) or from
astrophysical or cosmological arguments (blue), and sensitivity of planned experiments
(light green). Shown in red are boundaries where axions and ALPs can account for all the
cold dark matter produced either thermally or non-thermally by the vacuum-realignment
mechanism.

2.3. Hotspots in axion and other WISPs parameter space from theory

The masses and couplings of axions and other WISPs to light standard
model particles appearing in the low energy effective Lagrangians (6), (10),
and (11) can only be predicted in terms of more fundamental parameters if
an ultraviolet completion of the low energy theory is specified. The most
satisfactory ultraviolet completions are arguably the ones which are moti-
vated by other issues in particles physics, such as for example the unification
of fundamental forces, with string theory being perhaps the most ambitious
project.

9



✴Perturbations obey

✴Structure suppressed when 

✴Scales are very small for QCD axion

A new scale for perturbed scalars

40

��̈+ 2H��̇+
�
k2 +m2a2

�
�� = ��̇0ḣ/2

k � kJ ⇠
p
mH

What about lighter axions?



✴If PQ symmetry broken during/before inflation

Axions carry isocurvature

41

p
ha2i = HI

2⇡
Quantum zero-point fluctuations!

⇣ / ⇢a
⇢
tot

�⇢a
⇢a

⌧ 10�5

✴Subdominant species seed isocurvature fluctuations

Sa� =
�na

na
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✴Calabi-Yau manifolds

Axiverse! (Arvanitaki et al. 2009)

42

Many axionsMany 2-cycles

✴Mass from non-perturbative physics 
(instantons, D-branes)

Hundreds!

m2
a =

µ4

f2
a

e�S fa / Mpl

S

Many decades in mass covered!



✴Birefringence (Faraday rotation), model dependent:

✴Decrement in matter power spectrum for

Axiverse! (Phenomena)

43

like hidden sectors with low confinement scales. This both opens up interesting phenomenology
associated to the presence of this “dark world” and raises the question of how it managed to escape
being observed so far. We will touch on some of the issues involved in the concluding Section 3.
For now we focus upon the observational signatures of the light axions that we have argued are
generic to string theory once the strong CP problem is solved.

2 Cohomologies from Cosmology

CMB 
Polarization

10-33 4 ! 10-28

Axion Mass in eV

108

Inflated 
Away

Decays

3 ! 10-10

QCD axion
2 ! 10-20

3 ! 10-18

Anthropically Constrained
Matter

Power Spectrum
Black Hole Super-radiance

Figure 1: Map of the Axiverse: The signatures of axions as a function of their mass, assuming
f

a

⇡ M
GUT

and H
inf

⇠ 108 eV. We also show the regions for which the axion initial angles are
anthropically constrained not to over-close the Universe, and axions diluted away by inflation.
For the same value of f

a

we give the QCD axion mass. The beginning of the anthropic mass
region (2 ⇥ 10�20 eV) as well as that of the region probed by density perturbations (4 ⇥ 10�28

eV) are blurred as they depend on the details of the axion cosmological evolution (see Section
2.3). 3 ⇥ 10�18 eV is the ultimate reach of density perturbation measurements with 21 cm line
observations. The lower reach from black hole super-radiance is also blurred as it depends on
the details of the axion instability evolution (see Section 2.5). The region marked as “Decays”,
outlines very roughly the mass range within which we expect bounds or signatures from axions
decaying to photons, if they couple to ~E · ~B. We will discuss axion decays in detail in a companion
paper.

2.1 Discovering the String Axiverse

We now turn to the observational consequences of axions lighter than or around the QCD axion
mass. For simplicity, we keep f

a

fixed at M
GUT

and H
infl

⇠ 0.1 GeV. The initial displacement of
axions heavier than ⇠ 10�20 eV has to be tuned in order for them not to overclose the universe and
axions heavier than 0.1 GeV have been diluted away by inflation. The observational consequences
of the string axiverse are outlined in Figure 1.

We concentrate on three main windows to the axiverse. First, as discussed in Section 2.2
axions of masses between 10�33 eV and 4⇥ 10�28 eV, if they couple to ~E · ~B, cause a rotation in

8

L / a ~E · ~B
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k � kJ ⇠
p
mH



c2a =
�P

�⇢
=

k2/(4m2a2)

1 + k2/(4m2a2

✴Computing observables is expensive for              :

✴Coherent oscillation time scale

✴Ansatz

Effective fluid approximation
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CMB anisotropy power spectra
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Power spectra may now be quickly computed for 15 
orders of magnitude in axion mass!
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Power spectra may now be quickly computed for 15 
orders of magnitude in axion mass!

Enhanced ISW



Matter power spectrum

46

3

FIG. 3: (Left panel) CMB adiabatic TE polarization power spectra for the indicated sequence of axion masses, with axions
making up nearly all of the dark matter, f = 0.9999. Line styles/color choices are as in Fig. I. (Right panel) CMB isocurvature
TE polarization power spectra for the same parameter choices. Line styles/color choices are as in Fig. I.

FIG. 4: (Left panel) Adiabatic matter power spectra, with axions making up nearly all of the dark matter, f = 0.9999. Line
styles/color choices are as in Fig. I. (Right panel) Isocurvature matter power spectra for the same parameter choices. Line
styles/color choices are as in Fig. I.
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We may now probe ultra-light axions and the axiverse 
with an MCMC covering 15 orders of magnitude in 

axion mass



✴Tensor mode amplitude set by inflationary energy scale

The axiverse and the scale of inflation
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The axiverse and the scale of inflation
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The axiverse and the scale of inflation
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The axiverse and the scale of inflation

47

Komatsu al.  2008/2011 find 

↵
ax

. 0.1

r = 0.3
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10�33eV

ma
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Stay tuned for MCMC constraints to the axiverse!



✴Fast algorithm for Realization-normalized estimator of local 
non-Gaussianity. 

✴Late time ISW degrades it! 

✴Secondary tracers to the rescue

✴Baryons DO trace DM at surface of last-scattering. Soon we 
will know how well!

✴New fast code to compute cosmo consequences of ultra-
light axion

✴Tight constraint to axion EM coupling for 8 eV<m<14 eV

Conclusions

48
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A new telescope search for 
decaying relic axions

with K.Z. Khor, M. Kamionkowski, E.Jullo, G.Covone, J.P-Kneib



✴ Resolvable

✴ Axions decay:

✴ Monochromatic emission line:

Axion decay line

50
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✴ Axion thermal abundance
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✴ Resolvable

✴ Axions decay:

✴ Monochromatic emission line:

Axion decay line

50

� =
c

mac2/2h
= 24800Å

(1 + zc)

ma/ eV

Visible

�� = 195�1000m
�1
a,eVÅ

⌧ = 6.8⇥ 1024⇠�2m�5
a,eV s

Following in the footsteps of Ressell, Bershady, Turner 1991



VIMOS IFU
✴At VLT (Very Large Telescope) 

array of ~8 m instruments at Paranal, 
Chilé

51

✴VIMOS IFU yields spatially resolved 
spectroscopy (6400 fibers in 1 arcmin2)

VIMOS User Manual VLT-MAN-ESO-14610-3509 15

Figure 2.6: IFU head: details of the fiber modules. Low transmission fiber blocks are marked with white
rectangles. For rotator angle = 0�, North is to the right, East to the top.

Figure 2.7: IFU mode: fibers numbering on the masks



Past optical telescope axion searches

✴  

Extending the optical axion window
! Sensitivity improves at 

higher redshift!

I�o � m7
a (1 + zcl)

�4

ma = 24, 800 Å (1 + zcl) /�a

⇥ � I1/2
�o

(1 + zcl)
�3/2

PRD, astro-ph/0611502

Grin et al. 2007: Abell 2667/2390
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RDCS 1252

! RDCS 1252 is a                            

cluster at 

! Allotted 25 hrs of time for 

VIMOS IFU spectra using LR-

Blue grism

! Publicly available weak-lensing 

mass maps (Lombardi et al. 

2005), 2  arcs?

8� 1014M�
z = 1.237

3 pointings cover range of 

WL mass contours

RDCS 1252

+ single confirmed SL arc

Obtained 17 hrs
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K.Z. Khor (Princeton Class of 2014)



! Cluster galaxies selected by redshift

! BCG, galaxies near arcs, cluster-scale mass component modeled individually

Lensing mapsCluster mass maps and masking

✴HST Shear map (Rosati et al. ) and arc locations fit
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Axion constraints
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Parameter space in context
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Figure 2: Axion and ALP coupling to photons vs. its mass (adapted from Refs. [2, 3,
26, 27]). Colored regions are: generic prediction for the QCD axion, exploiting Eqs. (7)
and (9), which relate its mass with its coupling to photons (yellow), experimentally ex-
cluded regions (dark green), constraints from astronomical observations (gray) or from
astrophysical or cosmological arguments (blue), and sensitivity of planned experiments
(light green). Shown in red are boundaries where axions and ALPs can account for all the
cold dark matter produced either thermally or non-thermally by the vacuum-realignment
mechanism.

2.3. Hotspots in axion and other WISPs parameter space from theory

The masses and couplings of axions and other WISPs to light standard
model particles appearing in the low energy effective Lagrangians (6), (10),
and (11) can only be predicted in terms of more fundamental parameters if
an ultraviolet completion of the low energy theory is specified. The most
satisfactory ultraviolet completions are arguably the ones which are moti-
vated by other issues in particles physics, such as for example the unification
of fundamental forces, with string theory being perhaps the most ambitious
project.

9
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✴Fast algorithm for Realization-normalized estimator of local 
non-Gaussianity. 

✴Late time ISW degrades it! 

✴Secondary tracers to the rescue

✴Baryons DO trace DM at surface of last-scattering. Soon we 
will know how well!

✴New fast code to compute cosmo consequences of ultra-
light axion

✴Tight constraint to axion EM coupling for 8 eV<m<14 eV

Conclusions
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Fast algorithm
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FFTs can be used to dramatically accelerate the RNE!
(in spirit of Komatsu, Spergel, Wandelt 2003) 



✴ Hard for an inflationary model to do everything you want

✴ Sources entropy fluctuation in species that are generated before curvaton dom.

✴ Instead, have a spectator     (curvaton) that briefly dominates after inflation

CURVATON

59

Adiabatic

✴  Curvaton dominates, decays, adiabatic (correlated with isocurvature) results
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✴ All perturbations                              seeded by curvaton

✴ CIPs are correlated with adiabatic flucts

✴ Non-vanishing 3 pt-functions in specific curvaton implementation

60

CORRELATED CIPs AND THE CURVATON MODEL



✴ Realization of CIPs breaks usual statistical isotropy       

61

COMPENSATED ISOCURVATURE AND THE CMB:
RECOVERING THE REALIZATION



Usual term

✴ Realization of CIPs breaks usual statistical isotropy       
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Anisotropic generalization of Cl

✴ Realization of CIPs breaks usual statistical isotropy       
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Geometric function of multipoles

✴ Realization of CIPs breaks usual statistical isotropy       
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Response power spectra

✴ Realization of CIPs breaks usual statistical isotropy       
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COMPENSATED ISOCURVATURE AND THE CMB:
RECOVERING THE REALIZATION



✴ Special case: TB estimator

COMPENSATED ISOCURVATURE AND THE CMB:
NOISE CURVES
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COMPENSATED ISOCURVATURE AND THE CMB:
NOISE CURVES
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COMPENSATED ISOCURVATURE AND THE CMB:
NOISE CURVES
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✴String theory has extra dimensions: compactify (6)!

✴Form fields and gauge fields: `Axion’ is KK zero-

mode of form field

Light axions and string theory
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✴ Induced (reduced) temperature bispectrum is 

64

CORRELATED CIPs AND THE CURVATON MODEL

WORK IN PROGRESS
Perhaps a more sensitive probe is possible!
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CORRELATED CIPs AND THE CURVATON MODEL
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Compare with local-model bispectrum
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Hot axion production at early times

! Axions produced through interactions between non-relativistic pions 

in chemical equilibrium with rate 

hcuhuihuidhiusahdiuashdiuhaiudhasiudhiuhasdiuhasiudhasiudhiua

shdiuashdiuihsius

Axion Production:

�
Freeze out

� �
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Axion models and EM couplings

! Axions interact weakly with SM particles

! Axions have a two-photon  
uisfhiushfiushefiushefiuhseifuhseiufiuhsefoiuseofseifoijoijoiosiejfoisejfoisjefoijseo
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!  is model-dependent and may vanish
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✴Comparable to sky brightness

✴Galaxy clusters are huge axion reservoirs

✴Reasonably wide line 

✴Strong/weak gravitational lensing mass maps available

Galaxy clusters and axions
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Data analysis

� = 1

� = 0.1
No new spectral lines!

Past optical telescope axion searches
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Data
✴ Noise model: shot noise, dark current, fiber flux leakage between 

fibers, lensing fit errors

✴ Fiber flux normalized using continuum lamp exposure

✴ Reduced spectrum convolved against Gaussian line shape
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