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Neutrinos: Challenges 
and Opportunities!

• CMB Lensing is weak! Under 100 nK.

• Fortunately, we know that the unlensed CMB is 
very-nearly gaussian & we ~know the lensing power 
spectrum, with and without neutrinos.

• We can use the observed non-gaussianity (tri-
spectrum) & the statistics of the CMB.  Assume 
lensing causes any non-guassianity (Hu & Okamoto).
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P(k) & Neutrinos

So, if we can get P(k) we can weigh the neutrinos!

2 eV

0 eV

Lenses are at z~2



Lensed CMB T,E, & B

Transverse gradient of the lensing potential creates new CMB signals
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CMB Lensing and Neutrino Masses

1 INTRODUCTION

The primordial CMB is sensitive to neutrino masses to some level via the ISW e!ect, i.e. one can write

C̃XX!
l (1)

where the˜symbol stands for the underlying, unlensed sky. The fields X and X ! are either T, E or B

X, X ! ! T, E, B. (2)

In this sense we can write

C̃XX!
l = C̃XX!

l (M! , !i) (3)

where M! and !i are neutrino masses and other cosmological parameters, respectively. The lensed power spectra, however,
are more sensitive to neutrino masses (e.g. constraints on neutrino masses derived from CMB measurements by the PLANCK

satellite is expected to improve by 3 or 4 if lensing extraction is done). Until now, CMB observations did not have the required

sensitivity and angular resolution required for lensing extraction. What we need is a good measurement of the B-mode.
Temperature anisotropy is not that sensitive to lensing; the e!ect is merely a slight smearing of the peaks and troughs in

the CT
l power spectrum (you can show the real-space plots that you have in your slides that illustrate how both T, E and B

respond to lensing). The temperature anisotropy is modified in the presence of lensing as follows

T (n̂) = T̃ (n̂ + d(n̂)) (4)

where the deflection angle d is related to the lensing potential " as

d(n̂) = """(n̂) (5)

where "" stands for the transversal gradient. Taylor expanding the lensed temperature we obtain

T (n̂) = T̃ (n̂) + d(n̂)T̃ (n̂) + O(d2). (6)

In harmonic-space the local product of d and T becomes a convolution

T (l) # T̃ (l) $
!

d2l!

(2#)2
l! · d(l $ l!)T (l!) + O(d2). (7)

The lensed power spectrum of the CMB temperature, which is quadratic in T, reads to first order

CT
l # C̃T

l +

!
d2l!

(2#)2
[l! · (l $ l!)]2C"

|l#l!|C̃
T
l! $ C̃T

l!

!
d2l!

(2#)2
(l · l!)2C"

l! . (8)

Likewise, for the B-mode, we obtain, assuming the underlying B is vanishingly small

CB
l =

!
d2l!

(2#)2
[l! · (l$ l!)]2C"

|l#l!|C̃
E
l! sin2 2($l $ $!

l). (9)

A similar equation exists for the lensed CE
l as well. From Eqs.(6) & (7) it may seem that all we have to do to get the

lensing potential, C"
l! (and therefore Mnu) is to deconvolve the observed CT

l , CTE
l , CE

l and CB
l from the underlying C̃T

l ,

C̃TE
l , C̃E

l and C̃B
l . However, the underlying power spectra are functions of the, yet unknown, cosmological parameters, e.g.

CT
l = CT

l ("b, "DE , H0, ....). This is an under-determined problem; recovering the 3 underlying T̃ , Ẽ and B̃ + d from only 3
maps of the sky T , E and B. We can recover the 3 CMB fields + the lensing potential " (or equivalently the deflection angle

d) but only in a statistical sense and the noise in the recovered d depends on both the power spectrum of the underlying

sky and the instrumental noise. The first one comes from the fact that we do not know what is the underlying temperature
anisotropy or polarization at a given direction in the sky; all we know is that it should have a 0 mean and standard deviation

determined by the appropriate underlying power spectra C̃T
l , C̃TE

l , C̃E
l and C̃B

l . The second factor, instrumental noise, tells
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Why is Polarization Essential?

• E is more sensitive than T to lensing. E-modes are 
caused by velocity gradients, whereas T is caused by 
both velocity and density gradients.

• B is extremely sensitive since it’s a whole new signal 
at small angular scales.

• EB correlations are forbidden without lensing. 
Therefore, they are the most sensitive to the 
deflection angle (Kaplinghat et al, Lesgourges et al), 
and to neutrino physics (Mv and ξ, Shimon et al.) .



Polarization Patterns

E-mode B-mode

• Density fluctuations lead to E-mode

• Gravitational Waves & Lensing lead to: B-modes

 Polarization Generation by Thomson Scattering

Wayne Hu



Without B-modes

“Blink and You’ll Miss It!”
10°

Helmholtz’sThm:       
“grad”: even parity                            
“curl”: odd parity 

CMB Map

GWB: > 2° scales

Lensing, mν < 0.1°



10°

With 30 nK B-modes!

Helmholtz’sThm:       
“grad”: even parity                            
“curl”: odd parity 

CMB Map

GWB: > 2° scales

Lensing, mν < 0.1°

“Blink and You’ll Miss It!”



Hu & Okamoto 2002

“Is this Better or Worse?” 
Before & After Lensing Maps

E BT
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POLARBEAR: A High Energy Polarimeter

Testing phase at Cedar Flat, CARMA, Near Bishop, CA
 First light next month

http://mountainpolarbear.blogspot.com/

http://mountainpolarbear.blogspot.com
http://mountainpolarbear.blogspot.com


http://www.youtube.com/watch?v=WY4SNlla3zk

http://www.youtube.com/watch?v=WY4SNlla3zk
http://www.youtube.com/watch?v=WY4SNlla3zk


POLARBEAR Detector Array

•  637 Pixels/
1274 

bolometers
•  150 GHz

Si Lenslet

Antenna Filter

 Bolometer

UCB/LBL 
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•  Three HDPE lenses

•  HWP

Cold Reimaging Optics

•  Cryomech Pulse-tube cooler

•  Simon-Chase ‘He10’ refrigerator

•  Operating now at 0.250 K

Cryogenics

2m

The POLARBEAR Receiver



The Challenge of B-Mode Detection

Gravitational Wave B-modes

Lensing B-modes



  

Flow Chart

BBN 
Code

Ω b
h2 , ξ i

YHe

Cosmological Parameters, 

Neutrino Masses

CMB Power 
Spectra

BBN 
CODE

MCMC 
CODE

CMB POWER 
SPECTRA 

CODE

Self-consistent treatment of Neutrino, BBN & CMB 

Shimon, Miller, Kishimoto, Smith, Fuller & Keating (2010) 
arXiv:1001.5088

equilibrate in the early universe [23–26], it is interesting to treat the lepton asymmetries

in the three neutrino flavors independently.

Extracting neutrino masses from LSS tracers should account for the possibility that

their chemical potentials do not vanish. A detection of nonvanishing neutral-lepton-

asymmetry may have far-reaching implications. The current best upper limits on neutrino

degeneracy parameters, which are invariant under cosmological expansion, are provided by

a comparison of big bang nucleosynthesis (BBN) calculations with the observed abundance

of light elements, especially 4He [27]. Current upper limits on ! from analysis of the CMB

are of order unity, while upper limits from BBN are on the order ! ! 0.1. In this work we

explore how these limits may be tightened by using future cosmological data.

This paper discusses the constraints on neutrino masses and degeneracy parameters

that can be obtained from CMB data alone. In particular, we study the experimental

capacity of PLANCK 1, POLARBEAR 2 and EPIC [28] to constrain these parameters.

We constructed a joint BBN+CMB pipeline which self-consistently solves for the helium

fraction, Yp, given the other cosmological parameters and allows all three neutrino chemical

potentials to vary independently of each other. The helium fraction is not an independent

parameter in our analysis (a similar approach was adopted in [29–31]). Rather, we employ

a BBN code [32–34] to self-consistently obtain Yp from a given set of other cosmological

parameters, such as !b, H0 and !!e , !!µ and !!! . Yp is an important ingredient in the

physics of recombination since it determines the Silk damping scale for a fixed baryon

number. Our analysis also benefits from CMB lensing extraction achieved by employing the

standard quadratic estimators of the lensing potential [35]. This is important in exploring

neutrino physics since it has been demonstrated that most of the information on neutrino

parameters is encapsulated in CMB lensing [1, 36].

This work adds to previous e"orts [29–31]) which have attempted to constrain the neu-

trino degeneracy parameters from CMB or CMB+BBN by including gravitational lensing

extraction of the CMB allowing the various degeneracy parameters to vary independently.

Recently, a similar analysis for WMAP5 was carried out which allowed !!e "= !!µ = !!! [30].

The PLANCK, POLARBEAR, and EPIC experiments have even higher sensitivity and res-

olution than WMAP. This can facilitate lensing extraction, allowing them to better probe

neutrino parameters.

The paper is organized as follows. In section 2, we discuss the e"ects of neutrinos on

BBN and the growth of structure. Section 3 describes our Monte Carlo Markov Chain

(MCMC) simulation and the modifications we introduced in CAMB. The degeneracies of

neutrino mass and helium abundance with other parameters are especially relevant for

parameter estimations from CMB observations and are therefore extensively discussed in

section 4. We describe our results in section 5 and conclude in section 6.

1http://www.rssd.esa.int/index.php?project=planck
2http://bolo.berkeley.edu/polarbear/

– 3 –



Where:

The Relationship Between Cl and P(k)

T, the Transfer function 
from the Primordial P(k) 

to the Observed P(k) 



Caution: Instrumental noise, systematics, & Cosmic variance



Degeneracy Parameter: Direct 
impact on Power Spectra

Shimon, Miller, Kishimoto, Smith, Fuller & Keating (2010) 
arXiv:1001.5088



Lensing Angle
(Mainly E-B cross- correlations)

 Degeneracy Parameter: Lensing Angle
Power Spectra

Shimon, Miller, Kishimoto, Smith, Fuller & Keating (2010) 
arXiv:1001.5088



theoreticalobserved

From Power Spectra to Likelihoods



The ξ - Ωch2 Degeneracy
Forecast for POLARBEAR



The Mν-H0 Plane
Forecast for POLARBEAR

Shimon, Miller, Kishimoto, Smith, Fuller & Keating (2010) 
arXiv:1001.5088



CMBPOL/EPIC

BBN, Abundances PLANCK

POLARBEAR

Shimon, Miller, Kishimoto, Smith, Fuller & Keating (2010) arXiv:1001.5088

Forecasted CMB 2σ Upper Limits 
on Neutrino Parameters
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“To See Lensing, Use a Big Mirror!”



CMBPOL References 
• cmbpol.uchicago.edu

(Including Dodelson 
et al, Smith et al.)

Bock et al. “Study of 
the Experimental 
Probe of Inflationary 
Cosmology (EPIC)-
Intemediate Mission 
for NASA's Einstein 
Inflation Probe”              
astro-ph/0906.1188
“Spacebear”
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