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CMB and Neutrino Mass
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Cosmic Microwave Background
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CMB is the oldest observable light coming from the early 
universe at the age of 380,000 yrs.

image credit: BICEP2 team

(Planck collaboration 2013)

Planck CMB Temperature Power Spectrum

Great success of 
standard cosmology 

(ΛCDM)!



(Planck collaboration 2013)

Some Notes about CMB Measurements
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T(n) =
∞

∑
l= 0

l

∑
m= −l

almYlm(n)

Decomposition into spherical harmonics

alm = ∫ dnT(n)Y*lm(n)

(Fig. from WMAP 7yr, Benett et al.)

and many more 
higher multipoles…

θ ∼180∘/l
Relation b/w angular scale 

and multipole, ell

What we measure:



Some Notes about CMB Measurements
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Cl = 1
2l + 1

l

∑
m= −l

|alm |2Reconstructed power spectrum, Cl, is 
the mean variance of alm in each multipole

δint(Cl) = 2
(2l + 1)fsky

Cl
Intrinsic error, cosmic variance 

(sample variance)

θ ∼180∘/l
Relation b/w angular scale 

and multipole, ell

δbeam(Cl) ∝ el2σ2

D l
=

l(l
+

1)
2

C l High-ell measurement needs 
to be high resolution

Low-ell measurement needs large 
angular scale scans  

w/ low 1/f noise (stable detector)

angular resolution



3-D version example: Matter Power Spectrum
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3D map of galaxies by SDSS-III Matter Power Spectrum



Cosmic Microwave Background
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CMB is the oldest observable light coming from the early 
universe at the age of 380,000 yrs.

image credit: BICEP2 team

(Planck collaboration 2013)

Planck CMB Temperature Power Spectrum

Great success of 
standard cosmology 

(ΛCDM)!

Next Frontier: Polarization!



Another degree of freedom: Polarization
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Density  
perturbations 
of the very early 
universe

(Planck collaboration 

CMB Temperature fluctuation

E-mode polarization! 
(Even parity) 

Detected in 2001
Thomson scattering



10°

B-mode Polarization 
(Odd parity)
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Thomson scattering

Inflation Primordial Gravitational Wave

Unique prediction of Inflation: 
Inflation generated 
cosmological-scale 

gravitational waves from 
quantum fluctuations

+

Detecting (degree-scale) B-mode can be a direct evidence for inflation!

Another degree of freedom: Polarization

€ 

V 1 4 ≈ r 0.01( )1 4 ×1016 GeV
Inflation Potential: 



History of the Universe (Particle Physics ver.) 
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Cosmological number 
density of neutrinos 

(per flavour): 

nν = 3
11 nγ

photon

∼ 113
a3

cm-3



Neutrinos in the Energy Densities of the Universe

 12

Neutrino Physics Neutrino mass from Cosmology

photons 

neutrinos 

cdm 

baryons 

Λ 

Figure 2: Evolution of the background energy densities in terms of the fractions ⌦i, from the time
when T⌫ = 1 MeV until now, for each component of a flat Universe with h = 0.7 and current density
fractions ⌦⇤ = 0.70, ⌦b = 0.05 and ⌦cdm = 1�⌦⇤�⌦b�⌦⌫ . The three neutrino masses are m1 = 0,
m2 = 0.009 eV and m3 = 0.05 eV.

0.3 Extra radiation and the e↵ective number of neutrinos

Together with photons, in the standard case neutrinos fix the expansion rate during the cosmological
era when the Universe is dominated by radiation. Their contribution to the total radiation content
can be parametrized in terms of the e↵ective number of neutrinos Ne↵ , through the relation

⇢r = ⇢� + ⇢⌫ =

"
1 +

7

8

✓
4

11

◆4/3

Ne↵

#
⇢� , (12)

where we have normalized ⇢r to the photon energy density because its value today is known from the
measurement of the CMB temperature. This equation is valid when neutrino decoupling is complete
and holds as long as all neutrinos are relativistic.

We know that the number of light neutrinos sensitive to weak interactions (flavour or active
neutrinos) equals three from the analysis of the invisible Z-boson width at LEP, N⌫ = 2.9840±0.0082
[14], and we saw in a previous section from the analysis of neutrino decoupling that they contribute as
Ne↵ ' 3.046. Any departure ofNe↵ from this last value would be due to non-standard neutrino features
or to the contribution of other relativistic relics. For instance, the energy density of a hypothetical
scalar particle � in equilibrium with the same temperature as neutrinos would be ⇢� = (⇡/30)T 4

⌫ ,
leading to a departure of Ne↵ from the standard value of 4/7. A detailed discussion of cosmological
scenarios where Ne↵ is not fixed to three can be found in [1, 2, 15].

6

[Lesgourgues & Pastor, 2012]

Neutrinos are massive!

Relativistic in 
the early 
Universe!

Becoming non-
relativistic 

matter in the 
later time

Significant fraction of 
energy density 

should have significant 
effect on the evolution 

of the Universe 

Ωνh 2 ∼ ∑ mν

93 eV
(today)



Neutrino Free-Streaming Effect
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DM

DM

ν
instead as

ffiffiffiffiffiffiffiffiffi
1=H

p
. Thus, the CMB can measure the expansion rate in

the early universe, and therefore the relativistic energy density, by
measuring the ratio hd=hs ¼ rd=rs /

ffiffiffiffi
H
p

(see [25] and references
therein).

Due to this effect one can infer Neff ¼ 3:36" 0:34 [1] from the
combination of temperature data from Planck, WMAP polarization
data [26], and high-‘ CMB measurements (South Pole Telescope
(SPT) [27] and Atacama Cosmology Telescope (ACT) [7]). LSS mea-
surements improve these constraints by breaking degeneracies
with other cosmological parameters. In Section 2, we will give
the constraints from combining future CMB and LSS
measurements.

1.3. The sum of the neutrino masses, Rmm

The physical effects of massive neutrinos on the CMB and LSS
have been studied for nearly two decades (e.g. [28]). When the
detailed effects of the different components of matter in the uni-
verse on linear LSS were first precisely calculated (e.g. [29]), it
became clear that the impact of massive neutrinos on LSS was
quite large, making LSS a sensitive probe of massive neutrinos
[30]. The physical effect of massive neutrinos on LSS is determined
by the fact that massive neutrinos behave as radiation-like parti-
cles in the early universe, and as matter-like particles in the late
universe [31,32,3]. Since the number density of neutrinos is com-
parable to that of photons (Eq. (1)), they will contribute consider-
ably to the relativistic energy density when their energies are
relativistic. If the neutrinos are to affect matter clustering in a non-
trivial amount, then they must have contributed a nontrivial
amount to the total matter density. Because of the neutrinos’ high
cosmological number density, a small neutrino mass lets them
contribute to the critical density as

Xmh2 ’ Rmm

93 eV
: ð3Þ

Therefore, even the minimum summed neutrino mass of 58 meV
contributes to a matter fraction fm % Xm=Xm of about 0.4%.

In broad terms, the neutrinos cool down by the expansion of the
universe and transition from being ultra-relativistic gas behaving
as radiation to being cold gas behaving as dark matter at a redshift
around znr & 2000mm=1 eV. Before they are non-relativistic, they
free-stream out of over-dense regions, erasing the structure on
small scales. This free-streaming establishes a preferred scale,
which very roughly corresponds to the horizon scale at time of
transition to the non-relativistic matter. In models with massive
neutrinos, power appears suppressed on scales smaller than the
free-streaming scale when normalizing the matter power spec-
trum at large scales. This scale numerically turns out to be close
to the peak in the matter power spectrum, a feature produced
because of the transition from cosmological radiation to matter
domination when perturbations cross the cosmological horizon.
This effect is shown in Fig. 1. Measurements of this feature in cos-
mological LSS can be made in two ways: first through the overall
change in shape of the power spectrum, or second in a relative
amplitude measurement, where for example the CMB precisely
measures the amplitude at large scales and a LSS probe gives a
measure at small scales.

Among the most stringent current combined CMB plus LSS cos-
mological constraints on Rmm result from the combination of
Planck CMB data, WMAP 9-year CMB polarization data [26], and
a measure of baryon acoustic oscillations (BAO) from the Baryon
Oscillation Spectroscopic Survey (BOSS) [33], Sloan Digital Sky Sur-
vey (SDSS), Wigglez LSS data, and the 6dF galaxy redshift survey.
As reported in [1], these combined probes produce an upper limit
Rmm < 0:23 eV (95% C.L.). A more aggressive use of galaxy cluster-

ing into smaller scales and the nonlinear clustering regime can lead
to more stringent constraints (e.g. [34,35]).

Sensitivity to effects of neutrinos on cosmological gravitational
perturbation evolution and the matter power spectrum are mea-
sured in several ways:

Probing Rmm with CMB temperature and polarization – The CMB con-
strains the neutrino mass through its effect on structure growth in
two primary ways: (1) the early Integrated Sachs Wolfe (ISW)
effect, and (2) gravitational lensing of the CMB by LSS. A significant
fraction of the power in the CMB on a degree angular scale is from
the early ISW effect. This measurement has been used to infer
Rmm < 0:66 eV (95% C.L.) [1]. Only marginal improvement is possi-
ble with that technique as the constraint is already limited by cos-
mic variance due to its reliance on the large angular scale power in
the CMB.

Gravitational lensing of the CMB provides a clean and direct
measurement of the matter power spectrum on scales where
effects of neutrino mass manifest. Recently, ACT, SPT, and Planck
have used high order statistics in temperature anisotropy to pro-
duce lensing maps. Polarization surveys will represent a large
improvement over what can be done with temperature. Gravita-
tional lensing of primordial E modes by intervening matter distri-
butions produces a B-mode polarization signal [36], which has
recently been detected [11]. This lensing-induced B-mode polariza-
tion corresponds to an RMS of & 5 lK-arcmin with a characteristic
angular scale is a few arcminutes. Detailed, high signal-to-noise
measurements of arcminute polarization can therefore be used to
reconstruct the lensing potential. This effect has already been used
to achieve modest improvements in the CMB-based neutrino mass
constraints [27,7,1], which we expect to improve by nearly an
order of magnitude with a Stage-IV CMB experiment (see
Section 2).

Fig. 1. Fractional change in the matter density power spectrum as a function of
comoving wavenumber k for different values of Rmm . Neutrino mass suppresses the
power spectrum due to free streaming below the matter-radiation equality scale.
The shape of the suppression is highly characteristic and precision observations
over a range of scales can measure the sum of neutrino masses (here assumed all to
be in a single mass eigenstate). Also shown are the approximate ranges of
experimental sensitivity in the power spectrum for representative probes: the
cosmic microwave background (CMB), galaxy surveys (Gal.), weak lensing of
galaxies (WL), and the Lyman-alpha forest (Lya). The CMB lensing power spectrum
involves (an integral over) this same power spectrum, and so is also sensitive to
neutrino mass.

K.N. Abazajian et al. / Astroparticle Physics 63 (2015) 66–80 69

Abazajian et al. (2015)

k > knr ∼0.003 ( Ωm

0.3
mν

0.05eV)
1/2

h /Mpc

Neutrinos do not contribute to the 
growth of matter clustering for a 
scale smaller than the ν free-
streaming scale, while their energy 
density still contributes to the 
expansion rate of the Universe.

gravitational 
potential

λFS = 2π
a

kFS
= 2π

2
3

v(t)
H(t) Fractional change of matter 

power spectrum (prediction)

Neutrino mass effect appears for smaller scale than the free-streaming scale 
of neutrinos transitioning into non-relativistic region.

knr
fν = Ων

Ωm

−8fν

Non-zero neutrino mass Zero neutrino mass

[arXiv:1006.0689](Σmν=1.9eV)



Large-scale structure and CMB lensing
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Observed CMB has been deflected by 
gravitational potentials of Large Scale 

Structure from z~1100 up to now.

(image credit: ESA)

Last Scattering Surface

z~1100

now

At sub-degree scale, weak lensing signal can be a dominant signal 
source for CMB B-mode polarization.

(Hu, Okamoto 2002)

Primordial E-mode

“Lensed” E-mode

“Lensed” B-mode

Weak lensing effect appears as a secondary effect on CMB.
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CMB B-mode Power Spectrum by Weak Lensing
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FIG. 4: A representative B-mode polarization power spec-
trum sourced by a scale-invariant PMF. Shown are the passive
tensor mode (green), the compensated vector mode (orange),
the gravitational lensing contribution (blue) and the combi-
nations of the lensing and vector B modes (red) and all the
three components (magenta). The PMF contribution is based
on B1Mpc = 2.5 nG, n = �2.9, a⌫/aPMF = 109. The data
points are from the Polarbear first-season B-mode power
spectrum. The third point is the 95% upper limit assuming
the band power is positive.

[14]. However, future measurements of CBB
l at l < 100

will probe the tensor contribution, although it will likely
be degenerate with primordial gravitational waves.

The PMF vector modes are more directly relevant to
the current Polarbear data as shown by the dotted
orange line in Fig. 4. The B-mode power spectrum gen-
erated by a scale-invariant PMF peaks around l ⇠ 1700,
with the peak power given by

l(l + 1)CBB
l

2⇡

���
l⇠1700

⇠ 2.5⇥ 10�3

✓
B1Mpc

nG

◆4

µK2 . (11)

The vector mode contribution is independent of aPMF.
Therefore, the PMF B-mode power spectrum can be

characterized by three parameters: the PMF amplitude
B1Mpc, the epoch of PMF generation � = ln (a⌫/aPMF),
and the PMF spectral index n, where we note that the pa-
rameter � only a↵ects the tensor mode. In what follows,
we use the Polarbear B-mode power spectrum [14] to
derive constraints on B1Mpc, marginalizing over the other
parameters.

A. Data Analysis

Our theoretical B-mode model consists of lensing and
the PMF vector B-modes. Polarbear data measured
the B-mode power spectrum at 148 GHz [14]. We use
the published Polarbear B-mode window functions,
band power and band variances to construct the likeli-
hood function. We assume a Gaussian likelihood for the

FIG. 5: Posterior distribution function of amplitude B1Mpc of
primordial magnetic field using Polarbear first-season CBB

l

measurement. The vertical line indicates the 95% confidence
level upper limit at B1Mpc < 3.9 nG. The shaded area is the
variations introduced by both the systematic and multiplica-
tive e↵ects.

Polarbear data and adopt the following priors on the
PMF parameters: 0 < B1Mpc < 10 nG, �2.9 < n < �1.5
and 0 < � < 39. A larger prior upper limit on B1Mpc is
not necessary because constraints obtained in this anal-
ysis are well below this bound. The upper prior on n
is chosen because for high n, or “bluer” PMF spectra,
most of the PMF energy is concentrated on small scales,
with only negligible power on scales above 1 Mpc that
are of relevance to our data. Thus, extending the range
of n would make no di↵erence for our constraints, unless
we allow for an extremely strong PMF, which is ruled
out. On the other hand, the spectral index has to be
larger than �3 to avoid the divergence of the PMF power
spectrum. We take into account the systematic contami-
nation of the Polarbear B-mode power spectrum con-
sidered in Ref. [14] and investigate how the systematic
uncertainties can potentially a↵ect the PMF constraints.

B. Results

In Fig. 5 we show the marginalized posterior distribu-
tion function (PDF) of the PMF amplitude B1Mpc. We
take advantage of the detailed study of systematic uncer-
tainties a↵ecting the B-mode power spectrum in Ref. [14]
to investigate the e↵ects on the PMF constraints. The
PDF without systematics is in blue and the shaded area
indicates the shift of the PDF when all known sources
of systematic error are included. The likelihood function
peaks at B1Mpc =0 thus only the upper bound can be
derived. It is determined by integrating the area and the
vertical red line shows the 95% bound of 3.9 nG; system-
atic errors have a negligible impact of ⇠ 5%. We have
examined the posterior distribution of the spectral index

CMB Power Spectra • Lensing signal is the primary 
signal at sub-degree scale for 
B-modes. 
• Measurement by CMB 
temperature is already 
limited by cosmic variance 
up to very high-multipole. 

• Potentially, B-mode 
measurement can do much 
better lensing measurement 
by improving SNR. 

• To measure lensing, we need a 
high angular resolution optics

Polarized, high SNR and high angular resolution experiment is needed 
for a better measurement of neutrino mass by CMB!



CMB polarization experiments
• Satellite: PLANCK 
• Balloon-borne: EBEX, SPIDER 
• South Pole 

• BICEP and Keck Array 
• SPTpol → SPT-3G 

• Atacama Desert, Chile 
• POLARBEAR → Simons Array 
• ACTPol → Advanced ACTPol 
• CLASS

�16

SPT
BICEP Keck

POLARBEAR ACT



CMB lensing measurement 
by POLARBEAR

Photograph by Marion and Dieter



POLARBEAR Experiment is...
A ground-based CMB 
polarization experiment in 
the Atacama desert in Chile 
at 5,200m altitude 

Observing since 2012  
Has spectral sensitivity at 
150 GHz
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POLARBEAR Collaboration
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International collaboration from ~8 countries, ~100 researchers
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Telescope and Receiver

Primary 2.5m precision-machined mirror 
3.5 arcmin (FWHM) resolution 
Designed to measure both 
primordial and lensing B-modes
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CMB photon 3.5m Primary mirror

Secondary mirror

Receiver cryostat

Huan Tran Telescope

Focal Plane (cooled to 0.25K)



Focal Plane Detectors
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dual-polarization 
dipole slot antenna microstrip 

bandpass  
filter (150GHz)

Al/Ti bi-layer 
TES (Transition-Edge 

Sensor) bolometer

1mm

2 bolometers in a pixel 
637 pixels in a array 
1274 bolometers

Noise level:

190mm

Re
sis

ta
nc

e

Bias Power
550μKCMB s

23μKCMB s
  (per bolometer)
  (per array)

⊿P

⊿R



7

Fig. 4.— Polarbear CMB intensity and polarization sky maps of RA23 in equatorial coordinates. The left, center and right panels
show temperature anisotropy, Stokes Q, and Stokes U , respectively. The top maps are generated by pipeline A and the bottom maps
are generated by pipeline B (resampled with a map-pixel width of 20 and reprojected onto a cylindrical equal-area projection to ease the
comparison). Both sets of maps the maps are smoothed with a Gaussian filter with 3.05 FWHM, and for visualization only, we show an area
in which the map weights are above -10 dB. The polarization angle is defined with respect to the north celestial pole. While the structures
are clearly in agreement between the two sets of maps, as expected, the amplitude of the signal is di↵erent due to the fact that the two
pipelines treat the amplitudes of the modes in the maps di↵erently (Sec. 4.1 for details). Maps with alternative color schemes are available
at http://bolo.berkeley.edu/polarbear/data/polarbear_BB_2017/.

same particular portion of the data set. None of those
extra checks found signs of contamination or inconsisten-
cies in the dataset. We emphasize that this large variety
of the validation tests is made possible by combining the
complementary strengths of the two pipelines.

4.3.1. Data splits

The null tests are performed for several interesting
splits of the data, chosen to be sensitive to various sources
of systematic contamination or miscalibration. In addi-
tion to the null tests we performed in PB14 (“first half
versus second half of the dataset”, “rising versus setting”,
“high elevation versus low elevation”, “High gain versus
low gain”, “Good versus bad weather”, “pixel type”,5

“left versus right side of the focal plane”, “left- versus
right-going subscan” and “Moon distance”), we intro-
duced the following three new tests to check the di↵er-
ence between seasons and our possible concerns:

• “First season versus second season”: probing sea-
sonal variation on year-long time-scales. This test
is sensitive to systematic changes in the calibration,
beams, telescope, and detectors.

• “Sun distance”: checking for residual contamina-
tion after setting the Sun-proximity threshold for
an observation to be considered for analysis.

• “Sun above the horizon versus sun below the hori-
zon”: checking for contamination from the far side-

5 Each detector wafer has two di↵erent pixel polarization angles.

lobe of the beam, and systematic changes of the
pointing due to the small deformation of the tele-
scope by solar heating.

The 12 null tests are used to analyze the dataset, and
the correlations between tests are taken into account in
the analysis by also running the same suite of null tests
on Monte Carlo (MC) simulations as described below.
For the 3 sky patches, pipeline A runs then a total of 36
null tests, while pipeline B focuses on a subset of 11 null
tests.

4.3.2. Analysis
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Fig. 5.— Null-test-PTE distribution for �2
null for both

pipeline A (red) and pipeline B (blue) (396 and 121 entries re-
spectively). Both distributions are consistent with the expected
uniform distribution.
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Fig. 1.— The three Polarbear patches overlaid on a full-sky
853GHz intensity map (Planck Collaboration 2013a). Patches were
chosen for low dust emission, overlap with other observations, and
to allow nearly continuous CMB observations from the James Ax
Observatory in Chile.

TABLE 1
The three Polarbear patch centers.

Patch RA Dec
RA4.5 4h40m12s -45�

RA12 11h53m0s -0�300

RA23 23h1m48s -32�480

For the remainder of the data, the observing horizon was
30�. The patches rise to a maximum elevation angle of
80�. To optimize sensitivity and linearity in changing
atmospheric loading, the detectors are re-biased every
hour. Before and after each re-bias we measure the rel-
ative gain of the detectors using both elevation nods (2�

modulations of the telescope elevation angle) and obser-
vation of a chopped 700�C thermal source visible through
a small hole in the secondary mirror. The chopping fre-
quency for the thermal source calibration is stepped be-
tween 4 and 44 Hz to simultaneously measure the detec-
tor time constant.

Observation of one patch is broken into 15 minute scans
at constant elevation, during which the telescope scans
back and forth in azimuth 3� at a speed of 0.75�/s on
the sky. The telescope then moves in azimuth and eleva-
tion to where the patch will be in 7.5 minutes, and the
constant elevation scan (CES) pattern is repeated.

In one CES there are approximately 200 constant-
velocity subscans – data obtained while not at constant
velocity are discarded for this analysis. Observing at con-
stant elevation allows scan-synchronous systematic sig-
nals, such as ground pick-up, to be removed from the
map with only a small loss of information.

The cold HWP is always stationary during observa-
tions. Over the first half of the season, the HWP was
stepped in angle by 11.25� every 1–2 days. During the
second half of the season the HWP was stepped in an-
gle only occasionally, as we worked to characterize the
HWP-dependent signals in the data. As described in
Section 4.4, the HWP was important in understanding
the polarization angles of the detectors, and provided
the ability to constrain the pixel-pair relative gain (see
Section 7.2.1).

3.3. Yield

Of the 1,274 optical TES bolometers in the Polar-
bear focal plane, 1,015 were able to be electrically bi-

ased and showed nominal optical response to astrophysi-
cal point sources. During observations, readout channels
that show anomalously high noise properties are turned
o↵ so that pathological noise e↵ects are not induced in
other detectors. Individual pixels are permanently ex-
cluded when they show no optical response, unaccept-
ably high di↵erential gain, or high variation in di↵eren-
tial gain. This leaves 810 bolometers that are used in
the reported measurement. Further data selection crite-
ria are described in Section 5.1.

4. CALIBRATION

As input to map-making and power spectrum estima-
tion, there are four primary instrument properties to be
modeled: individual detector pointing, thermal-response
calibration, polarization angle, and the instrument e↵ec-
tive beam. The models for these properties are described
in the following section. Uncertainties in these models
are evaluated in Section 7, and none are found to pro-
duce significant contaminant signals with respect to the
detected CBB

` signal.

4.1. Pointing

A five-parameter pointing model (Mangum 2001) char-
acterizes the relationship between the telescope’s encoder
readings and its true boresight pointing on the sky. Of
the parameters described in this reference, Polarbear
uses IA, the azimuth encoder zero o↵set, IE, the el-
evation encoder zero o↵set, CA, the collimation error
of the electromagnetic axis, AN, the azimuth axis o↵-
set/misalignment (north-south) and AW, the azimuth
o↵set/misalignment (east-west). We experimented with
extending and modifying this parameter set, and did
not find substantial improvements to the model. The
pointing model is created by observing bright extended
and point-like millimeter sources that were selected from
known source catalogs (Wrobel et al. 1998; Murphy et al.
2010) to span a wide range in azimuth and elevation.
These pointing observations occurred several times per
week during observations. The best-fit pointing model
recovers the source positions for the sources that were
used to create it with an accuracy of 2500 RMS.

Individual detector beam o↵sets are determined rel-
ative to the boresight using raster scans across Saturn
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are generated by pipeline B (resampled with a map-pixel width of 20 and reprojected onto a cylindrical equal-area projection to ease the
comparison). Both sets of maps the maps are smoothed with a Gaussian filter with 3.05 FWHM, and for visualization only, we show an area
in which the map weights are above -10 dB. The polarization angle is defined with respect to the north celestial pole. While the structures
are clearly in agreement between the two sets of maps, as expected, the amplitude of the signal is di↵erent due to the fact that the two
pipelines treat the amplitudes of the modes in the maps di↵erently (Sec. 4.1 for details). Maps with alternative color schemes are available
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same particular portion of the data set. None of those
extra checks found signs of contamination or inconsisten-
cies in the dataset. We emphasize that this large variety
of the validation tests is made possible by combining the
complementary strengths of the two pipelines.

4.3.1. Data splits

The null tests are performed for several interesting
splits of the data, chosen to be sensitive to various sources
of systematic contamination or miscalibration. In addi-
tion to the null tests we performed in PB14 (“first half
versus second half of the dataset”, “rising versus setting”,
“high elevation versus low elevation”, “High gain versus
low gain”, “Good versus bad weather”, “pixel type”,5

“left versus right side of the focal plane”, “left- versus
right-going subscan” and “Moon distance”), we intro-
duced the following three new tests to check the di↵er-
ence between seasons and our possible concerns:

• “First season versus second season”: probing sea-
sonal variation on year-long time-scales. This test
is sensitive to systematic changes in the calibration,
beams, telescope, and detectors.

• “Sun distance”: checking for residual contamina-
tion after setting the Sun-proximity threshold for
an observation to be considered for analysis.

• “Sun above the horizon versus sun below the hori-
zon”: checking for contamination from the far side-

5 Each detector wafer has two di↵erent pixel polarization angles.

lobe of the beam, and systematic changes of the
pointing due to the small deformation of the tele-
scope by solar heating.

The 12 null tests are used to analyze the dataset, and
the correlations between tests are taken into account in
the analysis by also running the same suite of null tests
on Monte Carlo (MC) simulations as described below.
For the 3 sky patches, pipeline A runs then a total of 36
null tests, while pipeline B focuses on a subset of 11 null
tests.

4.3.2. Analysis
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•Small patch observations:  
•3 sky regions (3°x3°) ~ 25deg2 

•Filtered map noise level: 
•5 μK-arcmin (deepest patch)
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on Monte Carlo (MC) simulations as described below.
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null tests, while pipeline B focuses on a subset of 11 null
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same particular portion of the data set. None of those
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cies in the dataset. We emphasize that this large variety
of the validation tests is made possible by combining the
complementary strengths of the two pipelines.
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The null tests are performed for several interesting
splits of the data, chosen to be sensitive to various sources
of systematic contamination or miscalibration. In addi-
tion to the null tests we performed in PB14 (“first half
versus second half of the dataset”, “rising versus setting”,
“high elevation versus low elevation”, “High gain versus
low gain”, “Good versus bad weather”, “pixel type”,5

“left versus right side of the focal plane”, “left- versus
right-going subscan” and “Moon distance”), we intro-
duced the following three new tests to check the di↵er-
ence between seasons and our possible concerns:

• “First season versus second season”: probing sea-
sonal variation on year-long time-scales. This test
is sensitive to systematic changes in the calibration,
beams, telescope, and detectors.

• “Sun distance”: checking for residual contamina-
tion after setting the Sun-proximity threshold for
an observation to be considered for analysis.

• “Sun above the horizon versus sun below the hori-
zon”: checking for contamination from the far side-
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lobe of the beam, and systematic changes of the
pointing due to the small deformation of the tele-
scope by solar heating.

The 12 null tests are used to analyze the dataset, and
the correlations between tests are taken into account in
the analysis by also running the same suite of null tests
on Monte Carlo (MC) simulations as described below.
For the 3 sky patches, pipeline A runs then a total of 36
null tests, while pipeline B focuses on a subset of 11 null
tests.
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CMB lensing measurements w/ POLARBEAR

 24Measurement of lensing B-modes with three different methods

Lensing deflection power spectrum

x
d

(PRL 113, 021301 (2014))

dFirst evidence for 
gravitational lensing with 
CMB polarization data alone

(Simulated) (Simulated)

CMB B-mode auto power spectrum

x
B BDirect measurement of B-mode 

auto-power spectrum in sub-degree 
angular scale

(Simulated) (Simulated)

(ApJ 794, 2 (2014),  
ApJ 848, 121 (2017))

Cross correlation of lensing deflection 
with Cosmic Infrared Background d CIB

x

(PRL 112, 131302)

(Simulated) (Herschel/SPIRE)

Rejection of null-lensing 
hypothesis at 4.0σ



ClBB result from the first 
two seasons

•3.1σ rejection of no B-mode hypothesis 
•Lensing amplitude (relative to Planck 2015 best-fit model prediction): 
•AL = 0.60       (stat.)       (inst. sys.) ± 0.14 (foreground) ± 0.04 (multi.)

 25

12

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0  500  1000  1500  2000  2500

l(
l+

1
)C

l/(
2

π
) 

(µ
K

2
)

Multipole Moment,

Pipeline B

Pipeline A
`(

`
+

1)
C

B
B

`
/(

2⇡
)

(µ
K

2
)

`
Fig. 9.— Polarbear B-mode angular power spectrum from the two-season datasets. Red diamonds (blue squares) show the measured

band powers from pipeline A (pipeline B). The plotted error bars correspond to the 68.3% confidence intervals of the statistical uncertainty
only. The multiplicative uncertainty (due to e.g., the absolute calibration uncertainty), and systematic uncertainties are not plotted, but
can be found in Table 5. The black curve is a theoretical Planck 2015 ⇤CDM lensing B-mode spectrum shown for comparison.

normal distribution (Bond et al. 2000):

�2 ln L(Xmeas|Xcosm) =
1

�2

h
ln[Xmeas + x0]

� ln[Xcosm + x0]
i2

� ln[�(Xmeas + x0)
p

2⇡], (1)

where Xmeas is the measure of a parameter of interest
X, and Xcosm a fiducial value for this parameter (the
B-mode band powers in this case). We fit for the val-
ues of � and x0 in each band using simulations with 0%,
69% and 100% of the B-mode power predicted by the
Planck 2015 ⇤CDM model. The intermediate value of
69% was chosen as being close to the observed B-mode
power. The values are reported in Table 4 along with
the band powers. We use the same formalism to em-
pirically model the likelihood for the B-mode amplitude
parameters ABB and AL described below.

The combined CTT
` , CEE

` , CTE
` , CTB

` , and CEB
` spec-

tra after the global calibration of absolute gain and po-
larization angle are plotted in Figure 8. We find that the
patch-combined and individual patch spectra are consis-
tent with the ⇤CDM model. The patch-combined spec-
tra from pipeline A (pipeline B) have a PTE with re-
spect to the ⇤CDM cosmology of 32% (28%), 62%(26%),
92%(67%), 79%(29%), and 60%(75%) for CTT

` , CEE
` ,

CTE
` , CTB

` , and CEB
` , respectively. The spectra from

both pipelines are in good agreement.
The di↵erence of the individual-patch CBB

` spectra
from pipeline A and pipeline B has a PTE with respect

to a null spectrum of 23%, where the variance of the null
spectrum is derived from an analytical estimate. We re-
mind the reader that the two pipelines treat noisy modes
di↵erently (see Poletti et al. (2016) for a detailed discus-
sion), and we therefore expect a larger scatter between
results in the noise dominated regime (` > 1300).

The combined CBB
` spectra are shown in Figure 9, in-

dicating that the spectra from both pipelines are in good
agreement. The PTE of these band powers with respect
to the Planck 2015 ⇤CDM spectrum are 55% (pipeline A)
and 41% (pipeline B). Since the results using pipeline A
has satisfied a larger set of the null tests, and the instru-
mental systematic error analysis was fully performed only
on pipeline A, we adopt its power spectra results (tabu-
lated in Table 4) as the reference (o�cial) Polarbear
results for this release. The results in Table 4 are the
data that should be quoted or used for any further cos-
mological analysis.

First we consider the significance with which these data
rule out the null hypothesis of no B-modes. After setting
the sample variance to zero, we fit for the amplitude pa-
rameter, finding ABB = 0.75+0.21

�0.20(stat)+0.00
�0.04(inst), where

in this expression, “stat” refers to the expected statis-
tical fluctuation of the measurement (Xmeas in Equa-
tion 1 with X = ABB) evaluated with the likelihood
of no lensing signal (Xcosm = 0), and “inst” to the sys-
tematic uncertainty associated with possible biases from
the instrument. To calculate the upper bound on the
additive uncertainties from instrumental systematic er-
rors, we linearly add, in each band, the upper bound
of the band powers of all the instrument systematic ef-

+0.26
-0.24

+0.00
-0.04

x
B B

ApJ 848, 121 (2017)



Current status of CMB B-mode 
measurements
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Another method to measure weak lensing

 27
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FIG. 3: Polarization lensing power spectra co-added from the three patches and two estimators are shown in red. The lensing
signal predicted by the ΛCDM model is shown as the dashed black curve in the left panel and the solid black curve in the
right panel, respectively. The polarization lensing power spectrum ⟨EEEB⟩ is in blue and ⟨EBEB⟩ dark green. Left: A 4.2σ
rejection of the null hypothesis of no lensing. These data indicate a lensing amplitude A = 1.37± 0.30± 0.13 normalized to the
fiducial ΛCDM value. Right: The same data, assuming the existence of gravitational lensing to calculate error bars, including
sample variance and including the covariance between ⟨EEEB⟩ and ⟨EBEB⟩. In this case, the lensing amplitude is measured
as A = 1.06± 0.47+0.35

−0.31, corresponding to 54% uncertainty on the Cdd
L power spectrum (27% uncertainty on the amplitude of

matter fluctuations). The histograms of the amplitudes A from 500 unlensed and lensed simulations are shown in the inset
boxes.

is detected at 3.2σ significance statistically.

The right panel of Fig. 3 assumes the predicted amount
of gravitational lensing in the ΛCDM model. In this
case, the ⟨EEEB⟩ and ⟨EBEB⟩ estimators are corre-
lated, which changes the optimal linear combination of
the two, and requires that lensing sample variance be
included in the band-power uncertainties. Under this
assumption, the amplitude of the polarization lensing
power spectrum is measured to be A = 1.06± 0.47+0.35

−0.31.
The last term gives an estimate of systematic error. Since
A is a measure of power and depends quadratically on
the amplitude of the matter fluctuations, we measure the
amplitude with 27% error. The measured signal traces
all the B -modes at sub-degree scales. This signal is pre-
sumably due to gravitational lensing of CMB, because
other possible sources, such as gravitational waves, po-
larization cosmic rotation [35] and patchy reionization
are expected to be small at these scales.

Conclusions: We report the evidence for gravitational
lensing, including the presence of lensing B-modes, di-
rectly from CMB polarization measurements. These

measurements reject the absence of polarization lensing
at a significance of 4.2σ. We have performed null tests
and have simulated systematics errors using the mea-
sured properties of our instrument, and we find no sig-
nificant contamination. Our measurements are in good
agreement with predictions based on the combination of
the ΛCDM model and basic gravitational physics. This
work represents an early step in the characterization of
CMB polarization lensing after the precise temperature
lensing measurement from Planck. The novel technique
of polarization lensing will allow future experiments to go
beyond Planck in signal-to-noise and scientific returns.
Future measurements will exploit this powerful cosmo-
logical probe to constrain neutrino masses [17] and de-
lens CMB observations in order to more precisely probe
B -modes from primordial gravitational waves.

Acknowledgments: The computational resources re-
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WMS [36] on the Open Science Grid [37]. This project
used the CAMB and FFTW software packages. Cal-
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Current status of CMB lensing 
measurements
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Next Generation Experiment: 
POLARBEAR-2 & Simons Array

 30



POLARBEAR-2: New Generation Receiver

•7,588 bolometers, 6 times more bolometers on a larger 
focal plane 
•Di-chroic detector:  

• 90+150GHz for the first receiver 
•Integration testings in progress  31
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Simons Array: POLARBEAR-2x3

•Simons Array is a funded upgrade experiment of 
POLARBEAR. 
•Constructed two new telescopes. Three telescopes 
in total. 
•4 frequency bands, ~22,000 bolometers in total

 32
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POLARBEAR-2 Integration Testings in the KEK lab

• POLARBEAR-2 receiver system end-to-end integration testing is 
underway in the KEK lab in Japan. 

• We are in the final stage of validation/characterization of the 
integrated system of detectors, readout, receiver optics, DAQ, etc.  33

POLARBEAR-2 Receiver

“Beam mapper”



POLARBEAR-2 receiver system is working

• Successful operation of full-array scale detector and readout, 
observing clear responses from modulated optical signals. 

• 1st receiver deployment in Chile in late this year.
 34
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Simons Array: Prospects for Sensitivity

•Three year Simons Array observation (w/ foreground subtraction by 
PLANCK 353GHz and C-BASS 5GHz) 
•Primordial gravitational wave: σ(r=0.1)~6x10-3 
•Sum of neutrino mass: σ(Σmν)=40meV (combined w/ DESI BAO)

 35

B-mode Power Spectrum 
w/ Expected Foreground Level



Current status of Cosmological 
Neutrino Mass Constraints

• Important to combine 
multiple cosmological 
probes to solve 
parameter degeneracies 

• Combining next 
generation CMB and 
BAO measurements is 
expected to achieve 
sub-100meV sensitivity, 
which might make some 
interesting implications 
for the mass-hierarchy.

 36

12 25. Neutrinos in cosmology

Table 25.2: Summary of
∑

mν constraints.

Model 95% CL (eV) Ref.

CMB alone

Pl15[TT+lowP] ΛCDM+
∑

mν < 0.72 [29]
Pl15[TT+lowP] ΛCDM+

∑

mν+Neff < 0.73 [35]
Pl16[TT+SimLow] ΛCDM+

∑

mν < 0.59 [32]

CMB + probes of background evolution

Pl15[TT+lowP] + BAO ΛCDM+
∑

mν < 0.21 [29]
Pl15[TT+lowP] + JLA ΛCDM+

∑

mν < 0.33 [35]
Pl15[TT+lowP] + BAO ΛCDM+

∑

mν+Neff < 0.27 [35]

CMB + probes of background evolution + LSS

Pl15[TT+lowP+lensing] ΛCDM+
∑

mν < 0.68 [29]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν < 0.25 [35]
Pl15[TT+lowP] + P(k)DR12 ΛCDM+

∑

mν < 0.30 [50]
Pl15[TT,TE,EE+lowP] + BAO+ P(k)WZ ΛCDM+

∑

mν < 0.14 [52]
Pl15[TT,TE,EE+lowP] + BAO+ P(k)DR7 ΛCDM+

∑

mν < 0.13 [52]
Pl15[TT+lowP+lensing] + Lyα ΛCDM+

∑

mν < 0.12 [48]
Pl16[TT+SimLow+lensing] + BAO ΛCDM+

∑

mν < 0.17 [48]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν+Ωk < 0.37 [35]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν+w < 0.37 [35]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν+Neff < 0.32 [29]
Pl15[TT,TE,EE+lowP+lensing] ΛCDM+

∑

mν+5-params. < 0.66 [34]

is negative, the inclusion of HST data provides stronger bounds on neutrinos masses,
down to

∑

mν < 0.11 eV (95% CL) when including LSS [52], but such bounds are
subject to caution, since they come from a combination of slightly discrepant data sets
(at the 3.2σ level).

It is interesting to add LSS data sets, sensitive to the small-scale suppression of the
matter power spectrum due to neutrino free-streaming. The inclusion of the Planck
2015 CMB lensing likelihood is not very constraining. Overall, adding CMB lensing
to conservative Planck 2015 data gives stronger bounds, but only marginally (from
∑

mν < 0.72 eV to
∑

mν < 0.68 eV at 95%CL). The inclusion of several matter power
spectrum determinations, listed in Table 25.2, also provides rather marginal improvements:
the constraint

∑

mν < 0.17 eV (95%CL) from Pl15[TT,TE,EE+lowP]+BAO is only
pushed down to 0.14 eV (0.13 eV, 0.16 eV) when adding matter power spectrum data
from WiggleZ (blue galaxies) [50]( SDSS-DR7 [52], BOSS-DR12 [52], red galaxies).
The Lyman-α power spectrum data from BOSS are more constraining, since this leads to

June 5, 2018 19:56

Summary table from PDG2018 
Planck team just released the final(?) results two days ago...



Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.

15

Final data release from Planck!
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No B-mode (auto-)power 
spectra are shown (yet).



Current status of Cosmological 
Neutrino Mass Constraints
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12 25. Neutrinos in cosmology

Table 25.2: Summary of
∑

mν constraints.

Model 95% CL (eV) Ref.

CMB alone

Pl15[TT+lowP] ΛCDM+
∑

mν < 0.72 [29]
Pl15[TT+lowP] ΛCDM+

∑

mν+Neff < 0.73 [35]
Pl16[TT+SimLow] ΛCDM+

∑

mν < 0.59 [32]

CMB + probes of background evolution

Pl15[TT+lowP] + BAO ΛCDM+
∑

mν < 0.21 [29]
Pl15[TT+lowP] + JLA ΛCDM+

∑

mν < 0.33 [35]
Pl15[TT+lowP] + BAO ΛCDM+

∑

mν+Neff < 0.27 [35]

CMB + probes of background evolution + LSS

Pl15[TT+lowP+lensing] ΛCDM+
∑

mν < 0.68 [29]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν < 0.25 [35]
Pl15[TT+lowP] + P(k)DR12 ΛCDM+

∑

mν < 0.30 [50]
Pl15[TT,TE,EE+lowP] + BAO+ P(k)WZ ΛCDM+

∑

mν < 0.14 [52]
Pl15[TT,TE,EE+lowP] + BAO+ P(k)DR7 ΛCDM+

∑

mν < 0.13 [52]
Pl15[TT+lowP+lensing] + Lyα ΛCDM+

∑

mν < 0.12 [48]
Pl16[TT+SimLow+lensing] + BAO ΛCDM+

∑

mν < 0.17 [48]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν+Ωk < 0.37 [35]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν+w < 0.37 [35]
Pl15[TT+lowP+lensing] + BAO ΛCDM+

∑

mν+Neff < 0.32 [29]
Pl15[TT,TE,EE+lowP+lensing] ΛCDM+

∑

mν+5-params. < 0.66 [34]

is negative, the inclusion of HST data provides stronger bounds on neutrinos masses,
down to

∑

mν < 0.11 eV (95% CL) when including LSS [52], but such bounds are
subject to caution, since they come from a combination of slightly discrepant data sets
(at the 3.2σ level).

It is interesting to add LSS data sets, sensitive to the small-scale suppression of the
matter power spectrum due to neutrino free-streaming. The inclusion of the Planck
2015 CMB lensing likelihood is not very constraining. Overall, adding CMB lensing
to conservative Planck 2015 data gives stronger bounds, but only marginally (from
∑

mν < 0.72 eV to
∑

mν < 0.68 eV at 95%CL). The inclusion of several matter power
spectrum determinations, listed in Table 25.2, also provides rather marginal improvements:
the constraint

∑

mν < 0.17 eV (95%CL) from Pl15[TT,TE,EE+lowP]+BAO is only
pushed down to 0.14 eV (0.13 eV, 0.16 eV) when adding matter power spectrum data
from WiggleZ (blue galaxies) [50]( SDSS-DR7 [52], BOSS-DR12 [52], red galaxies).
The Lyman-α power spectrum data from BOSS are more constraining, since this leads to

June 5, 2018 19:56

Summary table from PDG2018 

< 0.54Planck2018 (TT+ lowE)

Planck2018 (TT+TE+EE lowE) < 0.26

Planck2018 
(TT+TE+EE+lowE+BAO+lensing) < 0.12

Planck2018 
(TT+TE+EE+lowE+BAO) < 0.13

Message from Planck team: 
“95% limit of Σmν<0.12eV starts to put 
pressure on the inverted mass hierarchy”

• Important to combine 
multiple cosmological 
probes to solve 
parameter degeneracies 

• Combining next 
generation CMB and 
BAO measurements is 
expected to achieve 
sub-100meV sensitivity, 
which might make some 
interesting implications 
for the mass-hierarchy.
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• CMB and Neutrino mass  
• Because of non-zero mass and significant abundances in the Universe, 
neutrinos should have made characteristic effects in the evolution of the 
Universe. 

• The observation of CMB have been one of the most important 
cosmological tools to measure those signatures. 

• (Sum of) neutrino mass sensitivity by CMB weak lensing can be 
improved by the next generation CMB polarization experiments and is 
expected to reach below 100 meV level. 

• Latest results from Planck w/ BAO: 0.12 eV (95% C.L.) 
• CMB lensing measurements by POLARBEAR 
• B-mode from weak lensing has been measured by several experiments 
including POLARBEAR. 

• Next generation experiment: POLARBEAR-2 / Simons Array 
• Will deploy late this year. Stay tuned.


