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Inflation 
- Spectral index of fluctuations, ns 
- non-Gaussianity?
- Inflationary gravitational waves?

CMB measurements probe cosmology  
and fundamental physics

Neutrinos 
- Number of relativistic species  

(Neff or “dark radiation”)
- Sum of the neutrino masses, (∑mν)  

through impact on growth of structure
 

Dark Energy 
- Probe growth with SZ clusters,  

CMB lensing, correlation with  
galaxy surveys

- Is GR correct on large scales? 

➡ requires precision CMB measurements of the temperature and 
polarization CMB anisotropy from degrees to arc minutes

graphic from NASA website



COBE ➞ WMAP ➞ Planck



COBE ➞ WMAP ➞ Planck



COBE ➞ WMAP ➞ Planck
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10m South Pole Telescope 
pole.uchicago.edu  

High angular resolution (high-l) CMB measurements

Exceptional high and dry sites for dedicated CMB observations.  

Exploiting and driving ongoing revolution in low-noise bolometer cameras

6m Atacama Cosmology Telescope 
physics.princeton.edu/act/



Planck
143 GHz
zoom in  
50 deg2



7x finer angular 
resolution
7x deeper 

Ground based 
high resolution
50 deg2



Point&Sources&&&
Ac.ve&galac.c&nuclei,&and&the&most&
distant,&star7forming&galaxies&

Ground based 
high resolution
50 deg2



Clusters&of&Galaxies&&
S7Z&effect:&“Shadows”&in&the&
microwave&background&from&clusters&
of&galaxies

Cluster&of&GalaxiesGround based 
high resolution
50 deg2



Angular power spectrum of primary CMB 
anisotropy

Figure from Planck 2015 Results XI 

Fit by standard ΛCDM  
 - only six parameters -  
Ωbh2  Ωch2  θs  As  ns  τe



Angular power spectrum of primary CMB 
anisotropy
So, are we finished with primary CMB 
Temperature anisotropy measurements?

Figure from Planck 2015 Results XI 

Fit by standard ΛCDM  
 - only six parameters -  
Ωbh2  Ωch2  θs  As  ns  τe



Angular power spectrum of primary CMB 
anisotropy
So, are we finished with primary CMB 
Temperature anisotropy measurements?

Figure from Planck 2015 Results XI 

Cosmic Variance  
limited

Fit by standard ΛCDM  
 - only six parameters -  
Ωbh2  Ωch2  θs  As  ns  τe



Angular power spectrum of primary CMB 
anisotropy
So, are we finished with primary CMB 
Temperature anisotropy measurements?

Figure from Planck 2015 Results XI 

Cosmic Variance  
limited

Can be improved
Fit by standard ΛCDM  

 - only six parameters -  
Ωbh2  Ωch2  θs  As  ns  τe



Angular power spectrum of primary CMB 
anisotropy
So, are we finished with primary CMB 
Temperature anisotropy measurements?

Figure from Planck 2015 Results XI 

Cosmic Variance  
limited

Can be improved

Only ~ 10% of 
sky measured

Fit by standard ΛCDM  
 - only six parameters -  
Ωbh2  Ωch2  θs  As  ns  τe
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Large-Scale
Structure
Lenses the CMB

• RMS deflection of ~2.5’
• Lensing efficiency peaks at z ~ 2 
• Coherent on ~degree  
   (~300 Mpc) scales

CMB lensing

graphic from ESA website



CMB lensing
Planck Collaboration: Gravitational lensing by large-scale structures with Planck

through reionization ⌧ = 0.065. These cosmological parame-
ters also form the basis for the FFP8 Monte Carlo simulation
set. In addition to rescaling the FFP8 maps as already discussed,
we have also adjusted the power spectra of the fiducial model
by rescaling the CMB temperature and polarization spectra by a
factor of 1.01342, and the temperature-lensing cross-correlation
CT�

L by 1.0134. We have not applied any scaling to the fidu-
cial lensing power spectrum. Our reconstruction methodology
(in particular, the renormalization corrections, addition of fore-
ground power, and realization-dependent bias corrections that
we apply, discussed in Appendix C) renders the cosmological
interpretation of our lensing estimates insensitive to errors in the
fiducial model power spectra and simulations.

3. Results

In this section, we provide a summary of the first science re-
sults obtained with the minimum-variance lens reconstruction
from the Planck full-mission data. The lensing potential map is
presented in Sect. 3.1, and this is combined in Sect. 3.2 with
the E-mode polarization measured by Planck to obtain a map
of the expected B-mode polarization due to lensing. We fur-
ther show that this is correlated with the B-modes measured by
Planck at the expected level. In Sect. 3.3, we cross-correlate the
reconstructed lensing potential with the large-angle temperature
anisotropies to measure the CT�

L correlation sourced by the ISW
e↵ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2016), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

�̂WF
LM =

C��, fid
L

C��, fid
L + N��L

�̂MV
LM , (5)

where C��, fid
L is the lensing potential power spectrum in our fidu-

cial model and N��L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input � realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇡ 1
for a few modes around L ⇡ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2016). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence  defined by

LM =
L(L + 1)

2
�LM , (6)

�̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8  L  2048.

�̂WF (Sim.)

Input � (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input � realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on  is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence  rather than the lensing
potential �.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a

4

Planck lensing potential reconstruction (projected mass map). 

Planck XV (2015)



CMB lensing power spectra

Planck XV (2015)

Great progress, but still a long, way to go.



Fit by vanilla 6-parameter ΛCDM model

What about physics constraints? Can they be 
improved?

Enormous precision and accuracy: 
     Flat universe (Ωk < 0.005) 
     Ωbh2 = 0.02222 +/- 0.00023 
     Ωch2 = 0.1197 +/- 0.0022 

 (>50σ detection of non-baryonic dark matter) 

But extensions to ΛCDM model  
are poorly constrained. Planck Results I 2015



Fit by vanilla 6-parameter ΛCDM model

Inflation?

Inflation checklist: 
✓ Flat geometry (Ωk < 0.005)  
✓ Harmonic peaks (9+) 
✓ Gaussian random fields 
    (fNLlocal = 0.8 ± 5.0, fNLequil = −4 ± 43, and fNortho = −26 ± 21)*  
✓ Departure from scale invariance! (ns = 0.968 ± 0.006) 
    Inflationary gravitational waves (tensors) (r < 0.07)*

*constraints include CMB polarization data



at decoupling

photons

CDM, baryons

Λ (dark energy)
neutrinos
 0.5 eV
 0.05 eV
 0 eV

Matter/Radiation  
Equality

Decoupling

Neutrinos 
   - relativistic at decoupling



photons

CDM, baryons

neutrinos
 0.5 eV
 0.05 eV
 0 eV

Λ (dark energy)

Neutrinos 
   - transition to part of matter budget today

Matter/Radiation  
Equality

Decoupling
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Massive neutrinos suppress  
small scale power

CMB lensing is sensitive to this

Matter Power spectrum



CMB Neutrino Constraints

The non-gamma relativistic 
energy density of the Universe 
is parametrized by Neff, the 
effective number of relativistic 
species, where Neff = 3.046 for  
3 neutrinos.

Neff = 3.15 +/- 0.23
greater than 10! 
detection of cosmic 
neutrino background! 

Planck Collaboration (plot 2013; constraints 2015)

Σmν < 0.23 eV at 95% c.l.

Joint Σmν and Neff constraints:  Neff = 3.2 ± 0.5;  Σmν < 0.32 eV



CMB Neutrino Constraints

The non-gamma relativistic 
energy density of the Universe 
is parametrized by Neff, the 
effective number of relativistic 
species, where Neff = 3.046 for  
3 neutrinos.

Neff = 3.15 +/- 0.23
greater than 10! 
detection of cosmic 
neutrino background! 

Planck Collaboration (plot 2013; constraints 2015)

Σmν < 0.23 eV at 95% c.l.

Joint Σmν and Neff constraints:  Neff = 3.2 ± 0.5;  Σmν < 0.32 eV
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Neff measurements can 
constrain light thermal 
relics

Sets experimental 
target of 
ΔNeff = 0.027   
(goal for CMB-S4)

Baumann, Green, Wallisch arXiv:1604.08614  
CMB-S4 Science Book (https://cosmo.uchicago.edu/CMB-S4workshops) 

Neff constraints and light relics
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transition 

https://cosmo.uchicago.edu/CMB-S4workshops


from W. Hu’s web pages

The frontier: CMB Polarization
The frontier is CMB lensing and polarization,  
and the future of CMB lensing is polarization. 



from W. Hu’s web pages

Just like the sky, 
    the CMB must be polarized

The frontier: CMB Polarization
The frontier is CMB lensing and polarization,  
and the future of CMB lensing is polarization. 



E modes

density oscillations

CMB Polarization

Temperature



density oscillations

Inflationary Gravitational wave oscillations

B modes

reionization bump 
recombination bump

CMB Polarization

E modes

Temperature



Tensor (gravitational) perturbation amplitude

Scalar (density) perturbation amplitude
r ≡ 

r = 0.1, 2x1016GeV

r = 0.01

energy = 1016
� r

0.01

� 1
4

GeV

time = 10�36
� r

0.01

�� 1
2

seconds

CMB Polarization

B modes

Temperature

E modes
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lensing distorts E-mode  
to B-mode polarization

graphic from ESA website



lensing B modes
lensing of EE to BB

r = 0.01

CMB Polarization

Temperature

B modes

E modes



r = 0.01

∑mν = 0

∑mν = 1.5 eV

CMB Polarization

Temperature

lensing of EE to BB

B modes

E modes
lensing B modes



10m South Pole Telescope 
pole.uchicago.edu  

2.5m  Huan Tran Telescope  
bolo.berkeley.edu/polarbear

Polarization with mid to large telescopes

6m Atacama Cosmology Telescope 
physics.princeton.edu/act/

http://bolo.berkeley.edu/polarbear


Polarization with small aperture CMB telescopes

BICEP2 & 3 and KECK 
at South pole  
bicepkeck.org 

Also  
  Ground: ABS, QUBIC, QUIJOTE, GroundBird  
  Balloon: EBEX, PIPER, LSPE  
  Satellite proposals: LiteBIRD, PIXIE, CORE

Spider balloon experiment  
spider.princeton.edu  

NASA/JPL detector  
modules  CLASS telescope #1  

1st light recently achievied 
http://sites.krieger.jhu.edu/class/ 



Rapid progress.  All within last 3 years.

BICEP/KECK  
dust corrected

Current status CMB polarization

E modes

lensing 
B modesInflationary 

B modes 
 r = 0.1

Planck 
BICEP/Keck 
ACTPol 
SPTpol 100d (BB) 
SPTpol 500d (EE) 
Polarbear

lensinglen
sin

g



inflationary
gravity wave  
B modes

10 nK ➝

reionization bump 
CLASS exploring  
from the ground; 

LiteBIRD, PIXIE, &  
CORE satellites proposals

recombination bump
key target of CMB-S4

… still a long,  
long way to go.

Foregrounds for 90% of sky

lensing
B modes

E modes

Polarization status and future challenge



The next big steps

Snowmass CF5 Neutrinos Document arxiv:1309.5383; figure by Clem Pryke
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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

Today
Increasing sensitivity

A Moore’s Law of CMB sensitivity



2015 

2016 

2017 

2018 

2019 

2020 

2021 

2022 

2023 

Target

Stage 2  
1000  

detectors

Stage 3  
10,000  

detectors

Stage 4
CMB-S4  
~500,000  
detectors

≳10-5

10-6

10-8

Sensitivity  
(μK2) σ(r)

0.035

0.006

0.0005

σ(Neff)

0.14

0.06

0.027

σ(Σmν)

0.15eV

0.06eV

0.015eV

Dark Energy  
F.O.M

0.15eV ~180

~300-600

1250

Boss BAO 
prior

Boss BAO 
prior

DESI BAO 
+τe prior

DES+BOSS 
SPT clusters

DES + DESI 
SZ Clusters

DESI +LSST 
S4 Clusters



Stage 4 CMB experiment: CMB-S4

• A next generation ground-based program to pursue inflation, neutrino 
properties, dark radiation, dark energy and new discoveries. 

• Greater than tenfold increase in sensitivity of the combined Stage 3 
experiments (>100x current Stage 2) to cross critical science thresholds. 

• O(500,000) polarization sensitive detectors  
spanning 30 - 300 GHz using multiple telescopes  
at South Pole and Chile (and possibly northern  
sites) to map most of the sky, as well as deep  
targeted fields. 

• Broad participation of the CMB community,  
including the existing CMB groups, e.g., ACT,  
BICEP/KECK, CLASS, Polarbear & SPT,  
the National Labs and the High Energy Physics  
community.  International partnerships.

Recommended  
by P5 & NRC  
Antarctic reports

Scale&of&CMB,S4&exceeds&capabili4es&of&the&University&CMB&groups.&

→&Partnership&of&CMB&community&and&Na4onal&labs&will&do&it.



Community workshops 
to advance CMB-S4

U. Minnesota  
Jan 16, 2015

LBNL, Berkeley 
 March 7-9, 2016  

Next: UChicago Sep19-21 2016  
Please attend - register at  

https://kicp-workshops.uchicago.edu/
cmb-s4-2016

U. Michigan  
Sep 21-22, 2015

1st edition Science Book complete!  
Next: instrument definition  

and iterate with science goals  



- Ground:  Angular 
resolution for CMB lensing 
(+de-lensing B modes!), 
damping tail, clusters….

- Space: All sky for 
reionization peak; high 
frequencies for dust. 

- Combined data would 
provide best constraints.

Complementary strengths  
of ground and space

Dust

Synchrotron

Space

30 GHz

300 GHz

3 THz

Ground

10 100 1000
multipole number l

Foregrounds for 90% of sky

Foregrounds for BICEP  1% patch of sky

CMB

10,000



Instrument and Observatory 

Polar Sun-Synch Orbit 
•  660 km altitude, period = 97 min 
•  Precess once per orbit for zenith scan 
•  Full-sky coverage every 6 months 

Cryogenic instrument in low-Earth orbit 
•  4 multi-moded detectors 
•  Angular resolution 1.6° 
•  Spin at 4 RPM to sample Stokes Q/U 

CMB satellite  
proposals

LiteBIRD 

LiteBIRD Overview�
�

Masashi Hazumi  
(KEK/Kavli IPMU/SOKENDAI/ISAS JAXA)  

for the LiteBIRD working group  
1 

Lite (Light) Satellite for the Studies of B-mode Polarization 
and Inflation from Cosmic Background Radiation Detection�

LiteBIRD 

LiteBIRD Overview�
�

Masashi Hazumi  
(KEK/Kavli IPMU/SOKENDAI/ISAS JAXA)  

for the LiteBIRD working group  
1 

Lite (Light) Satellite for the Studies of B-mode Polarization 
and Inflation from Cosmic Background Radiation Detection�

All targeting σ(r) ~ few 10-4

PIXIE  
(NASA MIDEX 

~2023)

LiteBIRD (JAXA, ~2025)

LiteCORE 
(ESA M5 ~2026-2030)



Last words
The CMB is the gift that keeps on giving. 

Science is spectacular:  we are searching for inflationary gravitational 
waves and will rigorously test single field slow roll inflation.  We will 
determine the number and masses of the neutrinos, constrain possible 
new light relic particles, provide precise constraints on the nature of 
dark energy, test general relativity on large scales, and more… 

CMB-S4 will be great leap forward.

• Science Book available at CMB-S4.org and will be posted on the 
archive soon. 

• NSF and DOE are now requesting applications for CMB-S4 
concept design team members (see posting at CMB-S4.org).

• Next workshop September 19-21, 2106 at U. Chicago  
https://kicp-workshops.uchicago.edu/cmb-s4-2016

https://kicp-workshops.uchicago.edu/cmb-s4-2016


backup slides



Science Book projection  
for CMB-S4 strawman configuration



CMB lensing and optical surveys

CMB$S4'lensing'will'complement'
large'op6cal'surveys'such'as'DES,'
DESI,'LSST,'Euclid,'WFIRST,'etc.'

The'combina6on'leads'to'beGer'
shear$bias'calibra6on'and'more'
robust'constraints'on'Dark'Energy'
and'the'proper6es'of'neutrinos.'
(e.g.,'Das,'Errard,'and'Spergel,'2013)'

 

CMB lensing tomography with DES-SV 3223

Table 1. Summary of the results for the main galaxy sample for real (left) and harmonic (right) spaces: best-fitting linear bias b and
correlation amplitudes A = bALens for the three correlation functions and the N-body covariance estimator. The results are consistent
between each other and with respect to the theoretical expectations for our fiducial model, but the cross-correlation amplitude is
lower than the autocorrelation by 2σ–3σ . The recovered χ2 per degree of freedom indicates the models and covariance estimators
are in all cases appropriate for the data.

Full sample, 0.2 < zphot < 1.2 Real space Harmonic space

Correlation Covariance b ± σ b S/N χ2/ d.o.f. b ± σ b S/N χ2/ d.o.f.
Gal–Gal N-body 1.22 ± 0.03 41 3.8 / 8 1.22 ± 0.04 34 2.7 / 3
Correlation Covariance A ± σA S/N χ2/ d.o.f. A ± σA S/N χ2/ d.o.f.
Gal–SPT N-body 0.84 ± 0.13 6.3 8.4 / 11 0.84 ± 0.15 5.6 8.7 / 19
Gal–Planck 0.78 ± 0.21 3.7 11 / 10 0.81 ± 0.20 3.8 7.7 / 9

Figure 7. Measured auto- (left) and cross-correlation functions (right) of DES-SV main galaxies as a function of photometric redshift. The panels refer to thin
photo-z bins, from low-to-high redshift. The error bars are derived from the N-body covariance matrix. The lines show the fiducial Planck cosmology rescaled
by the best-fitting linear bias or amplitude obtained from the auto- (dashed) and from the cross-correlations (solid); for each case, the linear theory is shown
with thin dotted lines. The best-fitting bias values and their 1σ errors are also shown in each panel; the coloured bands represent 1σ and 2σ uncertainties on
the best fits. When fitting the autocorrelation bias, the points at ϑ < ϑNL have been excluded from the fit, consistently with Crocce et al. (2016), as they lie
in the non-linear regime where the non-linear corrections are >20 per cent. All points are included in the cross-correlation fits. The autocorrelation results are
presented and discussed in more detail by Crocce et al. (2016), including a further discussion on the anomalous behaviour of the lowest redshift bin at small
angular scales.

and >3σ in all but the lowest redshift bin; however, the best-fitting
cross-correlation amplitude recovered fluctuates significantly with
respect to the expectation, and with respect to the best-fitting bias.
We see that the trend of obtaining A(z) < b(z) is recovered in most

redshift bins, confirming what we find for the full sample. We also
show that the reduced χ2 associated with the best-fitting bias and
amplitudes are close to 1 in most cases, indicating that our estimate
of the covariances is realistic, and that our best-fitting model is

MNRAS 456, 3213–3244 (2016)

 at U
niversity of C

hicago on M
arch 25, 2016

http://m
nras.oxfordjournals.org/
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DES Galaxy and SPT CMB-
lensing cross-correlation

G
iannantonio et al., 2016

Giannantonio et al., 2016, beginning  
of CMB lensing tomography 

using 3% of DES survey 
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Cosmology  
with SZ clusters

de Haan et al,1603.06522

Fit to ΛCDM

Tracing the growth of structure with 
evolution of massive galaxy clusters.

Σmν = 0.14 ± 0.08 eV

de Haan et al, 1603.06522



CMB-S4 SZ cluster projections
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Redshift
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 ∆
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SPT-3G / AdvACT

CMB-S4 Sunyaev-Zel’dovich 
(SZ) Cluster Survey:

• Cluster counts will depend on 
designed beam size, roughly:

• 1’: 140,000 clusters
• 2’: 70,000 clusters
• 3’: 45,000 clusters

• Strong complementarity with 
LSST cluster survey:

• Low scatter observable
• High-redshift: >10,000 clusters 
at z > 1

• CMB-lensing cluster mass 
scaling!  Measure σ(M) ~2e13 
at z > 1 per 1000 clusters

Projection B. Benson 

CMB-lensing cluster mass 
scaling ! 
σ(M) ~ 2e13 at z > 1 per 1000 
clusters



De-lensing B-mode Polarization

from Smith et al., CMBpol Mission Study arXiv:0811.2916

Angular resolution (arcmin)

De-lensing Improvement on σ(r)  
vs Angular Resolution 
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High resolution ground-based  
measurements excellent for  
de-lensing.



SPTpol: 1st Detection of CMB B-mode 
Polarization

SPTpol Measured 
E-mode polarization

Lensing Potential 
from Herschel CIB

Predicted B-mode
polarization

B-mode template to 
correlate with SPT  

B-mode map

SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830)

+ →

+ →

100 deg2 survey



SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830) 
Also detected by Polarbear arXiv:1312.6645 & 1312.6646

SPTpol: 1st Detection of CMB B-mode 
Polarization

null test

SPT



Combined Neutrino mass constraints

Future&Cosmology  
σ(Σmν)'='16'meV

“use cosmology to tighten the noose”  Boris Kayser arXiv:1309.5383



CMB-S4 lensing sensitivity to Σmν

CMB'Lensing'power'spectrum

Does not well measure curvature,  
so dependent on τe

CMB-S4 forecast:  arXiv:1309.5383; see also Wu et al,  ApJ 788,138 (2014)



need τe measurement

Allison et al arXiv:1509.07471



Neff  and CMB damping



 
Artificially keep θd constant by increasing helium fraction, YP

Helium fraction & Neff  degeneracy 



 
Artificially keep θd constant by increasing helium fraction, YP

Neff causes l-dependent  
phase offset that can be  

measured much more accurately  
in polarization spectra

Neff is the extra relativistic energy density compared to photons 
For standard 3 neutrinos, Neff = 3.046. 

Neff & Helium fraction degeneracy 



• Agreement with physics of
1) Cosmic neutrino 

background at ~1 sec
2) Light element 

production at ~3 min
3) CMB emitted at 

~380,000 years

• But we’d like to do much 
better !

Neff = 3.15 ± 0.23 (along BBN consistency curve) 
Neff = 3.14 ± 0.44 (marginalizing over YP)  
Highly significant detection of neutrino background

Planck Collaboration XIII (2015)

Neff & Helium fraction degeneracy 



“Pessimistic” ν degeneracy forecasts  
Allison et al., 1509.0747 

for CMB-S4 (3 arcm res, l > 20) + DESI BAO: 

Σmν = 19 meV  (ΛCDM + Σmν) 
= 30 meV  (ΛCDM + Σmν + Ωk) 
= 27 meV  (ΛCDM + Σmν + w0) 
= 46 meV  (ΛCDM + Σmν + w0 + wa) 
= 64 meV  (ΛCDM + Σmν + w0 + wa + Ωk)



“Optimistic” ν forecasts  
Pan & Knox 1506.07493 6 Z. Pan and L. Knox

Figure 5. Forecasted 1� and 2� constraints in the M⌫ � !m

plane, where the CMB-S4 experiment results in a �(M⌫) = 38
meV constraint, the combination of CMB-S4 and DESI BAO
yield a �(M⌫) = 15 meV constraint. and adding measurements
of the structure growth rate by DESI RSD further improves the
constraint to �(M⌫) = 9 meV.

large noise because of small amount of survey volume and
large cosmic variance. Other than DESI BAO, we also inves-
tigate other low-redshift tracers of H(z) and D(z) which are
possible to tighten the uncertainty of total neutrino mass.

DESI RSD: similar to BAO, RSD uncertainties are also
independent from those of CMB observations, so the total
Fisher matrix of CMB+BAO+RSD is also approximately
given by addition

FCMB+BAO+RSD = FCMB + FBAO + FRSD, (18)

where we use the RSD sensitivities from DESI survey which
can be found in Huterer et al. (2013) and shown in Fig. 2.
Here we use the approximation that uncertainties in BAO
and RSD are uncorrelated, due to they are sensitive to di↵er-
ent aspects of the matter power spectrum: BAO is sensitive
to its characteristic length scale rs while RSD is sensitive
to its amplitude. In fact, our result is insensitive to the
approximation because we find that both CMB-S4+DESI
BAO+DESI RSD and CMB-S4+DESI RSD yield the same
�(M⌫) = 9 meV uncertainty.

Better BAO: DESI survey cover 14, 000 squared degrees
(about 1/3 of the whole sky). We explore a future BAO
experiment which covers the whole sky and in which cosmic
variance dominates over shot noise in the redshift range 0 <
z < 4.0. Constraints on DA(z) and H(z) from this BAO
experiment are shown in Fig. 6. It is found that CMB-S4
and the cosmic variance limited BAO constrain the total
neutrino mass with uncertainty �(M⌫) = 11 meV. So we
conclude that 11 meV is a lower limit of �(M⌫) we could
measure from CMB-S4+BAO, where the limit mainly comes
from noise level of the CMB lensing signal.

Supernovae: The constraining power of BAO is limited
by its large cosmic variance at low redshifts (Fig. 6), so su-
pernovae distance measurements which do not su↵er from
the cosmic variance problem may be e↵ective complements
if their systematic errors are well controlled. Supernovae per-
form better in relative distance measurements than in abso-
lute distance measurements. However for the ⇤CDM + M⌫

Figure 6. Same as Fig. 1, but with suppressed errorbars of DA(z)
and H(z) coming from CMB-S4 and a cosmic-variance-limited
BAO experiment.

Figure 7. The uncertainties in relative distances from CMB-S4 +
DESI BAO. Note that the uncertainties is multiplied by a factor
of 104 in the plot.

model, the uncertainties in relative distances from CMB-S4
+ DESI BAO are very small (see Fig. 7) . We conclude that
supernova observations must result in relative distance de-
terminations with systematic errors less than about 0.05% if
they are to tighten the constraints on neutrino mass. Com-
pared to systematic errors from current supernova observa-
tions (e.g., Suzuki et al. (2012)) this would be a reduction
by a factor of ⇠ 20 .

6 CONCLUSION

This paper is motivated by our desire to better understand
the origin of current and forecasted cosmological constraints
on the sum of neutrino masses. We took as a given that de-
termination of Ne↵ will solidify the predicted value of 3.046,
increasing our confidence that the phase-space distribution
of the cosmic neutrino background is what we expect based
on the standard thermal history. With that as a given, the
most important aspect of increased neutrino mass (relative

c� 0000 RAS, MNRAS 000, 000–000

Σmν = 9 meV  (ΛCDM + Σmν) 
for CMB-S4 (l > 5) + DESI BAO + DESI RSD 
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meV. This suppression can be inferred by measuring the
cosmic microwave background temperature [11] and po-
larization [12] on small angular scales. Following the ini-
tial detections by the Atacama Cosmology Telescope [13]
and the South Pole Telescope [14], the Planck satellite
has now mapped the potential with 27-sigma [15] sig-
nificance. Prospects for measuring the spectrum of the
potential with upcoming small scale CMB polarization
experiments and with galaxy surveys [16] lead to projec-
tions that

P
m⌫ can be constrained at 16 meV level.

INVERTED HIERARCHY

If the mass hierarchy is determined by other experi-
ments to be inverted so that m3 < m1,m2, then both
m1 and m2 are of order matm or larger. Further, the
smallness of sin2 ✓13 means that the last term in Eq. (1)
can be neglected so that

minv
�� ' c213

h
(m1c

2
12)

2 + (m2s
2
12)

2

+2 cos(2�2)(m1c
2
12)(m2s

2
12)

i1/2
. (4)

Fig. 1 shows the region allowed by current measurements
for m�� and

S ⌘
X

m⌫ (5)

and a projected future measurement centered on a ran-
domly chosen “truth” value. The width of the gray band
is determined by the Majorana phase �2. If nature has
chosen the point in parameter space indicated by the star,
then the combination of neutrinoless double beta decay
and cosmic surveys will narrow the allowed range; i.e.,
it will pin down not only the sum of the masses and the
Majorana nature of the neutrino but also constrain �2.

To project the error on the phase, we need to transform
the projected constraints on the two parameters p1 =
m�� and p2 = S to a di↵erent parameter set, (q1 =
cos(2�2), q2 = S). The constraints on ~p are uncorrelated,
so the Fisher matrix that describes these constraints is
trivial:

Fij =

✓
1/�2

� 0
0 1/�2

S

◆
(6)

where we take �� = 10 meV and �S = 20 meV. Here
�� represents a combination of the uncertainty from the
nuclear matrix elements [17] in the extraction of m�� ,
together with the experimental uncertainties. For sim-
plicity we will neglect uncertainties on the mixing an-
gles, which in any case will be known with consider-
able precision from future planned experiments. Relat-
ing the Fisher matrix of the new parameter set (q1 =

FIG. 1: Projected constraints on neutrino parameters from
upcoming cosmic surveys (vertical), neutrino-less double beta
decay experiments (horizontal), and all other current mea-
surements (gray) assuming an inverted mass hierarchy and
Majorana neutrinos.

cos(2�2), q2 = S) to the Fisher matrix of the old param-
eter set requires the transformation

F̃ab =
@pi
@qa

@pj
@qb

Fij . (7)

Two partial derivatives of m�� are needed in Eq. (7).
The first, @m��/@ cos(2�2). is easily obtained by di↵er-
entiating Eq. (4). The derivative with respect to S is
trickier but can be computed by recognizing that

S = m3 +
q

m2
3 +m2

atm +
q
m2

3 ++m2
atm +m2

s . (8)

Di↵erentiating both sides with respect to S leads to an
expression for @m3/@S at fixed �2. From this, @m2/@S =
(m3/m2) @m3/@S and similarly with m1. Therefore, the
derivative of m�� with respect to S (at fixed phase �2)
is

@m��

@S
=

m1m2m3

m�� [m1m2 +m1m3 +m2m3]

⇥
"
c412c

4
13 + s412c

4
13

+
m2

1 +m2
2

m1m2
c212c

4
13s

2
12 cos(2�2)

#
. (9)

Since @m��/@S and @m��/@ cos(2�2) are both non-zero,
the diagonal F is transformed into an o↵-diagonal F̃ .
The projected error on one parameter – say cos(2�2) –
must be obtained by marginalizing over all possible val-
ues of the other. The simple way to do this is to compute
F̃�1; the diagonal components of F̃�1 are the projected
squared errors on the two parameters. A simple check

3

is that the marginalized error on S – the square root of
(F̃�1)22 – remains the same, equal to �S . The error on
the phase is

(� cos(2�2))
2 = (F̃�1)11

=

✓
@m��

@ cos(2�2)

◆�2 h
�2

� +

✓
@m��

@S

◆2

�2
S

i
. (10)

Fig. 2 shows this error as a function of S for two di↵erent
values of �2. Note that, for S small and cos(2�2) = �1,
the projected 1-sigma error on the cosine is 0.35, close to
6-sigma away from the �2 = 0 value.

FIG. 2: Projected one-sigma constraint on the cosine of the
Majorana phase from combined cosmic survey and neutrino-
less double beta decay experiments. These constraints are
relevant if the mass hierarchy is determined to be inverted.

NORMAL HIERARCHY

If the mass hierarchy is normal so thatm1 < m2 < m3,
there is no guarantee that, even if neutrinos are Majorana
particles, the most aggressive double beta decay exper-
iment will see events. The parameter that determines
the decay rate, m�� , can vanish if the unknown phases
conspire to make us unlucky. This is captured by the
gray band in Fig. 3, which shows that m�� can be ar-
bitrarily small. However, there is an interesting synergy
between the cosmological constraints and double beta de-
cay. If the cosmological constraints point to a large value
of

P
m⌫ , for example at the star in the figure, then we

will be handed a lower limit on m�� . The lower limit on
m�� is shown as a function of S in Fig. 4.

Therefore, upcoming cosmic surveys have the poten-
tial to motivate further neutrinoless double beta decay
experiments, as we may be able to infer a lower limit on
m�� . In the absence of this lower limit, we will never be

FIG. 3: If the mass hierarchy is normal but the sum of the
masses is still relatively large, for example at the value indi-
cated by the star, then there will be a lower limit on m�� , a
target for ambitious future double beta decay experiments.

guaranteed an answer to the question of whether neutri-
nos are Majorana or Dirac particles.

FIG. 4: In the normal hierarchy, the minimum value of m��

as a function of the lower limit on the sum of the masses
that would be obtained in cosmic surveys. If the surveys findP

m⌫ is greater than (m⌫)min, then m�� must be above the
curve.
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