
Sum of masses vs. hierarchy
•Key fact:  LSS basically 
only measures the sum of 
neutrino masses.
•Minimum sum of masses:

-normal: 59 meV
-inverted: 100 meV 

•LSS might be able to 
identify a minimal mass 
normal hierarchy. 

Normal Inverted



Neutrino suppression of power

0.11 eV Inverted

0.11 eV Normal

matter density than low-z measured ⇢m would suggest, and radiation density given by156

all standard model species.157

The current best measurements from cosmology are by the Planck cosmic microwave158

background (CMB) satellite combined with galaxy clustering baryonic acoustic oscilla-159

tion (BAO) distance scale measurements [2], and [3] from earlier CMB data combined160

with measurements of the power spectrum of absorption in quasar spectra by dark161

matter-tracing gas in the intergalactic medium (Ly↵ forest), both finding 95% confi-162

dence upper limits ⇠ 20 meV.163
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Figure 1: Degenerate masses (green) vs. non-degenerate (red), given the current mass-
squared di↵erence measurements from Table 5. Each line shows the mass of one of the
neutrinos, plotted as a function of the sum of masses in each case (in the degenerate case
the two most massive neutrinos have almost indistinguishable mass on this plot). The gray
band shows a hypothetical measurement we might make of the sum of masses, which would
in this case rule out the inverted hierarchy.

For masses near the lower limit, the neutrinos are relativistic at the time of CMB165

last scattering.166

Note that measuring a sum of masses much greater than the minimum does not167

necessarily even rule out the normal hierarchy with minimal total mass of the three168

standard model neutrinos, if one is willing to consider an additional similarly light169
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• Only at z~100 does a 50 meV 
neutrino finally become non-
relativistic. 

• Contribute to the subsequent 
background evolution as if they 
were dark matter.

• Don’t cluster except on very 
large scales.

• Mass perturbations are 
“underweight” and don’t grow 
as fast as they would for pure 
CDM. 

3 Statistical Measurement of the HierarchyDD116

4 Cosmology PMcD117

[PM: This is not intended to be finished.]118

4.1 Summary119

For realistically achievable precision, cosmological measurements can only determine120

the sum of neutrino masses. In the case where the hierarchy is normal with a sum of121

masses near the minimum, i.e., a sum of masses ⇠ 57 meV, decisive evidence for this122

should accumulate through the 2020’s as expected large-scale structure/gravitational123

lensing experiments including Euclid, LSST, MS-DESI(BigBOSS), etc. come online.124

However, if the sum of masses is at all above the minimum, it quickly becomes impos-125

sible to distinguish the normal from inverted hierarchy. This situation is illustrated in126

Figure 1. The minimal mass normal hierarchy is distinguishable because the minimum127

total mass in the inverted hierarchy is ⇠ 105 meV, so if for example ⇠ 60± 10 is mea-128

sured the inverted hierarchy can be ruled out, but if, e.g., ⇠ 100± 10 is measured we129

would not be able to tell the di↵erence between the two hierarchy cases. Fortunately,130

the relevant experiments are primarily motivated by dark energy studies, which have131

similar design and analysis requirements, so they will happen independent of neutrino132

science considerations.133

4.2 Introduction134

Future cosmology measurements should definitely detect the suppression of large-scale135

clustering due to the free-streaming of massive neutrinos. At late times they contribute136

to the background evolution of the Universe in the same way as cold dark matter137

(because their velocities are no longer large enough for their pressure to be significant),138

however, below their free-streaming scale structure in the neutrinos has been erased, so139

perturbations have a deficit of gravitational potential relative to what they would have140

for pure cold dark matter. Figure 2 shows the ratio of power for ⌃m⌫ = 0.105 eV to141

⌃m⌫ = 0.057 eV. Note that the suppression is largely accumulated from the past – the142

current velocities of the neutrinos shouldn’t be ignored for detailed calculations, but143

the ongoing suppression across the low redshift observable range is not the dominant144

e↵ect. Note that the fact that the massive neutrinos are missing from the radiation145

density at late times is irrelevant to the background evolution, as this radiation density146

is insignificant in any case.147

[PM: Following are basically a collection of notes that need to be organized.]148

Neutrinos with mass . 1 eV decouple while still relativistic, which means they have149

standard number density and their late-time energy density is simply this number times150

their mass [1].151

At late times and not too small masses (while you can ignore relativistic corrections152

to p = mv), vrms ' 3173 (1+z) (0.057 eV/m⌫) km s�1 (based on temperature 1.945 K).153

The neutrinos become non-relativistic when this vrms ⇠ c, i.e., znr ⇠ 94 (m⌫/0.057 eV).154

Above this redshift, the Universe was evolving as if it had slightly lower non-relativistic155
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CMB optical depth degeneracy
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Appendix A: Talk Equations

⇠(r) ⌘ FT[P (k)]
�i = Ti(k, z)�0
�g = bg� + ✏g + ...

H
2(high z) ⇠ !�(1 + z)4 + (!c + !b)(1 + z)3 + !

massless
⌫

(1 + z)4 (A1)

H
2(high z) / ⇢�(z) + ⇢c(z) + ⇢b(z) + ⇢⌫⇠massless(z) (A2)

rdrag = 147.18± 0.29 Mpc
Fixed !b, !c, ✓s
Fixed !cb⌫ , !b, ⌦⇤

CMB measures Ase
�2⌧ very precisely.
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Appendix A: Talk Equations

⇠(r) ⌘ FT[P (k)]
�i = Ti(k, z)�0
�g = bg� + ✏g + ...

�g = (bg + fµ
2)�cb + ✏g + ... (A1)

µ =
kk

k
(A2)

f =
d ln �cb
d ln a

(A3)

H
2(high z) ⇠ !�(1 + z)4 + (!c + !b)(1 + z)3 + !

massless
⌫

(1 + z)4 (A4)

H
2(high z) / ⇢�(z) + ⇢c(z) + ⇢b(z) + ⇢⌫⇠massless(z) (A5)

rdrag = 147.18± 0.29 Mpc
Fixed !b, !c, ✓s
Fixed !cb⌫ , !b, ⌦⇤

CMB measures Ase
�2⌧ very precisely.

�lnAs = 2�⌧ (A6)

H
2
flat(z) / ⇢�(z) + ⇢c(z) + ⇢b(z) + ⇢⇤ + ⇢⌫(z) (A7)
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(A8)

The best measurement of neutrino mass comes from comparing the power 
measured by the CMB to low z power.


Scattering of CMB by electrons after reionization at z~7 suppresses observed 
CMB power, limiting this comparison.


The scattering optical depth is determined by messy astrophysics but can be 
measured using large-scale CMB polarization. 



Projections 4

TABLE II. Projected error on ⌃m⌫ , in meV.

�⌧

surveys 0.008 0.004 0.002

Planck+DESI BAO 78 77 77
Planck+DESI 29 20 18
CMB-S4+DESI 26 17 13
CMB-S4+DESI+LSST 23 15 11
CMB-S4+MegaMapper 23 14 11
CMB-S4+LSST+MegaMapper 21 13 9.9

TABLE III. Projected error on N⌫,e↵ .

surveys �N⌫,eff

Planck+DESI 0.077
CMB-S4 0.036
CMB-S4+DESI 0.030

Extensive recent: [33]
With CORE giving �⌧ = 0.002 [34], DESI/Euclid z-survey and Euclid lensing, get 16-14 [10]. Talk about getting

better ⌧ with 21cm.
Simons Observatory [35] 31-33 with �⌧ = 0.01 17-22 with �⌧ = 0.002 (with DESI BAO).
Zhu & Castorina claim unique signature in bispectrum, not competitive for DESI even if you believe them, although

might be a sign that a more careful higher order calculation could improve over power spectrum.
[36] don’t do neutrinos but find bispectrum doesn’t help much with Dark Energy type things.
[37] find bispectrum helps some for LSST but don’t include CMB.
Percival has MSE getting silly (8 meV) constraints.
Projections with free w(z): [38].
Projections with N⌫,e↵ , maybe w: [39].
Projections with CMB-S4+LSST [40]

A. Optical depth

CLASS [41] �⌧ ⇠ 0.0029� 0.0035. Running since ⇠ 2016, installed more bands 2018, first finished survey 2021 [42].
https://sites.krieger.jhu.edu/class/

BFORE balloon [43, 44]. �⌧ ⇠ 0.0036. ⇠ 2021 but not clear real.
LiteBIRD http://litebird.jp/eng/ (2028 launch?).
PICO [45] �⌧ = 0.002, launch 2029.
Small-scale CMB constraints on reionization: [46], �⌧ ⇠ 0.003 � 0.004, not sure how sensitive to model for reion-

ization.
CMB-S4 SZ clusters, LSST mass calibration, DESI BAO, [47] find ⇠ ±15meV with �⌧ = 0.006, ⇠ 8meV with

�⌧ = 0.002.
[48] degeneracy with variations in Dark Energy

TABLE IV. Projected error on ⌃m⌫ marginalized over other parameters, for CMB-S4+DESI.

�⌧

marginalized 0.008 0.004 0.002
— 26 17 13
N⌫,e↵ 29 17 14
�s 27 17 13
⌦k 40 24 20
w(z) 52 40 37

Current constraint from Planck + BOSS:
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2(high z) / ⇢�(z) + ⇢c(z) + ⇢b(z) + ⇢⌫⇠massless(z) (A2)
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CMB measures Ase
�2⌧ very precisely.
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⌃m⌫ < 120 meV (95%)



Caveat

• Quoted constraint estimates generally assume there is no 
*other* new physics affecting LSS, e.g., time-dependent 
Dark Energy equation of state instead of a cosmological 
constant. 


• (one avenue for improvements may be to work on doing 
better even when allowing for this kind of uncertainty)



Questions and things to do?
• LBL is broadly leading already, leading DESI, leading CMB-

S4, and (less obviously) leading theory/analysis 
developments. 


• What do we expect for tau, and is there anything we can do 
to improve it?


• What can we do to make sure the main large-scale galaxy 
clustering & lensing measurements are as powerful as 
possible?


• Are there other surveys/analyses that could realistically 
improve the bottom line measurement?



(backup slide, 2019) 
Optical depth improvements?
• CMB measurement comes from low-l polarization, hard to 

do from ground.


• CLASS is a ground-based experiment aimed at this, 
which is running and hopes to achieve better than 0.004 
(Watts et al. 2018)


• BFORE balloon hopes to do something similar flying in 
2021 (Bryan et al. 2018)


• LiteBIRD satellite could achieve cosmic variance limit 
~0.002, launching in ~2028 (see also COrE, PICO)


