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Neutrinos are main 
characters in cosmology!

neutrinos and photons 
in 2:3 ratio by energy

neutrinos are 
collisionless

neutrinos are 
nonrelativistic, 

free-streaming matter



Are neutrinos massive?

DESI’s first data release (2404.03002)

minimum mass 
sum compatible 

with neutrino 
oscillations

where are the cosmological signatures of neutrino masses?

do neutrinos have “negative mass?”

Critical to understand all physical effects of massive neutrinos
• Impact on expansion history not negligible, is as important 

as suppression of structure
• Distances and LSS jointly measure mass by constraining 

effects on structure and geometry
Every challenge is an opportunity
• Something unknown in either fundamental physics or 

observational systematics



Massive neutrinos are “late-time” physics

fractional contribution to matter density of

at redshifts below



Steps to neutrino masses

1. Calibrate the initial conditions and densities 
at recombination with CMB temperature 
and polarization



Density ratios from recombination

relative peak heights:
balance of pressure and gravity 

in photon-baryon plasma

“radiation driving” by 
gravitational potentials and ISW

In ΛCDM: translates to 
measurement of present-day 

densities 𝜔𝑏 and 𝜔𝑐

but truly measures 
dimensionless quantities

small-scale damping from diffusion



Second-best measured number in cosmology

fixed by shape of primary CMB in 𝚲CDM

must fix with remaining parameter freedom: 𝚲



Fixing the distance to last scattering

compensate with larger 
Universe at late times 

(lower dark energy density)



Steps to neutrino masses

1. Calibrate the initial conditions and densities 
at recombination with CMB temperature 
and polarization

2. Extrapolate late-time dynamics
a) Relative distances as a function of redshift



Massive neutrinos distort distances

heavier 
neutrinos
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Late-time extrapolation and measurements

2410.00090
see also Eisenstein & White 

(astro-ph/0407539)

CMB (if neutrinos 
are massless!)

matter density relative to sound horizon

DES 
uncalibrated SNe

matter 
fraction  

Ω𝑚 =
𝜌𝑚,0

𝜌0



Decalibrated extrapolation

2410.00090
see also Eisenstein & White 

(astro-ph/0407539)matter density relative to sound horizon

DES 
uncalibrated SNe

matter 
fraction  

Ω𝑚 =
𝜌𝑚,0

𝜌0

“uncalibrated” 
CMB (𝜽𝒔 alone)



Steps to neutrino masses

1. Calibrate the initial conditions and densities 
at recombination with CMB temperature 
and polarization

2. Extrapolate late-time dynamics
a) Relative distances as a function of redshift

3. Infer neutrino mass that explains…
a) Increase in abundance of nonrelativistic matter
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Neutrino mass from the acoustic scale

Need
• prediction of the neutrino 

number density
• measurement of the density 

in matter at late times (𝜔𝑚𝑟d
2)

• calibration of drag horizon 
and early-time matter density

DES SNe



Matter density deficit

see 2410.00090
(phrase coined by Lloyd Knox and Gabe Lynch, 2503.14470)



Supernovae measure distances, too!

BAO

SNe
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Discordant neutrino mass measurements

2410.00090



Discordant neutrino mass measurements

2410.00090

“geometry only”



Steps to neutrino masses

1. Calibrate the initial conditions and densities 
at recombination with CMB temperature 
and polarization

2. Extrapolate late-time dynamics
a) Relative distances as a function of redshift

b) Growth of structure



Neutrinos are fast
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Massive neutrinos suppress structure

heavier 
neutrinos

C
M

B
 le

n
si

n
g 

sp
ec

tr
u

m



Steps to neutrino masses

1. Calibrate the initial conditions and densities 
at recombination with CMB temperature 
and polarization

2. Extrapolate late-time dynamics
a) Relative distances as a function of redshift

b) Growth of structure

3. Infer neutrino mass that explains…
a) Increase in abundance of nonrelativistic matter

b) Decrease in accumulated structure growth



Reionization and large-scale polarization

𝑨𝒔𝒆−𝟐𝝉= initial condition × reionization suppression

reionization bump ∼ 𝝉

growth of structure after decoupling,
suppressed by massive neutrinos 

and (slightly) by dark energy



Discordant neutrino mass measurements

2410.00090

“geometry only”

geometry + structure



What is the CMB lensing excess?

early-time calibration from 
unlensed part of CMB

measurement from lensed 
part of CMB + 𝝉

measurement from lensed 
part of CMB, including 𝑨𝐥𝐞𝐧𝐬



The lensing excess

SPT-3G (2411.06000)



Reionization and large-scale polarization

CMB lensing measures neutrino suppression via inferred from large-
scale polarization data

2410.00090

from dropping large-scale polarization data



Pretending neutrinos don’t affect expansion

low-redshift distances needed only 
because of neutrinos’ geometric effects!

≡ function of 𝐴lens



Rescue neutrino masses by altering…

1. Calibration: modify prerecombination 
physics, relationship between sound 
horizon and matter densities

2. Extrapolation: modify postrecombination 
dynamics of matter components

3. Inference: modify low-redshift dynamics 
(e.g., of dark energy) that also affect 
distances, growth of structure



Modified extrapolation with dark forces

solves the matter density deficit?

solves the lensing excess?
𝛿𝑛𝜒

≡ 𝑛𝜒(𝑥)/ ത𝑛𝜒 − 1see 2204.08484, 2309.11496, 2407.18252, …



Growth deviation with a massless mediator

in matter domination, all coefficients slowly varying:

subhorizon /quasistatic limit:

including mediator, massive neutrinos, …



Dynamics of a massless mediator

analytic solution: ത𝜑 𝑎 =  ത𝜑𝑖 − 𝑓𝜒𝑑𝑚𝜒

1
ln

𝑎

4𝑎eq/𝑒
+ 𝑂(𝑎eq/𝑎)

“mediator friction”: 
d ln 𝑚𝜒

d ln 𝑎
≈ − 𝑑𝑚𝜒

1
2

𝑓𝜒 = −𝛽𝑓𝜒

mediator fraction: 𝑓𝜑 =
1

3
d𝜑/d ln a 2 =

1

3
𝛽𝑓𝜒

2

KG equation: ത𝜑′′ 𝜏 + 2 ℋ ത𝜑′ 𝜏 =
𝑎(𝜏)2

2 𝑀pl
2

𝜕 ln 𝑚𝜒

𝜕𝜑
 ҧ𝜌𝜒(𝜏)

linear coupling: 
𝜕 ln 𝑚𝜒

𝜕𝜑
= 𝑑𝑚𝜒

(1)
= √β

2204.08484



Growth deviation with a massless mediator

“mediator friction”: 
d ln 𝑚𝜒

d ln 𝑎
≈ − 𝑑𝑚𝜒

1
2

𝑓𝜒 = −𝛽𝑓𝜒

mediator fraction: 𝑓𝜑 =
1

3
d𝜑/d ln a 2 =

1

3
𝛽𝑓𝜒

2



mass evolution alone

enhanced clustering alone

enhanced clustering + mass evolution 
+ background effects in perturbation equations

Growth deviation with a massless mediator

dark energy 
density set 

to zero

sensitivity of 
growth index of 

𝛿𝜒𝑏 to LRF



The density contrast is not the observable



Growth deviation with a massless mediator

“mediator friction”: 
d ln 𝑚𝜒

d ln 𝑎
≈ − 𝑑𝑚𝜒

1
2
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mass evolution alone

enhanced clustering alone

enhanced clustering + mass evolution 
+ background effects in perturbation equations

Growth deviation with a massless mediator

dark energy 
density set 

to zero

sensitivity of 
growth index of 

𝚽 ∝ 𝜹𝝆𝝌𝒃 to LRF



Suppression of distances



Suppression of structure

sensitivity 
of growth 

index to LRF

fixing 𝜃𝑠 by increasing 𝜔Λ 
→ much earlier DE era 
→ substantial suppression



Suppression of structure



An amusing corollary: solving the “𝑆8” tension?

sensitivity 
coefficient of 

galaxy lensing to 
LRF strength

*disclaimer: this is mostly tongue in cheek. 
would need nonlinear model



• Matter density deficit and lensing excess both oppose 
predictions of massive neutrinos
• only blemish of neutrinos’ otherwise successful cosmology

• Proposed BSM (or systematics) must account for both!
• Must also resolve discrepancies at low redshift
• dynamical dark energy or systematics or…?

• Next-generation data offer potential to resolve puzzles 
and differentiate between solutions

optical depth?
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