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There’s no machine learning in this talk
But I will explain: 

What is the Large Scale Structure (LSS) of the universe?  
How can BSM physics show up? 
What can BSM signals look like? 

collider data matter power spectrum



Large Scale Structure (LSS) of the universe 

LSS signal from “homogeneously-distributed” matter

• example 1: Neutral Naturalness models 
• example 2: signals of neutrino decay

Discussion:  
• defects in CMB, LSS and the DM thermal distribution 
    anisotropy in gravitational wave background…  

The plan:



Large Scale Structure of the universe 



Cold DM clumps since 
matter-radiation equilibrium 

(T ~ eV, z ~ 3000 ) 
and the structure formation 

continues until CC dominates 
(T ~ 10^-4 eV, z ~ 1) 

New physics can modify LSS by 
• change initial condition 
• change expansion history 
• change DM clumping

Time scale of the structure formation



galaxy distribution is determined  
by cold dark matter distribution

SDSS
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density fluctuation is larger than 
CMB fluctuation  

due to structure formation
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earlier time 
 Glyrs

Several ways to see LSS, e.g., galaxy survey

it’s a 3D map 
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 larger ->  smaller size structure 
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Matter power spectrum



Large Scale 
Structure

New physics can change the 
structure everywhere

in the universe 
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Higher precision measurements will come soon

LSST (2023) Euclid (2022) DESI (2019) 

CMB-S4 (202?)

will be sensitive to ~ 0.1 - 1%
change in matter power spectrum
(mainly by increasing statistics)



E.g., Euclid experiment

Euclid (plan to launch at 2022) 
0.45 ~<  z  ~< 2.05

Sprenger, Archidiacono, Clesse, Lesgourgues (2018)



sigma 8 (S8) anomaly?

all the late time density contrast 
measurements get smaller 

results than  
Planck fit by assuming LCDM 

(2~3 sigma level)

KV450



LSS signals from 
homogeneously distributed matter



~ primordial 
fluctuation
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~ primordial 
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Newtonian physics
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We don’t quite know the physical time of structure formation,
but we know it mainly begins at matter-radiation equilibrium  

and the physical time depends on energy density
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Larger total energy, shorter physical time for 
structure formation 
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If having matter that doesn’t clump => slow down the growth!



�̂

= cold DM = interacting DM = dark radiation 
    particles

Interacting DM 

dark radiation 
particles

Interacting DM 
doesn’t clump
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Matter-radiation interaction can suppress LSS



a scale-dependent 
suppression 

Dark Acoustic Oscillations 
(Cyr-Racine el al (2013))
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see e.g., Chacko, Cui, Hong, Okui, YT (2016), Prilepina, YT (2017),  
Chacko, Curtin, Geller, YT (2018), Dessert, Kilic, Trendafilova (2018)

just to illustrate 
 the idea
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Matter-radiation interaction can suppress LSS



neutrinos look massless when 
dark matter begins to clump

neutrinos finally slow down 
dark matter already forms structure

they don’t help structure formation

Warm DM (or massive neutrinos) suppress LSS
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see e.g., Chacko, Dev, Du, Poulin, YT (2019) and the reference therein

just to illustrate 
 the idea
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reduce structure before 
neutrinos become non-relativistic

Warm DM (or massive neutrinos) suppress LSS



Eg.1: LSS signals of Hidden Naturalness model 

— an example of Mirror Twin Higgs model 

(other examples: Nnaturalness model, …) 

Common feature: (almost) no collider signatures 
=> have to study them in cosmology



symmetry 

SM BSM 
h h h h 



Z2 - symmetry 

SM hidden 
h h h h 

contain SM-like particles in the “twin”-sector 
BUT with lower-T and slightly larger VEV (3<f/v<5)

The Mirror Twin Higgs model (MTH)
Chacko, Goh, Harnik (2005)



A long time ago, when T ~ eV 

mirror baryons (p/n/e)  
dark radiation (photon/neutrinos)



We know the twin helium/hydrogen composition

⇢Ĥe/(⇢Ĥe + ⇢Ĥ)

SM: ~ 75% mass is in Hydrogen

twin helium dominates the
twin baryon acoustic oscillations

Mirror: ~ 75% mass is in mirror He

Chacko, Curtin, Geller, YT (2018)



Twin Acoustic Oscillations

�̂

= cold DM = twin baryons = twin electron 
   & photon

twin-helium/hydrogen 

twin-e, photon 

twin baryons
don’t clump

26



Twin-recombination process
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Ĥ
+

�Neff = 0.1

�Neff = 0.4
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Suppression of the Large Scale Structure
(with some fraction of DM being mirror baryons)

Horizon Entry
earlierlater

possible solution
to Sigma8 prob
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A cartoon picture of the Dark Acoustic Oscillation signal



A cartoon picture of the Dark Acoustic Oscillation signal

bigger structure (before recomb) 
density contrast as expected



A cartoon picture of the Dark Acoustic Oscillation signal

smaller structure (after recomb) 
density contrast is smaller 
than expected



A cartoon picture of the Dark Acoustic Oscillation signal

smaller structure (after recomb) 
density constrast oscillates 
when looking at smaller and  
smaller size of the structure 



I. measure the mirror matter density

Horizon Entry
earlierlater

suppression
due to mirror

oscillations
(mass fraction)
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II. measure mirror photon energy

Horizon Entry
earlierlater
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oscillation pattern
(radiation energy)
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III. measure binding energy of mirror atoms

Horizon Entry
earlierlater
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mirror recombination (binding energy)
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IV. dark photon - dark electron coupling

Horizon Entry
earlierlater
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silk damping
(radiation energy)
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IV. identify the composition of mirror atoms

H
H+He

Here we choose the hydrogen abundance to match  
the average suppression at large k-modes  
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Short summary:

Even only couple to SM gravitationally, 
MTH particles generate LSS signals in the form of  

dark acoustic oscillations that stops after twin-recombination 

Current bound requires ~< 10% of DM being MTH-baryons 

Can identify various details of the model



Example 2 :  neutrino mass / lifetime 

Neutrino oscillation experiment

39

⌫e
<latexit sha1_base64="bPby+yg77RyCKZHWZ1xBfG/ZYt4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZn1sV+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dkrOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZiW6CnMs0MyjZYlGUCWISMvucDLhCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0nrou5d1t2Hq1rjtoijDCdwCufgwTU04B6a4AMDDs/wCm+OdF6cd+dj0Vpyiplj+APn8wfVW46x</latexit>

⌫µ
<latexit sha1_base64="+1f5P615+6usBsU604A1yHpMfy8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RTIxklzA7mU2GzMwu8xDCkq/w4kERr36ON//GSbIHTSxoKKq66e6KM8608f1vr7Syura+Ud6sbG3v7O5V9w/aOrWK0BZJeao6MdaUM0lbhhlOO5miWMScPsSjm6n/8ESVZqm8N+OMRgIPJEsYwcZJj6G0vTwUdtKr1vy6PwNaJkFBalCg2at+hf2UWEGlIRxr3Q38zEQ5VoYRTieV0GqaYTLCA9p1VGJBdZTPDp6gE6f0UZIqV9Kgmfp7IsdC67GIXafAZqgXvan4n9e1JrmKciYza6gk80WJ5cikaPo96jNFieFjRzBRzN2KyBArTIzLqOJCCBZfXibts3pwXvfvLmqN6yKOMhzBMZxCAJfQgFtoQgsICHiGV3jzlPfivXsf89aSV8wcwh94nz803pCq</latexit>

⌫⌧
<latexit sha1_base64="cT7XhOYiHNiw5A4hHMC0gIB6Fb8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMFW4tNKJvtpl262YTdWaGE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvygTX6HnfTmlldW19o7xZ2dre2d2r7h+0dWoUZS2ailR1IqKZ4JK1kKNgnUwxkkSCPUSjm6n/8MSU5qm8x3HGwoQMJI85JWilx0CaXh4gMZNetebVvRncZeIXpAYFmr3qV9BPqUmYRCqI1l3fyzDMiUJOBZtUAqNZRuiIDFjXUkkSpsN8dvHEPbFK341TZUuiO1N/T+Qk0XqcRLYzITjUi95U/M/rGoyvwpzLzCCTdL4oNsLF1J2+7/a5YhTF2BJCFbe3unRIFKFoQ6rYEPzFl5dJ+6zun9e9u4ta47qIowxHcAyn4MMlNOAWmtACChKe4RXeHO28OO/Ox7y15BQzh/AHzucP+yuRHA==</latexit>

but what’s the absolute value of their masses?

We have very successful neutrino experiments 
to measure the difference between neutrino masses



From Planck 2018 data
X

m⌫ < 0.24 eV
<latexit sha1_base64="Xwr0ery0oiDzH5hozgnhzrqq4uc=">AAACBHicdVC7SgNBFJ2Nrxhfq5ZpBoNgIctuTEwKi6CNZQTzgOwSZieTZMjM7DIzK4QlhY2/YmOhiK0fYeffOHkIUfTAhcM593LvPWHMqNKu+2llVlbX1jeym7mt7Z3dPXv/oKmiRGLSwBGLZDtEijAqSENTzUg7lgTxkJFWOLqa+q07IhWNxK0exyTgaCBon2KkjdS1875KOOTd1BfJ5MJ1iiX/NPUlh6Q56doFz3FngK5TqbrF87IhXsUrlsvw2yqABepd+8PvRTjhRGjMkFIdz411kCKpKWZkkvMTRWKER2hAOoYKxIkK0tkTE3hslB7sR9KU0HCmLk+kiCs15qHp5EgP1W9vKv7ldRLdrwYpFXGiicDzRf2EQR3BaSKwRyXBmo0NQVhScyvEQyQR1ia33HII/5Nm0fHOHPemVKhdLuLIgjw4AifAAxVQA9egDhoAg3vwCJ7Bi/VgPVmv1tu8NWMtZg7BD1jvX3bql1c=</latexit>

The best bound on neutrino mass comes from cosmology

This assumes neutrinos are stable particles

(~0.12 eV if including BAO)



Neutrinos may not be as stable as predicted in the SM  
e.g., models explain the tiny neutrino mass

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

⌫ light
<latexit sha1_base64="1krKgwjjrkD12apgvUc5GMrzy74=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgQoaZam2XRTcuK9gHdIYhk6ZtaJIZkoxSxn6KGxeKuPVL3Pk3pg+hih64cDjnXu7hRAmjSrvup5VbWV1b38hvFra2d3b37OJ+S8WpxKSJYxbLToQUYVSQpqaakU4iCeIRI+1odDX123dEKhqLWz1OSMDRQNA+xUgbKbSLvkjDzJcc+qeMDoZ6Etolz3FngK5Trbnli4ohXtUrVyrw2yqBBRqh/eH3YpxyIjRmSKmu5yY6yJDUFDMyKfipIgnCIzQgXUMF4kQF2Sz6BB4bpQf7sTQjNJypyxcZ4kqNeWQ2OdJD9dubin953VT3a0FGRZJqIvD8UT9lUMdw2gPsUUmwZmNDEJbUZIV4iCTC2rRVWC7hf9IqO96Z496cl+qXizry4BAcgRPggSqog2vQAE2AwT14BM/gxXqwnqxX622+mrMWNwfgB6z3L2iLlBo=</latexit>⌫ heavy

<latexit sha1_base64="UIleQR7LEHIAOQFfECQ+Q7TVRsM=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFcSEiqtV0W3bisYB/QhDCZTtqhk0mYmVRC7Ke4caGIW7/EnX/j9CFU0QMXDufcyz2cIGFUKtv+NFZW19Y3Ngtbxe2d3b19s3TQlnEqMGnhmMWiGyBJGOWkpahipJsIgqKAkU4wup76nTERksb8TmUJ8SI04DSkGCkt+WbJ5amfuyKC7tmQoHE28c2yY9kzQNuq1e3KZVUTp+ZUqlX4bZXBAk3f/HD7MU4jwhVmSMqeYyfKy5FQFDMyKbqpJAnCIzQgPU05ioj08ln0CTzRSh+GsdDDFZypyxc5iqTMokBvRkgN5W9vKv7l9VIV1r2c8iRVhOP5ozBlUMVw2gPsU0GwYpkmCAuqs0I8RAJhpdsqLpfwP2lXLOfcsm8vyo2rRR0FcASOwSlwQA00wA1oghbA4B48gmfwYjwYT8ar8TZfXTEWN4fgB4z3L3AKlB8=</latexit>

dark radiation 
(e.g., Majoron)

Can we measure the lifetime of neutrinos?



⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

supernovae

long-based line experiments

CMB (neutrinos need to free stream)

Existing bounds on neutrino lifetime are very weak 
(for decay into invisible particles)

⌧ > 10�14 sec
<latexit sha1_base64="0FQhjL/1CRWWFTpXGPMpNnkBA2o=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBhQ6T2tqupOjGZQX7gM5YMmnahmYeJBmhDANu/BU3LhRx60+4829MH0IVPXDhcM693HuPF3EmlW1/GpmFxaXllexqbm19Y3PL3N5pyDAWhNZJyEPR8rCknAW0rpjitBUJin2P06Y3vBz7zTsqJAuDGzWKqOvjfsB6jGClpY655ygcw3OI7NvkBBVT5zhxhA8lJWnHzCPLngDaVrliF85KmqAyKpRK8NvKgxlqHfPD6YYk9mmgCMdStpEdKTfBQjHCaZpzYkkjTIa4T9uaBtin0k0mP6TwUCtd2AuFrkDBiTo/kWBfypHv6U4fq4H87Y3Fv7x2rHoVN2FBFCsakOmiXsyhCuE4ENhlghLFR5pgIpi+FZIBFpgoHVtuPoT/SaNgoVPLvi7mqxezOLJgHxyAI4BAGVTBFaiBOiDgHjyCZ/BiPBhPxqvxNm3NGLOZXfADxvsX2iaWZg==</latexit>

⌧ > 8 hrs
<latexit sha1_base64="Pk7wXq9FeKVx+CLRVa+rKcO9tEw=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgQoaZam1XUnTjsoJ9QGcomTTThiaZIckIZai/4saFIm79EHf+jelDqKIHLhzOuZd7OGHCqNKu+2nlVlbX1jfym4Wt7Z3dPXv/oKXiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLqe+u17IhWNxZ0eJyTgaCBoRDHSRurZRV+jFF7Cmn+a+ZLDoVSTnl3yHHcG6DrVmlu+qBjiVb1ypQK/rRJYoNGzP/x+jFNOhMYMKdX13EQHGZKaYkYmBT9VJEF4hAaka6hAnKggm4WfwGOj9GEUSzNCw5m6fJEhrtSYh2aTIz1Uv72p+JfXTXVUCzIqklQTgeePopRBHcNpE7BPJcGajQ1BWFKTFeIhkghr01dhuYT/SavseGeOe3teql8t6siDQ3AEToAHqqAObkADNAEGY/AInsGL9WA9Wa/W23w1Zy1uiuAHrPcvoi+UIQ==</latexit>

How stable are SM neutrinos? 

e.g., Frieman et al (1988)

e.g., Archidiacono and Hannestad (2014) 
Escudero and Fairbairn (2019)

⌧ > 13 yrs
<latexit sha1_base64="ae4suo8kkPoCc9hNDcDuR6UYlxA=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCCwlJa21XUnTjsoJ9QBPKZDpph84kYWYixFD8FTcuFHHrf7jzb5w+hCp64MLhnHu5h+PHjEpl259Gbml5ZXUtv17Y2Nza3jF391oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kdXE799R4SkUXir0ph4HA1CGlCMlJZ65oGrUAIvoFN2TzNXcJgKOe6ZRceyp4C2Va3ZpfOKJk7VKVUq8NsqgjkaPfPD7Uc44SRUmCEpu44dKy9DQlHMyLjgJpLECI/QgHQ1DREn0sum6cfwWCt9GERCT6jgVF28yBCXMuW+3uRIDeVvbyL+5XUTFdS8jIZxokiIZ4+ChEEVwUkVsE8FwYqlmiAsqM4K8RAJhJUurLBYwv+kVbKcsmXfnBXrl/M68uAQHIET4IAqqINr0ABNgME9eATP4MV4MJ6MV+Nttpoz5jf74AeM9y8oRZRo</latexit>



⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

supernovae

long-based line experiments

CMB (neutrinos need to free stream)

Existing bounds on neutrino lifetime are very weak 
(for decay into invisible particles)

• can we improve the bounds? 
• can we probe neutrino decay?

⌧ > 10�14 sec
<latexit sha1_base64="0FQhjL/1CRWWFTpXGPMpNnkBA2o=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBhQ6T2tqupOjGZQX7gM5YMmnahmYeJBmhDANu/BU3LhRx60+4829MH0IVPXDhcM693HuPF3EmlW1/GpmFxaXllexqbm19Y3PL3N5pyDAWhNZJyEPR8rCknAW0rpjitBUJin2P06Y3vBz7zTsqJAuDGzWKqOvjfsB6jGClpY655ygcw3OI7NvkBBVT5zhxhA8lJWnHzCPLngDaVrliF85KmqAyKpRK8NvKgxlqHfPD6YYk9mmgCMdStpEdKTfBQjHCaZpzYkkjTIa4T9uaBtin0k0mP6TwUCtd2AuFrkDBiTo/kWBfypHv6U4fq4H87Y3Fv7x2rHoVN2FBFCsakOmiXsyhCuE4ENhlghLFR5pgIpi+FZIBFpgoHVtuPoT/SaNgoVPLvi7mqxezOLJgHxyAI4BAGVTBFaiBOiDgHjyCZ/BiPBhPxqvxNm3NGLOZXfADxvsX2iaWZg==</latexit>

⌧ > 8 hrs
<latexit sha1_base64="Pk7wXq9FeKVx+CLRVa+rKcO9tEw=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgQoaZam1XUnTjsoJ9QGcomTTThiaZIckIZai/4saFIm79EHf+jelDqKIHLhzOuZd7OGHCqNKu+2nlVlbX1jfym4Wt7Z3dPXv/oKXiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLqe+u17IhWNxZ0eJyTgaCBoRDHSRurZRV+jFF7Cmn+a+ZLDoVSTnl3yHHcG6DrVmlu+qBjiVb1ypQK/rRJYoNGzP/x+jFNOhMYMKdX13EQHGZKaYkYmBT9VJEF4hAaka6hAnKggm4WfwGOj9GEUSzNCw5m6fJEhrtSYh2aTIz1Uv72p+JfXTXVUCzIqklQTgeePopRBHcNpE7BPJcGajQ1BWFKTFeIhkghr01dhuYT/SavseGeOe3teql8t6siDQ3AEToAHqqAObkADNAEGY/AInsGL9WA9Wa/W23w1Zy1uiuAHrPcvoi+UIQ==</latexit>

neutrino mass / lifetime are very hard to measure 

How stable are SM neutrinos? 

⌧ > 13 yrs
<latexit sha1_base64="ae4suo8kkPoCc9hNDcDuR6UYlxA=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCCwlJa21XUnTjsoJ9QBPKZDpph84kYWYixFD8FTcuFHHrf7jzb5w+hCp64MLhnHu5h+PHjEpl259Gbml5ZXUtv17Y2Nza3jF391oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kdXE799R4SkUXir0ph4HA1CGlCMlJZ65oGrUAIvoFN2TzNXcJgKOe6ZRceyp4C2Va3ZpfOKJk7VKVUq8NsqgjkaPfPD7Uc44SRUmCEpu44dKy9DQlHMyLjgJpLECI/QgHQ1DREn0sum6cfwWCt9GERCT6jgVF28yBCXMuW+3uRIDeVvbyL+5XUTFdS8jIZxokiIZ4+ChEEVwUkVsE8FwYqlmiAsqM4K8RAJhJUurLBYwv+kVbKcsmXfnBXrl/M68uAQHIET4IAqqINr0ABNgME9eATP4MV4MJ6MV+Nttpoz5jf74AeM9y8oRZRo</latexit>

e.g., Frieman et al (1988)



⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

supernovae

long-based line experiments

CMB (neutrinos need to free stream)

Existing bounds on neutrino lifetime are very weak 
(for decay into invisible particles)

⌧ > 10�14 sec
<latexit sha1_base64="0FQhjL/1CRWWFTpXGPMpNnkBA2o=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBhQ6T2tqupOjGZQX7gM5YMmnahmYeJBmhDANu/BU3LhRx60+4829MH0IVPXDhcM693HuPF3EmlW1/GpmFxaXllexqbm19Y3PL3N5pyDAWhNZJyEPR8rCknAW0rpjitBUJin2P06Y3vBz7zTsqJAuDGzWKqOvjfsB6jGClpY655ygcw3OI7NvkBBVT5zhxhA8lJWnHzCPLngDaVrliF85KmqAyKpRK8NvKgxlqHfPD6YYk9mmgCMdStpEdKTfBQjHCaZpzYkkjTIa4T9uaBtin0k0mP6TwUCtd2AuFrkDBiTo/kWBfypHv6U4fq4H87Y3Fv7x2rHoVN2FBFCsakOmiXsyhCuE4ENhlghLFR5pgIpi+FZIBFpgoHVtuPoT/SaNgoVPLvi7mqxezOLJgHxyAI4BAGVTBFaiBOiDgHjyCZ/BiPBhPxqvxNm3NGLOZXfADxvsX2iaWZg==</latexit>

⌧ > 8 hrs
<latexit sha1_base64="Pk7wXq9FeKVx+CLRVa+rKcO9tEw=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgQoaZam1XUnTjsoJ9QGcomTTThiaZIckIZai/4saFIm79EHf+jelDqKIHLhzOuZd7OGHCqNKu+2nlVlbX1jfym4Wt7Z3dPXv/oKXiVGLSxDGLZSdEijAqSFNTzUgnkQTxkJF2OLqe+u17IhWNxZ0eJyTgaCBoRDHSRurZRV+jFF7Cmn+a+ZLDoVSTnl3yHHcG6DrVmlu+qBjiVb1ypQK/rRJYoNGzP/x+jFNOhMYMKdX13EQHGZKaYkYmBT9VJEF4hAaka6hAnKggm4WfwGOj9GEUSzNCw5m6fJEhrtSYh2aTIz1Uv72p+JfXTXVUCzIqklQTgeePopRBHcNpE7BPJcGajQ1BWFKTFeIhkghr01dhuYT/SavseGeOe3teql8t6siDQ3AEToAHqqAObkADNAEGY/AInsGL9WA9Wa/W23w1Zy1uiuAHrPcvoi+UIQ==</latexit>

How stable are SM neutrinos? 

near future data 
(e.g., Euclid, CMB-S4)⇠ 10 billion yrs

<latexit sha1_base64="lPtbuBSYw5h9h6r+d4fwuEndaow=">AAACCnicdVDLSgMxFM3UV62vqks30SK4KEOmD2x3RTcuK9hW6Awlk6ZtaDIzJBlhGLp246+4caGIW7/AnX9j+qCo6IELJ+fcS+49fsSZ0gh9WpmV1bX1jexmbmt7Z3cvv3/QVmEsCW2RkIfy1seKchbQlmaa09tIUix8Tjv++HLqd+6oVCwMbnQSUU/gYcAGjGBtpF7+2FVMQAe5RbeYulJAn3FunOnbLSZSTXr5ArIrpUqtXoaOjWaAyEZlVK3Wl0oBLNDs5T/cfkhiQQNNOFaq66BIeymWmhFOJzk3VjTCZIyHtGtogAVVXjo7ZQJPjdKHg1CaCjScqd8nUiyUSoRvOgXWI/Xbm4p/ed1YD2peyoIo1jQg848GMYc6hNNcYJ9JSjRPDMFEMrMrJCMsMdEmvZwJYXn7/6Rdsp2yja4rhcbFIo4sOAIn4Aw44Bw0wBVoghYg4B48gmfwYj1YT9ar9TZvzViLmUPwA9b7F5J2mZQ=</latexit>

Chacko, Dev, Du, Poulin, YT (2019 one more soon), also Serpico (2007)

⌧ > 13 yrs
<latexit sha1_base64="ae4suo8kkPoCc9hNDcDuR6UYlxA=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCCwlJa21XUnTjsoJ9QBPKZDpph84kYWYixFD8FTcuFHHrf7jzb5w+hCp64MLhnHu5h+PHjEpl259Gbml5ZXUtv17Y2Nza3jF391oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kdXE799R4SkUXir0ph4HA1CGlCMlJZ65oGrUAIvoFN2TzNXcJgKOe6ZRceyp4C2Va3ZpfOKJk7VKVUq8NsqgjkaPfPD7Uc44SRUmCEpu44dKy9DQlHMyLjgJpLECI/QgHQ1DREn0sum6cfwWCt9GERCT6jgVF28yBCXMuW+3uRIDeVvbyL+5XUTFdS8jIZxokiIZ4+ChEEVwUkVsE8FwYqlmiAsqM4K8RAJhJUurLBYwv+kVbKcsmXfnBXrl/M68uAQHIET4IAqqINr0ABNgME9eATP4MV4MJ6MV+Nttpoz5jf74AeM9y8oRZRo</latexit>



stable neutrinos with mass



Ratio of perturbation                           in redshift
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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m⌫ = 60meV
<latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit>

Solid: full numerical

stable neutrino
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<latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit>

 neutrinos become  
non-relativistic

CC-dominates 

       T⌫ > m⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

k = 0.1hMpc�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�cdm =
�⇢cdm
⇢cdm

<latexit sha1_base64="fGqMSvFQEjt91mKKgi4Mo5TDV/U=">AAACJXicjVDLSgMxFM3UV62vUZdugkVwVWaqoAuFohuXFewDOsOQyWTa0GQyJBmhDPMzbvwVNy4sIrjyV0wfoBYFD1w4Oedebu4JU0aVdpx3q7S0vLK6Vl6vbGxube/Yu3ttJTKJSQsLJmQ3RIowmpCWppqRbioJ4iEjnXB4PfE790QqKpI7PUqJz1E/oTHFSBspsC+8iDCNgtyTHOKIF5deLBHOZ7InB+LLKvKFd2BX3ZozBfybVMEczcAee5HAGSeJxgwp1XOdVPs5kppiRoqKlymSIjxEfdIzNEGcKD+fXlnAI6NEMBbSVKLhVP0+kSOu1IiHppMjPVCL3kT8zetlOj73c5qkmSYJni2KMwa1gJPIYEQlwZqNDEFYUvNXiAfIpKRNsJX/hdCu19yTWv32tNq4msdRBgfgEBwDF5yBBrgBTdACGDyAJ/ACxtaj9Wy9Wm+z1pI1n9kHP2B9fAJBfKb3</latexit>



Suppression of the matter power spectrum
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Lesgourgues and Pastor (2006)



What if neutrinos decay? 



�⌫ = 104 km/s/Mpc
<latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit>

�⌫ = 103 km/s/Mpc
<latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit>

m⌫ = 60meV
<latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit>

Solid: full numerical
Dashed: our approx.
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<latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit>

�
⌫
=

H
<latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit> �
⌫
=

H
<latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit>

km/s/Mpc ⇡ (103 Gyrs)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

k = 0.1hMpc�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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``Larger” density contrast than expected



A cartoon picture of signal from stable massive neutrino



bigger structure  
(after Nu is non-relativistic) 
density contrast as expected

A cartoon picture of signal from stable massive neutrino



A cartoon picture of signal from stable massive neutrino

smaller structure  
(since Nu was still relativistic) 
density contrast is smaller than 
expected



But if neutrinos decay!

smaller structure  
(since Nu was still relativistic) 
density contrast is larger than 
expected for massive neutrino



neutrino decay gives larger density perturbation 
compare to the stable Nu case



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X

m⌫ (eV)
<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>
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0.8
<latexit sha1_base64="2AjpLXmKq0Pj2lr8kY0mApFTy5I=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVgDkGvXiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD8dXMb99zbUSi7nCS8iCmQyUiwSha6dZza/1yxXe9OcjfpAJLNPrl994gYVnMFTJJjen6XopBTjUKJvm01MsMTykb0yHvWqpozE2Qz0+dkhOrDEiUaFsKyVz9OpHT2JhJHNrOmOLI/PRm4m9eN8OoFuRCpRlyxRaLokwSTMjsbzIQmjOUE0so08LeStiIasrQplP6XwitM9c/d72baqV+uYyjCEdwDKfgwwXU4Roa0AQGQ3iAJ3h2pPPovDivi9aCs5w5hG9w3j4BYyeNMw==</latexit>

0.4
<latexit sha1_base64="sfAtKKIswvggNQlnwVcuggh9EzI=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVQDwGvXiMaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndK+8ftHSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4vpr57XtUmifyzkxSDGI6lDzijBor3XputV+u+K43B/mbVGCJRr/83hskLItRGiao1l3fS02QU2U4Ezgt9TKNKWVjOsSupZLGqIN8fuqUnFhlQKJE2ZKGzNWvEzmNtZ7Eoe2MqRnpn95M/M3rZia6CHIu08ygZItFUSaIScjsbzLgCpkRE0soU9zeStiIKsqMTaf0vxBaZ65/7no31Ur9chlHEY7gGE7BhxrU4Roa0AQGQ3iAJ3h2hPPovDivi9aCs5w5hG9w3j4BXReNLw==</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

0.01
<latexit sha1_base64="h1fyO8ckmHu9ZIT9MZ661QpXbM8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0i0oMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyZSWPS8D6e0srq2vlHerGxt7+zuVfcP2jZODeMtFsvYdENquRSat1Cg5N3EcKpCyTvh5LrwO/fcWBHrO5wmPFB0pEUkGMVC8lzPH1RrvuvNQf4mNViiOai+94cxSxXXyCS1tud7CQYZNSiY5LNKP7U8oWxCR7yXU00Vt0E2v3VGTnJlSKLY5KWRzNWvExlV1k5VmHcqimP70yvE37xeitFlkAmdpMg1WyyKUkkwJsXjZCgMZyinOaHMiPxWwsbUUIZ5PJX/hdA+c/1z17ut1xpXyzjKcATHcAo+XEADbqAJLWAwhgd4gmdHOY/Oi/O6aC05y5lD+Abn7RPGwY1m</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

1�
<latexit sha1_base64="A7fb1MCUXf9siycetzkKRQbOIh4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFn1H64qtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ1wj2A=</latexit>

2�
<latexit sha1_base64="cS2LdDRvsN1gFSn7a22rMP2tqlU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKz4D1fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ76j2E=</latexit>

Current Large Scale Structure  &  Planck 2015

Planck 2015+BAO 
(+SDSS+KiDS)blue

 Chacko, Dev, Du, Poulin, YT (1909.05275)



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X
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Current Large Scale Structure  &  Planck 2015

Cosmic-Nu Telescope?

 Chacko, Dev, Du, Poulin, YT (1909.05275)



CMBneutrino free streaming
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Current Large Scale Structure  &  Planck 2015
 Chacko, Dev, Du, Poulin, YT (1909.05275)
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A degeneracy between mass & lifetime
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Heavier neutrino decays can fake lighter neutrino signal

This is where the “time” (redshift) dependent 
measurement helps

degenerate 
today different at 

higher redshift
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e.g., near future Euclid data can break the 
degeneracy and set robust lifetime bound

Chacko, Dev, Du, Poulin, YT (preliminary result, to appear)
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can even “measure” the decay rate if Nu decay

Chacko, Dev, Du, Poulin, YT (preliminary result, to appear)



Short summary:

massive neutrinos suppress the structure 

LSS measurement can constrain/measure nu-mass 

neutrino decay “increases” the structure 

will be able to measure/constrain neutrino lifetime  
to the age of the universe time scale



Conclusion

New physics that interacts very weakly,  
or even only gravitationally, to visible particles 

may be studied using precision cosmological data

As the much better quality data is coming to us, 
we need to get prepared and know what to look at



Discussion



Non-trivial defects in CMB
(super preliminary! just an idea)

e.g., pair-produced hot/cold spots

see also Maldacena (2015)



Non-trivial defects in CMB
(super preliminary! just an idea)

e.g., pair-produced hot/cold spots

cannot see this in 
power spectrum (Cl^TT)

maybe machine learning?

see also Maldacena (2015)



Non-trivial defects in CMB
(super preliminary! just an idea)

e.g., pair-produced hot/cold spots How to make this?

• heavy particle production 
    during inflation
• mass sources larger perturbation
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need time-dependent mass
m >> H => m ~ H => m ~ Mpl >> H



Non-trivial defects in CMB
(super preliminary! just an idea)

e.g., pair-produced hot/cold spots How to make this?

• heavy particle production 
    during inflation
• mass sources larger perturbation
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<latexit sha1_base64="1x+nPAPPTm+v8eUcerd2P7FeNCE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GiZjre2u6MZlBfuAdiiZNNPGZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNp734eRWVtfWN/Kbha3tnd294v5BS8tUEdokkkvVCbGmnAnaNMxw2kkUxXHIaTscX8389j1VmklxayYJDWI8FCxiBBsrtXqU877fL5Y8t1ar+r4HPddDfhlVLEHntXIFQeR6c5TAEo1+8b03kCSNqTCEY627yEtMkGFlGOF0WuilmiaYjPGQdi0VOKY6yObXTuGJVQYwksqWMHCufp/IcKz1JA5tZ4zNSP/2ZuJfXjc1UTXImEhSQwVZLIpSDo2Es9fhgClKDJ9Ygoli9lZIRlhhYmxABRvC16fwf9LyXXTm+jflUv1yGUceHIFjcAoQuAB1cA0aoAkIuAMP4Ak8O9J5dF6c10VrzlnOHIIfcN4+AZ12jyo=</latexit>

`2
<latexit sha1_base64="h5H5f4aCMBdeVkIylkGrclF2Q5o=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTM7MwyMyuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LWjlMMEzqQPOaMWic1uyhEr9orlYOKPwP5m5RhgXqv9N7tK5YlKC0T1JhO4Kc2zKm2nAmcFLuZwZSyER1gx1FJEzRhPrt2Qo6d0iex0q6kJTP160ROE2PGSeQ6E2qH5qc3FX/zOpmNL8KcyzSzKNl8UZwJYhWZvk76XCOzYuwIZZq7WwkbUk2ZdQEV/xdCs1oJTivVm7Ny7XIRRwEO4QhOIIBzqME11KEBDO7gAZ7g2VPeo/fivc5bl7zFzAF8g/f2CTxTjuc=</latexit>

`1
<latexit sha1_base64="e1l7pfEMJeNM5UuGBoeTZFURpCs=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTM7MwyMyuEJf/gxYMiXv0fb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVb96gNV/LWjlMMEzqQPOaMWic1uyhEL+iVykHFn4H8TcqwQL1Xeu/2FcsSlJYJakwn8FMb5lRbzgROit3MYErZiA6w46ikCZown107IcdO6ZNYaVfSkpn6dSKniTHjJHKdCbVD89Obir95nczGF2HOZZpZlGy+KM4EsYpMXyd9rpFZMXaEMs3drYQNqabMuoCK/wuhWa0Ep5XqzVm5drmIowCHcAQnEMA51OAa6tAABnfwAE/w7Cnv0XvxXuetS95i5gC+wXv7BDrPjuY=</latexit>

from horizon size at particle production

determined by the production probability



Transfer function => DM phase space distribution
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