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Interaction rate: Tyeax~G2T>

Formation of the CvB...

Expansion rate: H~MI;12T2

The CvB is formed when neutrinos decouple from the cosmic plasma.

Neutrinos
“free-stream”
to infinity.
Above T ~ 1 MeV, even the Weak Interaction Below T ~ 1 MeV, expansion dilutes
occurs efficiently enough to allow neutrinos to plasma, and reduces interaction rate:
scatter off ete ™ and other neutrinos, and attain the universe becomes transparent to

thermodynamic equilibrium. neutrinos.



A0.1% < Q, < 5%
subdominant dark

matter component in
SM massive neutrinos

Three key predictions of the CvB...

B ~0.68 or Negr =

.. assuming the SM of particle physics + neutrino masses. *v
& P PRy 3.0440 is fixed by

SM physics

Atoms Dark Neutrinos Dark
5% Energy 10% 2‘31?9’

Dark 68%

Matter
27%

Composition toda . _ 13.4 billion years ago
Y y The neutrinos frt?e stream, (at photon decoupling)
i.e., they do not interact

except gravitationally



Testing CvB predictions against observations...

We cannot (yet) detect the CvB in the lab. But we can look its imprints on
cosmological observables to see if they are consistent with expectations

Light element abundances CMB anisotropies

LE FIGARO-fr

Ne¢r (expansion rate)

Properties Y. m, (perturbation growth)

of the CvB N, (expansion rate) Interactions (relativistic free-streaming)
probed: Lifetime (relativistic free-streaming)

Large-scale matter distribution

Y. m,, (perturbation growth)



Testing relativistic neutrino free-
streaming...



Formation of the CvB...

Interaction rate: Tyeax~G2T>

Expansion rate: H~MI;12T2

The CvB is formed when neutrinos decouple from the cosmic plasma.

Above T ~ 1 MeV, even the Weak Interaction
occurs efficiently enough to allow neutrinos to
scatter off ete ™ and other neutrinos, and attain
thermodynamic equilibrium.

Neutrinos
“free-stream”
to infinity.

Below T ~ 1 MeV, expansion dilutes
plasma, and reduces interaction rate:
the universe becomes transparent to
neutrinos.



Free-streaming in inhomogeneities...

Standard Model neutrinos free-stream after decoupling.

* Relativistic free-streaming in a spatially inhomogeneous background
induces shear stress (or momentum anisotropy) in the neutrino fluid.

* Conversely, interactions transfer momentum and, if sufficiently efficient,
can wipe to out shear stress.

Free-streaming case Interacting case
Peak .
oush Sinusoidal Scattering transfers
roug
Peak gravitational momentum and
potential wipes out shear
Trough

Peak



Why is this interesting for the CMB?

Neutrino shear stress (or lack thereof) leaves distinct imprints on the
spacetime metric perturbations at CMB formation times.

Scale factor N Conformal Newtonian gauge

ds? = a?(@)[-(1 + 2y)dr? + (1 — 2¢)dx'dx;]

_ _ — Shear stress
where k2(¢ —P) = 12nGa* (p+ P)o At CMB times, mainly
/ / from ultra-relativistic

Dark Mean energy density & pressure neutrinos and photons.

Matter
63%

Neutrinos
10 %

Photons

15% ¢ The CMB temperature fluctuations respond to changes

in (¢ — )
— Observable effects in the CMB TT power spectrum

Atoms
12%

13.7 BILLION YEARS AGO



Neutrino shear & the CMB TT spectrum...

I(1+1)C,
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: Standard neutrino
Y shear stress

/ Zero neutrino
shear stress
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Hannestad 2005

Removing neutrino shear stress
enhances power at multipoles
£ = 200.

e Effect is mildly degenerate with
the primordial fluctuation
amplitude and spectral tilt.

e But even with WMAP-1t year
data, it was already possible to
exclude zero neutrino shear
stress at = 20.
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Neutrino shear & the CMB TT spectrum...
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Standard neutrino
shear stress

i /AN
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Multipole /

Melchiorri & Trotta 2005

Removing neutrino shear stress
enhances power at multipoles
£ = 200.

e Effect is mildly degenerate with
the primordial fluctuation
amplitude and spectral tilt.

e But even with WMAP-1t year
data, it was already possible to
exclude zero neutrino shear
stress at = 20.
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A more modern take...

Recent analyses usually split the discussion of relativistic free-streaming
constraints on neutrino self-interactions into two limiting behaviours:

* Decoupling scenario:
* Realised, by, e.g., 2-to-2 contact interaction

* Delay neutrino decoupling to CMB temperatures (T ~ 0.2 — 1 eV) i.e,,
neutrinos enter the CMB epoch with no anisotropic stress.

— How late into the CMB epoch can data tolerate no anisotropic stress?

* Recoupling scenario:

* Realised by, e.g., 2-to-2 scattering with light or
massless mediator, relativistic 2-to-1 decay.

— How early in the CMB epoch can neutrinos begin
to lose anisotropic stress?

A

Weak~ G2T2
H~T? /My, _A

Self~ g*T

»

Recoupﬁné VVeék Temp.

»

decoupling
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Recoupling from relativistic
invisible neutrino decay ...



Invisible neutrino decay...

Invisible here means the decay products do not include a photon.

* SM 1 — 3 decay: v; = v; ViV, but the rate is suppressed by mS.

- For sub-eV neutrino masses, the neutrino lifetime would be > 10° longer
than the present age of the universe, i.e., not very interesting. gahcall, Cabibbo & Yahil 1972

* Beyond SM: generically one could consider

_ Vg =V +__ Some almost massless boson
SM neutrinos _—¥ H l + d) )

R (scalar, pseudo-scalar, vector)
(sub-eV masses)

* More freedom with the coupling strength and hence lifetime.

* Predicted by a many extensions to the SM (mostly linked to neutrino mass

generation or dark matter). Gelmini & Roncadelli 1981; Chikashige, Mohapatra & Peccei 1981; Schechter
& Valle 1982; Dror 2020; Ekhterachian, Hook, Kumar & Tsai 2021; etc.
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Isotropisation timescale...

Given the decay process, the key to using relativistic free-streaming
requirements to constrain invisible neutrino decay is knowing the rate at
which neutrino shear stress is lost due to the interaction.

— What is the isotropisation timescale given a
specific interaction?

15



Tracking neutrino perturbations...

The standard approach is to use the relativistic Boltzmann equation to
describe the neutrino phase space distribution f; (x*, P").

Of; 0 f;i
) 1
Liouville operator P“ - IWUPPPG =0
OxH Tp OPv
Gravitational effects Integrate in momentum:

£ = 0 - density and pressure

* Split into fi(xﬂ,Pi) — fi(xo’ |Pi|) + Fi(x“,Pi) perturbations

£ = 1 - velocity perturbations

: M . ' - > . .
* Linearise and go to Fourier space x! & k! ¢ = 2 - anisotropies

* Decompose Fi(xo, k‘,Pl) into a Legendre seriesin k - P. J
Ma & Bertschinger 1995
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Adding a short-range particle interaction...

To describe a short-range interaction, add a collision integral to the RHS of
the relativistic Boltzmann equation for f;(x*, P").

o 2 TV P po — Collision
Liouville operator P aCU“ FpaP P 6PV — C[f] - integral

T

£ = 0 - density and pressure
. oy - (+U P — F£(+0 i (U1 DI perturbations
Spllt Into fl(x ’ p ) fl(x ) |P |) + Fl (X ¢ P ) £ = 1 - velocity perturbations

£ > 2 - anisotropies

* Linearise and go to Fourier space xt okt
 Decompose Fi(xo, ki,Pi) into a Legendre seriesin k « P. J

Ma & Bertschinger 1995
17



Collision integral and the isotropisation rate...

Given an interaction Lagrangian, the collision integral for fl-(x“, Pi) is

1 d®n; d*n
fl= 3 (1;[/93'(2@3215]-(113 ) (H/g"’ o 32EZ (nz) )

N M
4
x (2m)* o) (p DY ”2) Mitjittinerkattharl
j K

X [y fea (L2 fi) (X x i) - (A fin) = fifin - Fin (L £ fiey) -+ (1 £ Sy

* To compute the isotropisation rate, follow the previous procedure of linearisation
and decomposition into a Legendre series.

— The damping rate of the quadrupole (£ = 2) moment represents the lowest-order
isotropisation rate of the neutrino ensemble.

Tedious stuff, but this is really the only correct way to calculate these things, else you can get it very wrong...

However, the result can usually be understood in simple terms. - Next slide ;



Warm-up: Isotropisation from self-interaction...

Consider a 2 — 2 scattering event v; + v; = vy + V.

— Particles in two head-on v; beams
need only scatter once to transfer their
momenta equally in all directions.

Isotroplsatlon
tlmescale

Tlsotroplse 1/l-‘scatterlng

* The probability of v, emitted at any

angle 0 is the same for all 6 € [0, r].
Scattering rate

19



That was easy.... Now let’s try
relativistic 1 = 2 decay+inverse...



Isotropisation from relativistic 1 — 2 decay...

How long does it take vy — v; + ¢ and its inverse process to wipe out
momentum anisotropies? (Hint: it’s not the lifetime of vy.)

* In relativistic decay, the decay products are beamed.

Rest-frame lifetime

Boost - )
\ / & Assuming a massless ¢

decay — \YvH ‘rest -
Tdecay = (YvHTrest) "

Vy \ 9(1) ~ mvH/EvH

21



Isotropisation from relativistic 1 — 2 decay...

How long does it take vy — v; + ¢ and its inverse process to wipe out
momentum anisotropies? (Hint: it’s not the lifetime of vy.)
* In relativistic decay, the decay products are beamed.

* Inverse decay also only happens when the daughter particles meet strict

momentum/angular requirements.
Assuming a massless ¢ Tinverse = Fdecay

Tdecay = (Yvu Trest) - v,
Vi \ 6p ~ myy/Evn 0,1 / Vi

> Am? >
0w (35)? ;

—> Isotropisation is going to take a loooong
mescee time compared with the vy lifetime.

22



How long? Part 1

Two works in the 2000s that considered how long it would take relativistic
1 — 2 decay and inverse decay to isotropise a neutrino ensemble.
PHYSICAL REVIEW D ]

covering particles, fields, gravitation, and cosmology ° NEIth er WOrk actua”y

Highlights  Recent  Accepted  Collections  Authors  Referees  Sed Calculated it". But thIS |S
the isotropisation timescale
they (sort of*) used:

CMB signals of neutrino mass generation

Z. Chacko, Lawrence J. Hall, Takemichi Okui, and Steven J. Oliver
Phys. Rev. D 70, 085008 — Published 12 October 2004

PHYSICAL REVIEW D -1
T~(9v19q§) YvH Trest

covering particles, fields, gravitation, and cosmology

Highlights Recent  Accepted Collections  Authors Referees  Search Press  About

Constraining invisible neutrino decays with the cosmic microwave *® Their argument is as follows.
background

Steen Hannestad and Georg G. Raffelt
Phys. Rev. D 72, 103514 ~ Published 14 November 2005 * Sort of, because both works assumed two massless daughters.
23



How long? Part 1

Let’s look at what happens to vy after one decay and inverse decay.

* For simplicity, let’s say vy; — XX, and we track one X emitted at 6 = /60,0,
Probability 4
X from linverse = I‘decay
background VH
~ao After
I‘decay = (VVHTrest) ~ ~< \ _ ““ \ ’ Oy N~m/(20)*~62
\ X oaL - > ~20 decays + inverse ~TT
VH R decays

v

. .. . . /
Two possible emission directions ,
/

* Ittakes N~07% = (6,,04) " random steps for vy to “visit” all ¢ € [—m, ]

— The coverage time scale is Tcoverage~(6v19¢)‘1ym Treste



How long? Part 1

PHYSICAL REVIEW D * Taking Tcoyerage to be the

covering particles, fields, gravitation, and cosmology

isotropisation timescale and
assuming massless decay
CMB signals of neutrino mass generation products, the free'Streammg
Z. Chacko, Lawrence J. Hall, TaKemichi Okui, and Steven J. Oliver bound on the VH rest-frame
Phys. Rev. D 70, 085008 — Published 12 October 2004 . o

lifetime was found to be:

Highlights Recent  Accepted Collections  Authors Referees Ses

PHYSICAL REVIEW D
covering particles, fields, gravitation, and cosmology 9 v H 3
Highlights Recent Accepted Collections Authors Referees Search Press About Trest 2 10 ( 0 O 5 V)
L e
Constraining invisible neutrino decays with the cosmic microwave Hannestad & Raffelt 2005
background
St H tad and G G. Raffelt .
Phys. Rev. D 72, 103514  Published 14 November 2005 Many updates to the number since

(e.g., WMAP to Planck), but no one
really questioned the modelling behind

this bound in the next 15 years...
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IS Teoverage the isotropisation time scale?

Barenboim, Chen, Hannestad, Oldengott, Tram & Y3W 2021
Chen, Oldengott, Pierobon & Y3W 2022

Actually, Tcoverage is only the first half of the story!
* Itis NOT the isotropisation time scale and here’s the reason.

X from linverse = Fdecay . Emission direction of vy at inverse
background H decay depends on the momentum
_ Ry _ isotropy of the background X that
r _ . ~. . o= ,-91/19(1) aniso
decay (YvHTrest) ~/ v X recombines with the emitted X.

Vy

Equal probability
of X being emitted in
either direction at decay
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IS Teoverage the isotropisation time scale?

Barenboim, Chen, Hannestad, Oldengott, Tram & Y3W 2021
Chen, Oldengott, Pierobon & Y3W 2022

Actually, Tcoverage is only the first half of the story!

* Itis NOT the isotropisation time scale and here’s the reason.

linverse = Fdecay . Emission direction of vy at inverse
H decay depends on the momentum
Ciecay = (VvHTrest)_l = 16,6, anisotropy of the background X that
y \ o T Favoured recombines with the emitted X.
vy direction — Random walk of vy in 8 space is

v

biased towards the anisotropy of X.

v

27



IS Teoverage the isotropisation time scale?

Barenboim, Chen, Hannestad, Oldengott, Tram & Y3W 2021
Chen, Oldengott, Pierobon & Y3W 2022

Actually, Tcoverage is only the first half of the story!

* Itis NOT the isotropisation time scale and here’s the reason.

Probability A
linverse = I‘decay
VH
[ After
Fdecay = ()/VI'ITI'GS'IZ)_1 = / vled, ~20 N~7T/(20)2~9_2 o
————— Favoured decays + inverse
VH \ direction decays

\

- For a 107> anisotropy, vy will still need N~8~2 steps to visit all ¢ € [—m, 7],
but there will be a higher concentration of steps in the anisotropy’s direction.

28



IS Teoverage the isotropisation time scale?

That was for just one particle vy.

* Suppose now we have a whole ensemble of vys random-walking in the
same anisotropic background.

After

N~0~2
decays + \ /
inverse \ _

\\\ » i~

* Thus, after Teoverage, the vy ensemble will not become isotropic, but
will end up almost as anisotropic as the background...

29



Almost as anisotropic (or how long part 2)...

After one coverage time, the anisotropy of vy will be smeared over ~0 =

6,10 relative to the anisotropy of X, because vy is always emitted at
an angle 10 relative to X in an inverse decay.

linverse = I‘decay

l-‘decay = (VvHTrest)_1 \ ______ = / viBg
\ Xy
VH ]
vl

— Even though total isotropisation of vy is not possible after one coverage
time, a small amount of anisotropy is inevitably lost as a result.

30



Almost as anisotropic (or how long part 2)...

Smearing over ~0 reduces the peak anisotropy after one coverage time by
an amount:

Peaknew — Peak01d~0 (92)
Anisotropy
1 - Need to repeat coverage M~072 =

! (0v19¢)—1 times to completely rid the
\ / (vy Vi, @) ensemble of anisotropy.
coverage

Tisotrpoise

— True isotropisation time scale:

-1

Tisotropise N(quevl) Tcoverage
-2

— o N(nggvl) YvH Trest

31



OK, that was hand-waving. But...



The isotropisation rate is calculable...

Given an interaction Lagrangian, the collision integral for fl-(x“, Pi) is

N 7
1 d3nj d ng
2 (1;[/93'(2@32}5]-(113 ) (H/g’“ 21)32 (0 ) )

N M
4
x (2m)* o) (p DY ”2) Mitjittinerkattharl
j K

X [y fea (L2 fi) (X x i) - (A fin) = fifin - Fin (L £ fiey) -+ (1 £ Sy

* To compute the isotropisation rate, follow the previous procedure of linearisation
and decomposition into a Legendre series.

— The damping rate of the quadrupole (£ = 2) moment represents the lowest-order
isotropisation rate of the neutrino ensemble.

In fact, we calculated the rate loooong before we understood what was going on physically...

33



Massless ¢

. . . . VH ‘/9
The isotropisation rate is calculable... '\vﬁfz

With some reasonable approximations (e.g., separation of scales), we have
calculated the damping rate of the £th neutrino kinetic moment from
relativistic vy = v; + ¢ and its inverse process:

It’s model-independent in the sense that the 5
interaction structure is contained in ['gec- ~(9¢9v1) Ty = comoving neutrino temperature

Tz _E;f‘dec{(an;_VH)4 o (mvz) l& (an;:H) Feoz2

dt /' \ 0 T'VH <

Phase space factor .
O(1) prefactor P o2 Bonus: Relativistic to non-
Boosted decay Ealte, 1 <Am > relativistic transition:
~(YvuTrest) 3\mZy, ~ 1-10 when relativistic;

drops to 0 when non-

Barenboim, Chen, Hannestad, Oldengott, Tram & Y3W 2021 (massless v;) relativistic

Chen, Oldengott, Pierobon & Y3W 2022 (massive v; + full Boltzmann hierarchy) o



Revised constraints on the
neutrino lifetime...




Decay scenarios...

Global neutrino oscillation data currently point to two possible orderings
of neutrino masses - several possible decay/free-streaming patterns.

A 0 m2
— ” ) A g | ‘ | FS Decay | Gap | Minm2, |
-1  —— — W R
3 A , : | Scenario A: one decay channel |
jpe— W T
2
V1 vy — V3 Am32|N 2
2 NO — V3 = v |Am3, | | Ama, N
Amatm Al 2 3 1 31N
10 V2 V1 — V3 |[Am3, 1 |[Am3, |1
1 Vo — U3 Am3s|r Am23|1
A
72| e — A2 A2 | NO | vs Ve — 1 Am3, ms,
5 i msun 5 A3 10 122} Vo — V1 Am23|1
I F e plles— ] V3 I T m: R
! : | Scenario B: two decay channels |
B1 | NO — vz > vo, v | |AmEN |AmZ2, |n
B2 | 10 — V1,V —> U3 |Am3, |1 |Am3, |1
Normal mass ordering Inverted mass ordering T

Free-streaming Decay pairs
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Decay scenarios...

These scenarios look very different from one another...

* Phenomenologically, however, there are only two independent parameters.

Relativistic to NR transition

d?:z =—a,a®Y C&(a&)ﬂzz
“Mass” of decaying neutrino
m
X =298 (o.o;Zv)
Effective isotropisation rate .
m
Y = 6.55Cx101°d (mv”;> ( 0.7:)1;;11/) Tl

Mass gap

| FS

Decay

Gap

| Min m2

Scenario A: one decay channel

2
Al 1) vy — V1 |Am31|N
10 V2 vy — V3 |Am§1|1 |Am§1|1
1 Vo — U3 Am3s|r Am§l3|1
A2 | NO | v3 vz — V1 Am2 Amﬁ
A3 | IO V3 Vo2 — V1 21 Am3s|t
Scenario B: two decay channels |
B1 | NO — vz > vo, v | |AmEN |AmZ2, |n
B2 | 10 — V1,V —> U3 |Am3, |1 |Am3, |1

Free-streaming Dec
Lifetime

!

ay pairs
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Signatures in the CMB TT power spectrum...

Fractional deviations in the CMB TT power spectrum from ACDM for
various the effective isotropisation rate Y and vy masses.

0.07

0.06 -

0.05

C,/CACPM _ |
o o
o =
IS I~

e
o
e}

0.01

0.00

Effective isotropisation rate: Y = 6.55Cx101°®d(m,,;/m,y) (

m, g = 0.05 eV

T T L T
=== Scenario A, Y =10% s7!
=== Scenario A, Y = 10% 57!

Scenario A, Y = 10° s7!

Y =10* s7!, Scenario B
T T T T TTTT T T T T

T T T
Scenario B, Y = 10% 57!
Scenario B, Y = 10* 57!
Scenario B, Y = 10° s!

C / /Cé\CDM

LI T T
— my,y = 0.05 eV
——— my,y = 0.08 eV ]
my,y =0.1eV

10

AV
Ll |i(|)2 L 1 | Ll | lll(l)3 L
y4
Chen, Oldengott, Pierobon & Y3W 2022
-1
Trest

Scenario A = 2 neutrinos participate in decay/inverse decay; Scenario B = all 3 participate
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CMB lower bounds on the neutrino lifetime...

We derive constraints on Y at a set of fixed X using Planck 2018 TTTEEE+
low+lensing, and translate the constraints to a revised lower bound on

the neutrino lifetime: ReI to non-rel factor

5
% my myy
T ~12><106‘{y[012( )]q)( )( )
et 0.05 v T\, ) \0.05 ev
m2? Chen, Oldengott, Pierobon & YW 2022
. Phase space factor ~ _(A 2v> en engott, Pierobon
* Or equivalently: 3\mjy
Form, < 0.2 eV Cf old constraints (which misidentified

Teoverage With Tisotropise):

My \°
Trest = 10° (O O;eV) S

Hannestad & Raffelt 2005

V3 = Vi, + ¢ (NO)

= (6 —10)x10°
V1g = Vs + b (10) Trest = (6 0)x10°s

Vo 2V + Trest = (400 —500)s
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CMB lower bounds on the neutrino lifetime...

... currently the best limits on invisible neutrino decay vy — v; + ¢.

v
V9 I 2

7 [ — V1

V3 I

Inverted mass ordering

TAIIowed I
lRuIed out

BBN: 7,=1072->10"1s
Solarv: 7o = 107° > 107*s
Lab v:

Neutrino lifetime, 7 ()

* |ceCube constraints & forecasts from Song et al. 2021

s Scenario A3
10 = T T LI B | T IRE
F—— A3 A
7:—— A3, m,; =0 ///_‘
10 ; = =+ JceCube 8 yr ’/’ §
[oreeee Combined v telescopes _ _ _ _ =" 1
109k SN1987A -
IC 2015 3
10°g E
al
10°E IceCube & future v.....3
. 3_ .............................. ¢ é'|'é'5'<':'6'rl)'e"f0recas_t§__::
E vy, = vq (10) R
10? 3 - ) =
3 IceCube constraints
10 3
g SN 1987A constraints 3
100 ! 1 [ R | ! I T A
L1073 1072 107!

mg (eV)

i 3
Ty = 10-13 5 10" 11 g Chen, Oldengott, Pierobon & Y>W 2022

(s) & ‘owuryeyiy oulINBON
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CMB lower bounds on the neutrino lifetime...

... currently the best limits on invisible neutrino decay vy — v; + ¢.

8 Scenario A2
10 E T T T T T 1T 171 I T T §
_ . A2 E
V3 A A
g ==+ IceCube 8 yr // g
EEEEEE Combined v telescopes // ]
109k SN1987A R i

1C 2015

TAIIowed
v, m
— I |/
l V1

=

———— i

‘ _),,,Yl/(l\lg,)é

Neutrino lifetime, 7 ()
(s) & ‘owuryeyiy oulINBON

————==mm V] lRuIed out 101:5 —————ceCube constraints i
. % SN 1987A constraints §
Normal mass ordering T —
BBN: 7,=1072->10"1s my (eV)

Solarv: 7o = 107° > 107*s
labv: 1,2 10-13 5 1011 g Chen, Oldengott, Pierobon & Y3W 2022

* |ceCube constraints & forecasts from Song et al. 2021
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summary...

* We can use precision cosmological observables to constrain non-
standard neutrino properties like relativistic invisible neutrino decay.

* But mapping the decay rate to the isotropisation rate that ultimately
changes the CMB observable can be a tricky task.

* We have calculated the isotropisation rate from first-principles and
relaxed the CMB constraint on the neutrino lifetime by several orders
of magnitude relative to old works using an incorrect rate.

* Barenboim et al. 2021: massless daughters; 3 orders of magnitude bound
relaxation at m,, = 0.05 eV.

* Chen et al. 2022: massive daughters + full Boltzmann hierarchy + “hand-
waving” explanation; up to another 5 orders of magnitude relaxation.
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