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B Neutrino oscillations

Major discoveries:

[SuperKamiokande, 1998] [SNO, 2001-2002]
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first discovery of ve — v, V7

first discovery of v, — vr oscillations from solar v
oscillations from atmospheric v

[Nobel prize in 2015]



https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.87.071301
https://www.nobelprize.org/prizes/physics/2015/summary/

B Two neutrino bases

interaction U mixing matrix propagation

[ﬂavor neutrinos uaJ [[uo) => Uak]uk>] [massive neutrinos uk]
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Transition probability between source and detector:
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B Three Neutrino Oscillations

3

= Z Uakvk (=6, p,7)

k=1

U,k described by 3 mixing angles 015, 013, (/>3 and one CP phase

Current knowledge of the 3 active v mixing: [JHEP 02 (2021) update]]

NO/NH: Normal Ordering/Hierarchy, my < my < ms3 10/IH: Inverted O/H, m3 < my < mp

Am3y (7.5079:23) - 107° eV
|Am3;| = (2.54+0.03) 1073 eV? (NO) &
(2.44+0.03) - 1073 eV? (10)

10sin?(012) =3.18+0.16

02 0. 3 0.4 03 0.4 0.5 0.6 0.7 0.016 0.020 0.024 0.028
sin6z; 5in6:3

10%sin%(013) = 2.200;%;%%2 (NO)
= 22251395 (10) .
10sin%(6a3) = 4.55+0.13U5.71 £ 0.12 (NO) 1
=5.711312 (10) 5
(5/7_[_ — 1101»8%% (NO) 65 7gm§, [;05—5 evz?u 8523 2v\:m§1\ [2‘“5)73 ev;]s 2.7 0.0 05 ;/g 15 2.0

=1.54+0.14 (10 ;
(10) mass ordering

still unknown

see also: http://globalfit.astroparticles.es

} [ O still unknown }



https://doi.org/10.1007/JHEP02(2021)071
http://globalfit.astroparticles.es

B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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v decouple mostly before eTe™ — ~v annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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v decouple mostly before eTe™ — 7~ annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
9
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v decouple mostly before ete~ — ~v annihilation! “[ distortions to }
actually, the decoupling T is momentum dependent! equilibrium £ !




Tlais . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG- JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oee = fue Oep Oer
density matrix: o(x,y) = Ope Opp = o, Opr

Ore Q‘ru Orr =
do(y,x) _ [3mi, _,-LZ Mp _ 2v2Gry (Eo+ Py + AR, ol + _meGE Z(0)
dx 8Py md | 2y x®/m8 m, 3m% )’ (27)3x4y?
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator


https://doi.org/10.1088/1475-7516/2021/04/073

Tlais . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y, x 3m? X2 M 2V/2G E; + Py 4E, m3 G2
QEly ) = Pl —173 7F — 46 F(;y 5 + 2 ;0 + 53 E ZI(Q)
X 8mpr m | 2y x6/m3 my, 3m3 (27)3x%y
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
Mp = UMU?
—di 2 2 2
M = diag(mg, m5, m3)
cosfis 0 sinf3
U= R23R13R12 e.g. R — 0 1 0
—sinfi3 0 cosbis


https://doi.org/10.1088/1475-7516/2021/04/073

e - . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = fy,
do(y, x 3m? X2 [M 2V2G E,+P, 4E, m3G?
oyx) _ [3mey | o | Me 2v26Gey (B AR L meGE g
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
My = UMUT
[, = diag(pe, pu, 0) E, =S, (/ dyy3g> Sa  with S, = diag(1,1,1)
lepton densities neutrino densities (only for active neutrinos)

take into account matter effects in oscillations


https://doi.org/10.1088/1475-7516/2021/04/073

[Bennett, SG+, JCAP 2021]

B v oscillations in the early universe
comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a
Qee = Ty, Oep Oer
density matrix: o(x,y) = Ope Opp = o, Opr
Ore Orp Orr = f,

do(y, x) _ 3mp, _,-Lz Mr _ @ Ko + P + AR, 0 -9-%1(9)
8Py x0/mg m, 3m% )’ (2m)3x*4y?

dx mé | 2y
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
. 3
Myp = UMUT 2, = diag(pe, pu,0) E, =S, /dyy ol S:

Z(o) collision integrals

take into account neutrino-electron scattering and pair annihilation,
plus neutrino—neutrino interactions

2D integrals over momentum, take most of the computation time


https://doi.org/10.1088/1475-7516/2021/04/073

e - . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y, x 3m? X2 M 2v/2G E,+P, 4E m3 G2
oox) _ J3my [ (M 2V26Gey (T Fo | BN ) meGe g
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Myp = UMUT 2, = diag(pe, pu,0) E, =S, (/ dyy3g> S,

Z(o) collision integrals

r2 1 [  do
L i _ 3 o
from continuity . Z {rJ(re)} + Gi(r) —27r223/0 dyy E e
equation d_z = e - oce
. X ™
l=e,p
r = x/z, rp = mg/mer J(r), Y(r) from non-relativistic transition of e*, u*

Gi(r) and Gy(r) from electromagnetic corrections
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B » oscillations in the early universe [Bennett, SG-+, JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y,x)  [3m} _iﬁ Mr 2V2Gry (T, + P, n 4E, . m2G} (o)
dx '\ 8mpp md | 2y x®/m8 m, 3m% 1@ (27)3x4y? @
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Myp = UMUT 2, = diag(pe, pu,0) E, =S, (/ dyy3g> S,

Z(o) collision integrals

2 R "~ doaa
from continuity Z {%J(re)} + Gi(r) - m/ dyﬁz ﬁx
equation j_z = e ° - oce

. X
p = —3H(p+ P) > [ + Y ()] + Galr) + %

l=e,p

neutrino temperature w: same equation as z, but electrons always relativistic


https://doi.org/10.1088/1475-7516/2021/04/073

s . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = Ty, Oep Oer
density matrix: o(x,y) = Que Oun = fu, Our

Ore Orp Orr = f,
do(y, x 3m? X2 [Mp 226G E,+P, 4E, m3G?
oox) _ J3my [ (M 2V26Gey (T Fo | BN ) meGe g
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Myp = UMUT 2, = diag(pe, pu,0) E, =S, (/ dyy3g> S,

Z(o) collision integrals

I 1 < - doaa
from continuity Z {%J(re)} + Gi(r) — m/ dyﬁz I
equation j_z = e ° - oce
. X
p = —3H(p+ P) > [ + Y ()] + Galr) + %

l=e,p

neutrino temperature w: same equation as z, but electrons always relativistic

initial conditions: ¢,, = Fermi-Dirac at x;, ~ 0.001, with w = z ~ 1
S. Gariazzo  “Neutrino oscillations in the early universe: precision calculations”  INT 21-79W, 21/09/2021  5/20
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T . . B G+, JCAP
B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a
Oee = fue Oep Oer )

density matrix: o(x,y) = ( Que Oun = fu, Our
Ore Orp Orr = fy,

do(y,x) _ [3mpy [, x* [Me _ 2V2Gry (F. P | 4E, L _meGe (o)
dx '\ 8mpp m3 2y x®/m8 m, 3m22 e 2r )34 2\

Dl L fal o

s

FORTran- Evolved PrlmordIAl Neutrino Osc111at10ns
(FortEPiaNO)
https://bitbucket.org/ahep cosmo/fortepiano_public

; dgaa
from continuity Z {%J(re)} + Gi(r) - / dyy Z e

equation dz _ t=en

p=-3Hp+P) |~

2
> [ + Y ()] + Gor) + 21—5

l=e,p

neutrino temperature w: same equation as z, but electrons always relativistic

initial conditions: ¢,, = Fermi-Dirac at x;, ~ 0.001, with w = z ~ 1
S. Gariazzo  “Neutrino oscillations in the early universe: precision calculations”  INT 21-79W, 21/09/2021  5/20
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B Neutrino momentum distribution and Ng!Bemett S¢+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and Ng!Bemett S¢+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and N, gBemett SG+ JCAP 2021]

L 8 1IN\Y3p, 8 /11N\*3 1 d3p
i = () = L) L [ e

3
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M Neutrino momentum distribution and Ng®emet ¢+ JCAP 2021]
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B Finite temperature QED [Bennett+, JCAP 2020]

v decoupling strongly depends on interactions occurring at T = 1 MeV

\—{finite temperature effects!}—‘

altered equation of corrections to weak rates
state of QED plasma

mZ® 4123 :7%@+% %%7é§:§+%{:?+...

v el e v e

v e v e




B Finite temperature QED [Bennett+, JCAP 2020]

v decoupling strongly depends on interactions occurring at T = 1 MeV

\—{finite temperature effects!}—‘

altered equation of corrections to weak rates
state of QED plasma

mZ® 4123 :7%@+% %%7é§:§+%{:?+...

v el e v e

v e v e

Leading contribution O(e?)
gives ONeg ~ 0.01!
[Fornengo+, 1997] ;



https://doi.org/10.1103/PhysRevD.56.5123

B Finite temperature QED [Bennett+, JCAP 2020]

v decoupling strongly depends on interactions occurring at T = 1 MeV

\—{finite temperature effects!}—‘

‘ | N3 (no osc) [ N3t (NO) |

Finite-temperature QED corrections
(2)1h 3.04361 3.04458
(2)1h+ (2) In 3.04358 3.04452
(2)lh + (3) 3.04264 3.04361
(2)1h + (2)In +(3) 3.04263 3.04360

[Bennett, SG+, 2020]

[(9(62) ~ 0.01 and O(e®) ~ —0.001 are important!]

Logarithmic term and following orders affect less
than numerical parameters for configuring the y; grid



https://doi.org/10.1088/1475-7516/2021/04/073

. CO||iSi0n terms [Bennett, SG+, JCAP 2021]

Encode the effect of v,77, <> eTe™, ve < ve and 4% interactions

first calculations by [Sigl&Raffelt, 1993]

computationally expensive


https://doi.org/10.1016/0550-3213(93)90175-O
https://doi.org/10.1088/1475-7516/2021/04/073

. CO”iSion terms [Bennett, SG+, JCAP 2021]

Encode the effect of v,77, <> eTe™, ve < ve and 4(1;)interactions

annihilation: v(p1) + 7(p2) « e (p3) + e (ps) gives:
[de Salas+, JCAP 2016]

125G3 d®p, d®ps d3ps
T, =_-_"F )4 s®) — pa—
vi—e— et 2 2|51‘ (27T)32‘52| (27T)32E3 (27T)32E4( 7T) 4 (pl + P2 P3 P4)
X {4(p1 . P4)(P2 ' p3)FaLr{_n(V(1)v 17(2)7 6(3), 6(4))
+4(p1 - p3)(p2 - pa) FRR (V) 72), 3 8®))

+2(pr - pa)m2 (FEL (D, 52, &), 8®) 4 FLE (10, 72) e 5@)) 1,



https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2021/04/073

. Collision terms [Bennett, SG+, JCAP 2021]

Encode the effect of v,77, <> eTe™, ve < ve and 4(1;)interactions

scattering: v(p1) + e (p2) < v(ps) + et (ps) gives:
[de Salas+, JCAP 2016]
I _ 12°GE B d*p3 d>ps
ve e 22|p1| J (2m)32E; (27)32|ps| (27)32E,
x {4(,)1 - pa)(p2 - p3) FER(/W, @ () )
+ 4(P1 . P2)(P3 ’ p4)Fs€:L(V(1)7 e( ) V(3 4))
~2(pr - pa)m (FEL D, e, 4O @) 4 FERD, o 1), e))

(2m)*6@ (p1 + p2 — p3 — pa)

12°GE d*pa d*p3 d®ps
22151 | (2m)32E; (21)32/35] (27)32E,
% {4(,,1 - pa)(p2 - p3) FEL( W, 5@ (3 a®)

+4(p1 - p2)(p3 - pa) FER (1), 2@, 16) 2™)

—2(py - p3)m2 (/:RL(Z,(l 8@ 13 a®) 4 FLR(,(M) 5(2) (3 4)))}

(27)*6™ (p1 + p2 — p3 — pa)

Ive*—we’ =

And so on for neutrino—neutrino terms


https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2021/04/073

. CO”iSion terms [Bennett, SG+, JCAP 2021]

Encode the effect of v,77, <> eTe™, ve « ve and 4(13)interactions

switch to comoving coordinates, you get:
Tlo(y) = %(I;ﬂ:muﬁﬁz:p)
[ a2 {30 ) + My [FEC )+ FERC)] = 20 [FEAC ) + FERCLO) )
., = | dyadysig {M0vya) FEE () B0 ) A ) 4308 [FELC )+ FERC ]}
I, = %/dyzdya M5(y, y2)Fuw (00, 0@, 0@, o))

1
I, = Z/dyzdys M5(y, ya)Fus (0(1)-@(2),1_)(3)-0“))

u
ISC

M functions are combinations of (y, y2, y3, ya) that emerge from [d3p
See literature for their expressions
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. Collision terms [Bennett, SG+, JCAP 2021]

Encode the effect of v,77, <> eTe™, ve « ve and 4(1;)interactions

F functions encode phase space distributions:

FL (0 A2 00 0] = (1= ) [620} P 4 032367 — (D (1 - ) [01P3 67 + o3|
D (000D ) = (O [620R 4 02267 — (1 - () (1 - £9) [6203 0! + 03267
Fou (0,09,09,0") = 03365 [4>§ 54 Gs + Tr(- )] 153G [4,%5,4@5 +Tr( - )] L he
F,: (0(1)’ 0@ o3 0(4)> = o} 526, [¢4 53 G 4 T(. )] oL 5’265 [¢4’5’3Gs (e )]
+ 033G [01°7Gs + Te(- )| — 015365 [03°7Gs + Tu(-++)] + he.
o) = o(y;) - e(i) = fep (i, 2) - Tr(---) is the trace of the term immediately before it
Convenient definitions:
P = g1 - o) GR = diag(gr, gr. &r)
., . L _ . ~ ~
o = (1= p )G P G~ = diag(gr, &1,81)
P38 — () Gigd) G° = diag(1,1,1)
i i = sin?f
¢?7”ﬁ - (1 - Q(a))Gl(l - Q(B)) 8L gi sin? O +W1/2

& = sin*fw — 1/2
By weak mixing angle


https://doi.org/10.1088/1475-7516/2021/04/073

. Collision terms [Bennett, SG+, JCAP 2021]

Encode the effect of v,7/, <> eTe™, ve « ve and 4(1;)interactions

Sometimes one can avoid integrals: damping approximations!

I{fxl!i(g) = - gBQaJ
i.e. the collision term is proportional to the density matrix

DOy = 5 [(RON, + (RO}

[RAM}, = 2 [ dyadys [M(,30) + 2150y )] x ({1~ Rlfsfe + £l — G][1 - 4]
D(y,z)
% [(2 sin? Oy £+ 1)2 + 4sin* 0W] DY(y, z)

{RVe)}a

“4" for a« = e and “—" for a = pu, T fi = foq(yi)

For relativistic Fermi-Dirac distributions: D“(y.z) = 2y3z*d(y/z)

a0 + a1 In(s) + ao In?(s)
1+ by In(s) + by In?(s)

d(S) ~ doe—l.Ols 4 doo(]- _ e—0.0ls) 4 (e—0.0ls _ e—LOls)
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]

..... no vv —— sin26;,

— Am3;
=== w,GL  —— sin%613 —— AmM3;
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within 30 ranges allowed by global fits [deSalas, SG+, JHEP 2021]
only 015 affects Neg, at most by 0N\~

~ _
1074
PE— o
3.0440 1 g i 3.0440 FE=s s
.’/
530435 ¥ 3.0435¢7
3.04304 . 3.0430 " -
3.0425 : : : : 3.0425 : : : :
00 02 04 06 08 10 00 02 04 06 08 1.0
sin%@

sin%0


https://doi.org/10.1007/JHEP02(2021)071
https://doi.org/10.1088/1475-7516/2021/04/073

. Samphng the y momenta [Bennett, SG+, JCAP 2021]

Discretize neutrino momenta to compute integrals and evolution

two sampling methods for y;, with i = 1,..., N, :
linear spacing, Gauss-Laguerre (GL)
Newton-Cotes (NC) integration optimized for computing [ dy F(y)e ™"

e GL 4 NC ® N,=40 ® N,=60 ® N,=80
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. Samphng the y momenta [Bennett, SG+, JCAP 2021]

Discretize neutrino momenta to compute integrals and evolution

two sampling methods for y;, with i = 1,..., N, :
linear spacing, Gauss-Laguerre (GL)
Newton-Cotes (NC) integration optimized for computing [ dy F(y)e ™"
e« GL & NC e N,=40 @ N,=60 ® N,=80
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Need to define range (Ymin < ¥ < Ymax) and number of nodes /V,
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. Sampllng the y momenta [Bennett, SG+, JCAP 2021]

Discretize neutrino momenta to compute integrals and evolution

Results may depend on yinin, Ymax, N
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B How precise is Nog = 3.04...7

Long list of previous works. . . always less than 3v mixing

[Mangano+, 2005]: Neg = 3.046 1st with 3 mixing (still most cited value)

[de Salas+, 2016]: Neg = 3.045

[SG+, 2019]: Neg = 3.044
FortEPiaNO code

[Bennett+, 2019]: Neg = 3.043
(no full calculation)

[Akita+, 2020]:
N = 3.044 £ 0.0005

[Froustey+, 2020]:
Nege = 3.0440 £ O(10~%)

[Bennett, SG+, 2020]:
Nog = 3.0440 + 0.0002
FortEPiaNO improved

updated collision terms

more efficient and precise code,
N > 3 neutrinos allowed,
minor differences in numerical integrals

finite-T QED corrections at O(e3)!
further terms should be almost negligible

equations in mass and flavor basis
approximated vv collisions

full vv interactions
1st estimate effect of CP-violating phase

1st full discussion on
, full estimation of current
numerical and physical uncertainty


https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2019/07/014
https://bitbucket.org/ahep_cosmo/fortepiano_public
https://doi.org/10.1088/1475-7516/2021/03/A01
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2021/04/073

. N " and CMB [Planck Collaboration, 2018]
e
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. . . . . G CAP
B oscillations in the early universe with 1/ P&+ JCAP 07 (2019) 014]
We need to update the equations to include the additional sterile neutrino!

Dee = fue Oep Oer Oes
. . =1 0 Ous
density matrix: o(x,y) = Cne Cun = o mr :
y Q( 7}/) QOre Orp Orr = fuT Ors
Ose Osu Ost Oss = fus
do(y, x [3m2 x* [Mp  2v2Gpy (E,+P, A4E, m3 G2
oly,x) = - {_’73 [J - \6[ F6y : 2 -+ > |0+ e3 IZ 2I(Q)
dx 8mpr m | 2y x6/m@ my, 3m3 (27)3x%y
mp] Planck mass — p1 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
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y Q( 7y) QTE QT,LL QTT = Vs IQTS
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dx 8mpr m | 2y x6/m@ my, 3m3 (27)3x%y
mp] Planck mass — p1 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
Mp = UMUT
— di 2 2
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. . . . . G CAP
B oscillations in the early universe with 1/ P&+ JCAP 07 (2019) 014]
We need to update the equations to include the additional sterile neutrino!

Oce = fu, Oep Qer Qes
. . =1 0 Ous
density matrix: o(x,y) = Cne Cup =T wr :
y Q( ’ y) QTE QTLL QTT = Vs IQTS
Ose Osu Ost Oss = fus
do(y, x 3m? X2 M 226G E,+P, 4E, m3G?
oyax) _ [3mey | o | Me 2v26ey (B Br | AR meGE g,
dx 8mpr m | 2y x6/m@ my, 3m3 (27)3x%y
mp] Planck mass — p1 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator
Mp = UMUT
12, = diag(pe, pu,0,0)  E, =S5, (/ dyy3g> S, with S, = diag(1,1,1,0)
lepton densities neutrino densities (only for active neutrinos)

take into account matter effects in oscillations
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. . . . . G+, JCAP
B oscillations in the early universe with 1/ P&+ JCAP 07 (2019) 014]
We need to update the equations to include the additional sterile neutrino!

Dee = fue Oep Oer Oes
. . =1 0 Ous
density matrix: o(x,y) = Cne Cun = o mr :
y Q( 7}/) QOre Orp Orr = fuT Ors
Ose Osu Ost Oss = fus
do(y, x 3m? X2 M 226G E,+P, 4E, m3G?
oly,x) _ [3mp, {_173 [J _ \6[ lzy R AR ol <=F_7(0)
dx 8mpr m | 2y x6/m@ my, 3m3 (27)3x%y
mp] Planck mass — p1 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Mg = umMut I2, = diag(pe, pu,0,0) E, =S, </ dyy3g> S,

Z(0) collision integrals

take into account neutrino-electron scattering and pair annihilation,
plus neutrino—neutrino interactions

sterile neutrino never take part into interactions
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B oscillations in the early universe with 1/ P&+ JCAP 07 (2019) 014]

We need to update the equations to include the additional sterile neutrino!

Dee = fue Oep Oer Oes
. . =f, 1Y Ops
density matrix: o(x,y) = Cne Cun = o mr :
y ( 7}’) QOre Orp Orr = Ty, Ors
Ose Osp Ost Oss = fus
do(y, x 3m? X2 M 226G E,+P, 4E, m3G?
oly,x) _ [3mp, {_173 [J _ \6[ lzy R AR ol <=F_7(0)
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mp] Planck mass — p1 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Mg = umMut I2, = diag(pe, pu,0,0) E, =S, (/ dyy3g> S,

Z(0) collision integrals

r 1 =~ - doaa
from continuity Z [Te-’(fe) + Gi(r) — m/g dy y* Z o
equation :_z _ ten : =
. X
p = —3H(p + P) ZZ [r20(re) + Y ()] + Galr) + 1—”5
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B oscillations in the early universe with 1/ P&+ JCAP 07 (2019) 014]

We need to update the equations to include the additional sterile neutrino!

Dee = fue Oep Oer Oes
. . =f, 1Y Ops
density matrix: o(x,y) = Cne Cun = o mr :
y ( 7}’) QOre Orp Orr = Ty, Ors
Ose Osp Ost Oss = fus
do(y, x 3m? X2 M 226G E,+P, 4E, m3G?
oly,x) _ [3mp, {_173 [J _ \6[ lzy R AR ol <=F_7(0)
dx 8mpr m | 2y x6/m@ my, 3m3 (27)3x%y
mp] Planck mass — p1 total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant — [., .] commutator

Mg = umMut I2, = diag(pe, pu,0,0) E, =S, </ dyy3g> S,

Z(0) collision integrals

r 1 oo - doaa
from continuity Z [Te-’(fe) + Gi(r) — m/g dy y* Z o
equation :_z _ ten : =
. X
p = —3H(p + P) ZZ [r20(re) + Y ()] + Galr) + 1—”5
=e,u

initial conditions: 04 (zin) = FD for active neutrinos, zero for steriles
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B Momentum distributions

y2oin(y)

[SG+, JCAP 07 (2019) 014]
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N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: _:> Neg
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B Cosmological constraints on |U,4|? [ariv:2003.02289]
Use multi-angle results from FortEPiaNO to derive constraints on |Ua4?:

Constraints come from Nyg
and late-time density Qg

Angles |U,4|? are almost
equivalent for cosmology

logyg |Upual*

logyo |Ural?
L

logao(Am3, /6V?)

- L
5 -4 -3 2 -5 -4 -3 -2 -1 -3 2 08 00 08
logg [Ueal* logyg |Upal* logy [Ural* logyo(Am3, /eV?)
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B Comparing constraints [arxiv:2003.02289)

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!
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B Comparing constraints [arxiv:2003.02289)

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!
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Warning: tension between reactor experiments and CMB bounds!
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[in preparation]

M Collision terms with sterile neutrinos
Full collision integrals can be computed also with sterile neutrinos

Equations unchanged — except phase space I, where the couplings enter:

F2b <g(]), (2) p(3), e(4))
F2b o), fe(3)

ann

91 - @) [cro}™ + d>1’b*3ca} — (1 9 [0}*267 + G203
(@ ) = O [erer + 0267 - (1- )1 - £9) [6703™ + 03267
Fon (09,020,090, ) = 035765 [0354Gs 1 Tu(---)] — & o
o (0102 00 o) = @p®26s (035365 + Ti(- )| - 935265 (0452 Gs + ()|

+ 035G [01°2Gs + (- )| — #1926s [05°2Gs + Tu(-++)] + hc.

IS

153(;5 >S4 Gg 4 Ta(- - )} +he.

S

Fui

Remember also:

P = p@Gi(1 - o))
R _ L )
GL - d!ag(gR7~gR7FR70) ¢,ga'a5 _ (1,g(a))Glg(/3)
G~ = diag(gL, &1,81,0) OLH — pl0) G glP)
G° = diag(1,1,1,0) SXH = (1— g))Gi(1— o)

Damping approximations also affected!

(D0}, = H[{RUO)}, + {R D)}, but {RL ()}, = (R0}, = 0
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M Collision terms with sterile neutrinos
Full collision integrals can be computed also with sterile neutrinos

preliminary!
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