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Solar abundance

S. G. Ryan, Publ. Astron. Soc. Austral. 19 238 (2002)
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Sterile neutrinos
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2
H~ Py, v, < U,
l. Big Bang Nucleosynthesis Il. Supernova Neutrino process

Supernova 1987A : 16.2 M

200 MeV 1-0.01MeV N\ S
Big o, I I > o™ o L
sang [0 | @\ e @
Quark Hadron Big Bang | @ . .
Transition Nucleosynthesis * ; Neutrino propag?tlon
: ; . . <
® ® ® @
10 km 2400 km 46000 km 250000 km

1.6 M, 4.0 M, 6.0 My 1



Big bang nucleosynthesis
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Big bang nucleosynthesis
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Big bang nucleosynthesis
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Good prediction of SBBN
: Cosmological constraint
(1) Modified gravity model
ex: Modified gravity model of f(R)
Kusakabe et al., PRD 91, 104023 (2015)
(2) Test of dark matter model

ex : Scalar field dark matter
Bohea Li et al., PRD 89, 083536 (2014)

Primordial lithium problem

: Hints for new physics
or
Corrections of SBBN



PHYSICAL REVIEW D 72, 095017 (2005)

Sterile-active neutrino oscillations and shortcuts in the extra dimension

Heinrich Péis,l Sandip Pakvasa,l and Thomas J. Weiler”

Brane

Bulk space Sterile neutrino
>

\



Pas et al., PRD 72 095017
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‘ Our work ‘

Extra-dimension
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BBN calculation

1. Extra dimension effect 5

o _ _ , a 3G &
Five dimensional FRW Metric —— H* = | — — p
Binetruy et al. Phys. Lett. B 477, 285 (2000) A 3 a4

H : cosmic expansion rate a : scale factor Dark radiation term
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2. Energy density of sterile neutrinos

P = Pstandard T P Vg




BBN calculation

1. Extra dimension effect
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o _ _ , a 3G &
Five dimensional FRW Metric —— H = | — ]| = p
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Binetruy et al. Phys. Lett. B 477, 285 (2000)

H : cosmic expansion rate a : scale factor Dark radiation term

2. Energy density of sterile neutrinos

P = Pstandard T P Vg

e Effective mixing angle

)
e Rate equation J sin? 20 = sin” 20 .
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where x=m, /T, Ypo=ngyls, Y, =n,/s

Production rate of 5 : 1), =P <Fweak>



e Rate equation

cdv, 0, |/1 Y\ where x=m, /T, Ypo=ngols, ¥, =mn,[s
S s s . 1
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e Rate equation
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0=0.01 m, =1eV Jang et al. (2018)
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BBN constraint (7, = 1eV)

Jang et al. (2018)
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BBN constraint (7, = 1eV)

Jang et al. (2018)

Cold Dark Matter Constraint

10 p

D/H (10%)

The energy density of the cold dark matter

p. = (0.1261 £ 0.0033) x 10~ GeVcm ™

P. A. R. Ade et al. (Planck Collaboration), Astron. Astrophys. 571, A16 (2014).

For the relic sterile neutrinos, 2, = P,

Case: m, = 1eV
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BBN constraint (7, = 1eV)

Jang et al. (2018)

Cold Dark Matter Constraint

10 p

D/H (10%)

The energy density of the cold dark matter

p. = (0.1261 + 0.0033) X 107 GeVem™

P. A. R. Ade et al. (Planck Collaboration), Astron. Astrophys. 571, A16 (2014).

For the relic sterile neutrinos, 2, = P,

Case: m, = 1eV
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D. Jang et al., Phys. Rev. D 97 043005
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Part Il

The viability of 3+1 neutrino model on the supernova neutrino process



e Supernova neutrino process

Supernova 1987A : 16.2 M,

10 km 3,100 km 79,000 km 900,000 km
1.6 M 4.0 M 6.0 M,
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7Li, 11B, 19F, 138La, 180Ta

S.E. Woosley et al., APJ 356 : 272-301 (1990), A. Heger et al., PLB 606 258 (2005)

Neutrino process

1

98TC

T. Hayakawa, Heamin Ko, MK Cheoun et al., PRL 121, 102701 (2018)
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3 active neutrinos

1

Sterile neutrinos
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3+1 Neutrino oscillation in Supernova Explosion

d
ZEW% = H,, Y, H, =H +V

vacuum martter

Am?2, Am?2, Am?
H — Udiag(0, 21 ’ 31 41
2F 2F 2F

vacuum
12 12

U’
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Vonatter = diag(Vee + Ves Vives Ve, 0)

Supernova 1987A model
+ Hydrodynamical model in Kusakabe et al.

APJ 872, 2, 164 (2019)
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3+1 Neutrino oscillation in Supernova Explosion

d
dt

AmZ AmZ, Am?
— Udiag(0, 21 , 31 , 41
2E,  2E, 2E,

H YU

vacuum

|

m

atter — diag(VCC + VNC? VNCa VNCaO)

- Neutrino mixing parameters
913 —_ 33.80, 923 —_ 450 aIld 913 — 930
Am3, =7.54x 107 [eV?], |AmZ, | = 2.4 x 107 [eV?]

[PDG], Chin.Phys. C 38, 090001 (2014)

914 —_ 9.440, 924 —_ 6.93o and 934 — Oo
AmZ, = 1.75 [eV?]

G.H. Collin et al., PRL 117, 221801 (2016)

Supernova 1987A model

l_l//Va = Hmf l/jl/a Htot — Hvacuum + Vmatter + Hydrodynamical model in Kusakabe et al.

APJ 872, 2, 164 (2019)
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3+1 Neutrino oscillation in Supernova Explosion

d Supernova 1987A model
lEl//’/a = Hwt l/jl/a Htot — Hvacuum + Vmatter + Hydrodynamical model in Kusakabe et al.

APJ 872, 2, 164 (2019)

Am?2, Am?2, Am?
H — Udiag(0, 21 ’ 31 41
2F 2F 2F

vacuum
12 12

U’

9

1%

Vonatter = diag(Vee + Ves Vives Ve, 0)

- Neutrino mixing parameters
Mass hierarchy in 3+1 model

(913 —_ 33.80, 923 —_ 450 and 813 — 930

, Ve v, m— v, Vv, —
2 -5 2 2 1 — -3 217 M™%

Ale =7.54 %10 [GV ]’ | A’7131 | =2.4x10 [eV ] Normal mass Hierarchy Inverted mass Hierarchy
[PDG], Chin.Phys. C 38, 090001 (2014) w v, |
914 — 9.440, 924 — 6.93o and 634 — Oo v, [ V, ] I

Vi [
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G.H. Collin et al., PRL 117, 221801 (2016)
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3+1 Neutrino oscillation in Supernova Explosion

.d
ZEW% = Htot '7”1/(1 Htot — Hvacuum + Vmaﬂer
Am2, Am?, Am;
Hygorum = Udiag(0,——2-, =1, —1)U/*
2FE, 2E, 2F

12 12 12

Vonatter = diag(Vee + Ves Vives Ve, 0)

- Neutrino mixing parameters

913 —_ 33.80, 923 —_ 450 and 613 — 930

Am3, =7.54x 107 [eV?], |AmZ, | = 2.4 x 107 [eV?]

[PDG], Chin.Phys. C 38, 090001 (2014)

914 —_ 9.440, 924 —_ 6.930 and 634 — Oo

AmZ, = 1.75 [eV?]

G.H. Collin et al., PRL 117, 221801 (2016)

Supernova 1987A model
+ Hydrodynamical model in Kusakabe et al.

APJ 872, 2, 164 (2019)

Sterile neutrino luminosity
L, <L, =L, =0
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Mass hierarchy in 3+1 model
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Mass Fraction

Heavy elements : 138La, °8Tc, 92Nb
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Mass Fraction

Light elements : 7Li, "Be, 11B, 11C
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Mass Fraction

Light elements : 7Li, "Be, 11B, 11C
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'Li,/"'B  Ratio
with null luminosity model

Observation

Normal Hierarchy | Inverted Hierarchy of SiC-X grains

3 flavors 1.22 0.80 <0.95 (36, 99.7%C.L.)

< 1.37 (40, 999 % C .L.)

G. J. Mathews et al., PRD 85, 105023 (2012)

3+1 flavors 1.27 1.04
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Sterile neutrinos

Vs

l. Big Bang Nucleosynthesis Il. Supernova Neutrino process

: sterile neutrino in extra dimension : 3+1 neutrino model in SN nu-process
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Sterile neutrinos
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l. Big Bang Nucleosynthesis Il. Supernova Neutrino process
: sterile neutrino in extra dimension : 3+1 neutrino model in SN nu-process
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Thank you for your attention !

ZALICE



'Li,/"'B  Ratio

with equivalent luminosity model

Observation

MH 7T MeV 8 MeV 9 MeV 10 MeV of SiC-X grains
NH 0.88 0.82 0.78 0.78 <095 (30,99.7%C.L.)
<137 (40,999%C.L.)
IH 091 1 02 1 . 1 5 1 . 1 5 G. J. Mathews et al., PRD 85, 105023 (2012)

L, ~nn,Ac,V(E)

E. W. Kolb et al., phys. Rev. Lett 77 3066 (1996).
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