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Questions:

É Neutrino mass ordering

É LeptonicCP violation

É Majoranavs. Dirac masses

É Origin of neutrino masses

New Physics beyond the Standard Model

¸ Neutrinos are Massive!

¸ Most of the Matter is Dark!!

Super-K SNO



Why Secret Neutrino Interactions?

¸ In the SM, neutrinos participate only in CC and NC weak interactions

¸ The neutrino-neutrino interactions have NEVER been directly tested 

¸ Secret interactions among neutrinos appear in a number of NP models 
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Example 1: Neutrinophilic Two-Higgs-Doublet Models (ơ2HDM )

É Introduce a Higgs doublet Ǝexclusively for tiny Dirac neutrino masses

É Keep the ƥYukawa couplings of order one through a small VEV of Ǝ

L ︡ ЉἘ╨■╗╔ἠ ЉἘ╨ⱨ♠ⱨἠ ἰȢἫȢ L╩ȡ SM particles L╩ȡ Others

╜ⱨ ╨ⱨ♠

É Exists an eV-mass scalar particle Ɵ

É Excluded by SN energy-loss arguments

Wang, Wang & Yang, EPL, 06
Gariel& Nandi, PLB, 07 
Sher& Triola, PRD, 2011 Zhou, PRD, 2011



Galactic SN 1054

Distance: 6500 light years (2 kpc)

Center: Neutron Star  ( R~30 km)

Progenitor :  M ~ 10 solar masses

RedЕOptical (Hubble)

BlueЕX-Ray (Chandra)



Stellar Collapse and SN Explosion 

Hydrogen Burning

Main-sequence star Helium-burning star

Helium
Burning

Hydrogen
Burning

© Raffelt



Onion structure

Degenerate iron core:
r º109 g cm-3

T     º1010 K
MFeº1.5 Msun
RFe  º8000 km

Collapse (implosion)

© RaffeltStellar Collapse and SN Explosion 



Neutrino-driven Explosion

© Raffelt

Newborn Neutron Star

ͯ50 km

Proto-Neutron Star

rͯ rnuc=3³1014g cm-3

T ͯ 30 MeV

Stellar Collapse and SN Explosion 



Newborn Neutron Star

ͯ50 km

Proto-Neutron Star

rͯ rnuc=3³1014g cm-3

T ͯ 30 MeV

Neutrino cooling 
by diffusion

Gravitational binding energy

Eb º3 ³1053 erg  º17% MSUN c
2

This shows up as  
99%    Neutrinos
1%    Kinetic energy of explosion

(1% of this into cosmic rays) 
0.01%  Photons, outshine host galaxy

Neutrino luminosity

Lnº3 ³1053 erg / 3 sec
º3 ³1019 LSUN

While it lasts, outshines the entire
visible universe

© RaffeltStellar Collapse and SN Explosion 



Raffelt, 1996

Kitaura, Janka& Hillebrandt
astro-ph/0512065

Supernova Neutrinos: Theoretical Predictions



Supernova 1987A
23 February 1987

Sanduleak - 69 202

Large Magellanic Cloud SN 1987A

DistanceЕ165 000 light yrs (50 kpc)

CenterЕNeutron Star

(expected, but not found)

Progenitor Е M ~ 18 solar masses



Supernova Neutrinos: SN 1987A

Hirata et al., PRD38 (1988) 448

Arnett et al.,
ARAA27 (1989)

Kamiokande-II



Kamiokande -II (Japan):

ÂWater Cherenkov (2,140 ton)

Â Clock Uncertainty ¤ 1 min

Irvine -Michigan-Brookhaven (US):

ÂWater Cherenkov ( 6,800 ton)

Â Clock Uncertainty ¤50 ms

Baksan LST (Soviet Union):

Â Liquid Scintillator (200 ton)

Â Clock Uncertainty +2/ -54 s

Mont Blanc: 5 events, 5 h earlier

Supernova Neutrinos: SN 1987A
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Spectral anti- e˄ Temperature [MeV]

Jegerlehner, Neubig& Raffelt
astro-ph/9601111

Assumptions:

Å Thermal

Å Equipart .

Conclusions:

ÂCollapse

ÂAve.Ener.

ÂDuration

ProblemsЕ

Å 24 events

Å by chance

Supernova Neutrinos: SN 1987A



Core-collapse Supernova Explosions: Status

ÂExplosion MechanismЕNeutrino -driven Explosion

¸The prompt shock halted at 150 km, 

by disintegrating heavy nuclei 

¸Neutrinos deposit their energies via 

interaction with matter; 1 % neutrino 

energy leads to successful explosion

¸ Simulations in 1D & 2D for different

progenitor masses observe explosions

¸ 3D simulation has just begun; but no

clear picture (resolution, progenitors)
for a review,  Janka, 1702.08825



Constraining Secret Neutrino Interactions

¸ How to test secret neutrino interactions: Astrophysics and Cosmology

¸ Core-collapse Supernovae: 10 sec neutrino signals from SN 1987A

¸ Successful theory of Cosmology: BBN, CMB and Structure Formation

Newborn Neutron Star

ͯ50 km

Neutrino cooling 
by diffusion

Gravitational binding energy

Eb º3 ³1053 erg  º17% MSUN c
2

This shows up as  
99%    Neutrinos

1%    Kinetic energy of explosion
(1% of this into cosmic rays) 

0.01%  Photons
Neutrino luminosity

Lnº3 ³1053 erg / 3 sec
º3 ³1019 LSUN

While it lasts, outshines the entire
visible universe

rº3x1014 g cm-3

Tº30 MeV

¨ J1 Raffelt



SN Bounds on ơ2HDM

╜ⱨ ╨ⱨ♠

Ideal parameters

□░ ȢἭἤ

♠ ȢἭἤ

◐░ ╞

Kolb-Turner Bound: The mean free path of neutrinos in the background of Ɵshould 

be larger than the distance between the SN and the earth so that the observation of 
SN neutrinos in Kamiokande-II and IMB is not affected

◐░

Free-streaming Bound: The CMB observation shows that neutrinos must be freely 

streaming during the decoupling era of photons, indicating the rate ofƟ-mediated  
neutrino self-interactions should be smaller than the Hubble expansion rate

♠ Ἥἤ □Ɫ Ἥἤ

◐░ ♠ ἳἭἤ □Ɫ ἳἭἤ

Energy-loss SN Bound: The Ɵparticles copiously produced in the SN core escape 

from the core, carrying away a large amount of energies, which should not exceed 

the total neutrino energy (volume emission rate ╠Ɫ ἭἺἯẗἫἵ ẗἻ )

◐░ No longer natural as expected

Zhou, PRD, 2011



Why Secret Neutrino Interactions?

Example 2: Solving the Small-Scale Structure Problems of Cold DM

É Introduce a vector boson V of MeV mass, mediating the ƥ-Ưinteraction

É Self-interacting CDM and retain the kinetic equilibrium between ƥand Ư

van den Aarssenet al., PRL, 2012

Ahlgren, Ohlsson, Zhou, PRL, 2013



Evidence for an Expanding Universe

Edwin P. Hubble

(1889 ï1953, USA)

E.P. Hubble, Proc. 

Natl Acad. Sci. USA 

15,  168ï173 (1929)



Origin of Modern Cosmology

Georges Lemaêtre
(1894 ï1966, Belgium)

Willen de Sitter

(1872 ï1934, Holland)

Albert Einstein

(1879 ï1955, Germany)

Arthur Eddington

(1882 ï1944, England)

Howard Robertson

(1903 ï1961, USA)



Origin of Modern Cosmology

Nature 479 (2011) 171

Physics Today 65 (2012) 38

Friedmann 1922/24: non-

static solutions, including 

an expanding Universe

Lemaêtre 1927: based on rough data, 

first estimated the expansion rate

G. Lemaître, Annales de la Société 
Scientifique de Bruxelles, 
A47, 49-59, (1927)



Following a period of consultation with the astronomical community, the resolution to
suggestrenamingthe Hubblelaw waspresentedanddiscussedat the XXXGeneralAssembly
of the IAU,held in Vienna(Austria)in August2018. All IndividualandJuniorMembersof the
IAU(11072individuals)were invited to participate in an electronicvote, which concludedat
midnight UTon 26October2018. 4060casta vote by the deadline(37%).

Theproposedresolution hasbeenacceptedwith 78%of the votes in favour and 20%against
(and2%abstaining).



Progress in Observational Cosmology

Cosmic Microwave 
Background (CMB)

Discovery of CMB, Nobel Prize in 1978

Anisotropy in CMB, Nobel Prize in 2006

M S

P W



Progress in Observational Cosmology

Planck2015)

Large Scale Structure (LSS) from Sloan 
Digital Sky Survey (SDSS)

Cosmic Microwave Background (CMB)



Progress in Observational Cosmology

Big Bang Nucleosynthesis(BBN) and CMB

Planck 2015

Planck 2015



Standard Model of Cosmology

a

Cosmic Neutrino Background (CNB)

Â Indirect evidence from BBN, CMB and LSS
Â How to detect CNB in terrestrial experiments?
Â PTOLEMY: ơcapture on beta-decaying nuclei

PDG 2016


