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Outline

• Neutrino mixing and “self-coupling”

• Why do collective oscillations occur?

• Where do collective oscillations occur?
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Neutrino Mixing
weak flavor states vacuum mass eigenstates
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23| � 2–3× 10−3eV2, θ13 � 0.2

CP violation phaseφ is unknown
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Abstract

The T2K experiment observes indications of νµ → νe appearance in data accumulated with

1.43× 1020 protons on target. Six events pass all selection criteria at the far detector. In a three-

flavor neutrino oscillation scenario with |∆m2
23| = 2.4× 10−3 eV2, sin2 2θ23 = 1 and sin2 2θ13 = 0,

the expected number of such events is 1.5±0.3(syst.). Under this hypothesis, the probability to

observe six or more candidate events is 7×10−3, equivalent to 2.5σ significance. At 90% C.L.,

the data are consistent with 0.03(0.04)< sin2 2θ13 < 0.28(0.34) for δCP = 0 and normal (inverted)

hierarchy.

PACS numbers: 14.60.Pq,13.15.+g,25.30.Pt,95.55.Vj
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FIG. 6. The 68% and 90% C.L. regions for sin2 2θ13 for each value of δCP, consistent with the

observed number of events in the three-flavor oscillation case for normal (top) and inverted (bottom)

mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values are shown

with solid lines.

∗ also at J-PARC Center
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T2K’s new
result
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Neutrino Oscillations 
in SNe

i
d

dλ
|ψν,p� = Ĥ|ψν,p�

H =
M

2

2E
+

√
2GF diag[ne, 0, 0] + Hνν

mass matrix

neutrino energy

electron density

!-! forward scattering
(self-coupling)
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Neutrino Oscillations 
in SNe
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neutrinosphere 

!k

!q
!p

Neutrino Oscillations 
in SNe
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δm2 = −3× 10−3 eV2, θv � 1, Lν = 1051 erg/s
�Eνe� = 11MeV, �Eν̄e� = 16MeV, �Eνx,ν̄x� = 25MeV
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Why?
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Neutrino Flavor Isospin
�
e−

νe

� �
µ/τ

νµ/ντ

�
Weak
Isospin

Flavor Isospin
d
dλ

�s = �s× �H

i
d
dλ

ψν = Hψν

= − �H · �σ

2
ψν

e-flavor τ �-flavor maximally mixed

�sν ≡ ψ†
ν
�σ

2
ψν ↑ ↓ →

�sν̄ ≡ (σyψν̄)†
�σ

2
(σyψν̄) ↓ ↑ →
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Vacuum Oscillations

sf
z = Pνeνe −

1
2

ω ≡ ±δm2

2E

2θv

�H = ω �Hvac
�Hvac ≡ −ê

f
x sin 2θv + ê

f
z cos 2θv

�Hvac

êf
z

�sν
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MSW Mechanism

ω �Hvac êf
z

�sν

ne → 0

ω �Hvac êf
z

�sν�H
ω =

δm2

2E
, δm2 > 0

neutrino, normal hierarchy
�Hmatt
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f
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√
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MSW Mechanism

δm2 < 0

inverted hierarchy
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Collective Oscillations

δm2 < 0

inverted hierarchy
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Collective Oscillations

δm2 < 0

inverted hierarchy
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Collective Oscillations

neutral (HD et al, PRD, 2005)

disrupt collective oscillations

homogeneous, isotropic neutrino gas

special axis

d

dt
�sω = �sω × �Hω

= �sω × (ω �Hvac + �Hmatt + �Hνν)

cause collective oscillations

distribution function
coupling strength, ! neutrino density

�Hνν = −µ

� ∞

−∞
dω�

f(ω�)�sω�
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Collective Oscillations

neutrino

Eν

ω = +
δm2

2E

0 EC

-! "0

Pνν

1

0 +!

inverted mass hierarchy

collective precession frequency
at nν→0.

#

antineutrino

ω = −δm2

2E

Eν̄
0!

if collective precession exists until nν→0: 

HD et al, PRD (2006)
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Collective Oscillations
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Where?
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• vacuum term: Λvac=Δm2/2E

• matter (electron) density: Λmat=√2̅GFne

• neutrino density: Λν=√2̅GF(nν-nν̅)

Neutrino Oscillations

H =
M

2

2E
+

√
2GF diag[ne, 0, 0] + Hνν
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Collective Oscillations
• Λvac depends on neutrino energy ⇒ ΔΛvac: 

dispersion in energies

• ΔΛvac (~ Λvac) ≲ Λν�1-cosΘ�: neutrinos with 
different energies oscillate in phase

!k

!q
"#!�1-cos"�$ r-2 r-2 = r-4

"vac=#m2/2E "!=$2 %GF(n!-n!%)
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Self-Suppression
• ΔΛvac (~ Λvac) ≪ Λν�1-cosΘ�: 

synchronization; no significant oscillations 
unless experiencing MSW resonance          
(Pastor et al 2001, 2002)

• Criterion for significant collective oscillations: 
ΔΛvac (~ Λvac) ~ Λν�1-cosΘ�                     
(Duan, Fuller & Qian, 2005)

"vac=#m2/2E "!=$2 %GF(n!-n!%)
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Matter Suppression

• Λmat ≳ Λν�1-cosΘ�: suppression of collective 
oscillations?

• No. Uniform matter distribution does not 
suppress collective oscillations in the 
homogeneous and isotropic neutrino gas.   
(Duan, Fuller & Qian, 2005)

"mat=$2 %GFne "!=$2 %GF(n!-n!%)
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Matter Suppression
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Matter Suppression
• Dispersion in Λmatdλ/dr: ΔΛmat

• Criterion for significant collective oscillations: 
ΔΛvac + ΔΛmat ~ Λν�1-cosΘ�

• ΔΛmat ≳ Λν�1-cosΘ�⇒ suppression of 

collective oscillations (Esteban-Pretel et al, 2008)

• ΔΛmat∝ r-2 ρ(r) ⇒ suppression only at early-

time and/or very close to NS
"mat=$2 %GFne "!=$2 %GF(n!-n!%)"vac=#m2/2E
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• Λν�1-cosΘ�depends on neutrino emission 
angle ⇒ dispersion in angles ΔΛν (~Λν�1-

cosΘ�)

• Criterion for significant collective oscillations: 
ΔΛvac +ΔΛmat + ΔΛν ~ Λν�1-cosΘ�              
or ΔΛvac ~ ΔΛν  for low matter density          
(Duan & Friedland, 2010)

Multiangle Suppression

"vac=#m2/2E "!=$2 %GF(n!-n!%)
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�Eνe� = 9.4MeV, �Eν̄e� = 13.0MeV, �Eνx,ν̄x� = 15.8MeV

�Lνe� = 4.1 foe, �Lν̄e� = 4.3 foe, �Lνx,ν̄x� = 7.9 foe
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Summaries

• Collective neutrino oscillations can occur 
in dense neutrino media — This is a result 
of intrinsic symmetry.

• Significant collective oscillations occur 
when neutrino densities are “moderate”.

• Be careful with the single-angle 
approximation.

• Stay tuned ...
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