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The MSW Effect

When neutrinos pass through matter, a subtle and very important
phenomenon occurs...

...The MSW (Mikheyev-Smirnov-Wolfenstein) effect which is the
adiabatic or partially adiabatic neutrino flavor conversion in a

medium with varying density.



Main Notions

It is pretty similar to a refraction of light in a medium, but now it
happens that the particle (wave) propagating is not a photon... but
a neutrino!

With this in mind we’re going to analyse a few concepts: the
refraction of neutrinos, the ressonance (level crossing) and the

adiabacity.



Scattering of Neutrinos

When neutrinos travel through a dense medium, they experience
forward scattering from particles they encounter along the way.

There will be then a contribution to our hamiltonean from a
potential proportional to the density of these particles (electrons).



The Refraction of Neutrinos

Similarly to optics, the net effect of this coherent elastic forward
scattering is the appearance of a phase difference, a refractive
index, or equivalently, a neutrino effective mass.

As a result, the oscillation probability can be rather different than it
is in vacuum. Let’s see how.



Simplest case: two neutrino mixing νe → νµ

Recording the equation previously mentioned by Mariana and
Débora for α = e:

With each element of the matrix explicit for our case:

Where ∆m2 ≡ m2
2 −m2

1, ϑ is the mixing angle, and ACC is
proportional to our potential.



Finding our effective parameters

So, the evolution equation has the structure of a Schrödinger
equation with the effective Hamiltonean matrix in the flavor basis:

We can rediagonalise HF to obtain the mixing matrix and mass
eigenstates in matter, via a rotation matrix, similar for that in
vacuum:

HF =
(
∆m2

M
4E

)(
−cos2ϑM sin2ϑM
sin2ϑM cos2ϑM

)
Where ϑM is the effective mixing angle and ∆m2

M the effective
difference of squared masses.



Effective parameters: ϑM and ∆m2
M

As the great physicists we are, it’s easy to derive the expressions for
our effective mixing parameters from the last two matrices:

and



Again, the evolution equation

Now that we know how our effective parameters work, we can
rewrite our evolution equation:

Playing a little bit with the transformation:

The evolution equation finally becomes...



Resonance

An interesting phenomenon occurs if ACC becomes

Which corresponds to an electron number density and an effective
squared-mass diference in matter of

Combining this expressions... ϑM = π/4 ⇒ RESONANCE



Adiabaticity

I If matter density is constant dϑM/dx = 0

Diag =

(
−∆m2

M 0
0 ∆m2

M

)
The evolutions of the effective massive neutrinos are
decoupled. It is similar to vacuum only with ∆mM and ϑM
instead of ∆m and ϑ.
Which leads us to the transition probability



Playing with Probabilities

Now let’s take a look at the probability equation including the
resonance conditions:

↔ Pνe→νµ(x) = sin2
(
πsin(2ϑ)

x
Losc

)
if

sin(2ϑ)
x

Losc
=

n
2

we can have
Pνe→νµ(x) = 1

This is not an oscillation probability but a conversion of a
neutrino’s flavour!! This is the MSW effect.



Adiabaticity

I If matter density is not constant... dϑM/dx 6= 0
There may be transitions between the massive neutrinos νM

1
and νM

2 .
Introducing the adiabaticity parameter

If γ � 1 in all points of the neutrino trajectory, the evolution
is adiabatic, which means that the transitions between νM

1 and
νM
2 are neglegible.

The average survival probability in the adiabatic evolution is



Graphics, ploting tan2ϑM and ∆m2
M

Having in mind that the flavour neutrinos are a superposition of
massive neutrinos, denote that:

(
νe
νµ

)
=

(
cosϑM sinϑM
−sinϑM cosϑM

)(
ν1
ν2

)
⇔

{
νe = cosϑMν1 + sinϑMν2
νµ = −sinϑMν1 + cosϑMν2



Now some physics: the solar neutrinos!

I At the center of the sun
Ne � NR

e , the effective
mixing angle is pratically
90o and the electron
neutrinos are produced as
almost pure ν2

I As neutrino propagates out
it crosses the resonance
zone adiabatically at
Ne = NR

e and so the
neutrino remains ν2

I This neutrino exits the Sun
as ν2 = sinϑνe + cosϑνµ
which is almost equal to νµ

I This is the case in which
the MSW effect is most
effective and striking, since
a large conversion is
archieved in spite of a small
mixing angle



Beyond the Adiabatic case!

Inside collapsing stars new elements of the MSW dynamics may
show up: non-oscillatory transition, non-adiabatic conversion, time

dependent adiabacity violation induced by shock waves...



The End!
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