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Why Study the Sun?
• The nearest star - can study it in a greater detail than

any others.  This can help us understand better the
overall stellar physics and phenomenology
– Radiation transfer, convection

– Photospheric and chromospheric activity

• Kind of important for the life on Earth …
– Solar luminosity as major driver for the climate?

• A gateway to the neutrino astronomy (and physics)
– Thermometry of stellar cores and the standard model

– Neutrino oscillations



A Theoretical Model of the Energy
Transfer in the Sun

• The core is surrounded by
a radiative zone extending
to about 0.71 solar radius.
Energy transfer through
radiative diffusion

• The radiative zone is
surrounded by a rather
opaque convective zone of
gas at relatively low
temperature and pressure.
Energy transfer through
convection

•   Hydrogen fusion takes place in a core extending out to
about 0.25 solar radius



Standard Solar Model



Standard Solar Model



Standard Solar Model

(Bahcall et al.)



So, How Good Is This Model?

The excellent agreement between the calculated sound speeds for
the Standard solar model and the helioseismologically measured
sound speed

Looks
pretty
good!

(Bahcall et al.)



We can probe the solar interior using
the Sun’s own vibrations

• Helioseismology is the
study of how the Sun
vibrates

• These vibrations have
been used to infer
pressures, densities,
chemical composition,
and rotation rates
within the Sun

• Major contributions
from Caltech
(Libbrecht et al.)

Radial velocity image
from the Doppler shifts in
spatially-resolved spectra.

The Sun oscillates at a
range of frequencies,

and if a time sequence
of such images is
obtained, we can

map the waves
on the Solar

surface.





Rotation of the Solar Interior



Solar Atmosphere / Surface Layers
• The Sun’s atmosphere

has three main layers:

1. the photosphere

2. the chromosphere

3. the corona

• The visible surface of
the Sun, the
photosphere, is the
lowest layer in the solar
atmosphere



Convection in the photosphere produces
granules



The chromosphere is characterized by
spikes of rising gas - spicules

• Above the photosphere
is a layer of less dense
but higher temperature
gases called the
chromosphere

• Spicules extend upward
from the photosphere
into the chromosphere
along the boundaries of
supergranules





• The outermost
layer of the solar
atmosphere, the
corona, is made of
very high-
temperature gases
at extremely low
density

• The solar corona
blends into the
solar wind at great
distances from the
Sun



Activity in the corona includes coronal mass
ejections and coronal holes

The corona ejects mass into space to
form the solar wind



Sunspots are low-temperature regions
in the photosphere

Sunspots come in groups, and follow the Sun’s
differential rotation.  They start from the higher
latitudes and migrate towards the Solar equator.

They correlate well with other manifestations of
the Solar activity.





Sunspots and other manifestations of Solar
activity are produced by a 22 year cycle in

the Sun’s magnetic field



These changes are caused by
convection and the Sun’s differential

rotation: the Solar Dynamo

The magnetic-dynamo model suggests that many features
of the solar cycle are due to changes in the Sun’s magnetic
field.  Typical field strengths ~ kGa.



The Sun’s magnetic field also produces
other forms of solar activity

• A solar flare is a
brief eruption of
hot, ionized gases
from a sunspot
group

• A coronal mass
ejection is a much
larger eruption that
involves immense
amounts of gas
from the corona



• The Sun’s surface features (including sunspot numbers)
vary in an 11-year cycle; it is really a 22-year cycle in
which the surface magnetic field increases, decreases, and
then increases again with the opposite polarity

• There are probably also longer period cycles



The Long-Term Solar Variability and
Its Effect on the Climate

• All of the human energy production now is < 0.1%
of the Solar flux intercepted by the Earth (and it was
less in the past)

• Solar luminosity and
activity does seem to
vary on long time
scales, and seems to
correlate well with
various measures of
global temperatures

• A politically loaded
question!



The Long-Term Solar Variability and
Its Effect on the Climate
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Sunspots

Temperature

Radiocarbon data



Solar Neutrinos and the Birth of
Neutrino Astronomy

• Detection of Solar neutrinos offers a unique probe of
deep stellar interiors - a fundamental test of our
understanding of stars and their energy production

• For many years, there was a factor of 3 discrepancy
between the theoretical predictions and the experiment
(the “Solar neutrino problem”).  The resolution of it
provided a fundamental physical insight (neutrino
oscillations)

• To date, the only other identified astronomical source of
neutrinos was SN1987A.  This provided a fundamental
test of our understanding of SNe.

(Many slides from here on c/o P. Armitage)



Solar Neutrinos
Overall result of the proton-proton (p-p) chain of reactions:

† 

4 ¥ pÆ2
4 He + 2e+ + 2n e

+28 MeV of energy shared between the reaction products.

Note that this reaction conserves:
• Charge (+4 in electron units on both sides)
• Baryon number (4 protons / 2 neutrons + 2 protons)
• Lepton number (zero on left-hand side / 2 electron

neutrinos + 2 positrons `anti-electrons’ on right-hand
side)

Electron neutrino produced in this reaction can have a range
of energies (E = 0 - 0.42 MeV), but always a small fraction
of the total energy release.



Note: experiments at CERN in the 1980s established that
there are exactly three families of `electron-like’ particles 
(leptons):

Particle Associated neutrino
Electron

† 

n e

Muon

† 

n m

Tau lepton

† 

nt

Lepton number is conserved within each family. So if we 
start with zero electrons, must form pairs of particle + anti-
particle (e.g. electron + positron, or positron + neutrino +
something else to conserve charge).
In the Sun, energy is too low to create muons or tau leptons.
Hence, p-p fusion reactions yield only positrons plus 
electron neutrinos.



What happens to the neutrinos? Cross-section for scattering
of ~MeV neutrinos off matter is s ~ 10-44 cm2. Mean free path
is:

† 

l =
1

sn
…where n is the density of particles. If we
estimate r = 100 g cm-3, then n ~ 2r / mH
which gives n ~ 1026 cm-3.

† 

l ~ 1018  cm ~ 1
3

 pc

The neutrinos escape the Sun without being scattered
or absorbed.
Since we get 2 neutrinos for each 28 MeV of energy, can 
use observed Solar luminosity to calculate neutrino flux at 
Earth:

† 

Neutrino flux =
2Lsun

28 MeV
¥

1
4pd 2 units of particles per

second per cm2



† 

Neutrino flux =
2 ¥ 3.9 ¥1033  erg s-1

28 ¥1.6 ¥10-6  erg
¥

1
4p 1.5 ¥1013  cm( )

2

= 6 ¥1010  cm-2 s-1

Detecting these neutrinos on Earth would:
• confirm or falsify that these reactions were taking place

in the Sun
• provide a direct window into the Solar core

But, very difficult:

† 

Interaction rate = Flux ¥ target area

Target area = number of particles x cross-section:

† 

~ Ms
mH…where M is the mass of the detector.

Taking M = 1000 kg, s = 10-44 cm2, rate is ~10-4 s-1 if we can
detect 100% of the neutrinos. Need a large volume of 
detecting medium.



Neutrinos from the main p-p chain are of very low energy.
Less important reactions (energetically) yield a smaller 
flux of higher energy neutrinos:

† 

p + e- + pÆ2H + n e
3He + pÆ4 He + e+ + n e

e-+7BeÆ7Li + n e
8BÆ8Be + e+ + n e

`pep’ - 1.4 MeV neutrino

0 - 18.8 MeV

0.383, 0.861 MeV

0 - 15 MeV

Can’t calculate the flux of these neutrinos just from knowing
the Solar luminosity. Relative rates of these reactions 
(compared to normal p-p chain) depend sensitively on the
core temperature.
Can be calculated accurately using a model of the Sun + 
nuclear physics.



Prediction of the Solar neutrino flux



Where Do The Solar Neutrinos Come From?

(Bahcall et al.)



Two methods for detecting neutrinos:
1) Absorption by a nucleon

• Reverse process from the nuclear reaction that formed
the neutrino in the Sun. Yields a charged lepton,
plus a different nucleus from the original one, either
of which may be detected.

2) Scattering off an electron
• Neutrino gives up some of its energy to an electron,

which is subsequently detected (for these energies,
detection is usually via Cherenkov radiation)

Highly energy dependent, and with very, very low cross sections



Homestake mine detector
First attempt to detect Solar neutrinos began in the 1960s:

Detector is a large tank 
containing 600 tons of 
C2Cl4, situated at 1500m
depth in a mine in South
Dakota.
Neutrinos interact with the 
chlorine to produce a 
radioactive isotope of argon:

† 

n e+37Cl Æ e-+37Ar

+ an electron which is
not observed.



Argon is periodically removed from the tank by bubbling
helium through the liquid. Then:

• Argon is separated from the helium
• Placed in a proportional counter
• Wait to see the radioactive argon decay:

† 

e-+37ArÆ37 Cl + n e + additional electrons

signal
By adding non-radioactive argon as well, efficiency of
extracting the radioactive isotope is measured - around
95% - almost all the chlorine atoms that undergo a
reaction with neutrinos are able to be removed and
measured!



Solar neutrino problem

Results
from the
experiment;
note units
of atoms
per day…

Express results in `SNU’ (Solar Neutrino Units).
1 SNU = 1 interaction per 1036 target atoms per s

Average result:

† 

2.6 ± 0.3 SNU



Theoretical predictions is:

† 

7.6 ±1.0 SNU
…for this experiment, i.e. discrepant by roughly a factor 
of three. 

Solar neutrino problem
Reaction on chlorine requires a neutrino with energy greater
than about 0.8 MeV - so not measuring the full spectrum of
neutrinos from the Sun here…

Actually miss all of the
p-p neutrinos - only measure
the rarer types…

Many possible solutions
proposed over the years.



Existence of this deficit was subsequently confirmed by 
further experiments:

SAGE - Soviet-American Gallium Experiment
Measured:

† 

n e+71Ga Æ e-+71Ge

Result: 

† 

67 ±10 SNU
Theory:

† 

129 SNU

SAGE was sensitive to
some p-p neutrinos
Very difficult experiment…

Plus a number of other radiochemical experiments …



Theoretical Predictions of Detectable
Neutrino Rates



Super Kamiokande
Measure:

† 

n e + e- Æ n e + e-
look for Cherenkov radiation
from high energy electron in
water

Threshold of
around 5 MeV
Measure:
0.5 SNU
Theory:
1.0 SNU



Status of the Solar neutrino problem ~2000
Several different experiments found neutrino fluxes smaller
than the theoretical prediction:

• Chlorine (E > 0.8 MeV) - 34%
• Gallium (E > 0.2 MeV) - 55%
• Ordinary water (E > 5 MeV) - 48%

Two possible explanations:

Sun is producing fewer neutrinos than expected. Gallium
results meant that a fairly serious error in Solar structure
would have been implied by this…

Electron neutrinos are being produced in the Sun at the
`right’ rate, but are being `lost’ on their way to Earth.



Sudbury Neutrino observatory
Water cherenkov radiation
detector, but uses heavy water
D2O rather than H2O.

~1000 tons of D2O, situated at
7000 foot depth in a mine.



Use of D2O allows three separate classes of neutrino 
interaction to be detected:

Charged current

† 

u e + d Æ p + p + e-

Like the Cl -> Ar reaction (requires changing a neutron into
a proton). Only works for electron neutrinos.

Elastic scattering

† 

n x + e- Æ u x + e-

Same reaction as in Super-Kamiokande. Works for all 
neutrinos, but much smaller cross-section (15%) for 
muon or tau neutrinos as compared to electron neutrinos.

Neutral current

† 

u x + d Æ u x + n + p

New reaction - neutrino breaks up a deuteron. Works
equally for all neutrino flavours.



Results from Sudbury neutrino observatory
fraction of expected
number of events
(based on a Solar
model prediction) 
that are observed 

Total number of
neutrinos agrees
well with the theoretical
expectation

Number of ne is about one 
third of number produced
in the Sun



Most straightforward interpretation of these results:
1) Solar models correctly predict the number of electron

neutrinos formed in the core of the Sun

Evidence: total flux of neutrinos at Earth (all three types)
measured by SNO is in good agreement with this
number.

Probably do understand the astrophysics of the Solar
interior pretty well…

2) Electron neutrinos are converted into a mix of all
three flavours en route to Earth

SNO and all other detectors measure a flux of electron
neutrinos that is much smaller than the predicted Solar
flux.



Neutrino oscillations
Basic idea: particles that are created / observed via nuclear
interactions (the ne, nm, and nt) are linear combinations of 
`different’ particles which propagate through space.

e.g. for only two neutrino flavours can write this as:

† 

u e = u1 cosq + u 2 sinq

um = -u1 sinq + u 2 cosq
particle states that
are created or observed
via weak interactions

particle states that propagate through
space (the `mass eigenstates’)

Use factors of cos q and sin q for mathematical convenience, 
these are just constants. Call q the `mixing angle’, measures
how different the flavour states are from the mass states.



If the neutrinos (strictly now n1 and n2) have zero mass, this
description does not describe any new physics.

However, if at least one of the masses in non-zero, then the
mass eigenstates propagate at different speeds. After 
traveling some distance L, this causes the flavour of the 
neutrino to oscillate between the two possibilities. 

Result is:

† 

Pee =1- sin2 2q sin2 k Dm2

eV2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

L
m
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Ë 
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¯ 
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ˆ 

¯ 
˜ 

-1È 

Î 
Í 

˘ 
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˙ 

Probability that an initially 
electron neutrino will be
subsequently detected as 
an electron neutrino

•  k = constant (k=1.27)
•  Dm2 is the square of the mass difference
•  L is distance between source and detector
•  E is the energy



Actually, things are (even) more complicated because:
• there are 3 types of neutrino, not 2
• if the neutrinos travel through matter, not a vacuum,

the oscillations can be altered

Important point though, is that using a combination of:
• Different Solar neutrino experiments
• Observations of nm created in the Earth’s atmosphere

…can measure (most) of the unknown parameters in the
theory.

Dm2 - the mass difference (squared) between
neutrino states

q - the mixing angle(s)



Derived oscillation parameters are accessible to lab 
experiments. For MeV neutrinos, need to measure the
flux as a function of distance over d ~ 100 km. Possible
neutrino sources:

• Nuclear reactor (very large power but isotropic emission)
• Particle accelerator (smaller power but narrow beam)

e.g. for a reactor with 1 GW power, each fission releases
~200 MeV. Rate of fissions is ~3 x 1019 s-1. Say one neutrino
each, then flux is:

• few x 1010 cm-2 s-1 at d = 100 m
• few x 104 cm-2 s-1 at d = 100 km

Comparable difficulty to the Solar neutrino 
experiments for distances of ~100 km



KamLAND experiment
Experiment measured the flux of neutrinos at d = 160 km from
a Japanese power station. Found to be ~60% of expected flux.

Very strong
evidence for
reality of 
neutrino 
oscillations.



Implications
Neutrinos have mass:

• So far constrained the mass difference between two
neutrinos to be ~6 x 10-5 eV2

• Might be `reasonable’ to assume the masses are 
comparable to the mass difference i.e ~10-2 eV

• But… this is just a guess, don’t know for sure.
• Other limits indicate that the masses are < 1 eV.

Learned more about neutrino physics than about the Sun - 
all existing data is consistent with theoretical models of 
fusion in the Sun, but enough free parameters in oscillation 
theory that haven’t yet tested the details via neutrinos…



The Only Other Identified Source of
Astronomical Neutrinos: SN 1987A

• Detection by several
neutrino experiments

• An excellent agreement
with theory!  We got the
SN story right.

• Could use neutrino
detections as a SN early
warning system



Detection of high-energy neutrinos, via
Cherenkov radiation produced by
secondary muons.

The detectors are PMTs on strings within
highly transparent Antarctic ice.

Similar experiments are also done in deep
ocean or lake waters (DUMAND, Nestor,
Baikal, …)



Detection of Muon Neutrinos

atmospheric muons

nm (ne)
cosmic
radiation

nm (ne)

Earth acts as shield 

O(km) long muon tracks 

direction determination 
by Cherenkov light timing

   ª 15 m



Optical 
module (677)

1996-2000

Amundsen-Scott Station South Pole

 AMANDA II Detector



Sample Events:


