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Stellar energetics. The pp chain

hydrostatic equilibrium in stars

P pressure, dominated by thermal 
motion of electrons and ions / T 4
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stars radiate energy at high rate

rate at which energy is generated on the 
shell at distance r from the center

rate of generation of mechanical energy 
through the stellar entropy S and the 
temperature T

nuclear energy

for stars like the Sun on the main sequence of stellar evolution, 
nuclear energy dominates
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Nuclear fusion
fusion of 4 protons to He nucleus  
—> 24.7 MeV energy gain
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p-p chain
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Neutrinos from the Sun - Hydrogen burning

p-p cycle

CNO cycle
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Solar neutrinos
solar luminosity
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neutrino flux at Earth
(distance 1 AU to Sun)

two principal methods to detect neutrinos:
- radiochemical method, using inverse beta decay
- neutrino (electron) scattering

the methods have different energy thresholds
neutrino cross sections are small
—> difficult experiments  
1 SNU (solar neutrino unit) 10-36 neutrino captures per target atom per second
1 ton target with mass number A=20
number of atoms 106 NA/A ~ 3x1028

less than 1 neutrino interaction per year for 1 SNU
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iment, which was planned to detect neutrinos absorbed by 7Li, was abandoned after the
initial chlorine results showed that the solar neutrino flux was low. These three experiments
introduced the technology of organic scintillators into the arena of solar neutrino research, a
technique that will only finally be used in 2001 when the BOREXINO detector will begin to
detect low energy solar neutrinos. Also during this period, John investigated the properties
of neutrino electron scattering and showed that the forward peaking from 8B neutrinos is
large, a feature that was incorporated two and half decades later in the Kamiokande (and
later SuperKamiokande) water Cherenkov detectors.

Ray Davis shows John Bahcall the tank containing 100,000 gallons of

perchloroethylene. The picture was taken in the Homestake mine shortly

before the experiment began operating.

The first results from the chlorine experiment were published in 1968, again in a back-
to-back comparison (in PRL) between measurements and standard predictions. The initial
results have been remarkably robust; the conflict between chlorine measurements and stan-
dard solar model predictions has lasted over three decades. The main improvement has
been in the slow reduction of the uncertainties in both the experiment and the theory. The
e±ciency of the Homestake chlorine experiment was tested by recovering carrier solutions,
by producing 37Ar in the tank with neutron sources, and by recovering 36Cl inserted in a

tank of perchloroethylene. The solar model was verified by comparison with precise helio-

seismological measurements.

threshold 0.814 MeV
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615 tons of C2Cl4
operated for 30 years
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Solar neutrino detection

GALEX and SAGE

threshold 0.232 MeV —> detection of pp neutrinos

GALEX: 30 tons gallium
SAGE: 57 tons gallium

—> measured ~70 SNU (SSM predicts ~130 SNU)
—> experimental prove that pp chain is main source of 
solar energy
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Neutrino scattering
neutrino scattering reaction
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scattered electron carries large fraction of neutrino energy and moves in direction 
close to initial direction of neutrino

cross section
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Kamiokande experiment, Super-Kamiokande
threshold, originally 7.5 MeV, gradually lowered to 6.5 MeV

—> ~13 neutrinos/day from Sun



Particles & Cosmos, Jörg R. Hörandel �14

29

27

~30 t typical size of a neutrino detector

e.g. Super Kamiokande (50 000 t)
ultra-pure water (~30000 PMTs)

method: neutrino-electron scattering 
 
 
 
 
electrons are boosted in forward direction 

Ee‘ kinetic energy of recoil electron (Compton) 
measurement of the electron via Cherenkov radiation in 
water  
 
threshold

27

~40 m

~40 m

atom

cos# =
1 + me

E⌫q
1 + 2me

E0
e

cos⇥c =
1

�n
H2O : n = 1.33 ) ⇥c = 42�

E⌫ > 7.5 MeV

�⌫e ⇡ 10�43 cm2

✓
E⌫

10 MeV

◆
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Super Kamiokande
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Super Kamiokande

electron muon
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Super Kamiokande
sun in neutrino „light“
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�6( W>%(MNS�>%8>4 @- NS(;;�M (X@;WS8@> NS�MSN Y8S6 S6( @�N(MX�S8@> @- <�>[
NS�MN �>% S6(8M !;�NN80!�S8@> 8> S(M<N @- N(X(M�; 8<B@MS�>S B�M�<(S(MN NW!6 �N
<�NN$ ;W<8>@N8S[ �>% NWM-�!( S(<B(M�SWM(F �@>( @- S6(N( B�M�<(S(MN !�> �(
�;Y�[N BM(!8N(;[ <(�NWM(%F �6( <W!6 <@M( BM(!8N( %�S� @> S6( �W> 6(;B 8>
S6( 8>S(MBM(S�S8@> @- @S6(M �NSM@>@<8!�; @�N(MX�S8@>NF

�6( <�NN @- � NS(;;�M @�9(!S !�> �( %(M8X(% @>;[ Y6(> S6( NS�MN �M( 8>
� �8>�M[ N[NS(<F �6( %(M8X�S8@> @- ;W<8>@N8S[ %(B(>%N @> S6( :>@Y;(%4( @-
S6( %8NS�>!( S@ S6( @�9(!S C�(!�WN( @- S6( 8>X(MN( NHW�M( %(B(>%(>!(D$ Y68!6
8N @-S(> %(S(M<8>(% M(;�S8X(;[ S@ S6( �(SS(M :>@Y> %8NS�>!( S@ @S6(M �NSM@7
B6[N8!�; @�9(!SNF �6( ;W<8>@N8S[ 8N (ZBM(NN(% 8> S6( ;@4�M8S6<8! <(�NWM( @-
�BB�M(>S <�4>8SW%($ Y68!6 8N BM@B@MS8@>�; S@ �VF1 ;@4 $ Y6(M( S6( NS(;;�M

experiments measure less solar neutrinos than expected
—> solar neutrino puzzle

solution: neutrino oscillations  —> will discuss later
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Stellar evolution
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Hertzsprung-Russel diagram
luminosity vs surface temperature

stars stay on main sequence until ~10% 
of their mass is exhausted in the fusion 
of helium

massive stars spend less time on main 
sequence,  duration ~M-3

sun ~10 billion years
           only ~1 million years
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Supernova explosions
massive stars (M > 1.4 Msun) 
e.g. 20 Msun: subsequent fusion of heavy elements up to iron
—> upper right corner of HRD

high density and temperature in center of star
—> new radiation process: neutrino emission
photons generate electron-positron pairs through collisions with matter
—> neutrinos can leave star unscattered (low cross section)
—> energy lost for hydrostatic equilibrium
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electrons and protons interact —> neutrons

core (~ inner 1.4 solar masses) of star collapses

collapsing region decreases to about 50 km
—> central density exceeds nuclear density

inner core bounces back, shock propagates outwards, carries 1051 ergs of energy
—> Supernova explosion

some of the heavy elements disintegrate —> consumes energy/decreasing pressure
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Core-Collapse Supernova Explosion
Massive stars collapse ejecting the outer mantle by means of shock-wave driven explosions.

neutrino 
cooling 

by diffusion

Implosion 
(Collapse)

Explosion

Neutrinos carry 99% of the 
released energy (~ 10    erg).53

Neutrino energies: ~ 10 MeV.
Neutrino emission time: ~ 10 s.

radiate away binding energy
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Supernova neutrinos
binding energy radiated away through neutrinos
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high densities in core
pair production of particles and scattering
electron neutrinos and anti neutrinos scatter on average ~10000 times

as neutrinos cool down to 20-30 MeV they can escape from the porto-neutron star

SN1987A in large Magellanic cloud (23 February 1987) d ~50 kpc
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for binding energy of

and monoenergetic neutrinos (15 MeV) the flux at Earth should contain
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neutrinos of all flavors during about 10 sec



Particles & Cosmos, Jörg R. Hörandel �23

Neutrinos from SN 1987a
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Kamiokande II
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Neutrinos from SN 1987a

detailed calculations and models: T = 4.1 MeV
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accounting for energy of non-interacting neutrinos,
total neutrino energy from SN1987A is
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Are We Ready For the Next SN Explosion?

Recent review papers: Scholberg (2012). Mirizzi, Tamborra, Janka, Scholberg et al. (2016). 

Expected number of events for a SN at 10 kpc and dominant flavor sensitivity in parenthesis.

HALO (30,        )⌫e, ⌫x
SNO+ (300,   )⌫̄e

MicroBooNE (17,   )⌫e

NovA(4000,   )⌫̄e

LVD (300,   )⌫̄e
Borexino (100,   )⌫̄e

Baksan (100,   )⌫̄e KamLAND (300,    )⌫̄e
Super-Kamiokande (7x10 ,   )4 ⌫̄e

Daya Bay(100,   )⌫̄e

IceCube (10 ,   )6 ⌫̄e

Fundamental to combine the SN signal seen in detectors employing different technologies.



Particles & Cosmos, Jörg R. Hörandel �26

Supernova remnants

SN1006

Crab nebula 1054

Tycho’s supernova 1572

Kepler’s supernova 1604 Cas A  1680

6 supernovae observed in last 
millenium in Galaxy and LMC
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X-ray
optical

infrared radio

Cassiopeia A 

3
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optical light curve of SN1987A
during first 3 years
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Acceleration of cosmic rays
kinetic energy of SNR is converted to cosmic rays
volume of Galactic disc
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measurements of this quantity

power of cosmic rays:
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—> SNR are attractive candidates for cosmic-ray acceleration
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Stochastic acceleration of charged particles
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energy gain proportional to speed of cloud 
squared
—> second order Fermi acceleration

for all scattering angles
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Stochastic acceleration of charged particles

SEU �!!&9&L�R6?< ?+ !?M:6! L�ZM PS

B�MS8!;( (>S(M S6( !;@W%$ N!�SS(M <�>[ S8<(N 8> S6( <�4>(S8! SWM�W;(>!( �>%
(X(>SW�;;[ !@<( @WS @- S6( !;@W% <@X8>4 8> � %8M(!S8@> !@;;8>(�M �>% @BB@N8S(
S@ 8SN 8>8S8�; %8M(!S8@>$ �N N6@Y> Y8S6 SM�!: � 8> �84F TF)F

�6( B�MS8!;( (>(M4[ 8> S6( !@@M%8>�S( N[NS(< @- S6( !;@W% 8N

��
* + /�+C�* G #�+?*D & CTFAAD

Y6(M( #�+ + P�+J$ �>% /�+ + CA@ � #&
�+D

��;&F �6( 8>S(M�!S8@>N @- S6( B�MS8!;(
Y8S6 S6( <�4>(S8! 0(;% 8>N8%( S6( !;@W% Y8;; �( !@<B;(S(;[ (;�NS8!$ 8F(F S6(
B�MS8!;( (>(M4[ �>% <@<(>SW< Y8;; >@S !6�>4(F 	SN %8M(!S8@>$ 6@Y(X(M$ 8N
!6�>4(%$ M(X(MN(% 8> S68N N8<B;( (Z�<B;(F �6( (>(M4[ @- S6( B�MS8!;( �� �S
S6( S8<( 8S (Z8SN S6( !;@W% Y8;; �(

�� + /�+C�
�
* G #�+?

�
*D + �* � /&

�+CA G #�+D
& CTFAVD

�6( B�MS8!;( 6�N 4�8>(% (>(M4[ ��F �6( M(;�S8X( 4�8>

��

�
+

�� � �*

�*
+ /&

�+CA G #�+D
& � A � S CTFATD

8N BM@B@MS8@>�; S@ S6( NHW�M( @- S6( X(;@!8S[ @- S6( <�4>(S8! !;@W%F �@S( S6�S
S6( (>(M4[ 4�8> Y�N %(M8X(% -@M � B�MS8!;( Y68!6 (Z8SN S6( !;@W% 8> S6( %8M(!S8@>
(Z�!S;[ @BB@N8S( S@ S6�S @- 8SN (>SM[F �6( (>(M4[ 4�8> %(B(>%N X(M[ NSM@>4;[
@> S6( M(;�S8@> �(SY((> S6( �>4;(N @- S6( (>SM[ �>% S6( (Z8S @- S6( !;@W%
M(;�S8X( S@ S6( !;@W% X(;@!8S[ X(!S@MF 	> S6( N�<( @>(7%8<(>N8@>�; B8!SWM($ -@M
(Z�<B;($ S6( B�MS8!;( Y@W;% >@S 4�8> �>[ (>(M4[ 8- 8S ;(-S S6( !;@W% S6M@W46 8SN
-�M N8%( �>% !@>S8>W(% <@X8>4 8> 8SN 8>8S8�; %8M(!S8@> �N 8> SM�!: � 8> �84F TF)F
�6(M( �M( �;N@ !@>04WM�S8@>N 8> Y68!6 S6( B�MS8!;( ;@N(N (>(M4[$ (F4F Y6(> S6(
B�MS8!;( (>S(MN S6( !;@W% �;@>4 S6( !;@W% X(;@!8S[F

�@M B�MS8!;(N S6�S (>S(M �>% ;(�X( S6( !;@W% �S �>4;(N %8.(M(>S -M@< \(M@
�>% C M�%8�>N S6( SM�>N-@M<�S8@>N 8> (HW�S8@>N CTFAAD �>% CTFAVD 8>!;W%( S6(
S(M< !@N M#�+ Y6(M( M 8N S6( �>4;( �(SY((> S6( B�MS8!;( �>% S6( !;@W% %87
M(!S8@>NF �>( !�> !�;!W;�S( S6( �X(M�4( X�;W(N @- !@N M -@M S6( B�MS8!;(N S6�S
(>S(M �>% ;(�X( S6( !;@W%F �8>!( S6( B�MS8!;( %8M(!S8@> 8>N8%( S6( !;@W% 8N -W;;[
8N@SM@B8\(% S6M@W46 <W;S8B;( N!�SS(M8>4N S6( (Z8S �>4;( 8N M�>%@< �>% 
!@N M&�
+ ]F �6( (>SM[ �>4;( %(B(>%N @> S6( !;@W% X(;@!8S[ �>% 
!@N M�� + �#JTF �6(
�X(M�4( (>(M4[ 4�8> B(M !;@W% (>!@W>S(M S6(> �(!@<(N S � 3JT #&

�+F
	S 8N 8<B@MS�>S S@ M(<(<�(M S6�S S6( -M�!S8@>�; (>(M4[ 4�8> 8> S6( BM@!(NN

@- NS@!6�NS8! �!!(;(M�S8@> 8N !@>NS�>SF �-S(M < (>!@W>S(MN @- <�4>(S8! !;@W%N
CY8S6 S6( N�<( #�+ -@M N8<B;8!8S[D S6( B�MS8!;( (>(M4[ Y8;; �(

�/ + �*CA G SD/ CTFA3D

�>% S6( >W<�(M @- (>!@W>S(MN >((%(% S@ M(�!6 (>(M4[ �/ 8N M(NB(!S8X(;[

< + ;>

�

�/

�*

�

J ;> CA G SD@ CTFA1D

at every encounter particle can escape
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problems:
1) typical velocity of interstellar clouds  
 
 

2) mean free path of CRs  
 
 
 
example: 
accelerate particles from 1 GeV to 1 PeV

� =
3D

v
=

3 · 1028 cm2

s
3 · 1010 cm

s
= 1018 cm = 0.3 pc

E0

E
= 106 !

✓
1 +

�E

E

◆k

= 106

! k ⇡ 0.5 · 109 ! t ⇡ 0.5 · 109 a

⇡ 2.6 · 10�8

V

c
⇡ 10�4 !

⌧
�E

E

�
⇡ 2.6 · 10�8

process too slow
‘age‘ of CRs ~107 a

energy losses through 
ionization etc. are 
stronger than energy 
gain
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1st order Fermi acceleration 

1977: Effective acceleration in connection with strong 
shocks if plasma moves with supersonic velocity 
through ISM.
Such conditions can be found in supernova explosions.

Shock waves are a general phenomenon  if particles or 
plasma clouds move at supersonic velocities

resting gas

U supersonic

shock front

examples of ideal shocks:
- interplanetary shock 

against the solar wind or 
- bow shock of solar system
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supersonic shock
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structure of Earth’s magnetosphere
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SOHO observation of an interplanetary shock
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Voyager 1 & 2 spacecraft
launched 1977 

Voyager 1 crossed the termination shock
September 23, 2005

Voyager 1+2
launched 1977
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Particle acceleration at astrophysical shocks
shock ahead of expanding SNR is formed because expansion velocity of the 
remnant vR is much higher than the sound velocity of the ISM
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ISM at shock is ionized
—> shock velocity
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strength of shock is characterized by compression ratio
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—> shock is represented as plane for the purpose of particle acceleration
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shock acceleration
1st order Fermi acceleration

Axford, Blanford, Ostriker 1977 ff

rest system of shocked ISMrest system of shock

rest system of the un-shocked ISMrest system of the un-shocked ISM
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acceleration mechanism:

1) particles in the ISM before the shock  

2) shock front passes particles  
                  plasma cloud moves 
 
energy gain  

3) isotropized particles stay close to the shock and 
again move towards the shock front 
 
--> energy gain 

4) going back to 2)

3

4
Us

�E

E
/ Us

c

�E

E
/ Us
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remarks:

1) fully symmetric before and after the shock  

2) on average, only head-on collisions  

3) process is very fast 
particles stay in vicinity of shock front  
and are accelerated at each encounter  
 
 
at some point the particles escape,  
because their energy is too high to  
be reflected by the B fields

/ Us

c

13
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Particle acceleration at astrophysical shocks

this mechanism is much faster than original Fermi acceleration
—> 1st order Fermi acceleration, proportional to 
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1st order Fermi acceleration gives prediction for spectral index 

SNR shock waves with v~109 cm/s and sound speed of ISM 106 cm/s
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Particle acceleration at astrophysical shocks
maximum energy of shock acceleration
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Sources of Cosmic Rays
Galactic sources
Supernovae

We have seen already that Supernovae produce enough 
energy.
And shock fronts are observable at SNRs.

expansion velocity of shock front up to
(M>>1) 

duration up to 100000 a
--> diameter of ~2-3 kpc

20� 30 · 103 km

s
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X-ray, Optical & Infrared Composite of Kepler's SNR

Kepler’s supernova 1604, d ~ 8 kpc
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Chandra x-ray image

Tycho’s supernova 1572, d ~ 2.3 kpc
vs ~ 4600 +/- 400 km/s
Ekin ~ 5*1050 erg
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Particle acceleration at astrophysical shocks
maximum energy of shock acceleration
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ASCA (Advanced Satellite for Cosmology and Astrophysics)

SN 1006
x-ray image

SNR measured in x-rays
—> acceleration of particles
(at least electrons)
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SN emits radiation in x-ray regime  
(high plasma temperatures)

radio emission through synchrotron radiation of 
electrons

energy loss:                                               r fixed

                                                                    r free

--> important for electrons  (104 compared to protons)

--> confirmation of shock acceleration of particles  
(striclty speaking only for electrons)
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H.E.S.S.  supernova remnant RXJ 1713
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measured in TeV gamma rays

with spectral 
index as 
predicted by 
Fermi 
acceleration
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Acceleration - additional considerations
so far we assumed that the B field is normal to the shock front
(parallel shock) B

for perpendicular shock, acceleration is aided by electric field, created by inflow of 
magnetized plasma from the upstream region
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magnitude of electric field
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—> effective energy gain, could be orders of magnitudes higher than in parallel shocks
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Acceleration - additional considerations
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Wolf-Rayet star

acceleration seems to be 
feasible up to values 
exceeding E > Z*1017 eV


