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1. Thermonuclear reactions
2. Pycnonuclear reactions
3. Nuclear physics and neutron star crust



Classical theory of thermonuclear reactions
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Classical theory of thermonuclear reactions
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Reaction rate R depends mainly on T

History

Example

G. Gamow, H. Bethe, C. Critchfield, E. Salpeter,
C. Von Weizsacker, A. Cameron, W. Fowler, G. Rivers

Carbon burning: ...MgCC *241212 ��+
Rnt i /,cmg10 3-9 ==ρ = burning time

T=109 K      � t~ 1 min

T=108 K     � t~1036 yr No burning at low T!

Nobel Prize, 1967

1938



Pycnonuclear reactions
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Coulomb lattice of nuclei, T=0 d
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WKB tunneling:
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The reaction rate exponentially
increases with growing density!



PYCNONUCLEAR BURNING OF DENSE STELLAR MATTERPYCNONUCLEAR BURNING OF DENSE STELLAR MATTER

tburn~1075 yrs tburn~0.1 s



Gamow and Wildhack



Later History

Zel’dovich (1957)

Cameron (1959) – “pycnos”

Kirzhnits (1960)

Kopyshev (1964)

Wolf (1965)

Van Horn (1966)

Salpeter & Van Horn (1969)

Schramm & Koonin (1990)

Ichimaru, Ogata, Iyetomi,
Kitamura, Van Horn



Cold Fusion Experiments (March 1989)



GENERAL OUTLOOK

Conditions for
pycnonuclear
burning:

(1) Light nuclei
(2) High densities
(3) Low temperatures



OVERALL STRUCTURE OF A NEUTRON STAR

Four main layers:
1. Outer crust
2. Inner crust
3. Outer core
4. Inner core

The main mystery:
1. Composition of the core+
2. The pressure of dense
matter=
The problem of
equation of state (EOS)



OUTER CRUST

Electron background

)g/cm   104( 311×<ρ

INNER CRUST )2/g/cc  104( 0
11 ρρ <<×

e+n background



Ground-state matter in the outer crust

Baym, Pethick, 
Sutherland (1971)

Haensel, Pichon (1994)

BPS71

In laboratory
N=48



Ground-state matter in the inner crust

Negele & Vautherin (1973)



Soft XSoft X--ray transientsray transients

Active  states: LX= 1036 -1039 erg/s

weeks – months – years; X-ray bursts

Quiescent states: LX= 1030 – 1034 ergs/s

SXRTs belong to LMXRBs

SXRT = neutron star + donor star

Donor star: main-sequence or 
subgiant, M �  M

����

.Porb: a few hours – a few days 

Brown, Bildsten & Rutledge (1998):  
Aql X-1   Ts ~ 106 K

‹M› � 10-11 – 10-9 M
����

/yr.

years - decades



Reactions:
1. Beta captures
2. Neutron emission

and absorption
3. Pycnonuclear

reactions 

Accreted Crust Accreted Crust 

Work:
Haensel & Zdunik (1990)

Outer and inner crust
Starting from 56Fe 

Haensel & Zdunik (2003)
Outer and inner crust
Starting from 106Pd

Gupta et al. (2006)
Outer crust starting 
either from rp-process

ashes
or from superburst ashes



Haensel and Zdunik 1990Accreted crust: Starting from 56Fe



Haensel and Zdunik 2003Accreted crust: Starting from 106Pd



Starting from 56Fe or 106Pd?

Pd

Pd

Fe

Fe
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NEW (ASTROPHYSICAL) DIMENSIONNEW (ASTROPHYSICAL) DIMENSION



1. Cold dense matter undergoes pycnonuclear burning
2. Pycnonuclear burning is inefficient in ordinary stars but 

can be important in cores of white dwarfs and 
envelopes of neutron stars 

3. Applications of pycnonuclear burning include: 
(a) explosion of white dwarfs as supernovae Ia
(b) deep crustal heating of transiently accreting neutron 
stars

4. The theory of pycnonuclear burning is far from perfect
5. There is a wide field for nuclear physicists in the 

physics of neutron stars 

SUMMARY


