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THERMONUCLEAR REACTIONS

Reaction rate:
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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

Test Stellar evolution
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The reaction rate exponentially
increases with growing density!
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tburn~1075 yrs tburn~0.1 s

DENSITY DEPENDENCE OF CARBON BURNING RATES



Gamow  and Wildhack



Later History

Zeldovich (1957)
Cameron (1959) – “pycnos”
Kirzhnits (1960)
Kopyshev (1964)
Wolf (1965)
Van Horn (1966)
Salpeter & Van Horn (1969)
Schramm & Koonin (1990)



PHYSICAL CONDITIONS

i

i
ppp

mL

i

m
neZT

T
a
eZT

n
a

aT
eZ

22

22

3/122

4,

175;1

.
4

3,

πωω

π

==

=Γ⇒=Γ⇒=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
==Γ

h

...21 →→+ cZZZ



PHYSICAL STATES OF IONS

Gas Strongly coupled
classical system

Strongly coupled
quantum system
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FIVE REGIMES OF BURNING IN DENSE MATTER

Thermonuclear

Intermediate

Pycnonuclear
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GENERAL OUTLOOK for Carbon Burning



Applications of pycnonuclear burning

White dwarfs and neutron stars (particularly, accreting)
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WDs as SN Ia
NSs: X-ray bursters
NSs: superbursts

Accreting neutron
stars – soft X-ray
transients



CARBON IGNITION CURVE IN WHITE DWARFS

Talk by
David Chamulak



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
years - decades

• SXRTs belong to LMXRBs
Donor star: main-sequence or 
subgiant, M ≤  MSUN

• PORB: a few hours – a few days 
• ‹M› ≈ 10-11 – 10-9 MSUN/yr

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



Reactions:

1. Beta captures

2. Neutron emission
and absorption

3. Pycnonuclear
reactions 

Accreted CrustAccreted Crust



Accreted crust: Starting from 56Fe (Haensel & Zdunik 1990)



• Cold dense matter undergoes pycnonuclear burning

• Pycnonuclear burning is not efficient in ordinary stars but can be 
important in cores of white dwarfs and envelopes of neutron stars

• Applications of pycnonuclear burning include: 
(a) explosions of white dwarfs as Ia type supernovae 
(b) deep crustal heating of transiently accreting neutron stars
(c) superbursts of accreting neutron stars

• The theory of pycnonuclear burning is not perfect;
new theories, implementations, observations and theoretical
interpretation are ahead  

SUMMARY


