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THERMONUCLEAR REACTIONS
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Reaction rate R depends mainlyon T

Gi> Nobel Prize, 1967

® History - G. Gamow, H. Bethe, C. Critchfield, E. Salpeter,
1938 C. Von Weizsacker, A. Cameron, W. Fowler, G. Rivers

® Test B Stellar evolution

@ Example Em) Carbon burning: “C+*C=* Mg = ...
p=10° g cm®, t=n/R =burning time
T=10°K =>t~1min
T=108 K =>» t~1036yr No burning at low T!




PYCNONUCLEAR REACTIONS
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DENSITY DEPENDENCE OF CARBON BURNING RATES

Carbon burning
T=0

8 9 10 11

tburnwlo75 yrs tbum~0.1 S



Gamow and Wildhack

APRIL 15, 1939

PHYSICAL REVIEW

VOLUME 55

Physical Possibilities of Stellar Evolution

G. GaMow
George Washington University, Washington, D. C.

{Received November 18, 1938)
e ——

The evolution of gaseous bodies, caused by different
physical processes happening in their interior and serving
as energy sources, is considered qualitatively and partially
quantitatively in view of possible applications for the
explanation of various observed states of known stars. [t is
shown that the part of evolution during which the main
source of energy is given by thermonuclear reactions leads
to a steadily increasing luminosity and goes over con-
tinuously into the contractive staege where the energy
liberation is purely gravitational. The later stages of con-
traction and the transition into the state of degenerate gas

model are discussed, in application to the present state of
white dwarfs. Some remarks are made about the possibility
of neulron-core formation in heavier stars, in application to
the explosion phenomena observed in supernovae. An
attempt is made to explain the energy production in red
giants as due to thermonuclear reactions of light elements
(lithium, beryllium, and boron), and the pulsation
phenomena observed for Cepheid variables is interpreted as
due to instability during the transitions from the giant
branch into the main sequence,

JANUARY 15, 1940

PHYSICAL REVIEW

The Proton-Deuteron Transformation As a Source of Energy in Dense Stars*

W. A. WILDHACK
George Washington University, Washingion, D, C.

(Received November 4, 1938)

The rates of energy evolution due to the transformation to helium, starting with the reaction
H+H=~=D+e¢*, in hydrogen at densities of 104 to 108 g/cm?, were calculated on the basis of
complete degeneracy, and the assumption of a crystal-like spacing of the protons. The results
indicate that any considerable amount of hydrogen in white dwarf stars would lead to much
higher luminosities than those observed. Thus the low effective molecular weight (1.5) as
calculated for some of these stars from the accepted white dwarf model, cannot be due to a
high content of hydrogen. It might be explained as due to very large content (~100 percent)
of the helium isotope He? but it is very difficult to see how such large amounts of this isotope
could be present in these stars. It appears that the paradox can be removed only by revision
of the observational data concerning the white dwarf radii.

VOLUME 57



Later History

T. 33. JKypHan 3xcnepumenmaronoll u meoperhuqecr{od tusuru. Bun. 4 (10)
| 1957

0 AAEPHLIX PEAKIMAX B CBEPXNJIOTHOM XOJIOAHOM BOJIOPOJIE

1. B. 3eavdosuy

[Toka3aHo, 4TO fIepHEIe peaKIlii, NPOHCXOAANHe NOAGAPLEPHO B XOJIOIHOM BOOPOJE NpH
niioTHOCTAX 104—10% 2/cM3, 111yT ¢ BnOJHE 3aMETHOR A7 aCTPODU3HYECKUX MACIITAGOB BEpOST-
HOCTBIO, 10 OGCTOATENLCTBO KIAJeT Mpejiest BOIMOXHOMY CHATHIO XOMOAHOr0 BOAOPONA, TaK KaK
vike npy maotnoctd 0,7-105 o/em? neGecnoe Teno we moxeT npoxnte Gomee 108 ner. Takas
11IOTHOCTh B XOJIOJHOM BO;10p0€ 10CTHIACTCs 1104 AeHCTBHEM TPaBHTALNH NPH Macce, GH3Ko#H K
vacce Coanua,

Zeldovich (1957)
Cameron (1959) — “pycnos”

Wasectno [17%], uro B 3Be3gax oCyweCTBASIOTCH TepMOSIEPHLIE DeaKLHU
p-+p=D-+¢" -+ v p-+-D = He’ -+~ unanee npu Bricokoil TeMmeparype

He? - He? = ‘Hef -- 1 - p, a npu BbICOKOH mnortHoctH He3 + ¢ =T + v, Kirzhnits (1960)

_]érllle;biéeﬂl;;éﬁla}i [*] oT™eTHT, UTO MPH BHICOKOIT MIOTHOCTH H HH3KOIL TeM- Kopyshev (1964)
Wolf (1965)

Van Horn (1966)

Salpeter & Van Horn (1969)
Schramm & Koonin (1990)



PHYSICAL CONDITIONS
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PHYSICAL STATES OF IONS

Gas Strongly coupled Strongly coupled
classical system guantum system
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FIVE REGIMES OF BURNING IN DENSE MATTER
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GENERAL OUTLOOK for Carbon Burning
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Applications of pycnonuclear burning

White dwarfs and neutron stars (particularly, accreting)

WDs as SN la

S 106 NSs: X-ray bursters
et NSs: superbursts
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A 1012 Accreting neutron
> stars — soft X-ray

1083

transients




CARBON IGNITION CURVE IN WHITE DWARFS
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Soft X-ray transients

 Active states: L,=103%6-103%° erg/s
weeks — months — years; X-ray bursts

* Quiescent states: L,= 103" — 1034 ergs/s
years - decades

* SXRTs belong to LMXRBs
Donor star: main-sequence or

subgiant, M < My
* Porgp: 2 few hours — a few days
o (M>= 101 — 102 Mg \/yr

Brown, Bildsten & Rutledge (1998):
Aql X-1 T, ~10°K



Accreted Crust
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healing: ~
— 33
L, =8.7x10%x /y

x(M/10-1°M_/yr) ergs/s

Reactions:
1. Beta captures

2. Neutron emission
and absorption

3. Pycnonuclear
reactions



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

P p Process Aplp | Geot q
(dyn cm™?) (g cm™’) (MeV) | (MeV)
7.23 x 10°° 1.49 x 107 “Fe +°° Cr — 2e~ + 2v, 0.08 0.04 0.01
9.57 x 10* 1.11 x 10'° Cr 5% Ti— 2™ + 2w, 0.09 0.04 0.01
1.15 x 10* 7.85 x 10" T =% Ca—2e™ + 2v. 0.10 0.05 0.01
4.78 x 10 2.50 x 10" 6(Ca =% Ar — 2¢™ + 2, 0.11 0.05 0.01
1.36 x 10* 6.11 x 10" BAr =2 S +4n — 2¢” + . 0.12 0.06 0.05
1.980 x 10°" | 9.075 x 10" | S =™ Si+6n — 2~ 4 2. 0.07 |0.13 0.09
2,253 x 10°° | 1.131 x 10" | **Si = Mg 4 6n — 2¢™ + 2v. 0.18 | 0.14 0.10
2.637 x 10°® | 1.455 x 10" | “*Mg = Ne +6n — 2e™ + 2, 0.39 | 0.16 0.12
3.204 x 10°" | 1.951 x 10 | **Ne +** Ne =»™ Ca

BCa =% Ar+6n—2¢" + 2. 0.39 0.09 0.40
3.216 x 107 | 2.134 x 10" | “Ar =" S+ 6n— 2 + 2, 0.45 | 0.09 0.05
3.825 x 10°° | 2634 x 10" | **S 5 Si+6n—2e" + 20, 0.50 | 0.09 0.06
4,699 x 10° | 3.338 x 10" | 59Si =™ Mg + 6n — 2~ + 2, 0.55 | 0.09 0.07
6.043 x 10°" | 4.379 x 10"* | *Mg =°° Ne +8n — 2e~ + 2ve

BNe +3% Ne - Ca,

2Ca =% Ar +6n—2¢~ + 2v. 0.61 | 0.14 0.28
7233 x 10°" | 5839 x 10 | ®Ar 2" S+ 6n—2¢ + 2w, 070 | 0.04 0.02
0.238 x 10°® | 7.041 x 10"* | S 3™ Si+6n—2e +2u, 0.73 | 0.04 0.02
1.228 x 10°" | 8.980 x 10" | "Si ™ Mg 4 6n — 2~ + 2, 0.76 | 0.04 0.03
1.602 x 1057 | 1.127 x 10° | ®Mg +™ Mg =»™ Cr 0.79 [0.004 |0.11
1.613 x 10* 1137 x 10" | *Cr =% Ti+ 8n—2¢ + 2, 0.80 | 0.02 0.01




SUMMARY

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




