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Neutrinos in Ordinary Stars
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Virial Theorem and Hydrostatic Equilibrium

Equations of Stellar Structure

Assume spherical symmetry and static structure (neglect kinetic energy)
Excludes: Rotation, convection, magnetic fields, supernova-dynamics, ...
&P 6 r  Radius from center
Hydrostatic equilibrium T —% P Pressure
/| Gy Newton’s constant
d e Mass density
Energy conservation —r = 4ar2ap M; Integrated mass up tor
dr ||Ly  Luminosity (energy flux)
Local rate of
2 P & energy
Energy transfer L = 4w’ daT’) ! generation [erg/g/s]
3kp dr l! &= Bnyc + Egray — By
|x  Opacity
-1__-1 -1
Literature T
« Clayton: Principles of stellar evolution and Radiative opacity
nucleosynthesis (Univ. Chicago Press 1968) _ ( )—1
= Kippenhahn & Weigert: Stellar structure ==ty Rosseland
and evolution (Springer 1990) Electron conduction

" e dP  GyMrp
Hydrostatic equilibrium a2
z

R R
Integrate both sides [drasr® P = ~[dr4nr® GN':\rP
0 1} r

NP . R
L.h.s. partial integration _ 2p _ gtot
with P = 0 at surface R 35"”"’ P =Egrav

Classical monatomic gas: P = %U

ytot _ _ 1gtot
(U density of internal energy) 2 grav

Average energy of single
“atoms” of the gas

A gravitationally bound
system of many particles
obeys the virial theorem

2(Exin) = —(Egrav)
{22

(7))

Velocity dispersion
from Doppler shifts
and geometric size




Dark Matter in Galaxy Clusters

Fritz Zwicky:

Die Rotverschiebung von
Extragalaktischen Nebeln
(The redshift of extragalactic
nebulae)

Helv. Phys. Acta 6 (1933) 110

In order to obtain the observed average Doppler effect of
1000 km/s or more, the average density of the Coma cluster
would have to be at least 400 times larger than what is found
from observations of the luminous matter.

Should this be confirmed one would find the surprising result
that dark matter is far more abundant than luminous matter.

Hydrogen burning: Proton-Proton Chains

p+e +p —>2H+ve
1.442 MeV

pP+p S2Heet Ve
< 0.420 MeV

l 2H-:-p—>3H|:+-,r ‘

m 85% 15% hep

? 3He +*He —>?Be+1' ‘

He+ p > 4He+ e+ va

< 18.8 MeV|

3He 1 *He »>*He + 2p

?Be+e_—r7Li+ve ?Be+e_—r7Li.+ve "Be+p—%B+y
0.862 MeV | | 0.384 MeV 83_,833'+e++ve
< 15 MeV

m 8ge” > YHe+He

Virial Theorem Applied to the Sun

Approximate Sun as a homogeneous
sphere with
Mass  Meyn =1.99x10%g
Radius Rqy, = 6.96x10'%m

Gravitational potential energy of a

proton near center of the sphere
3 GuMsynmy
=—=———"F =_32keV

(Egrav) 2 RSLII'I

Thermal velocity distribution : l
T entral temperature from

{Exin) = EkBT ="2 (nga\f> standard solar models
Estimated temperature Te =1.56 x107K

T=1.1keV =1.34 keV

Hydrogen Burning: CNO Cycle
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Thermonuclear Reactions and Gamow Peak

Coulomb repulsion prevents nuclear » Maxwell-Boltzmann Tunneling
reactions, except for Gamow tunneling xS Euibution probability
e
Tunneling probability RN Vi
pe« E‘ﬂe_z’“'
With Sommerfeld parameter
_[(m 2 2z .
n= (E] Lilze KT E
Parameterize cross section with =
astrophysical S-factor TR —
_ 2xm(®) . s
S(E)=ofE)Ee = *He + 3He —» *He 2p
o % shiided nuchel
Ll e—— 160 1000
LUMA Collaboration, nucl-ex/9902004 ‘ E, [kev]

Hydrogen Exhaustion

l Main-sequence star ‘ ‘ Helium-burning star l

Hydrogen Burning Helium Hydrogen

Burning Burning

Main Nuclear Burnings

Hydrogen burning 4p + 2& — “He + 2v,

+ Proceeds by pp chains and CNO cycle

» Ho higher elements are formed because
no stable isotope with mass number 8

* Neutrinos from p — n conversion s

+ Typical temperatures: 107 K (-1 keV) location

= Each type of burning occurs
at a very different T but a
broad range of densities

* Never co-exist in same

Helium buming

“He + “He + “He « ®Be + *He - '2C
“Triple alpha reaction” because ®Be unstable,
builds up with concentration ~ 107

12C + “He — %0

160 + “He — 20Ne
Typical temperatures: 10° K (-10 keV)

Carbon burming
Many reactions, for example

12€ +12C 5 Na+ p or Ne + “He etc
Typical temperatures: 10° K (-100 keV)

Burning Phases of a 15 Solar-Mass Star

rocess |[keV]| [g/cm?] [years]
[ [ [rre || 5|50 | 2 | =)
"ﬂﬂHHelium HHe—)C,O H 14H1,3><103“6.0‘ 1.3 x10°
‘-ni]“cmon HC—}Ne,Mg H 53H17><105“36‘n 6.3x10°
<) ||Neon  ||Ne—0, Mg || 110 || 16x107
o ool e R
<] [nen i rem |20 250 o0 | oo |




Neutrinos from Thermal Plasma Processes

Bremsstrahlung

These processes first
discussed in 1961-63
after V-A theory

e e T Ty —

= = =
v v e v
v
e e
v | et v
Photo (Compton) Plasmon decay
ﬁv 1011.|.|.||||||||||||
e e 10
= 10° |
Ze &

2p/py [2/cm’]

FEARP. 26 Jowve§ ok 20804, LIGE

Self-Regulated Nuclear Burning

Main-Sequence Star

e e T Ty —

Virial Theorem

Small Contraction

— Heating

— Increased nuclear burning
— Increased pressure

— Expansion

Additional energy loss (“cooling™)
— Loss of pressure

— Contraction

— Heating

— Increased nuclear burning

Hydrogen burning at a nearly fixed T

— Gravitational potential nearly fixed:

GyM/R ~ constant
— R« M (More massive stars bigger)

FEARP. 26 Jowve§ ok 20804, LIGE

Existence of Direct Neutrino-Electron Coupling

Voruse 24, Nusper 10

PHYSICAL REVIEW LETTERS 9 Mancn 1970

The existence of th
trophysiesl tests,

Of all the astrophysical tests applied so far for
the inference of a direct electron-neutrino inter-
action in nature, none has unambiguously pro-
vided a useful upper limit on the coupling con-
stant, which in the V=A theory of Peynman and

k- interaction
from beta decays (called gq hereafter), How-
ever, it is important to peint cut that these tests,
made by the author and his colleagues during
the past eight years, do provide a nonzero lower
limit, and therefore establish at least the exis-
tence of the (Fw )(P.e) interaction. It should be
emphasized, nonetheless, that all of these tests
rely on the validity of various stellar model cal-
culations, These models, while not subject to
serutiny in the same sense as a laboratory ex-

ASTROPHYSICAL DETERMINATION OF THE COUPLING CONSTANT
FOR THE ELECTRON-NEUTRINO WEAK INTERACTION

Richard B. Stothers®
Goddard Institute for Space Studies, National Aeronsuties and Space Administration, New York, New York 10025
(Recelved 22 December 1963)

o) weak interaction is confirmed by the results of nine as.

of the coupling constant 15 equal to, or close to, the cou
pling constant of beta decay, namely, g =107 %%

Gell-Mann' is taken to be equal to the “universal™

relative theoretical lifetimes, caleulated with
and without the i fon of neutrino issi

In this Letter, the unmodified term “luminosity*
will mean the photon luminosity L radiated by the
star. The “neutrino luminosity™ will be desig-
nated L,. Quantities referring to the sun are
subscripted with an encireled dot.

The most accurate available data on white
dwarfs are those collected by Eggen” for the two
clusters Hyades and Pleiades and for the nearby
general fleld. Of chief interest here are the hot
white dwarfs, for which the ohservational data™
have been reduced following the procedure of
Van Horn," The resulting luminosities are es-
timated to have a statistical accuracy of 20.1 in
loglL /L), which is adequate here,

Models of cooling white dwarfs have been con-

FEARP. 25 Jorwe 4 hoke 2004, L

Degenerate Stars (“"White Dwarfs”)

Assume T very small
— No thermal pressure

—» Electron degeneracy is pressure source | i :siCLISECEONLE 13

Inverse mass-radius relationship

+ Electron density ne =pg /(35°)

+ Momentum pr (Fermi momentum)
s Velocity Vo pp/me

* Pressure Pncp?ncps'i"3
+Density po MR

Pressure - Momentum density x Velocity

R 10500 km NS0 | Y, 3

(Y electrons per nucleon)

For sufficiently large mass,
electrons become relativistic

« Velocity = speed of light

P o GyMpR ™! oc GyMZR™4

(Stellar mass M and radius R)
+ Pressure
Hydrostatic equilibrium Po p; o pt 4
&P _ GuMep
x- 2 Ho stable configuration

With dP/dr ~ —P/R we have approximately

Chandrasekhar mass limit
Mch = 1.457 Mgy (2Ye)?

FEARP. 26 Jowve§ ok 20804, LIGE



Stellar Collapse

Degenerate Stars

Inverse mass-radius relationship l :

for degenerate stars: Roc M 173 Ma‘lrl-sgquenl:_e star ‘ { _ Heliurn-burningstar _— l

Hydrogen Burning Helium Hydrogen

Chandrasekhar mass limit . .
Burning Burning

Mch = 1.457 Mgy (2Ye)2

Giant Stars

Stellar Collapse

| onionstructure | [ cColtapse (implosion) |

Main-sequence star 1M,
(Hydrogen burning) ‘ ‘ Helium-buming star 1M, ‘

Large surface area “Envelope”
—» low temperature fully convective
— “red giant”
Large luminosity
> mass loss

£nclHe) relates to

T e Qgrav o M/R

of core

Degenerate iron core:
p = 10° i_!,(:l'l'l_3
T =10°K

£,,c(H) relates to £,,c(H) determined by
T o Qgra_v o M/R T e 'I)gra._, of core

Mee = 1.5 M, of full star » huge L(H)
Re. = 8000 km




Evolution of a Low-Mass Star

RAICHO)

lIIlIIIIlIIII

Illllllllllll
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102
il

Horizontal
Branch

Asymptotic
Giant Branch

Main-Sequence Ged-Giant Branch
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0 5 10 15 20 -1 -5 0 5 1
t [10°yr] t — the sgnition [10°¥7]

FEARP. 26 Jorve 4 ik 3004,

Evolution of Stars

Never ignites hydrogen — cools .
M < 0.08 M, (“hydrogen white dwarf”) Brown dwarf
Hydrogen burning not completed |EEIYEERS
in Hubble time main-squence star

Degenerate helium core

after hydrogen exhaustion » Carbon-oxygen
white dwarf

Helium ignition non-degenerate | [EUCERIC T

= Neutron star

All burning cycles (often pulsar)

— Onion skin Core = Sometimes
structure with collapse black hole?
degenerate iron || supernova | IEEIVelgplellE

core remnant (SNR),
e.g. crab nebula

Semsrr RafTell. Hace Pl bttt i Plvesis .



Globular Clusters of the Milky Way

S RalTell . Hacx Plarcds bttt fir Plvrsis . Miresbeen

http:/ fwww.dartmouth.edu/-chaboyer/mwge. html

Globular clusters on top of the
FIRAS 2.2 micron map of the Galaxy

Asymptotic Giant
O

Horizontal Branch

Isochrones for

14 Gy, [Fe/H] = -2 -

|

p——

H

0
Hot, blue

s
(V-1), cold, red

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)

S RalTell . Hacx Plarcds bttt fir Plvrsis . Miresbeen

Color-Magnitude Diagram for Globular Clusters

time

Stars with M
so large that
they have burnt
out in a Hubble |V}

Mo new star 5
formation in [
globular
clusters

Isochrones for
14 Gy, [Fe/H] = -2

0 1

Hot, blue (V-1)

oo
cold, red

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)

e e T Ty —

Color-Magnitude Diagram for Globular Clusters

Asymptotic Giant

Horizontal Branch

g

Particle emission reduces
helium burning lifetime,
i.e. number of HB stars

Particle emission
delays He ignition, i.e.

core mass increased

= -3 _

|

p——

H

0
Hot, blue (V1)

e
cold, red

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)

e e T Ty —




Helium-Burning Lifetime of Globular Cluster Stars Particles with Two-Photon Coupling

— Particles with two-photon vertex: _
+ Neutral pions (x°), Gravitons Ly =gsE-Ba ---
+ Axions (a) and similar hypothetical particles

12 e a

IIIIllIIIIIIII

Illlllll

Two-photon gg‘.,mg., Photon
decay Loy = “odn

Coalescence

log(Nyp/ Npgp)

IIIIIIIIIIiIII

N Conversion of photons into YAy == m a
HAIGELDIS pions, gravitons or axions, g

22 g oy | I Effect
i : 1 5 - - — ec
& : 10!4. ' ID!GI ' IGI.-II ' 'ﬂ!!l ' Il!ll ' Il!ﬂl ' .l.a 2 [FlejH] ! S Orﬂla reverse
: %
Humber ratio of HB-Stars/Red Giants in 15 galactic globular clusters ﬁ?ﬁlzzzc\:?uum In addition to QED il
(Buzzoni et al. 1983) Cotton-Mouton-effect

birefringence

Helium-burning lifetime established within +10%

Limits on Axion-Photon-Coupling Core-Mass at Helium Ignition
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g G.Raffelt, Stars as Laboratories Catalan et al.,
3 for Fundamental Physics (1996) astro-ph/9509062
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Core-Mass Dependence on Neutrino Cooling

Multiply standard neutrino loss rates with a factor F,,

50_|||||||||||||||

Sl [10734,]
|IIIIII|II

TTTETTT

W -

'B N | L I LI I L | 1
L A _
4 —
-~ T 4
s [ ]
2 Ignition —
N off-center 1
0 L L1 11 I L1 11 I L1 11 [ I_

0 1 2 3

F/?
» Core mass (upper curve)
+ Radial coordinate of helium ignition
(lower curve)

Plasmon Decay in Neutrinos

Vacuum:

« Photon massless Y

+ Can not decay into other
particles, even if they

v

Vacuum:
» Massless neutrinos do
not couple to photons
V || « May have dipole moments

themselves are massless Plasmon decay

or even “millicharges”

Propagation in a medium:

+ Photon acquires a “refractive index”

= In a non-relativistic plasma
(e.g. Sun, white dwarfs, core of red
giant before helium ignition, ...)
behaves like massive particle:
D

Dol
Plasma frequency oag[ = b
(electron density n.) Me

« Degenerate helium core o =18 keV
(p=10° gcm =, T = 8.6 keV)

In a medium:

+ Heutrinos interact coherently with
the charged particles which
themselves couple to photons

+ Induces an “effective charge”

» In a degenerate plasma
(electron Fermi energy Ep and
Fermi momentum pg)

%" =162 CyGrEppr
+ Degenerate helium core (and G, = 1)
e, =6x10"11e

Neutrinos from Thermal Plasma Processes

<l

Ve

v|| et v

Photo (Compton) Plasmon decay

Ze

Bremsstrahlung

10t 10° 10® 10 10'2
2p/p, [8/cm®]

Effective szf = —Fﬁp‘fulllAu
coupling of
electromagnetic _6 Fhv
field toa 1175wy
neutral fermion

- %Fawm\lf'“'

- %GEWuvTB‘PFm

Neutrino Dipole Moments

Charge e, = F1(0)=0

Anapole moment &,(0)

Magnetic dipole moment p=F,(0)

Electric dipole moment & =6,(0)

« Charge form factor Fl{qz) and anapole Gl(qz) are short-range interactions

if charge Fy(0)=0
- Connect states of equal chirality

« In standard model they represent radiative corrections to weak interaction

- Dipole moments connect states of opposite chirality
+ Violation of individual flavor lepton numbers (neutrino mixing)
— Magnetic or electric dipole moments can connect dif ferent flavors
or different mass eigenstates (" Transition moments®)
* Usually measured in "Bohr magnetons” pg =e/(2m,)




Plasmon Decay And Stellar Energy Loss Rates

Assume photon dispersion relation like a 2 2 4mon,
massive particle (nonrelativistic plasma) ‘ & -pf = P T,

2 -
Decay rate of v (mpl/ 4') Mllllchﬁr‘ge
photon 2 2
(transverse Ty = vo)= Axily x{ Bv (m2| /4 z) Dipole moment
plasmon) 3E 2\Pp

with energy E,

ﬁ(mg, /4:)3 Standard model

Energy-loss oy o2 fAx
rate of 3p E’l" 2( Pl/ )2
stellar plasma 2d 8343 ) mif,2
(temperature T Qlr > [(2 )3 = E ?(‘“pl/"’)
and plasma C\EGE 3
frequency w,|) 2
quency wp| . (o)pl /4:)

Standard Dipole Moments for Massive Neutrinos

In standard electroweak model,
neutrino dipole and

transition moments

are induced at higher order

w

Massive neutrines v; (i - 1,2,3),
mixed to form weak eigenstates

3
Ve=2 Ugivi
i=1

Explicit evaluation for Dirac -‘@GF

neutrinos i (4 o ——(m, +|'f[|) = Ui f
(Magnetic moments ;; f=e.nt
electric moments ¢;;)

Globular Cluster Limits on Neutrino Dipole Moments

Compare magnetic-dipole WO T T[T I T[T IT[TTTI[rITT
plasma emission with o
standard case 80 — 4
Qu  2mopl < ook 3
Qsm CVGFmpl T?' - -
For red-giant core before | — 40 ]
helium ignition o, =18 keV| £ u ]
3 ]
QF 9 1022(9\,]2 ]
— =Y X —
Qsm Be 0 7
Require thistobe <1 ol g a1
2. 10-12 o 2 4 6 8 10
< —
e oy [10™%5)

Globular-cluster limit on neutrino dipole moment

py <2x10 lzp.g

Standard Dipole Moments for Massive Neutrinos

Diagonal case m:
(Magnetic moments i =33J§2F m; =3-20><10_19|-|-B—I Be =<
of Dirac neutrinos) (4=) eV 2m,

;=0

Off-diagonal case N 2

(Transition moments) 3ev/26r M+ M (ﬁ] U [ﬂ)
Wij= 4(_2‘4 ) (m; J) ™ !—E,:n, UtJ =y

First term in

f(m,/m,,) does not m:+m;

con:ribme =396 10_231.13 — 3y JU:,( J

("GIM cancellation”) eV ieeps:

gj=..(mj-m)..

Largest neutrino mass eigenstate 0.05 eV <m < 0.7 eV
For Dirac neutrino expect

16x10 205 <p, <2.2x107 g

10



Neutrino Radiative Lifetime Limits

Consequences of Neutrino Dipole Moments

Spin - VR
precession |£[VL]=[ 0 pvb-r](\q_)
in external at\ VR mBr 0 Jwvg Radiative
E or B fields decay
d G.? 2 v vty
L5 _ad 2, cy-caf1-T
- Trleraree-ari-1)

Scattering i meT J[1 1 X
E +(C\21—Cf)ar]+“*‘v[-?‘a =" Globular Clusters

e T electron recoil energy For low-mass
Plasmon VL 2 ntlet.n:rim)'s,r:.I
decay in IFe e plasmon decay
stars e 24amP| 10716 11 |||u,|J ool |||||_|I L 1Y in globular

1 0—2 1071 1 10 1 02 cluster stars

Decay or v'f 2,2 3 yields most
Cherenkoy __{ r=Pkv m; —l"lf m, [eV] restrictive limits
effect

Field strength and
length scale where
neutrinos with
specified dipole
moment would suffer
complete
depolarization

MAGNETIC
A STARS

MAGNETIC FIELD STRENGTH

INTERPLANE TARY

“Hillas Plot*
[ARAA 22,425
(1984)]




