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NATURE [SEPTEMBER 2, 1920

The Internal Constitution of the Stars.*

By Pror. A. S. EppiNngTon, M.A., M.Sc., F.R.S.

LAST year at Bournemouth we listened to | the -
a proposal from the President of the | therd "If the contraction theory were proposed to-day as a
Association to bore a hole in the crust of the | throy povel hypothesis 1 do not think it would stand the
smallest chance of acceptance. From all sides—bio-
o logy, geology, physics, astronomy—it would be

1920, Eddlngton: objg’ctedg thatg%’he suggested source of energy was hope-
lessly inadequate to provide the heat spent during the
“ . 0 " necessary time of evolution; and, so far as it is pos-
= “hopelessly inadequate to provide the heat sible to interpret observational evidence confidently, the
theory would be held to be negatived definitely. "Only
“ . " the inertia of tradition keeps the contraction hypothesis
= “some unknown, vast reservoir of energy alive—or, rather, not alive, but an unburied corpse.
But if we decide to inter the corpse, let us frankly
recognise the position in which we are left. A star is

. "
= “sub-atomic energy drawing on some vast reservoir of energy by means
unknown to us. This reservoir can scarcely be other

“ . . " than the sub-atomic energy which, it is known, exists

u [human] controlling this power abundantly in all matter; we sometimes dream that

man will one day learn how to release it and use it
“ . no for his service. The store is well-nigh inexhaustible,
= weII—belng ... ofr ... suicide"? if only it could be tapped. There is sufficient in the
sun to maintain its output of heat for 1z billion years.

If, indeed, the sub-atomic energy in the stars is
being freely used to maintain their great furnaces, it
seems to bring a little nearer to fulfilment our dream
of controlling this latent power for the well-being of
the human race—or for its suicide.
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= 1938, nuclear fission discovered;

= 1940s, Manhattan Project ...

How much did Eddington

know about “sub-atomic en-
ergy” in 19207

MARCH 1, 1939 PHYSICAL REVIEW VOLUME 55

Energy Production in Stars*

H. A. Bemue In 1938, Bethe computed ...

Cornell University, Ithaca, New York
(Received September 7, 1938)

It is shown that the most smportant source of energy in
ordinary stars. is the reactions of carbon and nitrogen with
protons. These reactions form a cycle in which the original
nucleus is reproduced, wviz. C24+-H=N®3, N8=CB4¢t,
cu+H=NM. N1|+H =0l5' 015=N“+6+, Nlb+H=Cll
~+Het. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

gration of the Eddi n equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants.

For fainter stars, with lower central temperatures, the
reaction H4+-H =D+ ¢" and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion. (§10) —
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Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

(Received September 7, 1938)

It is shown that the most important source of energy in  integration of the Eddington equations gives 19. For the
ordinary stars. is the reactions of carbon and nitrogen with  brilliant star Y Cygni the corresponding figures are 30
protons. These reactions form a cycle in which the original ~and 32. This good agreement holds for all bright stars of
luced, viz. C24+H=N8, N8=CB+¢", the main sequence, but, of course, not for giants.

+H=0%, 0%¥=N"4¢, NO64H=C2 For fainter stars, with lower central temperatures, the
In 1938’ Bethe compl“Ited 000 "} H+H=D+¢" and the reactions following it, are

bf four protons and two Ot)o be mainly responsible for the energy produc-
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, vi3.

H+H=D+¢€" (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

No neutrinos?

proposed in 1930

C24H=NB+~, Ni3=CB4 ¢t detected in 1956
C4H=Ntt4 v, -
2 _ (2) see also:
g::ig_gzziﬁ’ ] Ol =N+t neutrinos.fnal.gov/history/
= e,
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(p+p%2H+€++%) (?+e_+p%2H+%)

| |
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( 2H—|—p—>3He+7 )

I
84.6% Y ¥ 15.4% Y 2.5 x 10-°%
(3He +3He — “He + 2p) (3He +4He — "Be + fy) (3He +p— *He+et + 1/0)

99.89% 0.11%
Y Y
(7B€+6—>7Li—|—l/e) ( "Be+p—8B+7y )
Y Y

(7Li +p — ‘He + 4He) GB — 2(4He) + et + 1/()
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VOLUME 20, NUMBER 21 PHYSICAL REVIEW LETTERS

20 May 1968

SEARCH FOR NEUTRINOS FROM THE SUN*

Raymond Ds.vxs Jr., Don S. Harmer, T and Kenneth C. Hoffman

Upton, New York 11973
(Received 16 Apml 1968)

A search was made for solar neutrinos with a detector based upon the reaction CI13(v

s
e)Ar®". The upper limit of the product of the neutrino flux and the cross sections for
all of inos was 3x107% sec™! per C1%7 atom. It was concluded specifical-
ly that the flux of neutrinos from B® decay in the sun was equal to or less than 2x 108

ecm™2 sec” ! at the earth, and that less than 9% of the sun’s energy is produced by the
carbon-nitrogen cycle.

Result: ®, < 3 SNU

man;; ;lseful suggestions and direct assista;lce i s
from the members of the staff of Brookhaven Na- ) b@Porarory.
tional Laboratory.

ing Letter [Phys. Rev. Letters 20, 1209 (1968)].

PRESENT STATUS OF THE THEORETICAL PREDICTIONS
FOR THE *¢C1 SOLAR-NEUTRINO EXPERIMENT*

John N. Bahcallf and Neta A. Bahcall}
California of Technology, d C

and

Giora Shaviv$
Cornell University, Ithaca, New York
(Received 8 April 1968)

The theoretical predictions for the ¢l solar-neutrino experiment are summarized

R. L. Chase and Mr. Lee Rogers of Brookhaven Nation-

33. N. Bahcall, N. A. Bahcall, and G. Shaviv, follow-

cited each other

and compared with the experimental results of Davis, Harmer, and Hoffman. Three
important conclusions about the sun are shown to follow.

The experiment of Davis, Harmer, and Hoff-

tio of heavy elements to hydrogen recently ob-
man,>? designed to detect solar neutrinos with a

Result: ®, ~ 11 SNU

tained by Lambert and Warner.® We also discuss

in fact, 5 models, ®, =
21,11, 7.7, 4.4, 11 SNU
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. not just osc, also MSW.

S. Mikheyev

A. Smirnov
(1951-)

\ \! (

L. Wolfenstein

(1940-2011)
—

(1923-2015)
—
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The MSW effect

v can fly through the Sun/Earth so easily

10412 3
onL = 107" cm” x 5g/cm®/my, x 6400km — | Only 107! Why matter matters?
=107 Answer: coherency

only 1/10'* neutrinos are stopped by scattering

, ® ‘i:'.’.’:‘:o“o L 14 y

e %28%% ’:":o“o % Vi = Grne

MSW potential

The concept of “coherent forward scattering” 3

= scattering with individual particles
= scattering with all particles simultaneously

All particles, together, form an effective potential --------"" .
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—S12C23 — C12513523€"°°"  C12Co3 — S12813523€"°7

C12C13 S§12€13
is i5
S12823 — C12513C23€" %" —C12823 — S12513C23€" 7"

where V., = v/2Gpn. is the MSW effective potential.
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Let's solve it ...
An outline of next few slides:
= Simple analytic formula for students

= Adiabatic approximation

= Earth matter effect (D/N asymmetry)

If you solve Eq. (1) by brute force, then you can ignore them all!

L ... which | strongly discourage
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_ 20%3‘/60EV
Prz = RN If matter density — 0 (f12,13 — 0),
2V0E21 cos 2075 — cos 2012; sT% — s13
e v
AmZ, -

Biz =

= simple and fast, of practical use
— especially for those students addicted to coding:-)

= sufficient accuracy

— for current precision of measurement

= straightforward to see how P.. varies with 65, 613, ...
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vacuum limit (812 — 0):

Pee m ¢y + 512 = 5/9

strong matter effect limit (812 — 00):

1
~ 2T
PeeNslzN_

3
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o Ve C12€13  S12€13  S13€ °F vy
vacuum limit (812 — 0):

v, | = 13523 Vs
Pee 2 cly + 51 ~ 5/9 “r C13C23 V3
strong matter effect limit (812 — 00): (Velv1) = crzc13 = c12
1 (Velva) = s12€13 = 512

~ o2 o~
Pee"‘312~3

The result is easy to understand:

= When v, is produced, it consists of cio11 + s1215. Each mass eigenstate
propagates to the Earth independently. Due to the long distance they lose
coherence. At production, the probability of v, being v (1) is ¢35 (s25); at
detection, the probability of v (o) being detected as v is also ¢, (s%,).
Hence the survival probability of v, at detection is given by (c%5)? + (s2,)2.

= When v, is produced at the center with a high electron number density, it is
almost pure V" due to the strong matter effect (073 = 90°). As the density
slowly decreases to zero, the evolution of all mass eigenstates is adiabatic,
which means v3* will eventually come out to the surface as 5. Since the
probability of v5 being detected as v, is s2,, the survival probability in the
high-FE,, limit is simply 5%2.
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adiabatic / \ non-adiabatic

1
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— —
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1
1
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Bro = s [T P[0

H= ﬁUmdiag (M3, Mm%, m3) U™

How good is it?

§P~ 2L <1077

More generally, smirnov et al [hep-ph/0404042]
4Am3, E? sin 20 dv,
v= At 77 g <1
(Amd, sin? 2012 + (Am3, cos 2615 — 2B, V,.)°)
2
most fragile at resonance: Yresonance = Wﬁ#ﬁm%
21

still good enough: 1 GeV — v = 0.1
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o PB._,__* ..................................... Vacuum solution :
s Neutrino 2022:
' SK reported 3 o significance:
)
A 04r
Rp — Ry
O e ekt bl ADN =2— = (—2.9i0.9)%
Matter solution with 813 < 1 < fi2 R D —+ R N
0.2} = MSW-LMA (day) e pep: BX
=== MSW-LMA (night) e ®B:SNO+BX
0.1F e pp: All exp e ®B: SNO+SK
e "Be: BX
0'?0-1 160 161
E, [MeV]
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A slide from Y. Koshio's talk on Neutrino 2022

Day-Night flux difference

Direct MSW effect
sin%0,,=0.304 sin?,,=0.025 Significance of D/N asymmetry:
g LTty 3.2 g for Solar Best fit
2z Qi+ KamLAND preferred B "
£ o &L 1 3.1 0 for Global Best fit
> [ H a
2 5 i ]
S0 |5 Kl_ L S sk sk sky
g 3 L ] Eﬁ_ 3
» Z_;,’\/__ t 3
— i -
-3 i Fit SK data with error - 5 .F 3
-4 : I E
- e e oot T ___(Solar Best fiv]
Aam2, (1 0%\V2) 1 15 25 3 35 o prase
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The fate of the long-standing 20 tension

NUFIT 2.0 (2014)

14 12 T
F C /]
12 r | — Gsos
C or - AGSS09 ]
b [ )| — KamLAND 7
Sl & sk 7
> = 5 E
° F [ 7 ]
5 °F “< 6k 4 ]
= F Bl .
NEas:_ N 4 ]
< 4F 4= 4 9
JE SF 3
lErrrrllnnncllnnnallonns ol 0.\
02 025 03 035 04 2 6 8 10
sinze‘2 Amg‘ [10’5 eV2]
NUFIT 5.2 (2022)
14 e, 2 e
E sine,, = 0.0222 ] -
12 . -
- - 1 wfF
C (= ] [
—10F E u
=k i °F
7 ¢ NXZ
= F 1 56
Ngas__ 3 r
3 F ] 4
- -] [
2F 1 =F
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02 025 03 035 04 2 10
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Can we measure more?
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and beyond

24/34



2.3 Search for new physics with solar neutrinos . . . . . .. ... L o L Lo L Lo 17

2.3.1
2.3.2
2.3.3
2.3.4
2.3.5
2.3.6
2.3.7
2.3.8

Non-Standard Interactions (NSI) . . . . . ... ... 17
Sterile neutrinos . . . . . . L 21
Neutrino magnetic moments . . . . . . . . . ... e 22
Neutrino interactions with light mediators . . . . .. . ... ... ... ... 00000 L0 23
Spin-flavor precession and solar antineutrinos . . . . ... ... Lo Lo Lo 23
Dark matter annihilation . . . . . ... 24
Neutrino decay . . . . . . . . .. 25
Others . . . . . . 26
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NSI

NSI (Non-Standard Interaction)

Z V(y’Y

f=eu,d

Gr
LD —
V2

Vﬁ r’}/

A
(yﬂ + e(x,ﬁryg))f} )

= Lepton Flavor Violation (LFV)
= first proposed by Wolfenstein
= interesting osc pheno

— e.g., v osc without mass

H =

U
°F, PMNS

Wolfenstein, PRD 17 (1978) 2369

G
H,= 75 L d,, (1)
L, =cos® o T,1, (1 + 75)v, + Ty (1 +75),]
+sina[ 7,7 (1 +75)v, + Ty (1 + ¥, ],

I =gpPNhD+e AN+ ene+ "

—I- 1 + 668 88[1r 667’
*
Uppns + Ve €ep Eup  Epr
* *
Eer 6;”- Err
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NSI

NSI (Non-Standard Interaction)

ED—*EZVM (1= °)vg [fr*(ehs + ety f]

f=eu,d

0.8

— (e1,62) = (0,0)
(€1,€2) = (—0.3,0)
0Ty — (e1,e2) = (0,-0.3)

B
0.6 pp ¢ Tpep

L L
To-! 10° 10!

E, [MeV]

A note on the LMA-D solution (612 in the other octant, compensated by large NSI).
w If O10 — 7/2 — 012, Am3, — —AmZ,, and dop — 7/2 — dcp, then H — —H*.
= Many papers: ... + Chaves, Schwetz [2102.11981]

= currently disfavored by v + e scattering data at 20 CL.
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0.8
e standard
0.7 e A2 =2 x 107 eV

— A% = =2 x 107° eV?

0.6 pep
0.5

0.4
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0.2F

0.1F

Oy 160 10"
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\

The impact of sterile neutrinos on solar neutrino physics has been explored extensively in the literature [138, 145, 146,

147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158]. It has been shown that sterile neutrinos with a mass squared

difference of (0.7 — 2) x 10-%e¢V? and a small mixing (|U},|> ~ 10~* — 10~3) would modify the up-turn of the MSW-LMA
solution and might cause a dip of the survival probability at a few MeV [148, 151]. In Fig. 2.9, we use Eqgs. (2.36)
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Emitting light new particles

= Neutrinos are light, penetrating, ...
— = abundant production from the Sun.
s What if there are other particles also ...

— E.g., axions, dark photons, ...

— Indeed, CERN even built an experiment

» Detection varies for different particles.

i.e. Extra energy loss of

= But a rather robust bound comes from ... :
|Ste||ar cooling! the Sun/Red giants/ ...

> 1072 107% 107 1072 10~ 1

&
Stars as Lahoratories
Q
for Fundamental Physics

1074E

E
107
103F

10-10F

uge coupling gp-;

.

a

ERTRES

g

10-14 ‘Sun/Globular Clusters, energy loss via v \ | ,

E B-L Gauge Boson
(016 E s ek i ol ok sl s s s i s i o
10724 10721 10718 107 10712 107 1070 107

Gauge boson mass M(GeV) (eorg G. Raffelt
Harnik, Kopp, Machado, 1202.6073

1

...long been used to set
more restrictive bounds on
light particles.

— see many of G. Raffelt's
papers and his book
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Dark photon

HB
RG
SN1987A
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mzg [eV]

Le =Ly
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= increasing interest in v-self int.

_ . : ; 1
especially since 2019, due to Hj tension = A_g(w/)(wj) +he.,
1
Lo = —z(yy)(uTle),
Az,
1
Ly = o () (7w),
v
. i 1
2000 2023 Ly = T(VTE V)(,/UM,/T),
= Any 4-v operator — solar production of 1V/
Lt = —(wo"v)(vo,,v)+h.c
= |IBD-based detectors would be very happy T A%( I . )
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JUNO
JUNO(geo)
HK

HK(geo)
THEIA
THEIA (geo)

z
7z
7z
A
7z
]
7z
7z
é
Z

. to be compared with cosmologically favored value

4.6+0.5 MeV  (SI)
9010 Mev (M)

AH o0 tension —
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In ancient days two aviators procured to themselves
wings. Dadalus flew safely through the middle air
across the sea, and was duly honoured on his landing,
Young Icarus soared upwards towards the sun until
the wax which bound his wings melted, and his flight
ended in fiasco. In weighing their achievements
perhaps there is something to be said for Icarus. The
classic authorities tell us that he was only ‘“‘doing a
stunt,” but I prefer to think of him as the man who
certainly brought to light a constructional defect in
the flying-machines of his day. So, too, in science.
| Cautious Dzdalus will apply his theories where he
feels most confident they will safely go; but by bhis
excess of caution their hidden weaknesses cannot be
brought to light. Icarus will strain his theories to the
breaking-point until the wealk joints gape. For a
spectacular stunt? Perhaps partly; he is often very
human. But if he is not yet destined to reach the
sun and solve for all time the riddle of its constitution,
yet he may hope to learn from his journey some hints
to build a better machine.

e

"fly too close to the sun" &7 i AY &AL R

D= K& FHf |= #F&H
D %4 KE, HEER
| A KART — RPN B AGREEL - BT

Solar neutrino physics: the beginning of end or the end of beginning?

Shall we be Daedalus or lcarus?
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