Nuclear Astrophysics
Theory - |

Nlcole Vassh

TRIUMF Theory Group
NSERC ‘ i Exotic BeamlSummer School Lecture,
Alliance CRSNG UnwersityioiNotre Dame
| JURE6)2022

Image credit: Daria Sokol/MIPT Press Office



.'-'

Outllne for Iectu

. How can we study nuclear phys1& Stroplﬁ‘lysms? Some
L

observables [3 71 2 o s ,:,;,._ ,ﬁ

i SR :}, "N."':,"'- .-.. R S
Some basic nuclear phy5|cs masses ,.réactions, reverse .
4 RN - .
reaction rates, and equmbrra [9 191"

Reaction networks (BBN example gn }

s“‘

nucleosynthe5|s example) and usmg,
Solar fu5|on [32 36] '



The solar composition can be decomposed into many processes
—> multiple nucleosynthesis sites enriched the solar system

The Origin of the Solar System Elements

fw

cosmic ray fission 3

LR 3

r-process exploding massive stars
exploding white dwarfs &
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Stellar spectroscopy

1.40
Flux Spectrum G5IV Star
1.2
| U |
‘I, 'r"klf'\ Ao
2 | »
e ‘ ?fl wy
.
0.8 o »({'1 AN
A |
f '.\’r -
0.t § /
/) Absorgtion lines
0.40 f '
0.3¢
Waveler g |’.'\'J'.7'~' ms|
0.0Q .
3420 1900 4400 4900 L4420 “300 6400 e930Q 7400 7500

Hydrogen Absorption Spectrum

i

Hydrogen Emission Spectrum

| |
400nm 700nm
H Alpha Line
656nm

Transition N=3 to N=2

High-resolution full visible spectrum of our Sun
(50 slices with wavelength increasing from left to right and bottom to top,
starting at 4000-7000 Angstroms)
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Asteroid and Meteorite Types

Meteorites

Rubble pile Internal heating Magma ocedan Differentiated body

* Cl Chondrites: fragile and rare types of meteorites, most Asteroid type C &D Asteroid types X and $ / planets
important for studying solar system composition '
(only 5 known of ~1000 recorded meteorites observed to fall)

* When comparing to spectroscopic abundances from the solar
photosphere, Cl chondrites show the best agreement

* Allende meteorite most studied and dated (Mexico 1969):
4.6 billion years old

Deep Sea 0cean Crusts

* Plutonium-244 (half-life 81 Myr) detection in Earth’s deep
sea ocean floor implies an extraterrestrial source of Pu
arriving on Earth during the last ~25 Myr

Wallner+2015




Multi-messenger events — ~ gan™® R

A famous core-collapse supernova

Neutrinos Light curve
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*6Ni =>56Co + v (Ty/,~6 days)
>6Co >>%Fe + v (T,/,~77 days) _
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GW17081\7 & AT2017gfo
4 “Binary neutron star merger
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A new kind of messenger:. B ey
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Ultraviolet (left, NASA Swift satellite)
Over ~70 observing teams (~1/3 of the worldwide Infrared (middle, Gemini South telescope)
astronomical community) followed up on the merger event!

y-ray, X-ray, and optical also observed
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YA
Nuclear masses and

binding energy

neutron

N

The total nuclear masses is less than the sum of the masses
of its constituent neutrons and protons:

Myye =Z M, + N M, — Am

“mass defect” defines binding energy through AE = Am c?;
that is

BE(Z,N) = (Z My, + N M, — My, )c?
*Nuclear processes liberate energy as long as the binding

energy per nucleon of the final products exceeds the
binding energy per nucleon of the initial constituents



YA
Nuclear masses and

binding energy

neutron

N

The total nuclear masses is less than the sum of the masses
of its constituent neutrons and protons:

Myye =Z M, + N M, — Am

“mass defect” defines binding energy through AE = Am c?;
that is

BE(Z,N) = (Z My, + N M, — My, )c?
*Nuclear processes liberate energy as long as the binding

energy per nucleon of the final products exceeds the
binding energy per nucleon of the initial constituents

Example 1

Carbon-12
® TG /JJJJ e

Helium-~'1/'

# Oxygek

%E(UC) = 7.68 MeV
%E(‘*He) = 7.07 MeV
== (160) = 7.98 MeV

The energy release is:
(127.68 —92.16 — 28.28) MeV = 7.24 MeV
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Nuclear masses and | Example 2 s

g “Fe
binding energy @ (26p, 30n)
=2 (?%51) = 8.45 MeV -

%(56F6) = 8.79 MeV

1 " 4

neutron

N
QBSi

The total nuclear masses is less than the sum of the masses 1

of its constituent neutrons and protons: g ug SFe s

160
Myye =Z M, + N M, — Am -

7— 94

235U
Most stable nucleus

14N
238

5 U
Fission

—

Fusion

“mass defect” defines binding energy through AE = Am c?;
that is

Region of very
stable nuclides

BE(Z,N) = (Z My, + N M, — My, )c?

Binding energy per nucleon (MeV)

*Nuclear processes liberate energy as long as the binding
energy per nucleon of the final products exceeds the
binding energy per nucleon of the initial constituents
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Nuclear Decays
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'Unknown
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(Number of Neutrons)

1.02 MeV

L Radio-
nuclide

0.83 MeV

z
o
N A 4 A 4 Groundstate

Decay constant (decay rate) A (and half-life Ty ,, = In(2) /A)
defined by:

Nye
Fermi’s Golden Rule:

2
1= 7”|<f|Hint|i>|2p(E)

f, 1 are final and initial state wavefunctions and Mg; = (f|Hjn|i)
is the “matrix element”

H;,¢ is the weak interaction Hamiltonian

p(E) is the density of states of the final particles (a process is
more likely to happen if there is a larger choice of final states)



Cross sections and stellar reactionrates: B+ x > C + D

N

N, Ejec‘files .
The cross section depends on the matrix element Mg; = (f|Hjp|i) N Target >

i Beam particles nuclei ¢
and can be UnderStOOd SChemat|Ca”y a2  [eampatices

.. ¢ [ X N J ¢ [ J o
o 2 8% 002 2% o
o = # of interactions per time

B (# of incident particles per area per time) (# of target nuclei in beam) Beam area A

Detector area
(dF = r2dQ)

0=0°

Target area A;

Since cross sections are dependent on the incident energy (velocity),
in astrophysical plasmas must average over a velocity distribution
to get the thermally averaged cross section:

(ov)= o v f(v) dv

where if nuclei are non-relativistic and non-degenerate velocities
described by Maxwell-Boltzmann distribution (~e~E/kT) giving

mvz

3/2 _mv”
flv) = (ﬁ) Amtv?e 2kT with m =

mpm
—B—X (the reduced mass)



Cross sections and stellar reactionrates: B+ x > C + D

N

N, Ejec‘files .
The cross section depends on the matrix element M¢; = (f|Hin|i) Np Target >

i Beam particles nuclei ¢
and can be UnderStOOd SChemat|Ca”y a2  [eampatices

.. ¢ [ X N J ¢ [ J o
o 2 8% 002 2% o
o = # of interactions per time

B (# of incident particles per area per time) (# of target nuclei in beam) Beam area A

Detector area
(dF = r2dQ)

0=0°

Target area A;

Since cross sections are dependent on the incident energy (velocity),
in astrophysical plasmas must average over a velocity distribution

to get the thermally averaged cross section:

Interaction rate or reaction rate [cm3 s1]:
— — BNx
(ovy=Jo vf(w)dv Thx = Tp,. (V)
where if nuclei are non-relativistic and non-degenerate velocities “Stellar reaction rate” (per target nucleus) [s2]:
described by Maxwell-Boltzmann distribution (~e ~£/%T) giving 1
Apx = ng{ov)
1+ 65,
m \3/2 _mv? mpm
flv) = (—) Amv?e zkT with m = ——* (the reduced mass)
21kT mp+my



Putting it all togethé‘r: consider B+x—>C-|- D oy

Q=Mg+M, —M, — MD)C2 Q = energy released (+) or absorbed (-), aka Q-value [MeV]
Spn(Z,A+1) = Mz,A + M, — MZ,A+1 = one neutron separation energy [MeV]

_ X _ = number density [cm3], p = density [g - cm3], Ny= Avogadro's number (6.022x102%3) [g
nB_pNAE—pNAYB y [cm™3], p ylg 1, Ny g ( ) (8]

mass fraction (3; X;=1)

Yy = abundance
mass number (# protons + # neutrons) ’ =

n
Y, = z Z;Y; = - Y, = electron fraction (formula assumes charge neutrality); lower Y, is more neutron rich
n, +n
p n

m

_ npny (ov) (ov) = thermally averaged cross section = [a v f(v) dv where f(v) = (_zch)

 146px is the Maxwell-Boltzmann distribution (~e “E/kT) and m = % (the reduced mass)
B 5%

YgpN,(oV) r = interaction rate or reaction rate [cm3 s!],
A = “stellar reaction rate”(per target nucleus) [s] (Note units of N,(ov)=cm3/s/g)

Apy = ———
BX 1 + 65,




Recall definitionsforB+x - C + D

Q= (MB + M, — M, — IVID)C2 'Bx = M<O'V>

1
X
ng = pNy ﬁ = pNpYsp Apx = 1+ 0y YgpNy(ov)

Reverse rate for C + D — B + x from detailed balance (equilibrium): Saha Equation

If B # x and C # D with all being nuclei:

ncn (ov) . o AcApE
cnp _ Bx along with Bx _ 9c9p AcApEcp
npny  (oV)cp ocb  9BIx ABAxEBx

TBx = Tcp =

where g=2J+1; can then obtain:

ncnp _ {9Vigx _ 9gcdp (ACAD)3/2 e TQ/KT
ngny (oV)cp 9pdx \ApAx

*See Fowler, Caughlan, and Zimmerman (1967) for more details



Recall definitionsforB+x - C + D

Q= (MB + M, — M, — IVID)C2 'Bx = M<O'V>

1

X

np = PNAﬁ = pNpYsp Apx = 1+ 6, YgpNy(ov)
X

Reverse rate for C + D — B + x from detailed balance (equilibrium): Saha Equation

If B # x and C # D with all being nuclei: If instead C is a photon:

ncn (ov) . o AcApE n (oVv)
Ty = Top = cnp _ BX  ,long with ZE% = 9gc9dp AcApEcp Tox = Toy = D _ Bx
npny  (0V)cp ocp  9BIx ABAxEBx npny Ay
where g=2J+1; can then obtain: Gives:
nenp _ (oVipx _ gcdp (ACAD)3/2 o tQ/KT np _ {(oV)px _ 9p ( Ap )3/2 (2”h2)3/2 etQ/KT
ngny  (oV)cp 9BYdx \ApAx ngny Ay  gpdx \ApAyx mkT

*See Fowler, Caughlan, and Zimmerman (1967) for more details



Example: (n,y) € (¥, n) equilibrium + steady 3 flow

Assume (n,y) 2 (y,n) equilibrium to obtain relative abundances of A-1 A A+l
Z
3/2
Ya+1 _ Na+1 9A+1 (E)S/Z ( 2mh? ) +Sp/kT * -
v, =, STy, \a preep——— A+ 1)m, eron Sets the relative abundances

along an isotopic chain

The evolution of abundances is determined from flow of 3-decay: -
VA

drcll(tZ) =Az-n(Z —1) —A,n(Z) where A, =Y, ,n(Z, A)AB (Z,4) \

Steady flow equilibrium (or B-flow equilibrium) assumes 1,n(Z)~constant Z-1 I

*Allows for the chain to move to
elements with higher proton
numbers or in the case of steady
flow sets relative Z abundances




Nuclear Statistical Equilibrium (NSE)

If the environment is hot enough to overcome Coulomb barriers
and has high energy photons, neutron and proton captures on

(Z,N) are in chemical equilibrium with reverse photodissociations:

N neutrons + Z protons 2 (Z,N)

Nun + Zuz =tz

where u is the chemical potential; nucleons and nuclei are
described by Maxwell-Boltzmann distributions (note G; is the

partition function):
N Y; (2mh? 32
p AGi mlkT

*The above equations are used along with }}; 4;Y; = 1 and
2. Z;Y; =Y, to solve for abundances at a given p, T, Y,

u; = m;c? + kTin

Mass Fraction

10°

10*

NSE Distributions at p=1e7 g cm”® Y _=0.5

%
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Temperature (x10° K)

For high temperatures, favors a composition
of n, p, and a due to photodissociation, for
lower temperatures nuclei with the highest

binding energy are favored
(°6Fe for Y, < 0.5 and *®Ni for Y, = 0.5)

80+Sawwi]‘|yezuallas



. »
.,,: :

Outline for Iecture l 1y .;,

Stropﬁysalos? Some

* How can we study nucIear physl ‘
observables [3-7] - ¢ ,:,,,

. Some basic nuclear phyS|cs masses ,.reactions, reverse

reactlon rates, and equmbrra [9 191., R

i Ko .
o WS -

. Reactlon networks (BBN example an -
nucleosynthe5|s example) and usmg;

* Solar fu5|on [32 36]



A short intro to reaction networks

Q= (MB + M, — M, — IVID)C2 TBx = %(UV>
X
np = PNAﬁ = pNpYsp Apx = 1+ 6, YgpNy(ov)
X
For the two-body reaction
B X C
- 0-@
dng
dt = —Ngdpxy = —NgYypNy(ov)
dn,
—— = +nglpy



A short intro to reaction networks

Q =Mz + M, — M, — IVID)C2 TBx = %(UV>
X
np = PNAﬁ = pNpYsp Apx = 1+ 6, YgpNy(ov)
X
For the two-body reaction Now if a one-body decay produces B
B X C D B Z
O+ 0 - ‘ ® - 00
dng dﬂ——nY Nj{(ov) + npA
dt = —ngApy = —ngYypNy(ov) a " xPHA peb
dn
dn ~b_ _
—~ = +npApy dt "pAp

dt



A short intro to reaction networks

X
ng = pNy ﬁ = pN,Yp Apx =

Q= (MB + M, — M, — IVID)C2 'Bx = M<O'V>

1+ 6p,

YgpNy(ov)

For the two-body reaction

B
® -
dng
dt

dn,
dt

X C

- @

= —NgApy = —NpYypNy(ov)

= +nglpy

Now if a one-body decay produces B

D

B Z

® - 0-o0

dng

—— = —ngVypNy(ov) + npip

= —nplp

Thus network equations can be written as:

Vi= ) SV + ) 6 pNalov) i
J Jk

) ELpP N V) Y,
J,k,l

Where & is + when i created, - wheni
consumed, and corrects for overcounting in a
reaction involving identical particles

*Coupled differential equations can be put into
matrix form so networks use matrix solvers



A short intro to reaction networks

X
ng = pNy ﬁ = pN,Yp Apx = 1+0,.

Q= (MB + M, — M, — IVID)C2 'Bx = M<O'V>

YgpNy(ov)

Written out in a more schematic way:

Y; = Y.(2body reactions into i) — ¥.(2body reactions out of i)  (ex: n capture,
photodissociation)
+ Y:(3body reactions into i) — Y.(3body reactions out of i) (ex: aan, (n,2n))

+ Y (decays into i) — Y.(decays out of i) (ex: B-decay, B-delayed n
emission, a-decay)
+ Y. (fission into i) OR — Y(fission out of i) (ex: neutron-induced, B-delayed,

spontaneous fission)

See e.g. Hix&Meyer 06, Lippuner&Roberts 18 for discussions of
solving network equations

Thus network equations can be written as:

Vi= ) SV + ) 6 pNalov) i
J Jk

) ELpP N V) Y,
J,k,l

Where & is + when i created, - wheni
consumed, and corrects for overcounting in a
reaction involving identical particles

*Coupled differential equations can be put into
matrix form so networks use matrix solvers



Today - 14 hillion years

Big Bang Nucleosynthesis network of reactions Ac%;;;“:a‘z;’d't‘ht 4, 11 bjlﬁonyears‘_@
Be Solar system forms\ " ,' =0 ;

Star formation peak \EESSSSSNGHIGORYEAISE
Galaxy formation era\

Earliest visible galaxies - 700 million years
Li 5

i i !“. /] ] 2X)
Re%olmhén?tlcan Atolms tc():rl\rITB = ',5, years .=,
elic radiation decouples (CMB) . ‘;-4‘

Matter domination —— 5,000 years
Onset of gravitational collapse h— 3

3He >

%
(sh%) (DN (D.n)

p (n:‘/) D (Dlp) T
®)

Nucleosynthesis — 3 minutes

Light elements created - D, He, Li | = ; :
Nuclear fusion begins —— 0.01 seconds

""-{ Ly e T

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition F——
Electroweak and strong nuclear 20ans
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




Today — 14 hillion years
Life on earth »

Big Bang Nucleosynthesis network of reactions [t ’@ - b_'i,,’i’,,,!yea,s‘_

Dark energy dominated"
‘Be Solar system forms\ # = oo O,

Star formation peak \EESSSSSNGHIGORYEAISE
Galaxy formation era\
Earliest visible galaxies - 700 miII'ion years

.

“Li
i i !“. /] ] 2X)
Re%olmhén?tlcan Atolms tc():rl\rITB = ',5, years .=,

elic radiation decouples ( ) . ‘;-4‘

3He _OP) , apes

%
P.Y) [ T(DN T(D,n)
Light elements created - D, He, Li

p (n:‘/) D (Dlp) T .. . - ) .
Nuclear fusion begins —— 0.01 seconds

Quark-hadron transition
Protons and neutrons formed

Matter domination —— 5,000 years
Onset of gravitational collapse h— 3

Nucleosynthesis — 3 minutes

: . . : Electroweak transition
Let’s write down some of the coupled differential equations: Electromagnetic and weak nuclear

forces first differentiate
Supersymmetry breaking

dY,
d_: = Yoy — Yo YupNa(ov)p iy Axions etc.? :“
Grand unification transition F——1{
Electroweak and strong nuclear 3 Y
dYLi forces differentiate
dt - YBeanNA<GV)Be(n,p) + YTYapNA<0V>T(a,y) - YLtipNA<O-V>Li(p,a) Inflation

Quantum gravity wall
Spacetime description breaks down




Big Bang Nucleosynthesis network of reactions

Be

7Li

3He —> > apje

%
(0 [ [(DN« T(D,n)

p (n:V) D (Dlp) T

()

n

BBN primarily makes hydrogen (~75%) and helium (~25%)

BBN abundances are a probe of new physics (ex sterile neutrinos,

dark matter) in the early universe

Ongoing work (ex: Fields+22) with BBN abundances: Li problem -
lower than prediction

Ongoing measurements of BBN reaction rates

(ex: recently updated Be(n,p)’Li measurement Damone+18)

4He mass fraction

D/H

BBN abundances

-t
o
|
e
I

10—1() »

10;1()

109
baryon-to-photon ratio n = n;/n,



A (much) bigger network: rapid neutron capture and the heaviest elements

1073 5
Q\’ '!' - Lanthanides */s/ [ Actinides

WLT WTT‘ "‘""‘*me

Y(A)

1"
é‘*
=

——y

100 110 120 130 14 200 210 220 230 240 250 260 270

108 A
55 time = 8.000e-03 s
T = 1.000e+01 GK
88 -
78 -
68 -
N 58
48 il (n, Y)
38 - . B~ decay
# n m (n 1
28 - - |'I m Bdf
I = a decay
8 T 1 T T T T { ] T T 1 T T T | T T T T

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
N



Using simulation tracers

Networks permit nucleosynthesis calculations to account for the time evolution of the temperature and
density of a particular mass element in an astrophysical environment (aka trajectory)

t = 1.2610e-01 ms

t=0.13 ms e

200 A

—
o
d
p
3
I
g
]
=
=
]
B
o
o]

y [km]
o

[

—200 A

-400

-400 -200 0 200 400
X [km]




1014
1011 L
"
£ 108
2
2 105 |
>
= 2
w10
8 101
107" F —— simulation tracer
104 L — Extrapolated
Reheating Added
10_7 1 1111111l 1 1111111l 1 1111111l Ll 1 1111111l Ll 1 L1 N
10~ 1072 10° 102
102
5
o -
5 107
) C
E »
(] E
Q -
qE) 1072 ¢ ) )
— - = Simulation tracer
L — Extrapolated
Reheating Added
10_4 1 L1111l 1 NN 1 111l Ll 1 L1111l L1l 1 1111l
1074 1072 10° 102

Time [s]

Using simulation tracers:
Extrapolating trajectories
and reheating

The density beyond the ~ms timescale considered in
hydrodynamic simulations is typically extrapolated assuming
“free expansion” (homologous expansion such that r = vt):

t_3

p(t) = po (—)

to

Given p(t), the composition, and the entropy s, the change in
entropy can be calculated via the nuclear equation of state

(EOS) which is then linked to temperature (AS = A7Q) thus

T(t) = EOS[so, p(t), Y(t)]

This is called “reheating” or “self-heating” since the changes in
the composition from nuclear reactions heat the system
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Stellar fusion

Deuterium Hélium

Tritium

e The Sun was first a cloud of gas that underwent gravitational

collapse, causing the core to become hot and dense enough* 2H+3H - *He+n, Q=17.6 MeV
for fusion to begin .
*have to overcome the Coulomb barrier (proton repulsion) Energy released by fusion ~10-30 MeV

* The energy released by fusion provides an outward pressure,
combating the gravitational inward pull



The pp chain

The Sun is mostly hydrogen and helium

Present day Solar composition (mass %)

H+™H —> 2H+e" s v,

2H+"H — 3He + v

this work  [05A1,07G] op-

H (=X) 73.90 73.92
ge (=Y) 34629 345’36 *He + *He — *He + "H + 'H *He + “He —> "Be + Y
C 0.22 0.22 PP-1 (85%)
Ne 0.17 0.10 d570 ooy
Fe 0.12 0.12 Be +'H — B + v
N 0.07 0.06 ‘Be +e — Li +v, 88 > %Be + et 4 v
Si 0.07 0.07 i+ '"H — *He +*He 8 i i °
Mg 0.06 0.06 e —= "Heir"He
S 0.03 0.03 PRAL(15%)

_ PP-1ll (0.02%
all other elements 0.04 0.02 Q=T MeY 0= 1;_1 Me\,)
total heavy elements (=Z) 1.41 1.22

Lodders+ 2009



The pp chain

Solar Neutrino Spectrum
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*pp chain is the primary energy source for the Sun

Neutrino Energy [MeV]

1H +1H —>2H+e++ Ve

3He +3He—> 4He+ 1H + 1H

PP-1 (85%)
Q =26.2 MeV

2H+1H —*3He+y

pP-l

3He -

4He T 7Be + Y

7 7 'Be +'"H — %B + v
Be + € — 'Li + v,

7 1 4 4 BB—>BBe+e++ve
Li + H — He + He

8Be —> “He + *He

PP-ll (15%)

Q=257 MeV PP-1Il (0.02%)

Q=19.1 MeV




CNO cycle

Uses carbon-12 as a catalyst to convert * With a core temperature ~15 MK, CNO

hydrogen (p) into helium (a) subdominant to pp in the Sun

e For stars heavier than the Sun with carbon-12
present, the CNO cycle becomes the dominant
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Table 6.1: Effective Q-values 10 i
Process Qeit MeV) % Solar energy [
PP-1 26.2 83.7 i
0 T | N N N N PR |
PPl 257 14.7 10 0.01 0.1
PP-II1 19.1 0.02 Temperature (GK)

CNO 23.8 1.6 lliadis 15
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Abstract

For most of their existence, stars are fuelled by the fusion of hydrogen into helium. Fusion
proceeds via two processes that are well understood theoretically: the proton-proton (pp)
chain and the carbon-nitrogen-oxygen (CNO) cyclel2, Neutrinos that are emitted along such
fusion processes in the solar core are the only direct probe of the deep interior of the Sun. A
complete spectroscopic study of neutrinos from the pp chain, which produces about 99 per
cent of the solar energy, has been performed previously2; however, there has been no
reported experimental evidence of the CNO cycle. Here we report the direct observation,
with a high statistical significance, of neutrinos produced in the CNO cycle in the Sun. This
experimental evidence was obtained using the highly radiopure, large-volume, liquid-
scintillator detector of Borexino, an experiment located at the underground Laboratori
Nazionali del Gran Sasso in Italy. The main experimental challenge was to identify the excess
signal—only a few counts per day above the background per 100 tonnes of target—that is
attributed to interactions of the CNO neutrinos. Advances in the thermal stabilization of the
detector over the last five years enabled us to develop a method to constrain the rate of
bismuth-210 contaminating the scintillator. In the CNO cycle, the fusion of hydrogen is
catalysed by carbon, nitrogen and oxygen, and so its rate—as well as the flux of emitted CNO
neutrinos—depends directly on the abundance of these elements in the solar core. This result
therefore paves the way towards a direct measurement of the solar metallicity using CNO
neutrinos. Our findings quantify the relative contribution of CNO fusion in the Sun to be of
the order of 1 per cent; however, in massive stars, this is the dominant process of energy
production. This work provides experimental evidence of the primary mechanism for the

stellar conversion of hydrogen into helium in the Universe.



