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In the coming age of precision neutrino physics, neutrinos from the Sun become robust probes of
the conditions of the solar core. Here, we focus on 8B neutrinos, for which there are already high
precision measurements by the Sudbury Neutrino Observatory and Super-Kamiokande. Using only
basic physical principles and straightforward statistical tools, we calculate projected constraints
on the temperature and density of the 8B neutrino production zone compared to a reference solar
model. We outline how to better understand the astrophysics of the solar interior using forthcoming
neutrino data and solar models. §

I. INTRODUCTION

The Sun is a foundational source in nuclear astro-
physics [1–5]. A longstanding program uses neutrino
observations [6–14] to directly probe the nuclear reac-
tions that power the Sun’s sustained luminosity [15–17].
Each of its nuclear-reaction chains produces a distinctive
neutrino spectrum (depending upon laboratory nuclear
physics) and flux (depending also upon the astrophysics
of the solar interior) [18–24]. Success in this program is
crucial to understanding all other main-sequence stars,
for which we expect no direct observations of neutrinos
and must therefore rely upon electromagnetic observa-
tions and theoretical modeling [25–32].

For several decades, this program was interrupted by
the (exciting) diversion of the solar neutrino problem. In
1968, the first results from the Homestake radiochemical
neutrino detection experiment showed a solar electron
neutrino flux well below expectations from solar mod-
els [6]. This tension persisted throughout efforts to bet-
ter understand uncertainties in solar-model and nuclear
physics, plus subsequent measurements of the neutrino
flux. While proposed solutions to the solar neutrino prob-
lem included non-standard solar models, ultimately the
correct answer was neutrino flavor mixing, which was first
proposed for neutrinos in vacuum by Pontecorvo [33] and
later expanded to include matter effects by Mikheyev,
Smirnov, and Wolfenstein (MSW) [34, 35]. The defini-
tive discovery of mixing was made by the Sudbury Neu-
trino Observatory (SNO), additionally confirming that
the total 8B neutrino flux agrees with predictions [11, 36].
Furthermore, the Kamiokande Liquid Scintillator Anti-
Neutrino Detector (KamLAND) reactor experiment mea-
sured neutrino mixing parameters consistent with the
large mixing angle oscillation (LMAO) solution for the
MSW effect in the Sun [37–39], up to some modest ten-
sion in the mass-squared splitting.

We will soon have an opportunity to return to the
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original program of probing the astrophysics of the so-
lar core [15–17]. Doing so may help resolve persistent
discrepancies in solar helioseismology [40–43] and metal-
licity data [44–46]. The Jiangmen Underground Neutrino
Observatory (JUNO), starting operations in 2025, will
improve uncertainties on some neutrino mixing parame-
ters from 3–10% to better than 1% [47, 48]. Beyond that,
new experiments, especially Hyper-Kamiokande [49–
51] and the Deep Underground Neutrino Experiment
(DUNE) [52–58], will greatly improve the precision of
other neutrino mixing parameters. In the absence of in-
dications of new physics, we therefore expect that the
neutrino mixing parameters will be precisely known, in-
dependent of solar-neutrino data. What, then, can solar-
neutrino observations teach us about solar astrophysics?

In this paper, we work towards model-independent
probes of the astrophysics of the solar core based on neu-
trino data, improving upon earlier work [59–64]. We fo-
cus on 8B neutrinos, relying only on basic physical prin-
ciples and straightforward statistics. There are two basic
ideas behind our work. First, the total flux of 8B neu-
trinos is very sensitive to the temperature of the solar
core: ϕ ∝ Tα

c , with α ∼ 24 [65]. Because SNO has mea-
sured the total 8B neutrino flux to better than 10% [36],
this probes the solar core temperature to better than 1%.
Second, because of how neutrinos mix, the electron neu-
trino survival probability at Earth depends on the solar
density at production. For 8B neutrinos, this effect be-
comes important at the low-energy end of the spectrum
of scattered electrons in Super-Kamiokande (Super-K).
Their most recent results — using the full data period of
Super-K-IV [66] — thus allow for the best chance yet to
probe the conditions of the solar core.

In Sec. II, we calculate how the spectrum of scattered
electrons in Super-K depends on the details of 8B produc-
tion, propagation, and detection. In Sec. III, we present
our major result: the first combination of constraints on
solar structure in the plane of density and temperature,
(ρ, T ). While simple, this is new and provides important
insights. We also outline broader studies of the solar core
conditions. Finally, in Sec. IV, we conclude and look to-
wards the future of the solar astrophysics program.
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II. CALCULATION OF THE 8B SIGNAL

In this section, we present our calculations relating to
8B neutrinos from the Sun. We begin with their birth
in nuclear reactions, then follow their flavor mixing via
the MSW effect, and finish with their detection in Super-
K via neutrino-electron elastic scattering. The GitHub
repository (linked above) provides short Jupyter Note-
books on 8B neutrino production and detection, as well
as the routines used to generate figures in this paper.

As described in the introduction, 8B neutrino obser-
vations at Earth depend on the astrophysics of the so-
lar core. The total 8B flux measured by SNO and the
spectrum of recoil electrons in Super-K, respectively, al-
low us to probe the temperature and density in the re-
gion of 8B production. Because of the limited neutrino
data, we produce constraints relative to a reference solar
model [67]. Figure 1 shows its radial profiles of temper-
ature and density.

A. Production

Solar 8B neutrinos are produced via the following re-
actions of the pp-III chain:

7Be + 1H −→ 8B+ γ (1)
8B −→ 8Be∗ + e+ + νe. (2)

While the neutrinos themselves are actually produced via
Eq. (2), the beta decay does not depend on the solar en-
vironment and proceeds much faster than the preceding
fusion reaction. Consequently, the production of 8B neu-
trinos is described by the rate of the fusion reaction in
Eq. (1), which depends on laboratory nuclear physics and
the astrophysics of the solar core. The 8B neutrino spec-
trum is broad, with a peak near 6.5 MeV and an endpoint
near 15 MeV [68].

The radial profile of the nuclear reaction rate density
depends on the product of the number densities of the
reactants, ni, and the reaction rate factor, ⟨σv⟩:

Γab(r) =
nanb

1 + δab
⟨σv⟩, (3)

where the Kronecker delta accounts for identical reac-
tants. The number densities ni for various atomic species
i can be obtained by multiplying the mass density, ρ, by
the mass fraction per species divided by the species mass,
Xi/mi. For ⟨σv⟩, we use a weighted average, obtained by
integration over the center-of-mass energy, E (assuming
a stationary target) of the product of the the fusion cross
section, σ(E), the velocity, v(E), and the distribution of
particles, f(E), i.e.,

⟨σv⟩ =
∫ ∞

0

dE σ(E)v(E)f(E). (4)

The energy-dependent behavior in the cross section is
typically encapsulated via the experimentally determined
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FIG. 1. Density and temperature profiles from the reference
solar model [67]. Note different y-axes.

astrophysical S-factor, defined by

σ(E) =
S(E)

E
exp

(
−
√

EG

E

)
, (5)

where EG = 2mrc
2(παZaZb)

2 is the Gamow energy in
CGS units (fine structure constant α = e2/ℏc, with the
elementary charge e, reduced Planck constant ℏ, and
speed of light c), mr is the reduced mass of the pair of
reactants, and Zi are their atomic numbers. The expo-
nential function in Eq. (5) is often written as exp (−2πη)

(the Gamow factor), where η = ZaZb(e
2/h)

√
mrc2/(2E)

is the Sommerfeld parameter with the Planck constant
h. For a non-relativistic Maxwellian distribution of par-
ticles, the reaction rate factor is

⟨σv⟩ = 2
√
2√

mrπ

1

(kBT )3/2

×
∫ ∞

0

dE S(E) exp

(
− E

kBT
− 2πη

)
,

(6)

with the Boltzmann constant, kB.
At astrophysical energies (kBT ≈ 1.3 keV in the so-

lar core), S(E) is usually (in the absence of nuclear res-
onances) a very slowly varying function. It is typical
to write an effective S-factor, Seff , as Taylor series, for
which coefficients are determined from theory and mea-
surements. To describe reaction rates in the Sun, we use
the compact approximation given in Ref. [4],

⟨σv⟩ = 1.3005× 10−15

[
ZaZb

AT 2
6

]1/3
× f0Seff exp(−τ) cm3 s−1,

(7)

where A is the reduced mass of the two species in atomic
mass units and T6 = T/(106 K). The factor

f0 = exp
(
0.188ZaZbφρ

1/2T
−3/2
6

)
(8)
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FIG. 2. Full calculation of the 8B neutrino production rate
profile compared to approximations that use only a simple
scaling of the temperature profile. The normalizations of the
latter curves are set equal to that of the full calculation.

accounts for the screening of electrons, where ρ is the
mass density (in implicit units of g cm−3) and φ =[∑

i(XiZ
2
i /Ai +XiZi/Ai)

]1/2
. The latter quantity is

usually labeled ζ in the literature, here we use φ here
to avoid confusion with a quantity connected with neu-
trino mixing (Sec. II B). Next,

Seff = Seff(E0) ≈ S(0)

[
1 +

5

12τ
+

S′

S

(
E0 +

35

36
kBT

)

+
S′′E0

S

(
E0

2
+

89

72
kBT

)]
E=0

(9)

is the effective astrophysical S-factor, where E0 =

1.2204
(
Z2
1Z

2
2AT

2
6

)1/3
keV is the most probable energy

of interaction (the Gamow peak), τ = 3E0/(kBT ) =

42.487
(
Z2
1Z

2
2AT

−1
6

)1/3
is a dimensionless parameter con-

venient for the power series expansion of the S-factor,
where S(E), S′ ≡ dS/dE, and S′′ ≡ d2S/dE2 are all
evaluated at E = 0. Recommendations for the S-factors
can be found in reviews of solar fusion [20, 22, 24]. In the
literature, the S-factor for the reaction in Eq. (1) is re-
ferred to as S17. We use the central value recommended
in Ref. [24] and neglect its uncertainties (see Sec. III B).
Finally, the factor exp(−τ) arises from the Gamow peak.
Figure 2 shows our full calculation of the 8B neutrino

production rate profile (which includes the geometrical
factor of r2 but not the angular factor of 4π), following
Eq. (3), where we take inputs from the reference solar
model [67]. The neutrino production zone is defined by

the radii where this function is large. We have checked
that our calculation in the solid line closely matches the
shape of the similar function in Ref. [67] (not shown).
Figure 2 also shows an important point: that the

full profile can be well approximated by simply Γ(r) ∝
r2T (r)β . This may be somewhat surprising, as the calcu-
lations above show that the temperature and density en-
ter the calculations in multiple ways. To understand why
this approximation works well, a few insights are needed.
First, we can largely ignore the density dependence that
appears in Eq. (3). In the radial range 0–0.1R⊙, the
number density of 1H is only slightly falling and that of
7Be falls by about an order of magnitude. While the
latter sounds important, it can be accommodated by a
moderate increase in β, as shown in the figure. We find
that the full calculation can be largely recovered by using
β ≈ 27.
Second, the reaction rate factor, ⟨σv⟩, as specified in

Eq. (7), can be taken to be independent of density and
to depend on temperature primarily through the terms
⟨σv⟩ ∝ T (r)−2/3 exp(−τ). The variations in f0 and Seff

with temperature and density are comparatively very
weak. Then we can write

⟨σv⟩ = ⟨σv⟩0
(
T (r)

T0

)β

, β =
∂ ln⟨σv⟩
∂ lnT (r)

(10)

where ⟨σv⟩0 is a normalization factor and T0 is some
reference temperature [69]. Following straightforward al-
gebraic manipulation, it can be shown that

β ≈ τ

3
. (11)

For the fusion of 7Be and a proton near the solar center,
τ ≈ 41, so β ≈ 14 is the expected value.
We must distinguish between two temperature expo-

nents and how they are used. Above, β is applied to the
local temperature, T (r). Separately, the total 8B neutrino
flux scales as Tα

c , where Tc is the central temperature [70].
Across many contemporary solar models, it is found that
α ≈ 24 ± 5 [65] (at the time of Ref. [4], it was said that
α ≈ 18, which may be a more familiar value).
In lieu of developing our own self-consistent non-

standard solar model, we exploit the fact that Γ(r) ∝
r2T (r)β to develop a semi-model-independent approach
to probe the densities of the 8B production region. While
a curve with β ≈ 14 in Fig. 2 would be shifted to slightly
larger radii than the full calculation, the width of the
distribution is approximately correct. (We have checked
that including the radial composition profiles for 1H and
especially 7Be leads to close agreement with the full cal-
culation.) Therefore, as a first step towards a more so-
phisticated approach that will be possible with future
data, we will assume that the uncertainties we derive
with our approximate approach will be informative, even
if the values are somewhat shifted.
As we show in Sec. II B, varying β changes the electron

neutrino survival probability at Earth because it changes
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the density at production. To be conservative, we neglect
the fact that varying β would also change the total neu-
trino flux at Earth because it changes the temperature at
production; instead, we keep the total flux at the central
value measured by SNO. As discussed in Sec. III B, in
future work this effect can be taken advantage of.

B. Propagation

Neutrinos born in the electron-rich environment of the
solar core experience flavor mixing due to the MSW ef-
fect. This mixing depends on three particle parame-
ters, where we use the values taken from reactor experi-
ments: tan2(2θ12) = 0.436+0.102

−0.081, ∆m2
21 = (7.58±0.21)×

10−5 eV2, and sin2(θ13) = 0.032 ± 0.047 [38, 71]. We
quote the uncertainties to indicate their impressive preci-
sion, but neglect them in our calculation because we focus
on the near-future situation in which they will be much
smaller, following measurements by JUNO and other ex-
periments. We use the mixing parameters from reactor
experiments because they are independent of solar astro-
physics; our results do not change much if we instead use
the mixing parameters from solar experiments.

The first discussions of probing the solar density us-
ing neutrino mixing were in Refs. [59, 60], which con-
sidered the limits of large and small mixing angles, re-
spectively. The physics of this problem for the LMAO
case was developed further in Refs. [61, 62], which found
best-fit densities in some tension with solar models. More
recently, Refs. [63, 64] developed new statistical tools
for this problem, finding overall compatibility with solar
models. Our focus is on developing a more detailed ap-
proach with clearer physical and statistical insights, plus
we also probe the solar temperature and develop the first
joint probes for the ρ, T plane (Sec. III).

Figure 3 shows how the mixing angle is modified in
matter due to the MSW effect, the core idea of those
studies. The matter angle θ depends on the solar electron
number density as [72, 73]

cos (2θ(Eν , ne)) =
−ϕ√

Λ2 + ϕ2
(12)

where Λ = sin (2θ12), ϕ = ζ(Eν , ne) − cos (2θ12), and

ζ = 2
√
2GFEνne/∆m2

21, with Eν being the neutrino en-
ergy and GF being the Fermi coupling constant, and ne

is the number density of electrons. The electron num-
ber density profile, ne(r), is related to the mass density,
ρ(r), via the mean molecular weight per electron, µe(r).
This final factor encodes the composition profiles from
the reference solar model.

In vacuum, the matter mixing angle simply becomes
the standard mixing angle, θ12. Note that 8B neutrino
production occurs at small radii (Fig. 2), while the MSW
resonances occur at moderate radii (Fig. 3). This turns
out to be critical, as detailed below.

The three-flavor electron neutrino survival probability
is approximately [71, 74, 75]

Pνe
(Eν) = cos4 (θ13)P2νe

(Eν) + sin4 (θ13), (13)

where we have neglected a small effect due to solar matter
effects on θ13, and where the two-flavor component is

P2νe
(Eν) =

1

2
[1 + ⟨cos (2θ(Eν))⟩src cos (2θ12)] . (14)

The two factors in Eq. (14) reflect the initial and final
matter angles, where the initial one must be averaged
over the neutrino production rate profile and the final
one is the same as in laboratory experiments. (To keep
focus on the Sun, we neglect neutrino regeneration effects
in Earth, which would increase the survival probability
by a few percent in this energy range [75, 76].) Impor-
tantly, Eq. (13) depends only on the (averaged) matter
density at 8B production, and not the densities along the
neutrino trajectories.
Before discussing the validity and averaging of

Eqs. (13, 14), we note some key physics points, building
on Ref. [59]. The only place that the solar density ap-
pears is in the initial matter angle, cos (2θ(Eν , ne)); this
is also the only place that the neutrino energy appears.
Consider three cases where observations of neutrino mix-
ing would reveal nothing about the solar interior :

• If ∆m2
21 had been much larger (equivalent to the

solar core densities or typical neutrino energies be-
ing much smaller — see the 1 MeV curve in Fig. 3
— or to having the MSW resonance density be
much larger than the 8B production density), then
cos (2θ(Eν , ne)) → cos (2θ12) and P2νe

is a constant
(= 1

2 [1 + cos2(2θ12)]).

• If ∆m2
21 had been much smaller (equivalent to the

opposite conditions), then cos (2θ(Eν , ne)) → −1
and P2νe

is a constant (= sin2(θ12)).

• If ∆m2
21 had been somewhat smaller and fine-tuned

so that the MSW resonance density was equal to
the 8B production density, then cos (2θ(Eν , ne)) →
0 and P2νe

is a constant (= 1/2). There is a slight
exception in this case, because some density depen-
dence could arise through source averaging.

It is therefore fortunate that we are in the situation where
8B neutrino mixing via ∆m2

21 does probe the solar inte-
rior. Incidentally, the first bullet above is part of why
mixing via the much larger ∆m2

31 is much less important
(also, sin2(θ13) is small).
The form of the survival probability in Eqs. (13, 14)

is valid under two conditions. First, the neutrino prop-
agation must be adiabatic, meaning that the probability
to jump from one mass eigenstate to another — which
depends on the density along the neutrino trajectory —
must be negligible, as it is for the LMAO mixing param-
eters [73, 77]. (For small mixing angles, in contrast, the
survival probability can depend only on the density —
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more accurately, the variation of the density — along the
neutrino trajectory [59, 60].) Second, we must be able to
neglect oscillatory terms in the neutrino survival prob-
ability [72]. As part of this, we note that the neutrino
oscillation length in matter,

Losc
M =

4πE

∆m2
M

, (15)

should be negligible compared to the size of the neutrino
production zone. The effective mass splitting is

∆m2
M = ∆m2

21

√
(cos (2θ12)− ζ)2 + Λ2. (16)

The size of the neutrino production zone is of order
10−1R⊙, while the oscillation length in matter of the
most energetic solar neutrinos does not exceed 10−3R⊙.
The initial-state cosine must be averaged over the

8B neutrino production zone as

⟨cos 2θ(Eν , β)⟩src =
∫ rmax

rmin

dr r2T (r)β cos (2θ(Eν , ne)) ,

(17)
where the neutrino production rate profile, which is pro-
portional to r2T (r)β , is normalized to unity for use in the
above integral (the normalization is taken into account in
Sec. II C). As shown above, it is a reasonable approxima-
tion to characterize the neutrino production rate profile
in this way, neglecting smaller effects due to the radial
variation of density and composition.

0 5 10 15
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P
ν e
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FIG. 4. Electron neutrino survival probability at Earth as a
function of neutrino energy for representative parameteriza-
tions of the neutrino production zone.

Figure 4 shows the electron neutrino survival proba-
bility as a function of neutrino energy for representative
neutrino production zones. For the electron number den-
sity profile from the reference solar model, the largest
differences in survival probability for different neutrino
production zones occur in the intermediate energy range,
around 3–8 MeV. Even so, it is difficult to distinguish
between the deepest production zones, e.g., the highest
values of β. This is due to the flattening of the ne profile
in the core. That means that even though the β = 30
and β = 20 cases look different in Fig. 2, they are hard
to distinguish with 8B neutrinos.
We close with another important point. In Eqs. (13,

14), the solar density dependence is tied to the neutrino
energy dependence. However, this does not mean that
measuring the energy dependence of the survival prob-
ability would allow us to invert for the radial density
profile. At each neutrino energy, a range of radii in the
neutrino production zone contribute, but only the aver-
age survival probability can be probed. If the 8B neutrino
production zone were narrower in radius, the differences
shown in Fig. 4 would be larger. Even so, appreciable
differences remain.

C. Detection

For 8B neutrinos, we focus on observations with Super-
K, due to their high statistics and broad spectrum cov-
erage [66]. There are also observations with SNO [78]
and Borexino [79]. Super-K, located deep underground
in Japan, is a water-Cherenkov neutrino detector sen-
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sitive to MeV-scale neutrinos. It has a fiducial volume
of 22.5 kton. Neutrinos from the Sun elastically scatter
with electrons in the water via both charged- and neutral-
current interactions. The spectrum of recoil electrons can
be predicted using the neutrino production and propaga-
tion calculations above, the physics of weak interactions,
and detector effects.

It is important to note that Super-K (and Borexino) do
not directly measure the electron neutrino survival prob-
ability. (Below, we discuss the potential of using SNO’s
charged-current neutrino-deuteron data.) First, because
the differential cross section for neutrino-electron scatter-
ing is broad, measurements can be made only as a func-
tion of electron energy, not neutrino energy. Second, as
discussed below, the non-electron-neutrino flavors con-
tribute at a small level to the observed data. Third,
in order to normalize expectations in a semi-model-
independent way, they rely on SNO’s measurement of the
total flux via neutral-current neutrino-deuteron interac-
tions; this is only available for 8B neutrinos. Finally,
just as a point of presentation, Super-K typically shows
the ratio of the observed recoil electron spectrum to its
theoretical expectation (relatively flat), rather than the
recoil electron spectrum itself (relatively steep).

We begin with the initial electron spectrum,

R(T ) =

∫ Emax
ν

Emin
ν

dEν Φν(Eν)P(T ,Eν), (18)

where T is the true (before energy resolution effects) elec-

tron kinetic energy, Emin
ν = 1

2

(
T +

√
T 2 + 2me/T

)
is

given by kinematics with the electron mass me, and Emax
ν

is the cutoff of the neutrino energy spectrum. The dif-
ferential solar neutrino flux,

Φν(Eν) = ϕtotf(Eν), (19)

is defined by ϕtot = (5.25 ± 0.20) × 106 cm−2 s−1 which
is the total 8B neutrino flux measured by SNO [36], and
f(Eν) which is the 8B neutrino energy spectrum [68].
Neutrino oscillations and elastic scattering are ac-

counted for via

P(T ,Eν) =

[
Pνe

(Eν)
dσe

dT (T ,Eν)

+ (1− Pνe
(Eν))

dσµ

dT (T ,Eν)

]
,

(20)

where Pνe
(Eν) is the survival probability of electron neu-

trinos as a function of neutrino energy as given in Eq. (13)
and dσχ/dT (T ,Eν) is the differential cross section [80].
Here, χ is e or µ/τ for the electron and muon/tau fla-
vors. Because the latter two flavors do not have charged-
current interactions with electrons, their differential cross
section is ≈6 times lower than for electron neutrinos.

To account for energy resolution effects in Super-K,
Eq. (18) is passed into

S(T ) =

∫ Te,max

Te,min

dTe G(Te, T , σ(T ))R(T ), (21)

where Te is the measured kinetic energy. The energy res-
olution is taken into account via Gaussian smearing [81],

G(Te, T , σ(T )) =
1

σ(T )
√
2π

× exp

[
− (T − Te)

2

2(σ(T ))2

]
,

(22)

where

σ(T ) = −0.5525 + 0.3162
√

T +me

+ 0.04572(T +me)
(23)

models the energy resolution during the full Super-K-
IV period [66]. The limits of integration in Eq. (21) are
chosen to eliminate energy-resolution-induced smoothing
effects on the edges of the spectrum.
Finally, the spectrum is discretized according to Super-

K’s data bins as (∆N/∆T )i, the event rate in the ith

bin, in units of event day−1 (22.5 kton)−1 MeV−1. We
compute the final spectrum using(

∆N

∆T

)
i

=
Ne

Mdet∆Ti

∫ T left
i +∆Ti+δ

T left
i +δ

dT S(T ), (24)

where ∆Ti is the width of the ith Super-K kinetic energy
bin, T left

i is the left edge of the bin, and δ is the uncer-
tainty in the absolute energy scale of the detector [82],
which we set to zero for simplicity. The prefactors out-
side the integral include Ne = 7.521×1033 as the number
of electrons and Mdet = 22.5 kton as the total mass of
water in Super-K’s fiducial volume.
In our calculations, we consider only the signal from

8B neutrinos. Those from the hep reaction are pro-
duced somewhat further out in the Sun (≈0.15R⊙) [83]
and their spectrum extends to higher neutrino energies
(Emax

ν ≈ 19 MeV for hep [84] compared to Emax
ν ≈

15 MeV for 8B). While hep neutrinos may be helpful in
the future to study the solar interior, their contribution
to the Super-K data is not yet detected. We thus exclude
the last three Super-K bins, covering 13.49–19.49 MeV.
Additionally, we consider only statistical uncertainties on
the Super-K observed recoil electron spectrum. Energy-
correlated systematic uncertainties become significant
only in the highest-energy bins [66], which we have cut
from our analysis. Energy-uncorrelated systematics are
comparable to statistical uncertainties below ≈8 MeV.
We have checked that these choices do not significantly
impact our results.
We compare the results of our simple treatment to the

Super-K collaboration’s careful Monte Carlo model of
their detector (in the absence of neutrino mixing). For
this case, the choice of β does not enter (Pνe

(Eν) = 1).
We first take the “day” observed rate from Table IX
of Ref. [66]. We compare our numerical evaluation in
Eq. (24) to the expected event rate in Super-K due to
8B neutrinos from the same table, and divide the ob-
served rate by each model. Our calculation (detailed in
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the GitHub repository) is consistent with the Super-K
model within their statistical uncertainties.

Figure 5 (top panel) shows our predictions for the spec-
trum of scattered electrons from Eq. (21) (with and with-
out neutrino flavor mixing), compared to Super-K obser-
vations. The data points are a ratio between the ob-
served spectrum in Super-K (with mixing implied) and
their model (no mixing). Error bars show statistical un-
certainties only. The upturn in the survival probability
with decreasing neutrino energy (Fig. 4) becomes harder
to observe in the electron ratio spectrum, e.g., the β = 30
and β = 20 cases are even harder to distinguish than they
were in Fig. 4. Figure 5 (bottom panel) shows that our
prediction of the electron spectrum accurately reproduces
the Super-K observation, which is an important check.

III. CALCULATION OF PROBES OF THE
SOLAR CORE

In this section, we present our main results, which are
the projected uncertainties in the density-temperature
plane probed by 8B observations, referring to the best-
fit values as ρnpz and Tnpz because neutrinos probe the
values in the neutrino production zone. The density is
probed via the neutrino survival probability and the tem-
perature is probed by the flux. We then outline paths
toward model-independent neutrino probes of the Sun.

A. Constraints in the ρ, T plane

To probe the typical density for 8B production, we use
β to parameterize the shape of the neutrino production
zone and hence the neutrino survival probability. We fit
for β by optimizing the log-likelihood,

L(β) = −1

2

∑
i

[(
Oi − (∆N/∆T )i (β)

σi

)2

+ ln
(
2πσ2

i

)]
,

(25)
where Oi is the observed recoil electron spectrum in
Super-K [66], the second term in the quadratic is the
predicted spectrum using Eq. (24), and σi are the statis-
tical uncertainties.

Figure 6 shows the resulting probability distribution
for β. We obtain this by stepping over Eq. (25) for
varying β and plotting the Gaussian likelihood (via
exp(L(β)), normalized to unity). For small values of
β, the distribution has a short tail because decreasing
β corresponds to moving the neutrino production zone
to larger radii, thus smaller densities (Fig. 1), smaller
matter angles (Fig. 3), and larger survival probabilities
(Fig. 4), which would conflict with Super-K data (Fig. 5).
For large values of β, the distribution has a long tail be-
cause increasing β, which leads to the opposites of the
changes noted above, is less restricted. That is because
the survival probability becomes flatter in Super-K’s en-
ergy range, in part because the solar density profile flat-
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FIG. 5. Top panel: Predictions of the electron spectrum for
different β values, calculated by taking the ratio of Eq. (21)
with and without neutrino flavor mixing (see text). Bottom
panel: Ratio between the Super-K observations [66] of the
recoil electron spectrum and our prediction from Eq. (24) with
neutrino flavor mixing, using β = 15 as a representative case.

tens out at small radii. Additionally, for smaller β, the
distribution in Fig. 1 becomes narrower, so that the ef-
fects of averaging over the neutrino production zone in
Eq. (17) are less.

Figure 7 shows the neutrino production rate profile cor-
responding to the best-fit value of beta. We find 17.2+5.0

−2.8,
which is in agreement with the expectation of β ≈ 14
that followed from semi-model-independent approach of
approximating Γ(r) ∝ r2T (r)β . This value of β is lower
than the value we find in a full calculation (β ≈ 27, as
shown in Fig. 2), but it is adequate for our purposes.
Though the best-fit neutrino production rate profile is
somewhat shifted compared to that of the full calcula-
tion, the widths of the distributions are comparable. The
shift in the peak value from ≈0.045R⊙ to ≈0.055R⊙ cor-
responds to decreasing the density by ≈6%, correspond-
ing to changes in the electron neutrino survival of ≲ 1%.

To probe the typical temperature for 8B production,
some assumptions are needed. As described in Sec. II A,
it has been found that the total 8B neutrino flux scales
as ϕtot ∝ T 24

c , where Tc is the core temperature. What
we need is a scaling relation in terms of Tnpz, including
the prefactor, determined from contemporary solar mod-
els. This does not seem to exist. To proceed, we assume
the same exponent holds for Tnpz, which is only 6% less
than Tc in the reference solar model. That is, we use
ϕtot ∝ T 24

npz, though the prefactor is unknown. While
this does not allow us to directly extract the value of
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FIG. 6. Probability density for β given Super-K’s observed
recoil electron spectrum. The best fit is β = 17.2+5.0

−2.8, where
the uncertainties correspond to 68% of samples (with 34% of
samples on each side of the maximum).

Tc from the SNO measurement of the total 8B flux, it
does allow us to approximate the projected uncertainty,
which is our goal. Simple error propagation leads to
δϕtot/ϕtot = 24 δTnpz/Tnpz, where δϕtot and δTnpz are
the uncertainties on the total flux and the temperature in
the neutrino production zone. We use δϕtot/ϕtot ≈ 0.038
from SNO [36].

Figure 8 shows our main results. As far as we are
aware, this is the first time that joint neutrino probes
of the solar interior density and temperature have been
shown. For ρnpz and its uncertainty, we use the peak and
width from Fig. 7, where we specify the latter by includ-
ing 68% of the distribution, with 34% on each side of the
maximum. This leads to ρnpz = 121+19

−26 g cm−3; in the
reference solar model, this corresponds to the range of
0.031 ≤ r/R⊙ ≤ 0.089. Note that while we only use the
MSW effect and the Super-K electron energy spectrum,
we are able to constrain the radial range (and thus angu-
lar extent) of the neutrino production zone even without
angular information. (Eventually, direct angular mea-
surements may be possible [85].) For Tnpz and its uncer-
tainty, we use the value from the reference solar model
at the peak of the best-fit production profile and the un-
certainty estimated above. We find δTnpz/Tnpz ≈ 0.002,
or Tnpz = (1.453± 0.002)× 107 K.

Figure 8 also shows that neutrinos provide a unique
perspective on the Sun, as they probe the deep interior
of the Sun, which nothing else can do. Astronomical ob-
servations in the optical and other wavebands first probe
the exterior of the Sun. With helioseismology, it is possi-
ble to probe the solar interior, though not this deep, and
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FIG. 7. Neutrino production rate profile determined by our fit
compared to that from the full calculation using the reference
solar model. While our result is shifted relative to the full
calculation, the width is similar.

less directly, as the primary observable is the sound speed
squared. Figure 8 (top panel) shows that even though
neutrino observations are difficult, they are surprisingly
powerful. Figure 8 (bottom panel) highlights the regions
of the solar interior that can be probed. Overall, we find
no evidence for significant problems in the physical de-
scription of the Sun.

B. Towards broader studies

As discussed in Sec. I, we are approaching a time when
we can probe the astrophysics of the Sun in powerful new
ways. Neutrinos are a unique tool for revealing the phys-
ical conditions of the solar interior, but their properties
have been uncertain. With coming laboratory measure-
ments of neutrino mixing, that uncertainty will be greatly
reduced. In addition, there are excellent prospects for
laboratory measurements and computational studies of
the basic physics of nuclear reactions and atomic opac-
ities to reduce those input uncertainties. For example,
most of the error budget in the theoretical prediction of
the total 8B flux lies in S17. Even so, uncertainties on
S17 are about ≈3% [24], but will become even smaller via
efforts in nuclear theory and experiment. These changes
mean that we can focus our attention on things that can
only be measured with solar data.
A theme illustrated by our work is that a true inver-

sion from neutrino observations to solar-core parameters
is not possible, even in the simplified calculations above.
First, there are multiple steps that introduce significant



9

smearing. Second, and more fundamentally, the Sun
is an enormously complicated system with many vari-
ables. It only makes sense to consider changes to the
solar core density and temperature that are consistent
with the equations of stellar structure and wide vari-
ety of observational constraints. Therefore, one should
consider the forward problem, where uncertain physical
aspects of solar models are varied and their effects are
carried through to neutrino and electromagnetic observ-
ables. This kind of approach can help address longstand-
ing mysteries about the Sun.

For instance, there is discrepancy between heavy el-
ement abundances in the solar photosphere [44–46] and
those in the interior implied from helioseismology [40–42].
Though much work has been done to study this tension
using neutrinos [86–88], a solution to the solar metallic-
ity problem has yet to be found. Other questions about
solar models remain, for example, changing the compo-
sitions in the solar interior or sufficiently perturbing the
microphysics [89, 90]. Specifically, the effects of includ-
ing chemical mixing in the radiative zone via rotation or
waves in solar models have yet to be explored.

What is needed is for solar modelers to create large
suites of models that sample over uncertainties in solar
astrophysics. Decades ago, large suites of solar models
were created by varying inputs via Monte Carlo [65].
However, given the computational constraints of the
time, these models had to be characterized in simple
ways, e.g., via scatterplots of the neutrino flux from one
nuclear reaction versus another. It is now possible that
the complete models could be shared. Or the solar model-
ers could collaborate with neutrino experimentalists and
phenomenologists to accurately test which models actu-
ally remain allowed. In this way, the neutrino data would
probe solar astrophysics in new ways.

In the future, there will also be better observations to
test these phenomena. On the neutrino side, these ob-
servables include the fluxes and spectra of neutrinos from
several different nuclear reactions, which have different
sensitivities to changes in the physical conditions of their
production zones. For example, better measurements of
the pp neutrino flux would improve constraints on the
Sun’s luminosity [91]. JUNO is poised to make improved
measurements of 7Be, hep, and CNO neutrinos [92],
which, in addition to 8B [57, 93], would be helpful in ad-
dressing the solar metallicity problem [46]. Newly precise
measurements of 8B solar neutrinos can also be made by
Hyper-Kamiokande [49, 50] and DUNE [56, 58, 94]. Mea-
surements of 8B neutrinos at as low energies as possible
would help observe the upturn in the survival probability
(Fig. 4). To make these 8B measurements as precise as
possible, it would be important to reduce detector back-
grounds even further [95, 96]. Studying the conditions of
the solar core using neutrinos from pep and 7Be will re-
quire high precision because these lower-energy neutrinos
experience weak matter effects (Fig. 3) as they are born
at densities below the MSW resonance. The first mea-
surements of the hep neutrino flux and spectrum would
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FIG. 8. Our constraints on the reference solar model density
and temperature profiles using 8B neutrino observations.

confirm that the rare pp-IV chain does indeed occur in
the Sun and open the door to studying a different ra-
dial range inside the Sun around ∼0.15R⊙. On the elec-
tromagnetic side, the primary need is for new efforts in
helioseismology theory to better understand existing ob-
servations [97, 98].

Our analysis of 8B neutrinos could be improved. With
varying solar models as described above, one could make
direct calculations of their compatibility with 8B data.
In this paper, we generate constraints on ρnpz and Tnpz

separately. We took this approach because it is both
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semi-solar-model-independent and simple. By assuming
the SNO measurement for ϕtot and using Γ(r) ∝ r2T (r)β ,
we conservatively ignored changes in the 8B flux; taking
those into account would give greater sensitivity. Sepa-
rately, it would be interesting to consider the charged-
current neutrino-deuteron data from SNO, as the differ-
ential cross section is narrower and only electron neutri-
nos contribute, though the statistics are lower.

IV. CONCLUSIONS AND OUTLOOK

At present, solar neutrinos are not receiving as much
attention as they did in earlier decades. This isn’t be-
cause we ran out of questions — it’s because we ran out
of data. In the next decade, this will change significantly,
as JUNO, Hyper-Kamiokande, DUNE, and other exper-
iments (e.g., possibly XLZD [99]) come online. Those
experiments will make much more precise measurements
of solar neutrino fluxes and spectra. And, because these
and other experiments will also make much more precise
measurements of neutrino mixing parameters through in-
dependent measurements of laboratory neutrino sources,
we have new opportunities to use solar neutrinos to probe
the astrophysics of the solar interior.

Even with present solar-neutrino data, there will be
important steps that can be taken once the neutrino mix-
ing parameters are better known. Building on Refs. [4,
65], we show that the total flux of 8B neutrinos measured
by SNO probes the temperature of the neutrino produc-
tion zone, Tnpz. Building on Refs. [59–64], we show that
the oscillated flux of 8B neutrinos measured by Super-K
probes the density of the neutrino production zone, ρnpz.

Last, we are the first to combine these to obtain projected
joint constraints on the density-temperature plane. Us-
ing straightforward treatments of neutrino production,
propagation, and detection, we show that we can expect
to obtain tight constraints in that plane with only minor
reliance on solar models.

Quoting from Bahcall’s 1964 paper [16], “Only neutri-
nos, with their extremely small interaction cross sections,
can enable us to see into the interior of a star and thus
verify directly the hypothesis of nuclear energy genera-
tion in stars.” More than sixty years later, this dream is
within reach. Neutrinos take patience, but they reward
it richly.

The Python code used to generate our results and the
figures in this paper, as well as the relevant data files, are
all available on GitHub.

Note added: In the final stages of preparing our pa-
per, there appeared a new paper (Ref. [100]) that ad-
dresses similar directions but with a different approach
and complementary results.
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