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Abstract Neutrinos play an important role in stellar evolution. They are produced by nuclear reactions

or thermal processes. Using the stellar evolution code Modules for Experiments in Stellar Astrophysics

(MESA), we study stellar neutrino luminosity with different masses. The neutrino luminosities of stars

with different initial masses at different evolutionary stages are simulated. We find that the neutrino flux

of a star with 1 M⊙ mass at an evolutionary age of 4.61 × 109 yr is consistent with that of the Sun. In

general, neutrinos are produced by nuclear reactions, and the neutrino luminosity of stars is about one or

two magnitudes lower than the photo luminosity. However, neutrino luminosity can exceed photo luminosity

during the helium flash which can occur for stars with a mass lower than 8 M⊙. Although the helium flash

does not produce neutrinos, plasma decay, one of the thermal processes, can efficiently make neutrinos

during this stage. Due to the high mass-loss rate, a star with a mass of 9 M⊙ does not undergo the helium

flash. Its neutrinos mainly originate from nuclear reactions until the end of the AGB stage. At the end of the

AGB stage, its neutrino luminosity results from plasma decay which is triggered by the gravitational energy

release because of the stellar core contracting.
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1 INTRODUCTION

Neutrinos play an important role in astrophysics. Because

they participate in weak interaction, they can escape freely

(Raffelt 2012) and carry information from the stellar in-

terior (Gamow & Schoenberg 1941). In addition, neu-

trinos have very strong penetrative force and very small

cross section, which makes all stars transparent to their

radiation (Masevich et al. 1965). Studying the properties

of neutrinos has been one of the most exciting and vig-

orous activities in particle physics and astrophysics ever

since Pauli first proposed their existence in 1930. There

are several neutrino detectors currently in operation in the

world. Baikal, ANTARES and IceCube have made great

progress in detecting high-energy neutrinos. Recently,

IceCube found that high-energy neutrinos may be emitted

by the blazar TXS 0506+056 (IceCube Collaboration et al.

2018). Homestake, Kamiokande, GALLEX/GNO, SAGE

and Super-Kamiokande have made a great contribution to

our understanding of neutrino physics via observing solar

neutrinos. In particular, Homestake and Kamiokande de-

tected the neutrinos emitted by supernova 1987A (Bionta

et al. 1987; Hirata et al. 1987).

To some extent, stars are the most realistic represen-

tatives of neutrinos. Based on Weinberg-Salam theory, the

neutrinos emitted from a star are produced by nuclear re-

actions or recombination processes which include plas-

mon decay, pair annihilation, bremsstrahlung, recombina-

tion, and photo-neutrinos (e.g., Itoh & Kohyama 1983;

Kohyama et al. 1993; Itoh et al. 1996). The latter are also

known as thermal processes (e.g., Bhattacharyya 2006;

Paxton et al. 2013). However, most works focus on so-

lar or supernova neutrinos (e.g., Bahcall & Ulrich 1988;

Bahcall et al. 2001; Keil et al. 2003; Sukhbold et al. 2016).

However, the neutrinos produced by stars with different

masses and at different evolutionary stages are seldom in-

vestigated.

In this paper, we focus on the change in neutrino lu-

minosities with stellar evolution, and compare them with

photo luminosity. In Section 2, we present our assump-

tions and describe some details of the modeling algorithm.
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In Section 3, we present a detailed evolution for neutrino

luminosity. Conclusions follow in Section 4.

2 MODEL

Modules for Experiments in Stellar Astrophysics (MESA)

is an open source stellar structure and evolution code

(Paxton et al. 2011, 2013, 2015). It combines a series of

numerical and physical models to calculate all astrophysi-

cal phenomena related to stars. It is composed of multiple

modules and each module runs independently. MESA has

been widely used in research by our group (Lü et al. 2013;

Yan et al. 2016; Lü et al. 2017; Zhu et al. 2017). In this

work, we use MESA to calculate the neutrino luminosity

of stars with different masses at different stages of stellar

evolution.

MESA can calculate the neutrinos produced by nu-

clear and thermal process. The nuclear reaction network

used in this work is o18−and−ne22.net (Paxton et al.

2011), which has 10 elements, 1H, 3He, 4He, 12C, 14N,
16O, 20Ne, 24Mg, 18O and 22Ne. The nuclear reactions

in the network are the PP chain, CNO cycle, He burn-

ing and some auxiliary reactions. In the PP chain, the

nuclear reactions that produce neutrinos include 1H(1H,

e++ν)2H, 1H(e−+1H, ν)2H, 7Be(e−, ν)7Li, 8B(e+, ν)8Be

and 3He(1H, e++ν)4He. In the CNO cycle, the nuclear

reactions include 13N(e+, ν)13C, 15O(e+, ν)15N and
17F(e+, ν)17O. Neutrinos are not produced in helium

burning (the nuclear reactions that produce in helium burn-

ing include 12C(α, 1H)15N(1H, γ)16O, 14N+1.5α= 20Ne,
16O(α, 1H)19F(1H, γ)20Ne and 20Ne(α, 1H)23Na(1H,

γ)24Mg) and other auxiliary reactions.

MESA uses the fitting formula from Itoh et al. (1996)

to calculate the neutrinos produced by different pro-

cesses: plasmon decay, pair annihilation, bremsstrahlung,

and photo-neutrinos. The above four processed greatly de-

pend on the temperature and the density. The pair an-

nihilation is particularly important when the temperature

reaches 109 K (see also Bhattacharyya 2006). When the

temperature is less than 4× 108 K and the density is lower

than 105 g cm−3, the photon-neutrino process is dominant.

Plasma decay can be in a leading position when the tem-

perature is about 107 − 108 K and the density is about

104− 107 g cm−3. Bremsstrahlung can efficiently produce

neutrinos when the density is 108 ∼ 1010 g cm−3.

In our calculations, we take Z = 0.02 as stellar

metallicity. The thermonuclear reaction rates were pro-

vided by the JINA Reaclib (Rauscher & Thielemann 2000;

Sakharuk et al. 2006; Cyburt et al. 2010). The heat released

by reactions is deposited in plasma, which explains the en-

ergy loss of neutrinos under the weak interaction. Electron

Fig. 1 Evolutionary tracks for nine sequences in the Hertzsprung-

Russell diagram. From bottom to top the stellar masses are 1, 2,

3, 4, 5, 6, 7, 8 and 9 M⊙.

Fig. 2 The evolution of central temperature and density for nine

stars with different masses from the MS to the AGB stage. From

bottom to top the stellar masses are 1, 2, 3, 4, 5, 6, 7, 8 and 9 M⊙.

screening factors extend the Graboske et al. (1973) meth-

ods using results from Alastuey & Jancovici (1978), along

with plasma parameters from Itoh et al. (1979) for strong

screening. We use Type 2 opacities (Iglesias & Rogers

1996) to increase the composition of C and O during he-

lium burning (Paxton et al. 2011). Mixing length parame-

ter (αMLT) is taken as 1.73 (Cox & Giuli 1968). Due to the

existence of composition gradients, the Ledoux criterion is

considered in the convection model. Semiconvection and

overshoot are widely used in MESA, both of which are

time-dependent diffusion processes. In the mixing region,

the semiconvection is unstable for Schwarzschild but sta-

ble for Ledoux (Langer et al. 1983). Here efficiency param-

eters for semiconvection (αsc) and thermohaline mixing

(αth) are taken as 0.04 and 2.0, respectively. In the over-

shoot region, the overshoot mixing of exponential decay is

used in all convective boundary regions, which is depicted
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Fig. 3 The neutrino-luminosity evolution of a star with 1 M⊙

mass. The star symbol represents the solar neutrino luminos-

ity observed. The observational data come from Bahcall (1997);

McDonald (2004).

by Herwig (2000). We adopt f = 0.014 and f0 = 0.004.

The mass-loss rates are taken from Reimers (1975) during

the first giant branch (FGB) and from Bloecker (1995) on

the asymptotic giant branch (AGB), respectively.

3 RESULTS AND DISCUSSION

Using MESA code, we calculate the evolutions of nine

stars with masses of 1–9 M⊙. Stars in all models begin at

Zero Age Main Sequence, and end as white dwarfs until

log L ≈ −1.0. Figure 1 shows their evolutionary tracks

on the Hertzsprung-Russell diagram. Based on Itoh et al.

(1996), the four processes (plasmon decay, pair annihila-

tion, bremsstrahlung, and photo-neutrinos) are greatly af-

fected by the central temperature and the density. Figure 2

shows the evolution of central temperature and density for

nine stars with different masses from the MS to the AGB

stage.

3.1 Standard Solar Model

Up till now, only solar neutrino flux has been measured,

and it is about 6.6 × 1010 cm−2 s−1 on the Earth (e.g.,

Raffelt 2012). The relationship between solar neutrino flux

and solar neutrino luminosity was given by Vissani (2018)

to be

Lνe
= 4πD2 ×

∑

i

〈Ei〉φi, (1)

where i represents the different nuclear reaction chan-

nels (including pp, pep, hep and 8B), and the mean en-

ergies of neutrinos for these channels, 〈Ei〉, are equal to

0.265, 1.445, 9.628 and 6.735 MeV, respectively. Here,

4πD2 = 4.50579 × 1021 erg cm2 MeV−1, and φ(pp) =

6.5 × 1010cm−2s−1, φ(pep) = 1.61 × 108cm−2s−1,

φ(hep) = 1.4 × 103cm−2s−1 and φ(8B) = 2.35 ×

106cm−2s−1 (Bahcall 1997; McDonald 2004). According

to Equation (1), we calculate the current neutrino luminos-

ity of the Sun. It is about 0.02 L⊙, which is marked by

a star symbol in Figure 3. Simultaneously, Figure 3 also

shows the evolution of neutrino luminosity with a stan-

dard solar model computed by MESA. MESA can provide

physical quantities, such as temperature, density and the

neutrino energy loss rates at any time of stellar evolution.

It combines a series of physical quantities provided by its

internal physical module to calculate and fit the neutrino

luminosity. In order to verify the correctness of our model,

we compared the neutrino luminosity obtained from ob-

servations and our simulation. We found that the value es-

timated by observation is basically consistent with that cal-

culated by our model at 4.61 × 109 yr.

Figure 4 shows the neutrino and the photo luminosities

for the 1 M⊙ model at the different evolutionary stages: the

main sequence (MS), the first giant branch (FGB), the core

helium burning (CHeB) and the asymptotic giant branch

(AGB).

Panel (a) of Figure 4 shows a comparison of neutrino

luminosity and photo luminosity for the MS stage. At these

times, hydrogen fusion occurs in the stellar core. Based

on the core temperature (∼ 1.5 × 107 K), the neutrinos

mainly originate from the PP chain. Compared with the

photo luminosity, neutrino luminosity is very small. The

energy carried away by neutrinos accounts for several per-

cent of the total energy. Similar results can be found at the

FGB stage, which is shown in panel (b). At that time, the

hydrogen shell burning provides neutrinos.

Panel (c) of Figure 4 shows the neutrino luminosity at

the CHeB stage. During this stage, helium burning does

not produce neutrinos, but the thermal process can do.

The central temperature and density are about 108 K and

106 g cm−3, respectively. Based on Itoh et al. (1996), the

neutrinos mainly originate from plasma decay. Because of

a very small scatter cross section, the neutrinos take away a

lot of energy from the core. Meanwhile, the helium core is

partially degenerate and the helium burning leads to ther-

monuclear runaway. This corresponds to the helium burn-

ing peak which occurs simultaneously with the neutrino

peak in Figure 4(c). In the helium flash phase, the neutrino

luminosity is mainly provided by the thermal processes.

After the helium flash, the electron degeneracy of the he-

lium core is eliminated and the central helium burning is

carried out in a smooth manner. At this time, neutrinos

are not produced by helium burning but mainly originated

from the hydrogen shell burning. In short, during the CHeB

phase, the photons are mainly provided by helium burn-
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(a) (b)

(c) (d)

Fig. 4 The neutrino and the photo luminosities for the 1 M⊙ model at the different evolutionary stages. The solid lines represent

the neutrino luminosity, and the dashed lines the photo luminosity. The main sequence, first giant branch, core helium burning and

asymptotic giant branch stages correspond to (a), (b), (c) and (d), respectively.

Fig. 5 The photo and neutrino luminosities for stellar models with different masses at the MS stage. The solid lines represent the

neutrino luminosity, and the dashed lines the photo luminosity. The stellar masses are plotted in the top-right zone in each panel.



Y. Shi et al.: Neutrinos Luminosity of Stars with Different Masses 5–5

Fig. 6 Similar to Fig. 5, but for the FGB and CHeB stages.

ing, while the neutrinos mainly come from hydrogen shell

burning except for the helium flash phase during which the

thermal process – plasma decay – produces most of the

neutrinos.

Panel (d) of Figure 4 shows the neutrino luminosity at

the AGB stage. At this time, helium shell burning is car-

ried out in an explosive manner (also called helium shell

flash), which is similar to the central helium burning in the

degenerate region. It releases a large amount of energy in a

very short time. The thermal pulsation causes helium shell

expandsion and hydrogen shell cooling. Helium shell burn-

ing is similar to central helium burning. The nuclear reac-

tions that occur in the helium shell burning do not produce

neutrinos. Neutrinos are produced mainly in the thermal

processes. The central temperature and density are about

108 K and 106 g cm−3, respectively. Therefore, the neutri-

nos mainly originate from plasma decay. Simultaneously,

the helium shell burning is also accompanied by the emis-

sion of photons. Compared with the neutrino luminos-

ity, the photon luminosity dominates except for at the he-

lium shell flash stage, as shown in panel (d) of Figure 4.

Comparing panels (c) and (d) of Figure 4, we find that the

neutrino luminosity in the helium flash stage is larger than

in the other stages. The reason is that the helium flash is a

thermonuclear explosion caused by degenerate electrons,

and its neutrino luminosity is obviously affected by the

electron degeneracy (Landstreet 1967).

3.2 Neutrino Luminosity of Stars with Different

Masses at Different Evolution Stages

Except for the 1 M⊙ star, we also study the evolutions of

eight stars with masses of 2, 3, 4, 5, 6, 7, 8 and 9 M⊙.

Figure 5 shows their photo and neutrino luminosities at the

MS stage. Similarly to the 1 M⊙ star, neutrinos are mainly

supplied by the central hydrogen burning of the CNO cy-

cle because the core temperatures of these stars are higher

than 2.0 × 107 K (see Fig. 2). Compared with the photo

luminosities, the neutrino luminosities of these stars at the

MS stages are very small. Of course, the more massive star

is, the stronger the nuclear reaction is, and therefore, their

neutrino luminosity is higher.

Considering that the timescale of the FGB is very

short, we show the photo and neutrino luminosities at the

FGB and CHeB phases for these stars in Figure 6. During

the FGB stage, the neutrinos originate from hydrogen shell

burning. During the CHeB stage, there is a peak in the neu-

trino luminosity of star with a mass of 2 M⊙. The main

reason is similar to that for the 1 M⊙ star, that is, he-
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Fig. 7 Similar to Fig. 5, but for the AGB stage.

lium flash. The neutrino luminosity at the peak mainly

results from thermal processes. At this time, as shown in

Figure 2, because the central temperature and density are

about 108 K and 106 g cm−3, respectively, the neutrinos

mainly originate from plasma decay. However, the stars

with masses larger than 3 M⊙ have non-degenerate helium

after the FGB stage. Their helium ignition process is rela-

tively quiet, and the helium flash does not occur. Because

helium burning does not produce neutrinos, the neutrinos

are mainly produced by hydrogen shell burning around the

helium core. Therefore, the neutrino luminosity is mainly

from nuclear processes, and the contribution of thermal

processes is very small.

Figure 7 shows the neutrino luminosity for the mod-

els of different masses at the AGB stages. In our simu-

lations, the stars with masses between 2 and 8 M⊙ un-

dergo thermal-pulses triggered by helium flashes, which

are similar to those of the 1 M⊙ star. During the helium

flash, as shown in Figure 2, the central temperature is about

108 ∼ 108.3 K, and the central density is about 106 ∼

107.6 g cm−3. Therefore, the neutrinos also mainly origi-

nate from plasma decay. During these helium flashes, the

neutrino luminosity greatly increases. However, stars with

9 M⊙ quickly lose their envelopes due to the high mass-

loss rate when they enter the AGB stage. The thermal pul-

sation hardly occurs. In the final stage of stellar evolution,

the stellar evolution is driven by gravitational energy re-

lease and thermal energy. Due to the decrease of ion pres-

sure, the stellar core contracts and the gravitational energy

is released. At that time, the neutrino luminosity is mainly

provided by thermal processes, as we can see in Figure 8.

The central temperature and the central density are about

108.2 ∼ 108.5 K and 104 ∼ 108 g cm−3, respectively (see

Fig. 2). Based on Itoh et al. (1996), the neutrinos mainly

originate from plasma decay.
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Fig. 8 The neutrino luminosity produced by nuclear reactions and thermal processes at the AGB stages. The solid, dotted and dot-

dashed lines represent the total neutrino luminosity, the neutrino luminosity produced by nuclear reactions and the neutrino luminosity

produced by the thermal processes, respectively.

Figure 8 shows the neutrino luminosity produced by

nuclear reactions and thermal processes at the AGB stage.

We can see that the neutrino luminosity of stars with

masses less than 8 M⊙ is mainly derived from nuclear re-

actions, except for the helium flash stage at which neutri-

nos are derived from plasma decay. For the star with a mass

of 9 M⊙, the neutrino luminosity originates from nuclear

reactions until the end of the AGB stage. At the end of

the AGB stage, the neutrino luminosity results from the

plasma decay triggered by the gravitational energy release

due to the contraction of the stellar core.

4 CONCLUSIONS

In this work, we calculate the neutrino luminosity of stars

with masses from 1 to 9 M⊙ from the MS to AGB stages.

Our result for the star with 1 M⊙ mass at an evolution-

ary age of 4.61 × 109 yr is consistent with the solar neu-

trino luminosity. In general, the neutrinos are produced by

nuclear reactions, and the neutrino luminosity of stars is

about one or two magnitudes lower than the photo lumi-

nosity. However, the neutrino luminosity can exceed the

photo luminosity during the helium flash which can occur

for stars with a mass lower than 8 M⊙. Although the he-

lium flash does not produce neutrinos, plasma decay, one

of the thermal processes, can efficiently make neutrinos

during this stage. Due to the high mass-loss rate, the star

with a mass of 9 M⊙ does not undergo the helium flash.

Its neutrinos mainly originate from nuclear reactions until

the end of the AGB stage. At the end of the AGB stage, its

neutrino luminosity results from thermal processes – the

plasma decay which is triggered by the gravitational en-

ergy release because of the stellar core contracting.
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Lü, G., Zhu, C., Wang, Z., & Iminniyaz, H. 2017, ApJ, 847, 62
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