
Neutrinos in the Big Bang and Supernovae

G. J. Mathews – University of Notre Dame

Neutrinos in Physics and Astrophysics:
Celebrating the contributions of Baha Balantekin and George Fuller
Jan 16-18 2025
UC Berkeley
131 Campbell Hall

Interactions with George – Deviations in the big 
bang

Interactions with Baha – Deviations in spectra



The Caltech Years Ca. 1978-1981



The Caltech Years

Ca. 1996



Deviations in the Neutrino 
Distribution during BBN

19
8l

A
pJ

. .
 .2

46
. .

36
1M

 

The Astrophysical Journal, 246:361-364, 1981 June 1 
© 1981. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

DISTORTIONS IN THE COSMIC BACKGROUND RADIATION 
AND BIG-BANG 4He NUCLEOSYNTHESIS1 

G. J. Mathews, Y. Alhassid,2 and G. M. Fuller3 

W. K. Kellogg Radiation Laboratory, California Institute of Technology 
Received 1980 October 2; accepted 1980 December 8 

ABSTRACT 
The observed distortion of the cosmic background radiation is analyzed in the framework of 

information theory to derive a simple form of the photon occupation probability. Taking this 
distribution function as indicative of the Lagrange parameters which might characterize the era of 
nucleosynthesis during the big bang, and assuming equilibrium among the constituents present, we 
find that the primordial 4He abundance may be reduced by as much as 15% from the standard 
big-bang prediction. 
Subject headings: cosmic background radiation — cosmology — nucleosynthesis 

I. INTRODUCTION 
By now the apparent discrepancy between the spec- 

trum of observed (Woody and Richards 1979) thermal 
cosmic background radiation (CBR) and a pure Planck 
distribution is fairly well known. Although the measure- 
ment is difficult (Weiss 1980) and certainly merits further 
confirmation, the existence of a quoted deviation at the 
5 a level from a Planck law distribution suggests that this 
discrepancy should be taken seriously. It is interesting to 
note that prior to the observations most predictions 
(Weymann 1966; Peebles 1968; Zel’dovich and Sunyaev 
1969; Chan and Jones 1975a, b) of possible distortions in 
the CBR (primarily due to processes occurring near the 
time of recombination) suggested effects opposite to the 
observed distortion which exhibits an excess of photons 
at low frequencies (3 < v < 10 cm"A) and fewer photons 
at higher energies. Other suggestions have been raised, 
however, which relate the distortion to more recent 
processes than recombination, such as scattering from 
pregalactic dust grains (Puget and Heyvaerts 1980) or a 
hot intergalactic gas (Field and Perrenod 1977), or to 
processes prior to recombination, such as a constraint 
from the initial population of angular momentum states 
(Jakobsen, Kon, and Segal 1979 [JKS]). It is this latter 
class of models (those which allow for a distortion of the 
CBR early in the history of the big bang) with which this 
paper is concerned, because a distortion in the photon 
spectrum during the era of nucleosynthesis may also 
appear in the distribution function of other constituents 
present, and hence affect the history of nucleosynthesis. 

The focus of this paper will be to derive from simple 
information theory arguments an approximate form for 
any model describing the observed distortion of the CBR 
and to apply this form to the problem of 4He nucleosyn- 

1 Supported in part by the National Science Foundation 
[PHY79-23638]. 2 Chaim Weizmann Postdoctoral Fellow. 3 Fanny and John Hertz Foundation Fellow. 

thesis. We find that the primordial 4He abundance is 
diminished by as much as 15% from the standard big 
bang value. 

II. INFORMATION THEORY ANALYSIS 

The usefulness of information theory (Jaynes 1957a, b, 
1962) is that for a maximum entropy distribution (such as 
blackbody radiation) it can facilitate the identification of 
the form of any additional constraints which may 
influence the system without prior knowledge of the 
underlying physical processes. The method proceeds via 
the so-called surprisal analysis (Alhassid and Levine 
1979) which identifies the deviation of the measured 
distribution from the simplest maximum entropy distrib- 
ution. Therefore, the framework of information theory is 
ideal for constructing a phenomenological model for 
distortions in the CBR. 

The starting point in the information theory analysis of 
the CBR is to write the maximum entropy photon 
partition function as 

Z = Tv (e-ßH~yB), (1) 
where /? is the usual Lagrange parameter for the Hamil- 
tonian, H, and is associated with energy conservation. The 
Lagrange parameter y corresponds to a new constraint on 
the average expectation value of an as yet unspecified 
operator B. For example, in JKS, B is taken as the square 
of the total angular momentum, L2. 

There are certainly problems with taking L2 as a 
constraint, and in a forthcoming paper we discuss this. 
Nevertheless, the quantity B may correspond to any other 
conservation law or dynamical constraint imaginable. 
For example, the Planckian form of the primordial 
photon spectrum is derived by assuming single Compton 
scattering processes (Kompaneets 1957; Peebles 1971). 
Nevertheless, higher order processes are known which 
would distort the Planckian equilibrium solution such as 
bremsstrahlung (Kompaneets 1957) or energy injection 
(Sunyaev and Zel’dovich 1970,1980). A possible source of 
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summarize then, we fit the observed CBR with a spectrum 
of the form 

l/v = —^r- iexP \ßhv + y(hv)2] - 1 (6) 

with values of (2.96 K, 0.0) < [1/ßk, y/(hc)2] < (3.8 K, 
0.013 cm2) providing reasonable fits to the data. 

III. 4He NUCLEOSYNTHESIS 
The nucleosynthesis of 4He during the big bang 

depends upon remarkably little input physics and model 
assumptions (Peebles 1966; Wagoner, Fowler, and Hoyle 
1967; Schramm and Wagoner 1977), which is why the 
observed 4He abundance is generally considered as a 
stringent constraint on cosmological models (Yang et al 
1979; Olsen 1978), and why any plausible argument for a 
change in the standard big-bang 4He abundance should 
be investigated. 

In the standard big bang, for most baryon densities, 
essentially all of the neutrons are rapidly converted to 
4He when the photodisintegration of deuterium ceases at 
T9 ^ 1. A good indication of the 4He abundance is 
determined, therefore, by twice the neutron abundance 
just prior to the era of nucleosynthesis. This neutron 
abundance, in turn, is determined (to a good approxima- 
tion) by the relative weak reaction rates at the time at 
which the expansion rate begins to exceed the total weak 
reaction rate. That is, if Àpn is the rate for the conversion of 
protons to neutrons via the reactions 

p + e~ -^n + v , 
p + v->n + , (7) 

p + e~ + v -> M , 
and Ànp the rate of the inverse reactions, then the neutron 
abundance is given approximately by the equilibrium 
condition 

~ Ap„/(¿p„ + 4P) (8) 
at the time when 

{Kn + KpW/V)* 1 , (9) 
where F/F is the expansion rate of a volume element F. 
The expansion rate for the radiation dominated universe 
is simply (3/2i) (where t is the age of the universe) for any 
relativistic gas independent of the distribution functions. 
The weak reaction rates, however, may change if the 
photon distribution is not Planckian. 

The connection with the present CBR proceeds in the 
following way. The assumption that the present CBR 
energy density varies with the universal scale factor as 
1/R4 can be utilized (Weinberg 1972) to infer that ß varies 
as 1/R and y varies as 1/R2, so that (all other things being 
equal) the primordial photon spectrum would have the 
same shape as the present CBR but with an appropriately 
higher energy density. Prior to the era of nucleosynthesis, 
the universe was radiation dominated and all constitu- 
ents present (primarily nucleons, electrons, and neutrinos 
and their antiparticles) were in equilibrium. Therefore, by 

the zeroth law of thermodynamics, the same Lagrange 
parameters should apply to the electron and neutrino 
occupation probabilities. The number densities of elec- 
trons and neutrinos then become 

4tc Pi2dPi 
dn‘^ h3 ^ exp (ßei + y£i2) + 1 ’ 

(10) 

where the degeneracy g¿ is 1 for neutrinos and 2 for 
electrons. 

The total weak reaction rates per nucleon depend upon 
the electron and neutrino number densities. For example, 
the reaction rate for n + v -> p + e~ can be written 

A(n + v-> p + e ) 

= (^)(^ + 30/) 

x ¡dnv(ev)d^±^, (11) 

where gv and gA are the vector and axial vector coupling 
constants and Q is the neutron-proton mass difference. 
The integral in equation (11) describes the density of 
initial neutrino states and final unoccupied electron states 
integrated over the energies of the neutrino. 

Similar expressions can be written for the other weak 
reactions. Figure 2 shows the final numerical solutions 
of the neutron abundance, Xn, versus the ratio 
(Âpn + Anp)l(VIV) during the expansion for two different 
scenarios. The dashed line is again the standard big bang 
with the best fit (k/ß = 2.96 K, y = 0.0) Planck law to the 
observed CBR. The dotted line is the maximum distor- 
tion consistent with the CBR data and a constraint on 
energy or momentum, l/kß = 3.8 K,y/(hc)2 = 0.013 cm2. 

^np+V/^/V) 
Fig. 2.—Equilibrium neutron mass fraction vs. ratio of weak reac- 

tion rates to the expansion rate for the standard big bang with a best-fit 
Planck distribution (dashed line) and the modified distribution function 
(dotted line). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

19
8l

A
pJ

. .
 .2

46
. .

36
1M

 

No. 2, 1981 DISTORTIONS IN CBR 363 

summarize then, we fit the observed CBR with a spectrum 
of the form 
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with values of (2.96 K, 0.0) < [1/ßk, y/(hc)2] < (3.8 K, 
0.013 cm2) providing reasonable fits to the data. 
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The nucleosynthesis of 4He during the big bang 

depends upon remarkably little input physics and model 
assumptions (Peebles 1966; Wagoner, Fowler, and Hoyle 
1967; Schramm and Wagoner 1977), which is why the 
observed 4He abundance is generally considered as a 
stringent constraint on cosmological models (Yang et al 
1979; Olsen 1978), and why any plausible argument for a 
change in the standard big-bang 4He abundance should 
be investigated. 

In the standard big bang, for most baryon densities, 
essentially all of the neutrons are rapidly converted to 
4He when the photodisintegration of deuterium ceases at 
T9 ^ 1. A good indication of the 4He abundance is 
determined, therefore, by twice the neutron abundance 
just prior to the era of nucleosynthesis. This neutron 
abundance, in turn, is determined (to a good approxima- 
tion) by the relative weak reaction rates at the time at 
which the expansion rate begins to exceed the total weak 
reaction rate. That is, if Àpn is the rate for the conversion of 
protons to neutrons via the reactions 

p + e~ -^n + v , 
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p + e~ + v -> M , 
and Ànp the rate of the inverse reactions, then the neutron 
abundance is given approximately by the equilibrium 
condition 

~ Ap„/(¿p„ + 4P) (8) 
at the time when 

{Kn + KpW/V)* 1 , (9) 
where F/F is the expansion rate of a volume element F. 
The expansion rate for the radiation dominated universe 
is simply (3/2i) (where t is the age of the universe) for any 
relativistic gas independent of the distribution functions. 
The weak reaction rates, however, may change if the 
photon distribution is not Planckian. 

The connection with the present CBR proceeds in the 
following way. The assumption that the present CBR 
energy density varies with the universal scale factor as 
1/R4 can be utilized (Weinberg 1972) to infer that ß varies 
as 1/R and y varies as 1/R2, so that (all other things being 
equal) the primordial photon spectrum would have the 
same shape as the present CBR but with an appropriately 
higher energy density. Prior to the era of nucleosynthesis, 
the universe was radiation dominated and all constitu- 
ents present (primarily nucleons, electrons, and neutrinos 
and their antiparticles) were in equilibrium. Therefore, by 

the zeroth law of thermodynamics, the same Lagrange 
parameters should apply to the electron and neutrino 
occupation probabilities. The number densities of elec- 
trons and neutrinos then become 
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(10) 

where the degeneracy g¿ is 1 for neutrinos and 2 for 
electrons. 

The total weak reaction rates per nucleon depend upon 
the electron and neutrino number densities. For example, 
the reaction rate for n + v -> p + e~ can be written 

A(n + v-> p + e ) 

= (^)(^ + 30/) 

x ¡dnv(ev)d^±^, (11) 

where gv and gA are the vector and axial vector coupling 
constants and Q is the neutron-proton mass difference. 
The integral in equation (11) describes the density of 
initial neutrino states and final unoccupied electron states 
integrated over the energies of the neutrino. 

Similar expressions can be written for the other weak 
reactions. Figure 2 shows the final numerical solutions 
of the neutron abundance, Xn, versus the ratio 
(Âpn + Anp)l(VIV) during the expansion for two different 
scenarios. The dashed line is again the standard big bang 
with the best fit (k/ß = 2.96 K, y = 0.0) Planck law to the 
observed CBR. The dotted line is the maximum distor- 
tion consistent with the CBR data and a constraint on 
energy or momentum, l/kß = 3.8 K,y/(hc)2 = 0.013 cm2. 
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Fig. 2.—Equilibrium neutron mass fraction vs. ratio of weak reac- 

tion rates to the expansion rate for the standard big bang with a best-fit 
Planck distribution (dashed line) and the modified distribution function 
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COUPLED BARYON DIFFUSION AND NUCLEOSYNTHESIS IN THE EARLY UNIVERSE 
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Institute of Geophysics and Planetary Physics, Lawrence Livermore National Laboratory 
AND 

G. M. Fuller 
Physics Department, University of California, San Diego 
Received 1989 November 17 ; accepted 1990 January 24 

ABSTRACT 
We report on calculations of primordial nucleosynthesis in baryon-number inhomogeneous big bang 

models. Nucleosynthesis yields are presented as a function of for a range of parameters which characterize 
the amplitude, shape, and mean separation of isothermal baryon-number fluctuations assumed to arise from 
an earlier epoch. We follow the modification of these fluctuations due to neutron and proton diffusion before, 
during, and after nucleosynthesis, using a multizone computer code which couples the diffusion equation with 
the nuclear reaction network and the universal expansion. The resulting abundance yields are strongly depen- 
dent upon the parameters characterizing the fluctuations; however, there exists a range of these parameters in 
which the calculated light-element abundances are in agreement with observational constraints for consider- 
ably higher values of Qb than that allowed by the standard homogeneous big bang. 
Subject headings: abundances — early universe — elementary particles — nucleosynthesis 

I. INTRODUCTION 

Recent work (Applegate, Hogan, and Scherrer 1987, 1988; 
Alcock, Fuller, and Mathews 1987; Fuller, Mathews, and 
Alcock 1988; Malaney and Fowler 1988; Audouze et al. 1988; 
Terasawa and Sato 1989; Kurki-Suonio et al. 1988, 1990; 
Kurki-Suonio and Matzner 1989) has shown that if isothermal 
baryon-number fluctuations (hereafter simply referred to as 
fluctuations) are created in an epoch of the early universe prior 
to nucleosynthesis, then the primordial nucleosynthetic abun- 
dance yields could differ significantly from those of the stan- 
dard homogeneous big bang. Although the emphasis in most 
of the above works has been on models in which the universe is 
closed by baryons, there can be significant effects for any frac- 
tion of the closure density contributed by baryons. 

It is important to keep in mind, however, that the light- 
element abundance yields in these inhomogeneous models 
depend upon a number of uncertain features of the calcu- 
lations. These features include the amplitude, shape, and 
spatial distribution of the fluctuations, as well as fluctuation 
modification by baryon diffusion and possible hydrodynamic 
processes, before and during the nucleosynthesis epoch (Fuller, 
Mathews, and Alcock 1989; Mathews et al. 1989; Applegate, 
Hogan, and Scherrer 1988; Alcock et al. 1990). Furthermore, 
the nuclear reactions and baryon diffusion must be evolved 
simultaneously because the time scale for baryon diffusion is 
comparable to the time scale for many of the relevant nuclear 
reactions during primordial nucleosynthesis. In this paper we 
therefore attempt to gain a better perspective on the nucleo- 
synthesis yields derived from inhomogeneous big bang models 
by making a study of abundance yields for a broad range of 
characteristic fluctuation amplitudes, shapes, and separation 
distances. We use a multizone model which solves the baryon 
diffusion and nucleosynthesis implicitly. This is a substantial 
improvement over a number of previous studies which utilized 
simple schematic treatments of the effects of baryon diffusion 
(Applegate, Hogan, and Scherrer 1987, 1988; Alcock, Fuller, 

and Mathews 1987; Fuller, Mathews, and Alcock 1988, 1989; 
Malaney and Fowler 1988). Our approach is similar to that of 
Kurki-Suonio and Matzner (1989, hereafter KM89). However, 
our calculation is based upon an independently developed 
computer code which implicitly solves the diffusion and 
nucleosynthesis equations simultaneously and therefore pro- 
vides an important check on the results of KM89. We also 
consider a broader range of fluctuation characteristics than in 
KM89. This extended parameter range includes larger fluctua- 
tion amplitudes and different fluctuation shapes. 

We utilize a parameterization of the basic characteristics of 
isothermal baryon-number fluctuations which is motivated 
and described in § II. In § III we discuss details of the multizone 
primordial nucleosynthesis code in which the nuclear reaction 
network and the baryon diffusion equations are solved 
implicity as the universe expands. Results are presented in § IV 
for a range of closure densities, ilb, and fluctuation character- 
istics. We find, as in KM89 and Kurki-Suonio et al. (1990), that 
when the diffusion and nucleosynthesis are carefully followed, 
it is more difficult to satisfy the light-element abundance con- 
straints for a universe with = 1 than in the simpler sche- 
matic models, even in our expanded parameter space. 
Nevertheless, significantly higher values of Qb are allowed in 
such inhomogeneous models than in the standard homoge- 
neous big bang or inhomogeneous models with a more 
restricted range of fluctuation characteristics (Terasawa and 
Sato 1989; Kurki-Suonio et al. 1990). 

In two forthcoming papers (Alcock et al. 1990; Meyer et al. 
1990) we will extend this work to consider two additional 
effects which may also alter the primordial light-element abun- 
dance yields: the hydrodynamic modification of the fluctua- 
tions which is likely to occur near the end of nucleosynthesis; 
and the effect of averaging over a distribution of fluctuation 
separation distances rather than assuming a regular lattice 
structure as is done here. The present work serves to elucidate 
the interesting regions of parameter space for such subsequent 
work. 
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Quark-hadron phase transition in the early Universe:
Isothermal baryon-number fluctuations and primordial nucleosynthesis

G. M. Fuller, G. J. Mathews, and C. R. Alcock
Institute of Geophysics and Planetary Physics, Uniuersity of California, Lawrence Livermore Nationa! Laboratory,

Liuermore, California 94550
(Received 11 September 1987)

We study the quark-hadron transition in the early Universe and compute the amplitude of iso-
thermal baryon-number fluctuations that emerge from this transition along with their effects on a
primordial nucleosynthesis. We find that such fluctuations are a natural consequence of a first-
order phase transition occurring in the strongly interacting system. Fluctuation-generating mecha-
nisms are discussed. We estimate the nucleation rate and derive the mean separation between fluc-
tuations. It is shown that the amplitude of the fluctuations depends sensitively on the phase coex-
istence temperature T, and on the baryon transmission probability Xz at the phase boundary. For
realistic values of XI, and T, the fluctuations are large and have a significant effect on primordial nu-
cleosynthesis yields. With these fluctuations the limit on the baryonic contribution to Q depends
primarily on what is taken to be the primordial Li abundance: 0=1 in baryons would require
large 'Li and 'H destruction factors during the evolution of the Galaxy.

I. INTRODUCTION

A transition from quark-gluon plasma to confined ha-
dronic matter must have occurred at some point in the
evolution of the early Universe. There may be a first-
order phase transition at this epoch associated with either
the color-confinement transition' or the chiral-
symmetry-breaking transition. Even a simple model of
deconfined quark-gluon plasma with asymptotic freedom
shows that if the Universe were ever at a temperature in
excess of —100 MeV then a color-deconfined plasma
should be the most stable phase. For this reason alone, it
is certainly of interest to explore whether there might be
a relic signature of the quark-hadron transition in pri-
mordial light-element abundances or elsewhere. The pur-
pose of this paper is to address these issues.
There have been several recent papers based on the

possibility that the quark-hadron phase transition in the
early Universe may have led to the formation of iso-
thermal baryon-number fluctuations. The basis for the
production of isothermal baryon-number fluctuations
from a phase transition in the early Universe lies in the
separation of cosmic phases scenario first discussed by
Witten and later by Applegate and Hogan.
The separation of cosmic phases scenario runs as fol-

lows. At a high enough temperature in the early
Universe (T & l GeV) the color charges, carried by
quarks and gluons, are unconfined, and a plasma of rela-
tivistic quarks and gluons obtains. As the Universe ex-
pands, the temperature drops through T„the coexistence
temperature where, in principle, the quark-gluon plasma
could exist in pressure and chemical equilibrium with a
dense and hot gas of hadronic states (pions, neutrons,
protons, deltas, etc. ) where color charges are confined.
This new phase is not nucleated immediately at T„since
a generic feature of quantum or thermal nucleation is

that the nucleation rate does not become large until the
temperature has dropped below the coexistence tempera-
ture. In other words, supercooling occurs until the
probability to nucleate bubbles of hadronic phase is high.
Once the first generation of nucleated bubbles of had-

ron phase appears, the release of latent heat from the
QCD vacuum energy reheats the Universe to T„so that
further nucleation of hadronic phase is inhibited. The
quark-gluon plasma phase and the confined, hadronic
phase now coexist in pressure equilibrium. As the
Universe expands the temperature is held at T, by the li-
beration of latent heat as the confined phase grows at the
expense of the unconfined phase. This nearly isothermal
evolution may continue until all of the Universe has been
converted to confined phase. This scenario has been dis-
cussed in some detail by Kajantie and Kurki-Suonio.
We will show that isothermal baryon density fluctua-

tions could arise during this cosmic separation of phases
scenario. We will discuss the microphysics of the fluctua-
tion generation mechanisms and we identify two
scenarios. In the limit of chemical equilibrium between
the two phases in coexistence there will be a dift'erent
baryon concentration in each phase. In the limit where
the exchange of baryon number across the boundary be-
tween the two phases is not rapid enough to achieve
chemical equilibrium, the fluctuations generated are al-
ways larger than in the equilibrium case, since nucleated
confined vacuum contains no net initial baryon number.
These scenarios for the generation of fluctuations de-

pend on the phase transition being first order so that la-
tent heat is released. Lattice gauge QCD with dynamical
fermions suggests that a phase transition associated with
either the quark-hadron transition or the chiral-
symmetry transition is at least weakly first order, but this
has not yet been conclusively demonstrated. '
The isothermal density fluctuations from the quark-

hadron phase transition could be further modified at a
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FIG. 4. The quark-gluon plasma volume fraction f„as a
function of the time since the end of the nucleation epoch.
Curves for three different values of coexistence temperature,
T, = 100, 150, and 200 MeV are shown.

The total proper surface area = of the boundary which
separates the confined and unconfined phases is

:-=4mr N„VO, (33a)

(33b)

where f, is defined by

1 f„ if f, &0.5, —
f, if f, (0.5. (33c)

Figure 5 shows the relation between f„and r for the
constant-temperature epoch. The average bubble radius
as a function of time r(t) can be found by substituting
Eqs. (32a) and (32b) in Eqs. (33b) and (33c).
The approximations presented above for the solution of

where N„(—10 cm ) is the number of nucleated sites
per unit volume frotn Eq. (27), Vo is the proper volume of
the Universe (horizon volume) at the end of the nu-
cleation epoch, and r is taken to be a typical radius of a
hadron bubble. Since we have approximated f„=1 at the
beginning of the constant-temperature epoch we must
take r =0. As f„drops from 1.0 to 0.5 the radius of a
typical hadron bubble increases from 0 to some max-
imum value r,„At this p.oint, f„=0.5, the bubbles of
hadron phase percolate with the quark-gluon plasma
(turn "inside out"). As f„drops from 0.5 to 0 we inter-
pret r as the radius of a shrinking bubble of quark-gluon
plasma. The assumption of spherical bubbles is strictly
correct only near the beginning and the end of the phase
transition where the bubble surface energy dominates the
volume energy. Nevertheless, the typical bubble radius
remains a useful parametrization of the total surface area
in the boundary separating the phases, even if the actual
surface area is larger than that given in Eq. (33a) because
of bubble nonsphericity. During the phase transition the
proper bubble radius is

FIG. 5. The quark-gluon plasma volume fraction f„ is plot-
ted against proper bubble radius r. The parameter is interpreted
as the radius of a growing bubble of hadron phase for f„&0.5
and the radius of a shrinking bubble of quark-gluon plasma for
f„&0.5.

the phases during the constant-temperature epoch are, at
best, a rough approximation but they provide an ade-
quate framework in which to discuss baryon-number
transport. Note that, strictly speaking, the entropy can-
not remain absolutely constant through the phase transi-
tion since a small temperature difference between the
phases is required to drive the phase boundary from the
hadron phase toward the quark-gluon phase. Solving the
hydrodynamic equations for this front results in the
phase boundary becoming a condensation discontinuity.
Such solutions require a very small temperature
difference between the phases and, thus, would yield a
small entropy generation during the transition. '

The constancy of comoving entropy density represent-
ed in Eq. (31b) implies that there will be an entropy flux
from the quark-gluon plasma phase to the hadron phase
as f„decreases in the constant-temperature epoch. The
hydrodynamic models envision this entropy (or enthalpy)
Aux as being carried by bulk hydrodynamic Sow or by
neutrinos. We note that the latent heat associated
with the transition is due to converting Uolume from the
unconfined to the confined phase. These different vacu-
um states have different vacuum energies and the lower
vacuum energy in the confined phase results in increased
thermal energy through the creation of particles and
particle-antiparticle pairs. The mechanism of heat trans-
port itself will be discussed briefly below as regards Auc-
tuation size. We note however, that hydrodynamic heat
transport is favored when the supercooling is small.
The neutrino mean free path is of the order —1 m, so

that a neutrino can random walk —1 km, or 10% of the
horizon distance, in a Hubble time. On the other hand,
the nucleon mean free path is —10 " cm [where the
density of mesonic and baryonic states has been estimated
using Eqs. (5a)—(6a)] so that a nucleon moves only
—10 cm in a Hubble time. In the simple model of
noninteracting quarks and gluons presented here we ex-
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FIG. 12. Regions of the R-0 plane which are consistent with
the Li and H abundances. The solid lines denote regions al-
lowed by the Li abundance corresponding to upper limits taken
from (a) Li/H & 1.8)& 10 ' (Pop II halo abundance); (b)
'Li/H &SX10 ' (Pop I disk abundance); (c) 'Li/H &2.6X10
(CCI meteoritic abundances); (d) 'Li/H & 8X 10; (e)
Li/H & 8&10 (astration factor =10&(Pop I abundance).
The dashed lines are from the lower limit to the H abundance;
(Q D/H &10;(g) D/H &10 0.0 0.2

I I

0.4 0.6 0.8 1.0

increasing R is basically due to the fact that the relative
baryon density in the low-density neutron-rich region de-
creases with R. For Qb ——1, one can see the effect of the
minimum in Li production as a function of baryon densi-
ty due to the increased Li destruction before Be produc-
tion from the He(a, y ) Be reaction.
To illustrate the effect of a distribution of baryon densi-

ties rather than the two-zone model considered above, we
have also calculated abundances in a Universe with the
continuous distribution of baryon densities given by Eq.
(62a), dnb/df, ~1/f„, with R normalized such that
0= 1. This calculation yields He/H =0.275, H/H
=7.2&(10, He=6. 1)&10 6, and 7Li=3.5 y10
with A & 12 nuclei & 5X 10 ". These results are outside
the range of acceptable light-element abundances, which
suggest that the constraints on isothermal baryon-density
fluctuations from the quark-hadron phase transition may
even be more severe when a realistic distribution of
baryon densities is taken into account. Nevertheless, this
result is inconclusive since the 1/f, distribution is over
simplistic for the reasons given above. %'e will consider
more realistic fluctuation spectra coupled with hydro-
dynamic flows and baryon diffusion in a subsequent pa-
per.
In Fig. 12 we delimit the regions of the R-Qb plane

which are consistent with the constraints from light-
element abundances in the two-zone model. Contours
are drawn on this figure which show the values of R and
Qb which satisfy the constraint noted in the figure cap-
tions. Curves are drawn corresponding to both deuteri-
um production and Li production. Because of the large
uncertainties in the primordial Li abundance, contours
are shown for a number of different upper limits to pri-
mordial Li ranging from the lowest values from Pop II
halo stars to the highest values corresponding to a large

FIG. 13. Constraint on values of R and Qb based on an ap-
parent upper limit to the 'Li/ H ratio of 3&10,which to erst
order may be independent of astration.

fraction of the primordial abundance having been des-
troyed in stars. Two different H constraints are shown
to illustrate the sensitivity to the deuterium abundance
constraint.
From this figure several interesting conclusions can be

drawn. One is that the deuterium constraint can only be
satisfied in an 0= 1 universe if the fluctuation amplitude,
R )20. Perhaps more useful is the observation that if the
smallest upper limits to the Li abundance are correct
then this constraint can only be satisfied in a universe
with R (2, which essentially would correspond to stan-
dard big-bang nucleosynthesis without fluctuations.
Thus, if the Pop II or even Pop I disk Li abundances are
ever accepted as firm upper limits to the primordial lithi-
um, then one could use this constraint to set an upper
limit to the magnitude of baryon density fluctuations to
emerge from the quark-hadron phase transition. On the
other hand, if the primordial Li abundance is at least
3—5 times the meteoritic value, then this constraint could
be satisfied for R ) 15. This suggests that if Li destruc-
tion in stars (astration) has been significant over the histo-
ry of the Galaxy, then the light-element abundances
could be consistent with 0= 1 in baryons.
If Li has been significantly astrated then it follows

that H must also have been astrated since the nuclide is
less tightly bound than Li. It is therefore encouraging
that deuterium is overproduced along with Li in models
with R )50. It is useful to consider the constraint based
upon the ratio of Li/ H in which the effects of astration
cancel out to first order. By choosing the highest
present-day Li abundance, and the lowest deuterium

Density 
Ratio

Too much 7Li



19
93
Ap
J.
..
40
3.
..
65
M

19
93
Ap
J.
..
40
3.
..
65
M

19
90

A
pJ

. .
 .3

49
 . 

.44
9M

 

The Astrophysical Journal, 349:449-457,1990 February 1 
© 1990. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

GALACTIC CHEMICAL EVOLUTION WITH LOW AND HIGH PRIMORDIAL LITHIUM 
G. J. Mathews and C. R. Alcock 

University of California, Lawrence Livermore National Laboratory 
AND 

G. M. Fuller 
Physics Department, University of California at San Diego 

Received 1989 February 8; accepted 1989 July 21 

ABSTRACT 
We discuss two scenarios for the galactic chemical evolution of lithium. In one, the primordial 7 Li abun- 

dance is taken to be that presently observed in Population II stars. This value is subsequently enriched to the 
Population I value by stellar sources. In the other scenario, the primordial 7 Li abundance is taken to be as 
high as that suggested by baryon number inhomogeneous cosmological models in which the universe is closed 
with baryons. This value is then depleted to the present-day Population I value by astration. The Population 
II value is obtained by gradual main-sequence destruction. Our models include the results of new calculations 
of lithium destruction and production in stars. The models are constrained by observations of deuterium, 
lithium, and beryllium as a function of galactic age and by the observed lack of correlation between Fe and Li 
for metal-poor stars. We find that these constraints can be satisfied by either scenario. We discuss the possi- 
bility that the recently derived upper limit to the lithium absorption along the line of sight to SN 1987A may 
provide a means to distinguish between these two scenarios. 
Subject headings: abundances — cosmology — galaxies: evolution — interstellar: abundances — 

nucleosynthesis 

I. INTRODUCTION 
The galactic evolution of light element abundances has been 

studied in a number of papers over the past two decades 
(Truran and Cameron 1971; Mitler 1972; Reeves et al. 1973; 
Audouze and Tinsley 1974; Mathews 1977; Reeves and Meyer 
1978; Audouze et al 1983; Delbourgo-Salvador et al 1985). 
The unique cosmic-ray origin (Reeves, Fowler, and Hoyle 
1970; Meneguzzi, Audouze, and Reeves 1971; Mitler 1972) for 
6Li, 9Be, 10,11B (and, to some extent, 7Li), along with the big 
bang production of 7Li, allow for important constraints on 
galactic evolutionary history and an opportunity to under- 
stand better the yields and conditions of primordial nucleo- 
synthesis. Several recent developments in this field, however, 
warrant a reexamination of light element galactic chemical 
evolution. 

One development is the recent suggestion (Applegate, 
Hogan, and Scherrer 1987,1988; Alcock, Fuller, and Mathews 
1987; Fuller, Mathews, and Alcock 1988; Malaney and Fowler 
1988) that a first-order phase transition from quark-gluon 
plasma to hadronic matter may naturally lead to isothermal 
baryon number density fluctuations which will remain during 
the epoch of primordial nucleosynthesis and modify the 
resulting nucleosynthesis yields from those of the standard 
homogeneous big bang. Such inhomogeneous cosmologies are 
intriguing as a possible means of satisfying the abundance con- 
straints in a universe which is closed by baryonic dark matter. 
On the other hand, such inhomogeneous models tend to 
produce an abundance of 7Li which exceeds the value observed 
in the solar neighborhood and in Population II stars. Another 
new theoretical development is the possibility of energetic 
hadron showers produced by the decays of long-lived particles 
during the keV era (Dimopoulos et al 1988), which could initi- 
ate a new phase of primordial nucleosynthesis. Such scenarios 
could also lead to a high primordial lithium abundance, in this 
case resulting from the copious production of 6Li. 

At the same time, there are now available lithium abun- 
dances (Hobbs and Pilachowski 1988) for stars in five Popu- 
lation I open clusters which have ages ranging from < 108 yr 
~ 1010 yr. These data seem to indicate that the 7Li abundance 
has not changed significantly from the Population I value of 
Li/H ~ 10-9 for the past 1010 yr (although there is a contro- 
versy over the age of the oldest cluster studied, NGC 188, 
which may only be ~5 x 109 yr; Twarog and Twarog 1990). 
These new data serve as an important constraint on models of 
lithium evolution in the solar neighborhood. Furthermore, a 
recent search for interstellar 7 Li absorption lines in the direc- 
tion of SN 1987A by Sahu, Sahu, and Pottash (1988) yielded a 
null result. The authors have inferred an upper limit for Li/H 
which is consistent with the lowest values observed on the 
surface of Population II stars (Spite and Spite 1982; Rebolo, 
Molaro, and Beckmann 1988). Although there is some contro- 
versy as to the validity of this upper limit (see Malaney and 
Alcock 1990), it is nevertheless useful to make a study of 
lithium production and destruction during galactic evolution 
to deduce whether a high or low primordial lithium abundance 
is consistent with this new datum. 

Another important motivation for the present study is that 
in the past, such studies have been limited by the use of simpli- 
fied models for lithium destruction in stars. Previous assump- 
tions ranged from total lithium destruction in the ejecta of all 
stars (Mitler 1972; Audouze and Tinsley 1974) to 7Li destruc- 
tion occurring only in stars with M < 2 M0 (Audouze et al 
1983). For the present study, we utilize the results of a recent 
theoretical study (Dearborn and Hawkins 1990) of 7Li and 9Be 
destruction as a function of initial stellar mass. This allows for 
a more realistic picture of lithium astration during the history 
of the Galaxy. 

In this paper, we also consider some new possibilities for 7 Li 
formation which have been proposed recently. In addition to 
the possible injection of 7Li from carbon stars and the infall of 
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Fig. 2.—Calculated models for Be/H vs. time compared to observations 
summarized in Reeves and Meyer (1978). Upper curve at i/T0 < 0.6 for each 
star formation rate corresponds to models with low primordial 2H and 7Li 
(homogeneous big bang) and therefore higher infall rates of extragalactic 
material. Lower curves are for models with high primordial 2H and 7Li 
(inhomogeneous big bang). Curves are normalized to the solar abundance at 
i/T0 = 0.62. 

above. Although the uncertainties in the data are large, the 
models yield a consistent description of the cosmic-ray pro- 
duction rate. It appears that an exponentially decreasing or 
constant star formation rate is favored. This is consistent with 
studies of the galactic chemical evolution of heavier elements 
(e.g., Mathews, Bazan, and Cowan 1989). 

We note in passing that the Be evolution depicted in Figure 
2 is essentially identical to the evolutionary curve for 6Li, 
because this isotope in these models is also taken to be of 
cosmic-ray origin. The only difference with 6Li evolution is in 
the normalization of the curves. All the present models would 
predict a solar system 6Li abundance consistent with the mete- 
oritic value. 

c) Lithium 
The cosmic-ray contribution for 7 Li is generated by scaling 

the production rate relative to 9Be as described above and by 
allowing for the slightly different astration factors (Dearborn 
and Hawkins 1990). With the models and cosmic-ray pro- 
duction defined, it is then possible to examine the evolution of 
7Li. As in the case of deuterium, we consider two possibilities : 
the standard big bang, in which the initial Li/H = 10“10 is 
increased to the Population I value of 10_ 9 via stellar sources 
(e.g., carbon stars or supernovae), and the possibility that the 
initial 7 Li is as high as that given in baryon number- 
inhomogeneous big bang scenarios. This high primordial 7 Li 
abundance is then astrated to the present-day Population I 
value in the ISM and depleted on stellar surfaces (e.g., by 
gradual mixing with the interior) to the presently observed 
Population II value. 

For the 7 Li abundance in the high-primordial lithium 
models, we use the minimum value of Li/H obtained (Mathews 
et al 1988) in a model in which neutron diffusion and nucleo- 
synthesis are solved simultaneously on a multizone spherical 
grid. We note, however, that in other calculations which model 
the coupling of diffusion and nucelosynthesis somewhat differ- 
ently (e.g., Terasawa and Sato 1989) or consider different geo- 
metrical shapes and amplitudes for the fluctuations (e.g., 

Mathews et al 1988; Kurki-Suonio and Matzner 1989), the 
calculated 7Li/H varies from 2 x 10"9 to 10"7 for conditions 
which satisfy the 2H abundance constraint. There are also 
published calculations based upon simpler schematic models 
for neutron diffusion with 7 Li/H ranging from ~10~8 

(Applegate, Hogan, and Scherrer 1987; Alcock, Fuller, and 
Mathews 1987; Audouze et al 1988) to ~ 10"10 (Malaney and 
Fowler 1988). 

Further uncertainties in the 7 Li abundance from inhomoge- 
neous models arise from the possibility that hydrodynamical 
effects (Alcock et al. 1989) during the epoch of primordial 
nucleosynthesis may reduce the 7 Li yields, and that in a more 
realistic model in which the fluctuation distances and ampli- 
tudes are distributed randomly, the 7 Li and 4He abundances 
may be higher. For the present purposes, we take our calcu- 
lation using 7Li/H = 7 x 10“ 9 as representative of the possible 
lithium production in an inhomogeneous big bang. 

Figures 3 and 4 show examples of 7Li/H evolution for 
models with low and high primordial abundances and different 
star formation rates. These are compared with the inferred 
initial abundances for the five clusters studied in Hobbs and 
Pilachowski (1988) as well as the solar system meteoritic value 
(Boesgaard and Steigman 1985). The values for the youngest 
three clusters are from an average of the highest measured 
lithium abundances. The observational error is taken to be 
40% for these clusters. The uncertainty in Li/H for M67 is 
taken to be 50% because of added uncertainty of extrapolating 
to the initial abundance. For NGC 188, the initial Li abun- 
dance could range from 10-9 to 10-8 or more, depending 
upon the age of this cluster and how one wishes to extrapolate 
to the initial abundance. The age uncertainties of these clusters 
are guessed to be ~20%, except for NGC 188, which could 
have an age from 5 to 10 Gyr (Twarog and Twarog 1990; Van 
den Bergh 1985). 

Fig. 3.—Models for Li/H as a function of time (starting from Li/H = 
10~10) compared with the meteoritic Li abundance and the inferred initial 
abundances for five clusters observed by Hobbs and Pilachowski (1988). 
Dotted line represents an exponentially decreasing star formation rate. Solid 
line represents a constant star formation rate, and dashed line represents 
increasing star formation (Miller and Scalo 1979). 

For each star formation rate, the upper curve at early times corresponds to 
stellar 7Li production in supernovae. The lower curve is for stellar 7Li pro- 
duction in carbon stars. Also shown is the upper limit to Li/H along the line of 
sight to SN 1987A inferred from the work of Sahu, Sahu, and Pottasch (1989) 
and Malaney and Alcock (1990). The time for this point corresponds to 
[Fe/H] 0.6 ± 0.3 (see Fig. 5). 
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Fig. 4.—Same as Fig. 3, but for a high primordial 7Li abundance 

Note in Figure 4 that the depletion of 7 Li from a high pri- 
mordial value to the present Population I value is achievable 
within the constraints on these models. Thus, the deuterium 
and 7Li abundances do not in themselves rule out the possi- 
bility for high primordial 7Li. On the other hand, scenarios in 
which the 7Li abundance begins at the Population II abun- 
dance and then is produced in stars up to the present Popu- 
lation I abundance also satisfy these constraints (at least for a 
decreasing star formation rate) as shown in Figure 3. Thus, it is 
difficult at the present time to distinguish between high or low 
primordial values based only upon the stellar and solar system 
observations of Li/H. The distinction between these models 
would require a measurement of Li/H for material which is 
substantially less processed. 

A possibility for such data has recently been reported by 
Sahu, Sahu, and Pottash (1988). They obtained an upper limit 
to the Li/H ratio along the line of sight to SN 1987A shortly 
after maximum light. Such data should indicate the lithium 
abundance in the relatively less processed material of the LMC 
and galactic halo. They quote an upper limit of Li/H < 
1.6 x 10“10, which they interpret also to be the upper limit to 
the primordial lithium abundance. Such a low number argues 
in favor of homogeneous big bang nucleosynthesis with low 
baryon number. However, Malaney and Alcock (1990) have 
recently reanalyzed this upper limit and have derived a value 
which is more than an order of magnitude higher. Further- 
more, such a low value for the Li/H ratio is puzzling if this 
corresponds to material in the LMC. The LMC is commonly 
presumed to be enriched to at least [Fe/H] ~ —0.6 and is 
probably as high as [Fe/H] = —0.3. Since the enrichment of 
iron should be delayed by the time scales for Type I and II 
supernovae (see discussion below), the enrichment of lithium 
resulting from stellar sources should proceed as fast or faster 
than Fe (see Figs 3 and 5). Therefore, the LMC value of Li/H 
should be >2.5-5.0 x 10“10, significantly higher than the 
Sahu, Sahu, and Pottash (1988) upper limit. 

For purposes of comparison with the galactic evolutionary 
models for lithium, Figures 3 and 4 show limits to LMC 
lithium (labeled SN 1987A) from both the analysis of Malaney 
and Alcock (1990), and Sahu, Sahu, and Pottash (1988). We 
have plotted the inferred upper limits at a time (t/T0 ~ 0.2 
± 0.1) corresponding to [Fe/H] ~ — 0.6 ± 0.3 from the locally 
observed age-metallicity relation (Twarog 1980; see also Fig. 

5). We note, however, that the age-metallicity relation in the 
solar neighborhood shows intrinsic scatter and appears to 
depend upon location as well, so that this comparison with the 
LMC may be even more uncertain than indicated in Figures 3 
and 4. 

This is a potentially useful upper limit. However, the SN 
1987A upper limit does not yet rule out scenarios with high 
primordial lithium unless one accepts the Sahu, Sahu, and 
Pottash limit, which causes difficulty for some of the low pri- 
mordial lithium scenarios as well. It is also difficult to reconcile 
the Sahu, Sahu, and Pottash (1988) limit with the Hobbs and 
Pilachowski (1988) data in any of the models, even allowing for 
the large uncertainties in the stellar ages and abundances. 
Nevertheless, because of its potential value, one should look 
critically at the derivation of this upper limit. 

The relationship between Li i column density and total Li 
column density involves two correction factors. The first is to 
derive the Li n/Li i ratio, which is obtained by a comparison 
with the Ca n/Ca i ratio. This correction factor contains an 
unknown uncertainty. A more important correction is the 
depletion factor, which accounts for the condensation of 
lithium onto grains. The procedure which is used (Field 1974; 
Snow 1975) is based upon comparisons of depletion factors for 
potassium and lithium in the local interstellar medium. It 
should be pointed out that the argument is somewhat circular, 
because the local depletion factors were derived from pre- 
sumed known total lithium and potassium abundances. Fur- 
thermore, at low temperatures, the equilibrium vapor pressures 
of potassium and lithium are very different, so that their com- 
parison can be misleading. While it is clear that interstellar 
lithium could be an important probe of the history of lithium 
in the universe, much further study of the depletion onto grains 
will be needed before one should have confidence in the inter- 
pretation of these data. For these reasons, Malaney and Alcock 
(1990) deduce a much higher upper limit of Li/H <4.4 x 10“ 9 

along the line of sight to SN 1987A. 
The correlation of lithium with iron (see Rebolo, Molaro, 

and Beckmann 1988) is another possible indicator of lithium 
galactic evolution. The fact that there is no correlation for low 
Fe abundance has been taken as evidence (e.g., Reeves 1988) 
that the Population II stellar value is the true primordial abun- 
dance. This certainly is an important indicator of the fact that 

Fig. 5.—Models (lines) of [Fe/H] vs. time for different star formation rates 
compared to the values (points) derived in Twarog (1980). 
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ABSTRACT 
We discuss the primordial nucleosynthesis of intermediate-mass nuclei up to A = 28 in the neutron-rich and 

proton-rich environments produced by baryon-number-inhomogeneous big bang models. We find that there 
could be several observational signatures of such neutron-rich and proton-rich primordial nucleosynthesis if 
sufficiently accurate isotopic and elemental abundance ratios could be measured for extremely metal-poor 
stars. These observations could also provide important information about the degree of baryon-number inho- 
mogeneity at the time of primordial nucleosynthesis. 
Subject headings: abundances — early universe — nucleosynthesis — stars: abundances — 

stars: Population II 

I. INTRODUCTION 
Recently, in a series of papers (Applegate, Hogan, and Scher- 

rer 1987,1988; Alcock, Fuller, and Mathews 1987; Audouze, et 
al 1988; Fuller, Mathews, and Alcock 1988; Kurki-Suonio 
and Matzner 1989; Malaney and Fowler 1988; Kurki-Suonio 
et al 1988, 1990; Terasawa and Sato 1989; Mathews et al 
1989, 1990), it has been suggested that isothermal baryon 
number density fluctuations produced by an earlier epoch 
during the big bang may dramatically affect the yields from 
primordial nucleosynthesis. The nucleosynthesis is changed by 
the spatial variation of both the baryon-to-photon ratio and 
the neutron-to-proton ratio, the latter being caused by the 
short diffusion time for neutrons in the primordial plasma. 
These effects change the sensitivity of the nucleosynthetic 
yields to the average baryon density and may allow (Applegate, 
Hogan, and Scherrer 1987; Alcock, Fuller, and Mathews 1987) 
baryonic densities considerably larger than the limit to the 
baryonic contribution to the closure density of Q& < 0.1 
derived from the comparison of observed (light-element) abun- 
dances with results from standard homogeneous big bang 
models (e.g., Yang et al 1984). This increase in the allowed 
baryon density in inhomogeneous big bang models is caused 
by the existence of low-baryon-density, extremely neutron-rich 
regions in which deuterium is synthesized and high-density 
proton-rich regions which are prevented from overproducing 
4He due to a scarcity of neutrons. 

Another possible consequence of forming such neutron-rich 
and proton-rich regions is that intermediate-mass 
(12 < ,4 < 28) and heavy (A > 28) elements may be formed by 
neutron-capture or proton- and alpha-capture chains 
(Applegate, Hogan, and Scherrer 1987, 1988; Malaney and 
Fowler 1988; Mathews et al 1990). This is an intriguing possi- 
bility, for two reasons. First, intermediate-mass and heavy- 
element synthesis may provide an observational constraint on 
such inhomogeneous cosmologies. Low-metallicity stars may 
have atmospheres which reflect little or no nuclear processing, 

1 Department of Physics, Tokyo Metropolitan University. 2 Physics Department, University of California, Lawrence Livermore 
National Laboratory. 3 Physics Department and Center for Astrophysics and Space Science, Uni- 
versity of California, San Diego, and Institute for Geophysics and Planetary 
Physics, Lawrence Livermore National Laboratory. 

so that the observed elemental abundances represent the com- 
position of primordial material. Although there are no zero- 
metallicity stars known, there are Population II stars with 
heavy-element abundances significantly lower than solar (e.g., 
Gilroy et al 1988). It is imperative, therefore, that inhomoge- 
neous cosmological models which satisfy the light-element 
abundance constraints do not at the same time overproduce 
the heavy-element abundances of such metal-poor stars. 

Yet another important possible consequence of an inhomo- 
geneous big bang may be the existence of unique nucleo- 
synthetic signatures. Among the possible observable signatures 
of a baryon-number-inhomogeneous big bang already pointed 
out in previous works are the presence of a high primordial 
lithium abundance (Alcock, Fuller, and Mathews 1987) or a 
high abundance of 9Be, 10B, and ^B (Boyd and Kajino 1989; 
Malaney and Fowler 1989; Kajino and Boyd 1990; Terasawa 
and Sato 1990). However, the light-element signatures of pri- 
mordial inhomogeneities are problematic because of possible 
hydrodynamic effects (Alcock et al 1990). In the present work 
we explore the possibility of other nucleosynthetic signatures 
in intermediate-mass nuclei which could be observable on the 
most metal-deficient stars. These signatures stem from the 
unique relative abundances for intermediate-mass elements, 
when produced by neutron-capture nucleosynthesis, compared 
with the abundances produced by normal stellar thermonu- 
clear burning. 

Although the uncertainties in the neutron-capture rates are 
large, we propose that baryon-number-inhomogeneous pri- 
mordial nucleosynthesis could be characterized by a large ele- 
mental carbon abundance with a large 13C/12C ratio such that 
13C and 12C have comparable abundances independent of the 
total baryon density as long as the fluctuations have significant 
amplitudes and a small volume fraction. Similar signatures 
could be found in a high 170/160 ratio (particularly if the 
present fraction of the closure density contributed by baryons, 
Qb, is near unity), an enhanced 21Ne/20Mg ratio if the fluctua- 
tion amplitude is small, and an enhanced 25Mg/24Mg ratio 
together with an enhanced or depleted 26Mg/24Mg ratio 
depending upon Clb. For elemental ratios we propose that a 
C/N ratio similar to solar, and an overall high abundance of 
heavy nuclei, may indicate inhomogeneous nucleosynthesis. In 
this paper, stated values of Qb are based upon a present back- 
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ground temperature of 2.7 K and a present Hubble constant of 
H0 = 50 km s”1 Mpc-1. 

II. THE CALCULATION 
The starting point for this calculation is the big bang nucleo- 

synthesis code of Wagoner (1973) with a number of nuclear 
reaction rates updated (e.g., Caughlan and Fowler 1988). We 
use three neutrino flavors and a neutron half-life of 10.3 
minutes. Because of the unique history of the neutron-rich and 
proton-rich environments, it is necessary to include a number 
of new reaction rates not present in the original code. 

a) Nuclear Reaction Network 
The network used in this calculation is summarized in 

Figure 1. The major modification necessary for nuclei up to 
Z = 12 is the addition of the 8Li(d, n)9Be and 8Li(n, y)9Li 
(Malaney and Fowler 1988) and 7Li(3H, n)9Be and 9Be(3H, n) 
1XB (Boyd and Kajino 1989) reactions to the network which 
provides a leak from the p-p chain and allows for the pro- 
duction of heavy elements, e.g., 

1H(n, y)2H(n, y)3H(d, n)4He(3H, y)7Li(n, y)8Li, 
8Li(a, nÿ'Bin, y)12B(ßv)12C(n, y)13C(n, y)14C . (1) 

For elements heavier than 14C we have found that it is 
necessary to include the many neutron-capture rates for 
unstable nuclei depicted in Figure 1. We have found that 14C(n, 
y)15C and subsequent neutron captures and beta decays give 
the principal route to the production of heavy elements. This is 

in contrast to the results of Applegate, Hogan, and Scherrer 
(1988) and Malaney and Fowler (1988), where 14C(a, y)lsO 
plays the major role in heavy-element production. This differ- 
ence can be traced to the value for the 14C(n, y)15C cross 
section used in those works compared with the present work. 

There is only an upper limit to the measured thermal 
neutron-capture cross section of <7th(14C) < 1 //barn 
(Ajzenberg-Selove 1981). A simple £"1/2 extrapolation of this 
value to a typical neutron-capture energy of 30 keV would 
imply an upper limit of <730(14C) < 1 nbarn, which would not 
compete well with the 14C(a, y)lsO cross section. 

We can understand this low thermal capture cross section 
for 14C in the framework of the direct radiative capture model 
(Lane and Lynn 1960). The S-wave thermal neutron-capture 
rate for 14C is dominated by an E2 transition to the Jn = 5/2+ 

level of 15C at 0.740 MeV. The Ml transition to the ground 
state is suppressed because the ground state represents a single 
neutron in the 2s1/2 level and therefore has poor spatial 
overlap with the entrance channel owing to a change in the 
radial quantum number between the entrance channel and the 
final state. We predict a neutron capture cross section at 30 
keV based upon this channel of 0.1 nbarns, which is well below 
the observed upper limit. However, this argument neglects the 
contribution from other electromagnetic modes. In particular, 
the / = 1, El transition to the 1/2+ ground state increases with 
the square root of the incident kinetic energy (rather than the 
usual £-1/2 dependence for the S-wave contribution), so that 
we derive a cross section of 0.1 mbarns at 30 keV. Thus, the 
neutron-capture rate on 14C could exceed the alpha-capture 

n 
Fig. 1.—Nuclear reaction network used in the calculations. Solid arrows indicate nuclear reactions in the direction of positive ß-value; dashed arrows show beta 

decays. 
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Late-Time Dissipation of Primordial Baryon-Number Fluctuations and Nucleosynthesis
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Primordial baryon-number Auctuations can be damped at temperatures =20 keV when the photon
mean free path becomes larger than the high-density-region length scale. This dissipation process may
result in mixing of the high- and low-density material on a time scale comparable to or shorter than that
of the universal expansion. The nucleosynthesis yields in inhomogeneous cosmologies can be altered by
this process for any Ab. Li can be reduced to an abundance consistent with observations of Population
II halo stars and the abundances of Be and ' B can be reduced by several orders of magnitude.

PACS numbers: 98.80.Ft, 12.38.Mh, 98.80.Cq

Recent studies have outlined how isothermal baryon-
number fluctuations could be generated in a cosmic
quark-hadron phase transition, how, subsequently, these
fluctuations would be modified by neutron diffusion, and
ultimately how primordial nucleosynthesis yields could
be altered from those of the standard, homogeneous big
bang. ' " In this Letter we point out that an important
process, hydrodynamic expansion of the ions against
Thomson drag, can dissipate baryon-number fluctuations
and modify the nucleosynthesis yields of inhomogeneous
cosmological models for any Qb (fraction of closure den-
sity contributed by baryons). We call this previously
overlooked process hydrodynamic- Thomas-drag dissipa-
tion.
First we follow Ref. 2 and note that if isothermal

baryon-number fluctuations are created by a cosmic
QCD phase transition at high temperature (T) 100
MeV), they would not remain strictly isothermal for very
long and would be expected to expand. If we idealize a
baryon-number fluctuation as consisting of a high-
density region of spatial scale lt, and a low-density re-
gion, then the initially isothermal nature of the radiation
distribution implies that the photon contributions to the
pressure in each region are equal. However, there is
clearly a baryon-number pressure difference, the magni-
tude of which depends on the amplitude of the fluctua-
tions, R =nt, /nt, where nt, and nt are the baryon-number
densities in the high- and low-density zones, respectively.
It is not yet possible to predict with confidence the value
of R that emerges from the QCD transition and values
from unity to 10 have been discussed. ' In any case,
the very large photon-to-baryon ratio observed in the
Universe today (ri=3.5&10 hioo Qb ', where hloo is the
Hubble constant in units of 100 kms 'Mpc ') will en-
sure that radiation dominates the pressure in both the
high- and low-density regions.
The photon mean free path is short compared to lI, im-

mediately following the phase transition so that the

f

hT
T 30

1

g(3)

=7.8x 10 R—1

fy(R —1)+1

where g(3) is the Riemann zeta function and fy is the
volume fraction of the high-density region. Again it is
difficult to predict ft but values between 0.5 and 10
have been discussed. ' For T ) 1 MeV, we note that
neutrino pressure is important, and the temperature gra-
dient will be smaller than as given in Eq. (I). For T ( 1

MeV, neutrinos play no role in fluctuation dissipation.
This temperature gradient can drive neutrino and pho-

ton diff'usion. Neutrino diffusion before weak decoupling
(T= 1 MeV) can inflate the fluctuations, driving down
the amplitude to R = 10 —10 from higher values at the
end of the phase transition. ' In this Letter, we will con-
centrate on photon diffusion and inflation.
We can identify two limits in the subsequent expan-

sion and dissipation of the fluctuations. In the high-
temperature limit (T» 50 keV), the photon mean free
path is short compared to the high-density length scale,
A, „&II„and the fluctuations are inefficiently dissipated
by photon diffusion driven by the temperature gradient
in Eq. (1). The other limit to dissipation is reached
when the temperature drops to 20 ~ T ~ 50 keV where
the photon mean free path becomes comparable to or
larger than the high-density length scale, k, » lI, . In this

high-density region can expand adiabatically until pres-
sure equilibrium is attained. Since the radiation pressure
is proportional to T and rl is so large, only a very small
expansion of the high-density region is required to con-
vert the fluctuation from isothermal to isobaric in nature.
The result is a temperature gradient from the low-
density to the high-density zones. The fractional change
in temperature between these regions can be shown to be

2607
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Spectrum of QCD nucleation-site separations and primordial nucleosynthesis
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The spectrum of nucleation-site separations in the cosmic QCD phase transition is calculated
within the framework of homogeneous nucleation theory. This spectrum has the property that the
ratio of the standard deviation of the separations to the mean separation has the constant value of
0.466, independent of any QCD physics parameters. When the assumption is made that a duality
exists between nucleation sites and baryon fluctuation sites, the same spectrum may be applied to
baryon-number fluctuation separations. When nucleosynthesis results are averaged over this spec-
trum, the upper limit on Ab(2. 735K/To)'X(Ho/50 kms 'Mpc '), as derived from the observed
upper limit to the primordial He abundance, drops from 0.8 to 0.56 in baryon inhomogeneous
universes. In order for macroscopic baryon inhomogeneities to arise in the early Universe, persist
to the era of nucleosynthesis, and give nucleosynthesis yields which allow 0& to be greater than the
limit from standard big-bang nucleosynthesis, the QCD surface tension must be near its upper limit
of around the cube of the coexistence temperature.

I. INTRODUCTION

Recent studies' have suggested that the Universe
may not have been homogeneous in its distribution of
baryons at the time of primordial nucleosynthesis. The
cause of baryon inhomogeneity in the early Universe is
most often taken to be the cosmic QCD phase transi-
tion. ' Kajantie and Kukii-Suonio and Fuller,
Matthews, and Alcock studied the nucleation of hadron-
ic phase material within the context of homogeneous nu-
cleation theory and concluded that macroscopic baryon
Auctuations could have arisen during the phase transi-
tion. Detailed calculations of the subsequent evolution of
the Auctuations showed that the resulting nucleosynthesis
yields were often different from those in the homogeneous
big bang. ' For example, we found' that Qb, the
present ratio of the baryon energy density to the critical
energy density, as derived from observational constraints
on He and D, could be as large as 0.8 in baryon inhomo-
geneous universes for a present microwave background
temperature of To=2.735 K and a Hubble constant of
Ho =50 km s ' Mpc '. (Hereafter any numerical value
we give for Qb will be derived from these values for Ho
and To.) A drawback of these detailed calculations is that
they assume that Auctuations are spaced uniformly. It is
much more likely, however, that a distribution of Auctua-
tion separations would occur. In this paper we use classi-
cal homogeneous nucleation theory and an independent-
particle model to calculate the spectrum of nucleation-
site separations. If we then assume a duality between nu-
cleation sites and baryon-number Auctuations, this spec-
trum also applies to the spectrum of baryon Auctuation
separations. We show how this spectrum might affect
nucleosynthesis yields on a baryon inhomogeneous

universe. Finally, we consider the possible constraints on
QCD physics from primordial nucleosynthesis.

II. NUCLEATION OF HADRON PHASE AND
SPECTRUM OF NUCLEATION-SITE SEPARATIONS

For small supercooling during the quark-hadron phase
transition, the rate p at which bubbles of hadron phase
are formed per unit volume is given by

—16~a.
p ( g) =CT, exp 3TL 71

(2.1)

c T
T (2.2)

Clearly p =0 when T =T, and then grows exponentially
for T &T, .
We now follow the picture of Kajantie and Kurki-

Suonio in the subsequent evolution of the phase transi-
tion. In this analysis the nucleated bubbles of hadronic
material expand and drive a weak shock wave with veloc-
ity Vz =3 ' into the quark-gluon plasma. These shock
waves reheat the quark-gluon plasma so that no further
nucleation occurs in a region that has been traversed by a
shock wave. (A potential modification to this picture is
that passage of two or more shock waves may be required
to reheat a region to the coexistence temperature. We
discuss the effect of such a modification below. ) The frac-

where L is the latent heat per unit volume of the phase
transition, cr is the free energy per unit area of the bound-
ary associated with the bubble, T, is the coexistence tern-
perature for the quark and hadron phases, C is a
coefficient of order unity, and g the "supercooling param-
eter" is given by
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Abstract 

Primordial nucleosynthesis calculations are shown to be able to provide constraints on models of electroweak baryogenesis 
which produce a highly inhomogeneous distribution of the baryon-to-photon ratio. Such baryogenesis scenarios overproduce 
4He and/or 7Li and can be ruled out whenever a fraction f <  3 × 10 - 6( 100 GeV/T) 3 of nucleated bubbles of broken-symmetry 
phase contributes > 10% of the baryon number within a horizon volume. 

In this letter we discuss how the sensitivity of big 
bang nucleosynthesis to the baryon-to-photon number 
(r/) and its spatial distribution could be utilized to 
probe electroweak physics in a new manner. Models of 
electroweak baryogenesis have so far concentrated on 
producing the presently observed value for 7/. In this 
paper, we point out a new constraint on models that 
result in a highly inhomogeneous distribution of ~7. We 
will show that micro-physical processes that generate 
fluctuations in 7/on sub-horizon scales for epochs cor- 
responding to temperatures T_< 1.5 TeV may be subject 
to nucleosynthesis constraints. 

A long-standing problem in astrophysics is the 
explanation for the apparent baryon number asymmetry 
in the universe. Ref. [ 1 ] provides an overview of this 
problem and the attempts to solve it. Ever since the 
work of Sakharov [2] an explanation has been sought 
for the baryon number asymmetry in C, CP, and bar- 
yon-number violating processes in environments asso- 
ciated with departures from thermal and chemical 
equilibrium in the early universe. However, any net 

0370-2693/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI0370-2693 ( 9 4 ) 0 0 6 3 7 - M  

baryon number generated at very early epochs in the 
history of the universe (e.g., via C and CP violating, 
nonequilibrium baryon number violating decay of 
heavy X and Y bosons associated with Grand Unifica- 
tion) will probably, though not necessarily inevitably, 
be erased by subsequent anomalous electroweak pro- 
cesses [ 3 ]. Regeneration of baryon number could then 
occur during a first order cosmic electroweak symme- 
try-breaking phase transition [3]. It is not clear if ade- 
quate baryogenesis could be achieved with a minimal 
Weinberg-Salam model without implying a Higgs 
mass below the present experimental lower bound (see, 
however, Ref. [4] ). Several plausible extensions of 
the minimal standard model, such as multi-Higgs mod- 
els or supersymmetric models, could lead to significant 
baryon number generation at this epoch [5-7] .  A 
review of baryogenesis associated with first-order elec- 
troweak phase transitions is given in Ref. [ 8]. 

Since a temperature dependent nucleation rate is a 
generic feature of first order phase transitions, we 
expect some supercooling in a primordial electroweak 
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We use heavy element nucleosynthesis from supernovae to probe the mixing of v, with v, (or v„) pos-

sessing cosmologically significant masses (1 to 100 eV). We conclude that the v, (v„)-v, vacuum mixing
angle must satisfy sin 20 & 10, in order to ensure that r-process heavy elements can be produced in
neutrino-heated supernova ejecta. Mixing at a level exceeding this limit precludes r-process nucleosyn-
thesis in this site.

PACS numbers: 97.10.Cv, 12.15.Ff, 14.60.6h, 97.60.Bw

In this Letter we show how the heavy element nu-
cleosynthesis in the ejected material from the late stages
of type II supernovae is sensitive to matter-enhanced neu-
trino flavor transformation. Rapid neutron capture pro-
cess (r-process) nucleosynthesis may occur in the super-
nova environment. However, this process can operate
only in neutron-rich conditions. Supernova v, and v„are
more energetic than the v„so that any v, „v,transfor-
mations result in higher energy electron neutrinos which
are more readily captured by neutrons to produce pro-
tons. This implies that the neutron-to-proton ratio, and
hence whether or not r-process nucleosynthesis is possi-
ble, is sensitive to neutrino Aavor transformations. We
exploit this sensitivity to probe the mixing between v, and
a massive v, or v„.
The vacuum mass of the v, (or v„) which we can probe

is between 1 and 100 eV. This corresponds to the mass
required to give a mass-level crossing with a light v, in
the region of the supernova where the relevant neutron-
to-proton ratio for nucleosynthesis is determined. This
region is located above the neutrinosphere and below the
radius where weak nuclear reactions involving free nu-
cleons freeze out [ll. Coincidentally, this is the same
range of v, (or v„) mass which is relevant for dark
matter [1-6]. The cosmological significance of this neu-
trino mass range, together with the lack of strict labora-
tory experimental constraints on v, -v, and v„-v, mixings
in this mass range [7], makes this new probe of neutrino
properties important.
Supernovae have long been implicated as the site for

the r-process nucleosynthesis of heavy elements [8]. Re-
cent calculations suggest that the neutrino-heated "hot
bubble" which develops several seconds after the bounce
of the core in a type II supernova is a likely site for r-
process nucleosynthesis [9,10]. We therefore confine our
subsequent discussion to the physics of the hot bubble
region at times later than 1 s post-core bounce (or tpa
& 1 s).

The hot bubble epoch is between lpga= 3 s and 15 s.
The supernova explosion process has left a hot proto-
neutron star with a relatively high-entropy (entropy per
baryon s/k & 400) low-density electron-positron-pair
dominated plasma above it. This region is heated pri-
marily by absorption of neutrinos emitted from a neutri-
nosphere at a radius of approximately r & 10 km [9,11].
Calculations show that the neutrino energy spectra and
distribution functions at the neutrinosphere are roughly
Fermi-Dirac with zero chemical potential [1].
During the hot bubble epoch, the surface layers of the

proto-neutron star consist mostly of neutrons. This im-
plies that the v, have a larger opacity (cross section per
gram) than do the v, because of the charged current cap-
ture reactions on free nucleons,

v, +n p+e (la)
ve+p n+e (lb)

This in turn implies that the v, decouple deeper in the
core and so have larger average energies than do the v, .
Typical average energies for the v, at this epoch are
roughly 16 MeV while those for the v, are about 11
MeV. Neutrino species of all flavors have identical neu-
tral current interactions but, due to energy threshold
eAects, the v„v„, and their antiparticles lack the charged
current capture reactions analogous to those in Eq. (1).
The result is that the v„v„v„, and v„have identical
spectra with average energies of 25 MeV. Thus, the aver-
age neutrino energies in supernova models at this epoch
will always satisfy (E,, „)& (E;) & (E„).
Close to the neutrinosphere the matter temperature is

high enough that all strong and electromagnetic nuclear
reactions are in equilibrium (nuclear statistical equilibri-
um, or NSE). When the temperature drops below about
0.5 MeV the nuclear reactions begin to freeze out (here-
after nuclear freeze-out) —the charged particle capture
rates and photodissociation rates for nuclei fall below the
expansion rate for the material. The nucleosynthesis pro-
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ABSTRACT 
We investigate the recently observed periodicity of the distribution of galaxies at high redshift by comparing 

the data with models in which galaxies reside on the surfaces of bubbles or sheets. A statistical analysis of the 
deviation from periodicity along various lines of sight seems to suggest that the data more closely resemble a 
regular cellular pattern in which the bubble centers are strongly anticorrelated than a distribution produced 
by random voids or sheets. We discuss how such a regular structure might arise and suggest some observa- 
tional tests of this interpretation. 
Subject headings: cosmology — galaxies: redshifts — galaxies: structure 

Recent observations (Broadhurst et al. 1990) of the redshift 
distribution in 40' pencil beams near the Galactic poles out to 
high redshift (z < 0.5) have revealed a remarkable periodicity 
in the distribution of galaxies. When corrected for selection 
effects, the galaxy number counts indicate narrow concentra- 
tions of galaxies separated by voids of ^130/i_1 Mpc co- 
moving size in which there are significantly fewer galaxies. 
Such structure is consistent with the scale of the nearby void or 
bubble seen in galaxy distribution studies such as de Lap- 
parent, Geller, and Huchra (1986) which examined a larger 
patch on the sky but which had a much smaller limiting red- 
shift. Such structure is also consistent with the reported period- 
icity in the distribution of QSOs (cf. Foltz et al. 1989) and the 
Lyman-a forest (Chu and Zhu 1989) and the locally observed 
galaxy cluster correlation function (Bahcall, Henriksen, and 
Smith 1989). 

Although the observed pattern is striking, it is not precisely 
regular. We estimate that the standard deviation of the 
observed distances from perfect regular spacing is about 17% 
of the mean comoving separation. The question then arises as 
to whether this pattern represents a random occurrence of 
voids produced by intersecting walls of different sized bubbles 
or reflects a more regular cellular structure. Indeed, even for a 
perfectly regular lattice structure, a random line of sight would 
not produce an exactly periodic behavior except along a few 
special directions. Our intention therefore is simply to study 
several different geometries for galaxies and voids and deduce 
the probability that a random trajectory in such a structure 
would appear like the data. The geometries we consider are (1) 
randomly placed voids which presumably would be the most 
natural structure in a universe in which such voids were pro- 
duced by a completely stochastic process, (2) a pattern of ran- 
domly intersecting sheets such that along a line of sight there is 
a random probability to encounter a wall at any distance, and 
(3) the regular cellular structure of a simple cubic or close- 
packed face-centered cubic lattice. Although such completely 
regular structures might seem a bit unrealistic, they could rep- 
resent the extreme limit of a mechanism for producing voids in 
which the presence of one void precludes the possibility of 
another nearby void, i.e., the void centers could be strongly 

anticorrelated and tend to reside at an optimum regular 
separation distance. 

We construct the random-void and cellular structures by 
assigning void points either randomly or at regularly spaced 
positions, x = c{kx H- /ÿ -h mz}, where c gives the scale; x, y, z 
are orthogonal unit vectors; and k, /, m are integers for the 
simple cubic structure. For the face-centered cubic structure, k, 
/, m are either all integers or two of them are half-integers for 
alternating planes. The voids are defined by the volume 
enclosed by boundaries constructed halfway between neigh- 
boring points. In the random sheet structure, the boundaries of 
voids are described by randomly oriented infinite planes. 

The face-centered cubic structure is common in metal lat- 
tices, with nuclei in the place of void centers. We chose this 
structure because it is the most regular of the close-packed 
structures. The significance of close packing in the present 
work is that the voids are as close to spherical as possible. 

The distribution of galaxies from Broadhurst et al. (1990) 
exhibit an obviously peaked structure corrected for sampling 
effects in the emission-line data. For the purpose of the present 
analysis we use the redshift distribution shown in Figure 1 of 
Broadhurst et al. (1990) and only redshift bins with more than 
two galaxies are counted. This distribution is then converted to 
comoving proper distance. When there is more than one close 
lying peak, they are assigned to the same group such that the 
deviation from periodicity is minimized. We define the devi- 
ation from periodicity as 

ó = min (\/b) min Í £ w.O,- - a -j(i)b~\2 I £ wj 1, (1) 
um IL {a, b} Li=i I i=i ) J 

where b is the interval of the periodicity, a is a starting point, 
and 7(1) is the index for the group corresponding to point i. The 
minimization is done first with respect to a and b and then with 
respect to j(i). For the observed data, yf are the comoving 
distances to the bin centers and w,- are the weights (number of 
galaxies). The points are assigned to groups,7 = 1, ..., 13, by 
first choosing iV = 13 peaks closest to the origin and using 
7(0 = i. Then we repeatedly add the next nearest point 
(N -> N + 1) and combine the closest pair of points into a 
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single group. This method reproduces the 13 groups with down to 5 x 10 "4. Thus, a simple test of these basic structures 

^ z < 0.35 indicated in Figure 1 of Broadhurst et al (1990). From should be possible simply by obtaining other periodicity dis- 
< that figure we obtain <5 = 0.17, i.e., the deviation from period- 

icity is 17% of the average period. If we replace the original 
^ bins by the averaged position of each group, we obtain 

ô = 0.07. However, this latter number is not a good measure of 
the regularity because some groups (especially at z ~ 0.08 or 
0.3 [north] and z ~ 0.05 [south]) look much more like several 
sheets than one sheet at the centroid so that the periodicity is 
not well defined by these points. The number obtained from 
equation (1) better reflects this uncertainty. 

For the model universes the peaks in the data are presumed 
to arise at the location of bubble walls. We apply the same 
analysis to the model structures as is applied to the observa- 
tions. The pencil beam is represented by a randomly oriented 
line of sight through the structure. The points, yh are at the 
intersection of the line of sight with a wall of the structure. For 
simplicity each wall is assigned an equal weight. 

Figure 1 shows the distribution of deviations from regular 
periodicity based upon a sampling of 10,000 or 100,000 
random lines of sight from random locations in structures con- 
taining random voids, random sheets, a simple cubic cellular 
structure (SC), and a face-centered close-packed cubic lattice 
(FCC). Our determination of the standard deviation of the 
observed periodicity is indicated by the arrow on Figure 1. It is 
striking that the standard deviation of the observed distribu- 
tion is close to the most likely deviation from periodicity 
expected from a regular cellular structure. There is a 40% 
probability that any random line of sight through such a struc- 
ture would give a deviation from periodicity of the observed 
value or less. 

On the other hand, that much regularity in the periodicity is 
quite unlikely for a random distribution of sheets or voids. For 
a random distribution of voids, we estimate only a 2% prob- 
ability for a deviation equal to or less than the observed value. 
For a random distribution of sheets, the probability drops 

Deviation from periodicity 
Fig. 1.—Distribution of the deviation from regular periodicity for random 

lines of sight from random locations within: a structure of random voids; a 
simple cubic lattice structure (SC); a close-packed face-centered cubic lattice 
(FCC); and a structure containing random sheets. The arrow indicates our 
value for the deviation from periodicity from the observed redshift distribution 
along the Galactic poles. 

tributions along a line of sight at a sufficiently large angle with 
respect to the previous determination to avoid passing through 
the same walls. We estimate that an angle of > tt/4 is sufficient 
for any of the structures studied. Unless the void centers are 
arranged in a regular structure, one should observe a signifi- 
cantly diminished periodicity along other directions. 

In the above direct comparison of computer-generated 
structures with the observed distribution of galaxies, we have 
assumed that galaxy clustering occurs along the edges of voids. 
Even if the galaxy distribution had an underlying regular cellu- 
lar structure, there should be some dispersion in the observed 
galaxy distribution around the edge of the voids. In this sense, 
the obtained deviation of 17% should be considered an upper 
limit since we have neither allowed for a dispersion of galaxies 
around the edges of voids nor corrected for observational 
error. Therefore, the underlying structure is probably even 
more periodic than that indicated by the observed deviation of 
17%. These considerations make it even less likely that a 
random structure could explain the observed distribution and 
even for a perfectly regular structure a somewhat favored 
direction and/or location within the structure may be required. 

We note that the distributions of deviation from periodicity 
are narrow when analyzed in this way. This narrowness is at 
least partly due to using an optimum grouping of points. The 
different model structures always produce a certain uniformity 
in the distribution of points along a line of sight. By optimally 
grouping the points some amount of periodicity can always be 
found. Without this grouping the distributions would be 
shifted to the right and become much broader. 

Given that the observations are most consistent with a 
regular cellular structure, it is amusing to consider Figure 2 
which shows the distribution of deviations from periodicity in 
0 — (¡) coordinates for 104 random lines of sight through a 
face-centered close-packed cubic lattice. Various values for the 
deviation from periodicity tend to form a regular pattern 
which reflects the inherent symmetries in such a close-packed 
structure. Although this much regularity might be unrealistic 
as a representation of the large-scale structure of the universe, 
similar patterns emerge for other cellular structures such as the 
simple-cubic lattice, and it is tempting to speculate that the 
patterns observed on Figure 2 might emerge for the true dis- 
tribution of galaxies if the separation between voids is suffi- 
ciently anticorrelated to approximate such regular cellular 
structures. 

If further surveys continue to indicate such regular period- 
icity, then on the basis of Figure 2 one can speculate upon an 
observing program to test this existence of regular cellular 
structure. The observed deviation of ~ 15%-20% from regular 
periodicity should occur with almost equal probability along 
any direction of the sky. However, one might search for inter- 
vals of ~ n/4 in which the periodicity would vary from much 
more regular (<15% deviation from periodicity) to much 
worse ( > 20% deviation). Although the existence of such regu- 
larity seems unlikely and observation of such a variation 
depends to some extent upon the location of the observer 
within the structure, nevertheless the search for such regularity 
would seem to be worthwhile given the present indications 
from the data. 

We conclude this Letter with several speculations as to how 
such regular cellular structure might arise. For one, a late time 
phase transition (postrecombination) could lead to the devel- 
opment of domain-wall structures (Hill, Fry, and Schramm 
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I. INTRODUCTION

A significant challenge facing modern cosmology is that
of understanding the nature and origin of both the dark
energy responsible for the present apparent acceleration
[1], and the dark matter [2] responsible for most of the
gravitational mass of galaxies and clusters. The simplest
particle physics explanation for the dark matter is, perhaps,
that of a weakly interacting massive particle such as the
lightest supersymmetric particle, an axion, or an electro-
weak singlet (e.g. ‘‘sterile’’ neutrino). The dark energy, on
the other hand is generally attributed to a cosmological
constant, a vacuum energy in the form of a ‘‘quintessence’’
scalar field possibly very slowly evolving along an effec-
tive potential, or even relativistic effects derived from the
deviation of the present matter distribution from
Friedmann homogeneity [3]. See [4] for a recent review.

In addition to these explanations, however, the simple
coincidence that both of these unknown entities currently
contribute comparable mass energy toward the closure of
the universe begs the question as to whether they could be
different manifestations of the same physical phenomenon.
Indeed, many suggestions along this line have been made
for so-called unified dark-matter. One possibility is a dark
matter composed of a generalized Chaplygin gas [5] for
which pressure depends upon density p ! "A=!",
although it has been shown [6] that a generalized
Chaplygin gas produces an exponential blow up of the
matter power spectrum which is inconsistent with obser-
vations. There are also more exotic proposals such as the
flow of dark matter from a higher dimension [7], or that the
quintessence field itself can act as dark matter as in the
Born-Infeld [8] model.

The possibility of particular interest for the present
work, however, is that of a bulk viscosity within the cosmic
fluid (e.g. [9,10]). Such a term resists the cosmic expansion
and therefore acts as a negative pressure. Indeed, it has
been shown [10] that for the right viscosity coefficient, an
accelerating cosmology can be achieved without the need
for a cosmological constant.

Although cosmic bulk viscosity is a viable candidate for
dark energy, to date there has been no suggestion of how it
could originate from known physics and known particle
properties. In this paper we consider a simple mechanism
for the formation of bulk viscosity by the decay of a dark-
matter particle into relativistic products. Such decays heat
the cosmic fluid and lead to an increase in entropy and are
inherently dissipative in nature. Moreover, they lead to a
cosmic fluid which is out of pressure and temperature
equilibrium and can therefore be represented by a bulk
viscosity. We propose a form for this viscosity and show
that decay lifetimes comparable to the present Hubble time
naturally produce an accelerating cosmology in the present
epoch.

In the next section we summarize the general form for
the bulk viscosity. Following that, we consider its effects
on cosmology and suggest a specific form for the bulk
viscosity induced by particle decay. In Sec. IV we discuss
constraints on the properties of such particles and argue
that several candidates exist. In Sec. V we compute the
magnitude-redshift relation for Type Ia supernovae in this
cosmology and show that a single decay does not repro-
duce these data. Only if decays are delayed, e.g. by a
cascade of particle decays, can a significant fraction of
the cosmic acceleration be explained in this scenario.
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then decay to normal neutrinos. Another possibility could
be gauge-mediated supersymmetry breaking involving the
decay of a supersymmetric sneutrino into a gravitino plus a
light neutrino.

V. RESULTS

Having defined the cosmology of interest we now exam-
ine the magnitude-redshift relation for Type Ia supernovae
(SNIa). The apparent brightness of the Type Ia supernova
standard candle with redshift is given [31] by a simple
relation for a flat ! ! 0 cosmology. The luminosity dis-
tance becomes,
 

DL !
c"1# z$
H0

!Z z

0
dz0%"!"z0$ #"l"z0$ # ""DM"z0$

#"b"z0$ #"h"z0$$&'1=2
"
; (23)

where H0 is the present Hubble parameter. The "i are the
energy densities normalized by the critical density at each
epoch, i.e. "i"z$ ! 8"G#i"z$=3H2

0 . "h is the closure con-
tribution from the decaying heavy cold dark-matter parti-
cles. Their decay is taken here to produce light neutrinos
"l or other relativistic particles "!. Note that "h, "! and
"l each have a nontrivial redshift dependence due to
particle decays, while stable dark matter and baryons
"DM"z$ #"b"z$ obey the usual "1# z$'3 dependence
with redshift. Here, and in the following discussion we
will define "M as the present sum of nonrelativistic matter,
i.e. "M ! "h"z ! 0$ #"DM"z ! 0$ #"b"z ! 0:$

Figure 1 compares various cosmological models with
some of the recent combined data from the High-Z
Supernova Search Team and the Supernova Cosmology
Project [1,32], while Table I summarizes the relevant pa-
rameters and reduced $2 goodness of fit. The lower figure
shows the K-corrected magnitudes m ! M# 5 logDL #
25 vs redshift plotted relative to an open "DM, "B, "! !
0, "k ! 1 cosmology.

The solid line on the upper and lower graphs in Fig. 1
shows the result of adding bulk viscosity from particle
decay. The upper figure gives the distance-redshift relation
while the lower figure shows the evolution of magnitudes
relative to a fiducial "k ! 1="a0H0$2 ! 1 open cosmol-
ogy, for which

 DL""k ! 1$ ! c"1# z$
2H0

#
z# 1' 1

"z# 1$

$
; (24)

and the relative distance modulus is given in the usual way
#"m'M$ ! 5 log%DL=DL""k ! 1$&.

From the lower graph of Fig. 1 we see that, although the
bulk viscosity has indeed provided a negative pressure it
does not reproduce the supernova distance-red shift rela-
tion. In fact it is much worse than the usual !CDM
cosmology and is even worse than a pure matter dominated
cosmology. The reason for this can be discerned from
Fig. 2. Although the bulk viscosity is substantial, it scales
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FIG. 1 (color online). Evolution of luminosity distance with
redshift for a cosmology with bulk viscosity. Points are from the
Gold data set of [32]. The upper figure shows the luminosity
distance vs redshift. The lower figure shows the evolution of
magnitudes relative to a fiducial "k ! 1 open cosmology. In
each figure the upper dashed line shows the evolution of a
standard !CDM cosmology and the lower dot-dashed line shows
the evolution of an "M ! 1 cosmology. The solid line is for a
illustrative decaying dark-matter model with % ! 20 G yr. The
dash-dot-dot line illustrates the evolution of a cosmology in
which a cascade of six particle decays each with a lifetime of
%1 ! 1 G yr is followed by a final radiative decay with % !
20 G yr.

TABLE I. Parameter sets for various fits to the SNIa
luminosity-redshift relation for H0 ! 71 km s'1 Mpc'1 and
"b ! 0:044. In the decaying (finite %) models no stable dark
matter was assumed (i.e. "DM ! 0).

% (Gyr) "M "! $2
r

1 (!CDM) 0.31 0.69 1.14
20 0.16 0. 3.93
1( 6, 20 0.39 0. 1.96
1 (CDM) 1. 0. 3.23
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ABSTRACT

Tabulated rates for astrophysical photodisintegration reactions make use of Boltzmann statistics for the photons
involved as well as the interacting nuclei. Here, we derive analytic corrections for the Planck-spectrum quantum
statistics of the photon energy distribution. These corrections can be deduced directly from the detailed balance
condition without the assumption of equilibrium as long as the photons are represented by a Planck spectrum.
Moreover, we show that these corrections affect not only the photodisintegration rates but also modify the conditions
of nuclear statistical equilibrium as represented in the Saha equation. We deduce new analytic corrections to the
classical Maxwell–Boltzmann statistics which can easily be added to the reverse reaction rates of existing reaction
network tabulations. We show that the effects of quantum statistics, though generally quite small, always tend
to speed up photodisintegration rates and are largest for nuclei and environments for which Q/kT ∼ 1. As an
illustration, we examine possible effects of these corrections on the r-process, the rp-process, explosive silicon
burning, the γ -process, and big bang nucleosynthesis. We find that in most cases one is quite justified in neglecting
these corrections. The correction is largest for reactions near the drip line for an r-process with very high neutron
density, or an rp-process at high temperature.

Key words: nuclear reactions, nucleosynthesis, abundances

1. INTRODUCTION

The capture of a projectile particle by a nucleus followed
by the emission of a photon is called radiative capture. The
inverse process is called photodisintegration. Both types of
reactions play important roles in stellar and big bang nucle-
osynthesis (Rolfs & Barnes 1990; Smith et al. 1993; Wagoner
et al. 1967; Fowler et al. 1967; Clayton 1968; Iliadis 2007).
Photodisintegration in astrophysical environments often in-
volves a thermal distribution of photons that excite nuclei
above the particle emission threshold. Above a temperature of
T ∼ 109 K, photodissociation can become a dominant pro-
cess in the reaction flow and the photo-ejected nucleons can
be captured by other nuclei leading to photodisintegration rear-
rangement as can happen for example during core or explosive
oxygen or silicon burning (Clayton 1968; Iliadis 2007).

In determining the rate for photodisintegration reactions,
however, one should take into account various factors arising
from dealing with photons in a two body problem. One of them
is the fact that photons are massless bosons, and hence, obey
Planckian statistics. Historically, photodisintegration reactions
have been treated with Maxwell–Boltzmann statistics, both
because it is usually an excellent approximation (cf. Rauscher
et al. 1995; Iliadis 2007) and because this assumption simplifies
the determination of the photodisintegration rates. However,
low-energy photons are more correctly represented by a Planck
distribution. As discussed below, if the ratio of the capture
Q-value to the temperature Q/kT is large then the use of
a Maxwell–Boltzmann distribution for the photons is a good
approximation. On the other hand, for Q/kT ∼ 1 (e.g.,
if one is interested in the photo-ejection of loosely bound
particles from nuclei), then the effects of quantum statistics
become more relevant. We show here that modified thermal

photodisintegration rates can be written in the form of a small
analytic correction to the tabulated reaction rates obtained with
Maxwell–Boltzmann statistics. Furthermore, these correction
factors are nearly independent of the nuclear cross sections and
to leading order only depend upon the reaction Q-value, the
Gamow energy (for the charged-particle nonresonant part), and
the resonance energy (for the resonant part).

1.1. Photonuclear Reactions

For a reaction (not necessarily in equilibrium) of the form

1 + 2 → 3 + γ , 3 + γ → 1 + 2, (1)

the forward and reverse reaction rates are given by

r12 = n1n2〈σv〉12 = n1λ12 (2)

rγ 3 = n3nγ 〈σc〉γ 3 = n3λγ 3. (3)

Here, 〈σv〉12 denotes the thermally averaged reaction rate
per particle pair for the capture reaction and is given by an
integration over an appropriate velocity distribution φ(v),

〈σv〉12 =
∫

σ12 (v) v φ(v) d3v, (4)

where v denotes the relative velocity of the nuclei 1 and 2. For
most cases of interest in astrophysics, the massive interacting
particles are nondegenerate (i.e., dilute) and nonrelativistic (i.e.,
their rest mass energy is large compared to kT ). Hence, one can
use a Maxwell–Boltzmann velocity distribution with Newtonian
kinetic energy because

1

e
√

p2c2+m2c4/kT ± 1
' e−

√
p2c2+m2c4/kT ∝ e− mv2

2kT , (5)

1
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where the exponential factor involving the rest mass energy
drops out with a proper normalization of the distribution
function. Also note that when both particles 1 and 2 obey
Maxwell–Boltzmann statistics, so does their relative velocity
(Clayton 1968). Hence, the thermally averaged capture rate per
particle pair is given by

〈σv〉12 =

√
8

πµ
(kT )−

3
2

∫ ∞

0
σ12 (E) e−E/kT E dE, (6)

where µ denotes the reduced mass for the particles 1 and 2.
In the photodisintegration reaction rate, however, the relative

velocity of the photon with respect to the target nucleus is always
the speed of light c. This eliminates any dependence of the
reaction rate on the velocity distribution of the target nuclei
(Thielemann et al. 1998). Therefore, the photonuclear reaction
rate 〈σc〉γ 3 becomes an integral of the reaction cross section
over a Planck energy distribution for the photons:

〈σc〉γ 3 = 1

2ζ (3) (kT )3

∫ ∞

max(0,Q)
σγ 3

(
Eγ

)
c

1
eEγ /kT − 1

E2
γ dEγ .

(7)
Using the fact that for a Planck distribution

nγ = 16πζ (3)
(

kT

hc

)3

, (8)

we can equivalently write Equation (7) in more familiar form

λγ 3 = 8π

(hc)3

∫ ∞

max(0,Q)
σγ 3

(
Eγ

)
c

1
eEγ /kT − 1

E2
γ dEγ , (9)

where ζ (3) = 1.20206 is the Riemann zeta function and Eγ

denotes the photon energy. The integration threshold is the
Q-value of the capture reaction (see Figure 1) or zero in the
case of negative Q.

1.2. Detailed Balance Condition

It is difficult to determine the cross section σγ 3 directly
from experiment. However, the interaction between photons
and matter is very weak (e2/h̄c % 1) so that the reaction
can be treated with first-order perturbation theory. In this case,
the transition probabilities become proportional to the matrix
elements of the perturbing Hamiltonian and the hermiticity
of the perturbing Hamiltonian gives rise to a simple relation
between the capture and disintegration cross sections. This is
known as the detailed balance equation (Blatt & Weisskopf
1991). For a reaction involving a ground-state to ground-state
transition for two nuclei with energy E, leading to a gamma ray
with energy Eγ = E + Q, this is given by

σγ 3(Eγ ) = g1g2

g3(1 + δ12)
µc2E

E2
γ

σ12(E), (10)

where gi = 2ji + 1 are the spin degeneracy factors for the ground
state of the nuclei and the Kronecker delta function accounts for
the special case of indistinguishable interacting nuclei. Using
this detailed balance equation, the photodisintegration rate for a
single-state transition can be related to the forward capture rate.

Substituting Equation (10) into Equation (7), and also chang-
ing the variable from Eγ to E = Eγ −Q in the integration, one

Figure 1. Schematic illustration of the energy threshold for photodisintegration.

can average over the velocity distribution of the ground-state
interacting nuclei 〈σc〉γ 3 as follows:

〈σc〉γ 3 = µc3

2ζ (3)(kT )3

g1g2

g3(1 + δ12)

×
∫ ∞

0
σ12 (E)

1
e(E+Q)/kT − 1

EdE. (11)

At this point, one usually introduces the approximation:

e(E+Q)/kT − 1 ≈ e(E+Q)/kT . (12)

Here, we point out that by inserting this approximation and
then correcting for it, Equation (11) can be rewritten in the
following exact form:

〈σc〉γ 3 = (1 + R)〈σv〉12

( √
2π

8ζ (3)

)
g1g2

g3(1 + δ12)

(
µc2

kT

)3/2

e−Q/kT ,

(13)
where R is a small and dimensionless number which is formally
given by

1 + R =
[∫ ∞

0 σ12 (E) (e(E+Q)/kT − 1)−1EdE
∫ ∞

0 σ12 (E) e−(E+Q)/kT EdE

]
. (14)

1.3. Thermal Population of Excited States

The generalization of this Equation (13) to the average over
thermally populated states among the initial and final nuclei
is straightforward (Clayton 1968; Iliadis 2007). One must first
replace the ground-state (g.s.) to g.s. forward reaction cross
section σ12 with a weighted average over the thermal population
of states µ in the target nucleus 1, and also sum over all
final states in product nucleus 3. (Note that we only consider
light particle (p, γ ), (n, γ ), or (α, γ ), reactions for which we
can ignore their excitation.) Thus, the effective stellar thermal
forward rate becomes

〈σv〉∗12 =
∑

µ g1µe−E1µ/kT
∑

ν〈σv〉µ→ν
12∑

µ g1µe−E1µ/kT
(15)

which can also be written as

〈σv〉∗12 = Rtt〈σv〉12, (16)

where the stellar enhancement factor Rtt is defined by

Rtt =

∑
µ g1µe−E1µ/kT

∑
ν 〈σ12v〉µ→ν

12∑
ν 〈σ12v〉g.s.→ν

12∑
µ g1µe−E1µ/kT

. (17)
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where the exponential factor involving the rest mass energy
drops out with a proper normalization of the distribution
function. Also note that when both particles 1 and 2 obey
Maxwell–Boltzmann statistics, so does their relative velocity
(Clayton 1968). Hence, the thermally averaged capture rate per
particle pair is given by

〈σv〉12 =

√
8

πµ
(kT )−

3
2

∫ ∞

0
σ12 (E) e−E/kT E dE, (6)

where µ denotes the reduced mass for the particles 1 and 2.
In the photodisintegration reaction rate, however, the relative

velocity of the photon with respect to the target nucleus is always
the speed of light c. This eliminates any dependence of the
reaction rate on the velocity distribution of the target nuclei
(Thielemann et al. 1998). Therefore, the photonuclear reaction
rate 〈σc〉γ 3 becomes an integral of the reaction cross section
over a Planck energy distribution for the photons:

〈σc〉γ 3 = 1

2ζ (3) (kT )3

∫ ∞

max(0,Q)
σγ 3

(
Eγ

)
c

1
eEγ /kT − 1

E2
γ dEγ .

(7)
Using the fact that for a Planck distribution

nγ = 16πζ (3)
(

kT

hc

)3

, (8)

we can equivalently write Equation (7) in more familiar form

λγ 3 = 8π

(hc)3

∫ ∞

max(0,Q)
σγ 3

(
Eγ

)
c

1
eEγ /kT − 1

E2
γ dEγ , (9)

where ζ (3) = 1.20206 is the Riemann zeta function and Eγ

denotes the photon energy. The integration threshold is the
Q-value of the capture reaction (see Figure 1) or zero in the
case of negative Q.

1.2. Detailed Balance Condition

It is difficult to determine the cross section σγ 3 directly
from experiment. However, the interaction between photons
and matter is very weak (e2/h̄c % 1) so that the reaction
can be treated with first-order perturbation theory. In this case,
the transition probabilities become proportional to the matrix
elements of the perturbing Hamiltonian and the hermiticity
of the perturbing Hamiltonian gives rise to a simple relation
between the capture and disintegration cross sections. This is
known as the detailed balance equation (Blatt & Weisskopf
1991). For a reaction involving a ground-state to ground-state
transition for two nuclei with energy E, leading to a gamma ray
with energy Eγ = E + Q, this is given by

σγ 3(Eγ ) = g1g2

g3(1 + δ12)
µc2E

E2
γ

σ12(E), (10)

where gi = 2ji + 1 are the spin degeneracy factors for the ground
state of the nuclei and the Kronecker delta function accounts for
the special case of indistinguishable interacting nuclei. Using
this detailed balance equation, the photodisintegration rate for a
single-state transition can be related to the forward capture rate.

Substituting Equation (10) into Equation (7), and also chang-
ing the variable from Eγ to E = Eγ −Q in the integration, one

Figure 1. Schematic illustration of the energy threshold for photodisintegration.

can average over the velocity distribution of the ground-state
interacting nuclei 〈σc〉γ 3 as follows:

〈σc〉γ 3 = µc3

2ζ (3)(kT )3

g1g2

g3(1 + δ12)

×
∫ ∞

0
σ12 (E)

1
e(E+Q)/kT − 1

EdE. (11)

At this point, one usually introduces the approximation:

e(E+Q)/kT − 1 ≈ e(E+Q)/kT . (12)

Here, we point out that by inserting this approximation and
then correcting for it, Equation (11) can be rewritten in the
following exact form:

〈σc〉γ 3 = (1 + R)〈σv〉12

( √
2π

8ζ (3)

)
g1g2

g3(1 + δ12)

(
µc2

kT

)3/2

e−Q/kT ,

(13)
where R is a small and dimensionless number which is formally
given by

1 + R =
[∫ ∞

0 σ12 (E) (e(E+Q)/kT − 1)−1EdE
∫ ∞

0 σ12 (E) e−(E+Q)/kT EdE

]
. (14)

1.3. Thermal Population of Excited States

The generalization of this Equation (13) to the average over
thermally populated states among the initial and final nuclei
is straightforward (Clayton 1968; Iliadis 2007). One must first
replace the ground-state (g.s.) to g.s. forward reaction cross
section σ12 with a weighted average over the thermal population
of states µ in the target nucleus 1, and also sum over all
final states in product nucleus 3. (Note that we only consider
light particle (p, γ ), (n, γ ), or (α, γ ), reactions for which we
can ignore their excitation.) Thus, the effective stellar thermal
forward rate becomes

〈σv〉∗12 =
∑

µ g1µe−E1µ/kT
∑

ν〈σv〉µ→ν
12∑

µ g1µe−E1µ/kT
(15)

which can also be written as

〈σv〉∗12 = Rtt〈σv〉12, (16)

where the stellar enhancement factor Rtt is defined by

Rtt =

∑
µ g1µe−E1µ/kT

∑
ν 〈σ12v〉µ→ν

12∑
ν 〈σ12v〉g.s.→ν

12∑
µ g1µe−E1µ/kT

. (17)
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Figure 4. Reverse reaction rate correction factor R for the hydrogen-burning charged-particle reactions 7Be(p, γ )8B (Q = 0.135 MeV) and 3He(α, γ )7Be
(Q = 1.587 MeV) as a function of T9. These plots were generated from Equation (31) using the REACLIB compilation (Cyburt et al. 2010) for [NA〈σv〉(T9)]
and reaction Q-values. On each plot, the solid line shows the application of Equation (31), the dashed line shows the application of Equations (44), while the dotted
line shows the results obtained from keeping only the first term in the series in Equation (46). For the 7Be(p, γ )8B a constant S-factor was assumed, while the dashed
line for the3He(α, γ )7Be reverse reaction is based upon

(
Ṡ(0)/S(0), S̈(0)/2S(0)

)
=

(
−0.953 MeV−1, 0.835 MeV−2) from Caughlan & Fowler (1988).
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Figure 5. Reverse reaction rate correction factor R as a function of Q/kT for
nonresonant neutron capture reactions with the assumption of a slowly varying
S-factor. The solid line is from an exact numerical integration of Equation (14).
The dashed line is from the analytic expression given in Equation (52) truncated
after the first three terms.

2.3. Resonant Capture Reactions

Often one encounters charged-particle and neutron-capture
reactions in which the thermonuclear reaction rates can be
dominated by single (or a few) low-lying resonances. In such
cases, σ12 in Equation (14) is replaced by the Breit–Wigner
resonant-capture cross section for each resonance,

σ12(E) = πλ̄2 ωrΓiΓγ

(E − Er )2 +
(
Γ2

tot/4
) , (53)

where λ̄ is the de Broglie wavelength, ωr = gr (1 + δ12)/(g1g2)
includes spin factors of the reaction, while Γi is the particle (e.g.,
proton or neutron) width, Γγ is the width for gamma decay from
the resonant state, and Er is the observed resonance energy.

It is worthwhile to consider the limit in which the total
resonance width is small and dominates the reaction rate. In

that case, in the limit of Γtot → 0, we have

1
π

Γtot/2
(E − Er )2 +

(
Γ2

tot/4
) → δ(E − Er ). (54)

Inserting this into Equation (28) for rn, the integrals are greatly
simplified and reduce to

rn = e−(n−1)Er/kT . (55)

After summing the series, this leads to the final correction
factor for a single resonance of

R = e(Er +Q)/kT

e(Er +Q)/kT − 1
− 1

= e11.605(Er +Q)/T9

e11.605(Er +Q)/T9 − 1
− 1, (56)

where in the second equation the resonance energy and Q-value
are in units of MeV. As in the above cases, this correction factor
is only >1% in reactions for which (Er + Q)/kT ∼ 1.

As an illustration of a resonant reaction, Figure 6 shows
the reverse rate correction factor for the resonant reaction,
12C(p, γ )13N (Q = 1.944 MeV), as a function of T9. The solid
line on this plot was generated from Equation (31) using the
REACLIB compilation (Cyburt et al. 2010) for [NA〈σv〉(T9)]
and the reaction Q-value, while the dashed line shows the result
from an application of the simple single resonance correction in
Equation (56). Even though this reaction has a second resonance
at higher energy, most of the correction factor is accounted for
by the single resonance approximation.

3. APPLICATIONS

Having deduced the analytic corrections it is worthwhile to
briefly consider some illustrations of the practical applications
of the above corrections. From the discussion above it is clear
that these correction factors arise as Q/kT ∼ 1. For practical
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We utilize an exact quantum calculation to explore axion emission from electrons and protons in the 
presence of the strong magnetic field of magnetars. The axion is emitted via transitions between the 
Landau levels generated by the strong magnetic field. The luminosity of axions emitted by protons is 
shown to be much larger than that of electrons and becomes stronger with increasing matter density. 
Cooling by axion emission is shown to be much larger than neutrino cooling by the Urca processes. 
Consequently, axion emission in the crust may significantly contribute to the cooling of magnetars. In 
the high-density core, however, it may cause heating of the magnetar.

 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The axion is a hypothetical pseudoscalar particle. It is a pseudo-
Goldstone boson associated with the Peccei–Quinn symmetry [1]
and has been introduced as a solution to the strong CP-violation 
problem [2]. The physics related to the axion has been discussed 
in many papers, e.g. [3–6].

In particular, axion phenomenology in astrophysical environ-
ments has been extensively explored in Refs. [7–9]. Axions are 
candidates for the cold dark matter of the universe because they 
have non-zero mass and their interactions with normal matter 
should be small. In view of the lack of detections in recent WIMP 
searches, the study of axion production or detection is well mo-
tivated and axions become a compelling candidate for cold dark 
matter [10,11]. Axion dark matter can couple to two photons that 
can subsequently be observed [12]. However, various astronomical 
phenomena and laboratory experimental data [4,11,13] have only 
placed upper limits on the axion mass and decay constants. Specif-
ically, for hadronic axions the mass and couplings are expected to 
be proportional to each other.

* Corresponding author.
E-mail address: maruyama.tomoyuki@nihon-u.ac.jp (T. Maruyama).

Axions produced in a hot astrophysical plasma can transport 
energy out of stars or even reheat the interior plasma if they 
have a small mean free path. The strength of the axion coupling 
with normal matter and radiation is bounded by the condition 
that stellar evolution lifetimes and/or energy loss rates should not 
conflict with observation. Such arguments can also be applied to 
the physics of supernova explosions, where the dominant energy 
loss processes are thought to be the emission of neutrinos and 
anti-neutrinos along with axions via the mechanism of nucleon 
bremsstrahlung [14–16].

Axions may be efficiently produced in the interiors of stars 
and act as an additional sink of energy. Therefore, they can alter 
the energetics of some processes, for example, type-II supernova 
explosions. Several authors have noted that the emission of ax-
ions (a) via the nucleon (N) bremsstrahlung process N + N →
N + N + a may drain too much energy from type-II supernovae, 
making them inconsistent with the observed kinetic energy of such 
events [15–18].

In Refs. [19,20] the thermal evolution of a cooling neutron 
star was studied by including axion emission in addition to neu-
trino energy losses. An upper limit on the axion mass of ma <
0.06–0.3 eV was deduced. Axion cooling is an interesting possi-

https://doi.org/10.1016/j.physletb.2018.01.084
0370-2693/ 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 2. (Color online.) Axion luminosity per nucleon versus baryon density at temperatures T = 0.7 keV, T = 2 keV and T = 5 keV (from bottom to top) for B = 1015 G (a) 
and B = 1014 G (b). The dashed and dotted lines in the right panel (b) indicate the results of the MU and DU processes.

The luminosities are proportional to the Fermi distribution of 
the initial state and the Pauli-blocking factor of the final state, 
f (Ei)[1 − f (E f )]. In the low temperature expansion, it is assumed 
that the energies of the initial and final states populate the region 
with E F − T ! Ei, f ! E F + T because the factor f (Ei)[1 − f (E f )]
becomes very small except in this region.

When T ! !E ≈ eB/E∗
F , neither the initial nor the final states 

reside in the above region. Hence, the luminosities rapidly decrease 
at low temperature as the magnetic field becomes weaker.

When B = 1015 G, 
√

eB = 2.43 MeV, eB/E∗
F = 6.6 keV at ρB =

0.1ρ0, while eB/E∗
F = 9.4 keV at ρB = ρ0 for protons. For electrons 

eB/E∗
F = 312 keV at ρB = 0.1ρ0 and eB/E∗

F = 48 keV at ρB = ρ0. 
As can be seen in Fig. 1, indeed, the change of the axion luminosi-
ties becomes more abrupt for T ! eB/E∗

F .
The energy step is much larger for protons than electrons be-

cause the proton mass is much larger than the electron mass, and 
the proton axion luminosity becomes the dominant source.

Furthermore, one can see that there are shoulders in the den-
sity dependence of the luminosity for protons with the AMM in-
cluded at T ∼ 1 keV when ρB = 0.5ρ0 and at T ∼ 2 keV when 
ρB = ρ0. The transition of si = −1 = −s f is dominant in the higher 
temperature region while the transition si = +1 = −s f becomes 
dominant in the lower temperature region. The spin non-flip tran-
sition seldom contributes to the emission of PS particles [38,39]. 
The roles of the two contributions reverse at the temperature of 
the shoulders. In addition, this reversal occurs at T ∼ 3 keV when 
ρB = 0.1ρ0 though the shoulder is not very evident.

When ρB = ρ0 and B = 1015 G, eBκ/M = 7.43 keV. In the tran-
sition of si = −1 = −s f , the AMM interaction for the initial state 
is repulsive, while at the final state it is attractive. The additional 
energy contributes to the transition. When the temperature is high 
enough, this positive additional energy causes the luminosity to 
increase. When the temperature is very low, however, the positive 
additional energy makes the energy interval !E larger than the 
temperature. This suppresses the luminosity.

In Fig. 2 we show the density dependence of the total axion 
luminosity for B = 1015 G (a) and B = 1014 G (b). The solid lines 
show the results at T = 0.7 keV, 2 keV and 5 keV from below to 
above. For comparison, we plot the neutrino luminosities in the DU 
process (dotted line) and those in the MU process (dashed lines) 

in the right panel (b), which are independent of the magnetic field 
strength.

The luminosity at T = 0.7 keV first increases and then de-
creases with some fluctuations as the baryon density increases. All 
other results increase monotonously, but they become more or less 
saturated at higher densities.

As noted above, the luminosity is mainly determined by the 
factor f (Ei)[1 − f (E f )]. The z-component of the momentum is not 
changed much for the PS-particle emission [39], and Ei and E f can 
be thought of as having discrete energy levels so that the density 
dependence of the factor f (Ei)[1 − f (E f )] does not smoothly vary 
for strong magnetic fields and very low temperatures.

In addition, the axion luminosities are much larger than that of 
neutrinos in the MU process in the present calculation even when 
we take the coupling constant to be 10−2 of the upper limit in 
Ref. [20]. So, the axion luminosity can make an important contri-
bution to magnetar cooling.

Furthermore, we notice that the results at T = 0.7 and 1 keV 
are smaller at B = 1015 G than those for B = 1014 G. This is 
counter intuitive: the luminosity becomes larger as the magnetic 
field increases. When B = 1014 G, eB/E∗

F = 0.04 keV and eκp/M =
4.8 keV for protons, and the discretization of energy levels does 
not contribute to the final results. Indeed, the results for T = 5 keV
are larger at B = 1015 G than those at B = 1014 G.

One can attempt to determine an upper limit to the axion cou-
pling constant from the calculation results. One usually expects 
the axion luminosity to not exceed the (anti-)neutrino luminos-
ity in neutron star cooling. As discussed above, axions produced 
in a low density region contribute to the neutron star cooling, 
which is dominantly caused by the MU process. Then, we use 
4.0 × 10−25 keV s−1, which is the anti-neutrino luminosity for the 
MU process per nucleon at T = 0.7 keV and ρB = 0.1ρ0, as a base-
line value.

In Fig. 3 we show the magnetic field dependence of the max-
imum axion coupling at T = 0.7 keV and ρB = 0.1ρ0. The dot-
dashed, solid and dashed lines represent the upper limits to the 
axion-nucleon coupling constant gaN N with the maximum lumi-
nosity being 4.0 × 10−23 keV s−1, 4.0 × 10−25 keV s−1 and 4.0 ×
10−28 keV s−1, respectively.
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We study the νν̄-pair synchrotron emission from electrons and protons in a relativistic quantum 
approach. This process occurs only in the presence of a strong magnetic field, and it is considered to 
be one of effective processes for neutron star cooling. In this work we calculate the luminosity of the 
νν̄-pairs emitted from neutron-star-matter with a magnetic field of about 1015 G. We find that the 
energy loss is much larger than that of the modified Urca process. The νν̄-pair emission processes in 
strong magnetic fields is expected to contribute significantly to the cooling of the magnetars.

 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Magnetic fields in neutron stars play important roles in the in-
terpretation of many observed phenomena. Magnetars, which are 
associated with super strong magnetic fields, [1,2] have proper-
ties different from normal neutron stars. Thus, phenomena related 
magnetars can provide a lot of information about the physics of 
the magnetic field.

Magnetars emit energetic photons and are observed as soft 
gamma repeaters (SGR) and anomalous X-ray pulsars (AXPs) 
[3]. Furthermore, the surface temperature of magnetars is T ≈
0.28–0.72 keV, which is larger than that of normal neutron stars 
T ≈ 0.01–0.15 keV at a similar age [4]. Thus, the associated strong 
magnetic fields may play a significant role in magnetars.

Many authors have paid attention to cooling processes of neu-
tron stars (NS) because it gives important information on neutron 
star structure [5]. Neutron stars are cooled by neutrino emission, 
and a magnetic field is expected to affect the emission mechanism 
largely because a strong magnetic field can supply energy and mo-
mentum into the process.

* Corresponding author.
E-mail address: maruyama.tomoyuki@nihon-u.ac.jp (T. Maruyama).

Neutrino antineutrino (νν̄)-pair emission is also an important 
cooling process in the surface region of NSs. Pairs can be emitted 
by synchrotron radiation in a strong magnetic field [6–9] and by 
bremsstrahlung through two particle collisions [10,11].

The νν̄-pair synchrotron radiation is allowed via p(e−) →
p(e−) + ν + ν̄ only in strong magnetic fields. Landstreet [6] stud-
ied this process for B ∼ 1014 G and applied it to the cooling of 
white dwarfs. In that study the magnetic field is very low, and the 
discontinuity due to the Landau levels was ignored when calculat-
ing the νν̄-pair luminosity. It was concluded that this process is 
insignificant

Subsequently, van Dalen et al. [9] calculated the νν̄-pair emis-
sion in a strong magnetic field of B ≥ 1016 G. In such strong 
magnetic fields and low temperatures, T ≤ 1 MeV, energy inter-
vals between two states with different Landau numbers are much 
larger than the temperature. Hence, they treated only the spin-flip 
transition between states with the same Landau number.

In Ref. [12,13] we introduced Landau levels in our framework 
and calculated pion production though proton synchrotron radia-
tion in strong magnetic fields. In that work we showed that quan-
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Fig. 2. Proton contribution to the νν̄-pair emission luminosity per nucleon versus temperature at a baryon density of ρB = ρ0 for B = 1015 G. The left and right panels 
exhibit the results when the AMM is included and not included, respectively The solid, dotted, dot-dashed and dotted lines represent the contributions when si = −s f = −1, 
si = s f = −1, si = −s f = +1 and si = s f = +1, respectively. For the result displayed in the left panel, there are no discernible differences between the dotted and dashed 
lines. This shows that the AMM does not affect the results in the spin non-flip transition. Similarly, in the right panel there are no differences between the dotted and dashed 
lines and between the solid and dot-dashed lines.

Fig. 3. Left panel: Density dependence of the νν̄-pair emission luminosity per nucleon for B = 1015 G at T = 0.5, 0.7 and 1 keV (from bottom to top). The solid and dashed 
lines represent the contributions from protons and electrons. The dotted lines indicate the neutrino luminosities from the MU process. Right panel: Luminosity per nucleon 
for B = 1015 G at T = 0.7 keV. The solid and dashed lines represent the νν̄-pair emission luminosity from protons with and without the AMM, respectively. The thin line 
indicates the axion luminosity.

In Fig. 4 we show the density dependence of the νν̄-lumino-
sities at B = 5 × 1014 G, B = 1015 G and B = 2 × 1015 G. We see 
that as the magnetic field strength increases, the luminosity de-
creases in the density region, ρB/ρ0 ! 1.

As the magnetic field strength increases, the momentum trans-
fer from the magnetic field becomes larger, and the energy interval 
between the initial and final states is also larger. The former effect 
enhances the emission rate, but the latter effect suppresses it. In 
the region of the magnetic field for magnetars, the latter effect is 

larger. Indeed, the axion production is largest around B = 1014 G 
[14].

Thus, the νν̄-pair emission process has a much larger effect 
than that of the MU process in strong magnetic fields. We can 
conclude that the νν̄-pair emission process is dominant in the low 
density region, ρB " ρ0, for a cooling process of magnetars whose 
magnetic field strength is 1014 −1015 G. In the high density region, 
ρB ! 3ρ0, the direct Urca process must appear, and its contribution 
is much larger than that of the νν̄-pair emission.
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We study neutrino and antineutrino emission from the direct Urca process in neutron-star matter in 
the presence of strong magnetic fields. We calculate the neutrino emissivity of the direct Urca process, 
whereby a neutron converts to a proton, an electron and an antineutrino, or a proton-electron pair con-
verts to a neutron-neutrino pair. We solve exact wave functions for protons and electrons in the states 
described with Landau levels. We find that the direct Urca process can satisfy the kinematic constraints 
even in density regions where this process could not normally occur in the absence of a magnetic field.

 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Neutron stars (NSs) are cooled by neutrino and/or anti-electron neutrino emission. At very low temperatures the neutrino mean-
free-path is very long. In this case neutrinos are easily emitted from the core regions of NSs. Since neutrino emission rates depend on 
circumstances inside NSs, the study of NS cooling through neutrino emission gives important information for constraining internal NS 
structure [1].

There are several kinds of the cooling processes [2]. Previous works have studied decay processes for the neutrino or the anti-neutrino 
emission such as the direct Urca (DU) process (n → p +e−+ ν̄e , p +e− → n +νe), the modified Urca process (MU) (n +N → p +e−+N ′+ ν̄e , 
p + e− + N → n + N ′ + νe) [3], the neutrino-pair emission process (N1 + N2 → N ′

1 + N ′
2 + ν + ν̄) [4,5] and so on. Furthermore, there are 

many approaches which combine the above processes with other mechanisms. For example, one of them is to consider the superfluidity 
[6] produced by neutron and proton pairing correlations. This is known to lead to a strong reduction of the neutrino emissivity and affect 
the neutrino-antineutrino emission by the Cooper pair breaking and formation mechanism [7].

The DU process is one of the most feasible candidates to explain the rapid cooling of NSs [8,9]. One usually examines the rapid 
cooling associated with the DU process to compare temperatures and ages of isolated NSs. Recently another method has been realized by 
observing NSs in binary systems. Indeed, by analyzing the x-ray emission in MXB 1659-29, evidence of the direct Urca process has been 
found [10].

Because of energy-momentum conservation and Fermi statistics for NS matter composed of protons, neutrons and electrons, the DU 
process occurs in a density region, where the proton density ρp is larger than 1/8 of the neutron density ρn (ρp ≥ ρn/8); this condition 
cannot be achieved in low density regions. However, if the symmetry energy is proportional to the density, and its slope is sufficiently 
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Fig. 5. Density dependence of the neutrino emissivity in the DU process at T = 500 eV for the PM1-SF1 EOS and for matter containing only protons, neutrons and electrons 
(a) and matter also containing muons (b). The solid, dotted and long-dashed lines represent the results for magnetic field strengths, B = 1017, 1016 and 1015 G, respectively, 
and the dashed lines indicate the results without a magnetic field. The long-dashed line shows the neutrino emissivity from the MU process.

ρDU for the electron and muon neutrino emission, respectively. In matter containing muons the proton fraction becomes larger, and the 
critical density ρDU becomes a little lower than in matter without muons. Here, we note that the proton fraction in the SF3 EOS is also 
larger and exceeds 1/9, but the DU does not appear.

In order to examine the dependence on the magnetic field strength, in Fig. 5 we show the results at B = 1017, B = 1016 and B = 1015 G 
for NS matter without muons (a) and with muons (b). The results for SF3 when B = 1015 G are too small to appear in this figure. 
For comparison, we also show the neutrino luminosities from the MU process [44] with the long-dashed lines. When B ! 1015 G, the 
emissivities do not appear for ρB < ρDU , and the magnetic field does not play an important role for the DU process.

The emissivities from the NS matter with muons are larger than those without muons. Particularly, the emissivity for SF3 at B = 1016 G 
is much larger in the matter with muons than that without muons though the contribution from the muon process is negligibly small.

As the strength of the magnetic field decreases, the amplitudes of the oscillations in the density dependence become smaller for both 
magnetic field strengths in NS matter. In the density region, ρB < ρDU , the neutrino emissivities are largely suppressed, and the DU 
process dominates in a narrower density region, as shown in the results by SF3, where the emissivities in the DU process are still much 
larger than that of the MU process.

Here, we observe the following facts: As the magnetic field strength decreases, the emission rate becomes larger for the νν̄-pairs [30]
despite a smaller momentum transfer from the magnetic field. The νν̄-pairs are produced via the transition of the proton and electron 
between different Landau levels; namely the initial and final particles are the same. As the magnetic field strength decreases, the energy 
interval between the initial and final states also becomes smaller. Hence, the emission strength becomes larger. In the DU process, however, 
the initial particle is a neutron which does not stay in the Landau level, and the energy interval is continuous, so that this effect does not 
appear.

In summary, we have used a relativistic quantum approach to study neutrino and anti-neutrino emission in the DU process from NS 
matter with strong magnetic fields, B = 1015 − 1017 G. We use three parameter-sets for the symmetric nuclear force to illustrate the 
relation between the proton fraction and the neutrino emissivity. If the proton fraction satisfies the DU condition xp ≥ 1/9, the neutrino 
emissivities are not much different from the case of B = 0, and the magnetic field does not significantly amplify the emission, though it 
causes very large fluctuations in the density dependence of the neutrino emissivity. In the usual forbidden region xp < 1/9, however, the 
magnetic field contributes to the emission and changes the kinematical condition. The effect is larger when the magnetic field strength is 
larger and the proton fraction is closer to 1/9.

If the magnetic field is rather weak B ! 1015 G, the DU process does not appear when xp < 1/9, so that it does not occur in the surface 
region of NSs. However, neutrino emission from the Landau quantization may occur in the inner core of magnetars which are thought 
to have such strong magnetic fields. Those neutrinos are able to escape from the matter because they have very low energy, and their 
mean-free-paths are very long.

Magneto-hydrodynamic proto-NS simulations [45–47] have demonstrated that the magnetic field inside a NS can obtain a toroidal 
configuration. It has also been demonstrated [46] that the field strength of toroidal magnetic fields can be ∼100 times stronger than that 
of a poloidal magnetic field. Indeed, by analyzing the hard X-ray data and precession of pulsars. Makishima et al. [48] suggested evidence 
for the existence of a toroidal magnetic field whose strength is about one hundred times that of poloidal magnetic fields for cold NSs.

In the present calculation the neutrino emissivities vanish when xp $ 1/9 because we use the low temperature approximation whereby 
the Fermi distribution functions are approximated by a step function. As mentioned above, we exactly calculated the νν̄-pair production 
in strong magnetic fields [30] and showed that the neutrino emissivity is larger than that of the MU process in the case of zero magnetic 
field, even though the production rates described here are zero in the low temperature approximation. This implies that there may be 
much larger neutrino emissivities in the DU process when xp $ 1/9; it may be possible to explicitly show that with an exact calculation. 
We defer exploring this point to a future work

Our final remark is about the EOS as there are many different versions from many nuclear models. A salient feature is the density-
dependence of the symmetry energy, which is related to the proton fraction in NS matter. One needs to explore using different EOSs 
[49,50] which we also defer to a future work.
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ABSTRACT

Context. Pulsational pair-instability supernovae (PPISNe) and pair instability supernovae (PISNe) are the result of a thermonuclear
runaway in the presence of a background electron-positron pair plasma. As such, their evolution and resultant black hole masses could
possibly be a↵ected by screening corrections due to the electron pair plasma.
Aims. The sensitivity of PISNe and PPISNe to relativistic weak screening has been explored.
Methods. In this paper a weak screening model that includes e↵ects from relativistic pair production has been developed and applied
at temperatures approaching and exceeding the threshold for pair production. This screening model replaces “classical” screening
commonly used in astrophysics. Modifications to the weak screening electron Debye length were incorporated in a computationally
tractable analytic form.
Results. In PPISNe the BH masses were found to increase somewhat at high temperatures, though this increase is small. The BH
collapse is also found to occur at earlier times, and the pulsational morphology also changes. In addition to the resultant BH mass, the
sensitivity to the screening model of the pulsational period, the pulse structure, the PPISN-to-PISN transition, and the shift in the BH
mass gap has been analyzed. The dependence of the composition of the ejected mass was also examined.

Key words. instabilities – nuclear reactions, nucleosynthesis, abundances – plasmas – relativistic processes – stars: massive

1. Introduction

Currently, there is considerable interest in the black hole mass
gap (BHMG). That is, black hole (BH) masses in the range of
⇠50�120 M� are not expected to exist (Woosley et al. 2007;
Belczynski et al. 2016; Woosley 2017, 2019) because progen-
itor stars in this mass range are disrupted by pair-instability
supernovae (PISNe) or pulsational pair-instability supernovae
(PPISNe). The existence of this mass gap, however, has been
brought into question by the observed LIGO and VIRGO gravi-
tational wave event GW190521 (Abbott et al. 2020a) from which
two BHs of masses m1 = 85+21

�14 M� and m2 = 66+17
�18 M� were

deduced. Since both of these merging BHs are well within the
putative BHMG, a re-examination of the constraints on BH
masses from the pair instability and PPISNe is warranted (see,
for example, Farmer et al. 2019; Marchant et al. 2019; Abbott
et al. 2020b; Croon et al. 2020; van Son et al. 2020; Woosley
& Heger 2021). Indeed, the existence of the BHMG and the
associated progenitor evolution is sensitive to a host of astro-
physical parameters as noted in Farmer et al. (2019), Sakstein
et al. (2020), and Woosley & Heger (2021). In this paper we
consider one additional sensitivity, that is the e↵ects of relativis-
tic screening of the thermonuclear reaction rates in the back-

ground associated pair plasma. Although, we find that the e↵ects
on the BHMG are small, we point out a number of interesting
features regarding the evolution of the progenitors that depend
upon the nature of the electron screening. In what follows we
briefly summarize the physics of PISNe and PPISNe in Sect. 1.1.
We describe a model for electron screening in a relativistic pair
plasma in Sect. 1.2. The computations are described in Sect. 2,
and the results are given in Sect. 3. Section 4 contains the con-
clusions of this work.

Pair-instability supernovae are caused by the production of
electron-positron pairs in the cores of massive (MZAMS & 80 M�)
stars at the end of their lifetimes (Leung et al. 2019). At tempera-
tures &109 K, electron pairs are produced by the thermal plasma,
for example via � + � , e� + e+. As the photons are absorbed
into pair production, the radiation pressure support of the core
diminishes. Subsequently, the core contracts and the tempera-
ture rises. This leads to explosive thermonuclear oxygen burn-
ing. The release of this thermonuclear energy can be comparable
to the binding energy of the star and lead to substantial mass
ejection.

The details of the explosion and associated nucleosynthesis,
however, depend upon the mass and metallicity of the progen-
itor star. At low metallicity, Z ⇠ 10�3, stars in the mass range
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Abstract

We report on the effects of strong magnetic fields on neutrino emission in the modified Urca process. We show
that the effect of Landau levels on the various Urca pairs affects the neutrino emission spectrum and leads to an
angular asymmetry in the neutrino emission. For low magnetic fields, the Landau levels have almost no effect on
the cooling. However, as the field strength increases, the electron chemical potential increases resulting in a
lower density at which Urca pairs can exist. For intermediate field strength, there is an interesting interference
between the Landau level distribution and the Fermi distribution. For high enough field strength, the entire
electron energy spectrum is eventually confined to a single Landau level producing dramatic spikes in the
emission spectrum.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Magnetars (992); Urca process (1752); Nuclear
astrophysics (1129); Cosmic magnetic fields theory (321)

1. Introduction

It is now widely accepted that soft gamma-ray repeaters
and anomalous X-ray pulsars correspond to a class of neutron
stars (NSs) known as magnetars. These objects are warm,
isolated, and slowly rotating NSs of age∼ 105 yr with unu-
sually strong surface magnetic fields. Indeed, both pulsars and
magnetars have strong magnetic fields at their surface that can
be as large as 1012–1016 G (Kouveliotou et al. 1998; Turolla
et al. 2015). Moreover, the interior field can be as large as the
equipartition limit of order 1018 G (Chanmugam 1992; Lai
et al. 1991).

Among possible explanations for the cooling of magnetars,
decay processes leading to neutrino or anti-neutrino emission
such as the direct Urca (DU) process ( n + +- ¯n p e e,
p+ e−→ n+ νe), the modified Urca (MU) process ( + n N

n+ + ¢ +- ¯p e N e, n+ +  + ¢ +-p e N n N e ) (Haensel &
Gnedin 1994; Yakovlev & Levenfish 1995; Yakovlev et al.
2001), or the neutrino-pair emission process ( + N N1 2

n n¢ + ¢ + + ¯N N1 2 ) are possible.
Early in the cooling process, the DU process is a viable

candidate to explain the rapid cooling of NSs (Boguta 1981;
Lattimer et al. 1991; Maruyama et al. 2022). However, in this
paper we are more concerned with the MU process. The DU
process takes place at high temperature and density and for
certain ratios of constituents. However, under less extreme
conditions when the DU process is diminished, the MU process
can continue to occur.

1.1. Urca Pairs

For accreting NSs, the density and electron chemical
potential in the crust becomes so high that electron capture
(EC) drives crust nuclei to the neutron-rich side of stability.
This capture proceeds until the electron chemical potential
exceeds the EC Q value, μeQe. At nonzero temperature, the
tail of the electron Fermi distribution provides a phase space for
available electrons to capture to nuclei for which μe≈Qe and
provides available phase space for electrons produced in beta
decay. Thus, for nuclei in which Qe≈ μe, (or more specifically,
μe− kTQe μe+ kT), nuclear pairs oscillate between EC
and beta decays.
This process is described in Schatz et al. (2014) and is shown

schematically in Figure 1 for the 31Al↔31Mg Urca pair. In this
figure, the available electron phase space curves, given by
1− fFD(E), where fFD(E) is the Fermi function, are shown by
the red dashed and solid lines for a temperature,
T9= 0.51MeV, density ρ= 3.17× 1010 g cm−3, and an elec-
tron fraction Ye = 0.38, similar to the inner crust of an NS. The
red dashed line corresponds to zero magnetic field, while the
solid black line corresponds to a magnetic field of B= 1016 G.
One may think of these curves as the fraction of available
electrons at a certain energy. That is, a value of 1 means there
are no electrons at this energy and the phase space is com-
pletely unoccupied. A value of 0 means that the electrons at this
energy are completely degenerate, and there are no available
electron energy states at this energy (Pauli blocked). EC from
an energy can only occur if 1− fFD< 1 (that is, there must be
electrons with sufficient energy to capture onto the parent
nucleus to produce the daughter nucleus) and β− decays to an
energy can only occur if 1− fFD> 0 (that is, there must be
energy states available that electrons produced in β decay can
populate). However, if the transition Q value is in a region such
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Figure 3 shows the ratio of EC rates λ(B)/λ(B= 0) as a
function of polar angle about the axis of the NS for two dif-
ferent values of the field (as indicated at the pole). The field is
assumed to be a dipole field. EC rates are computed at the
stellar surface. For each case, QEC = 5MeV. For a weaker
field, more Landau levels are present in the electron phase
space, and as the field changes across the surface of the star, a
larger number of Landau levels are shifted out of the electron
energy spectrum resulting in a larger number of fluctuations in
the EC rate. However, for a larger field, fewer Landau levels
are included in the electron energy spectrum, and as the field
shifts across the surface of the star, fewer Landau levels shift
into or out of the electron energy spectrum. Thus, there are
fewer oscillations in the EC rate across the surface of the star.

In order for efficient Urca pair cooling to occur, EC and β−

decay rates must be similar. We thus examine these rates as a
function of magnetic field for several Urca pairs. In Figure 4,
the rates are shown as a function of magnetic field for two
presumed Urca pairs (Schatz et al. 2014). In each figure, the
black line corresponds to β− decay rates while the red line
corresponds to EC rates. Optimal Urca pair cooling occurs if
the rates are similar. However, as the field increases, there can
be oscillations in the rates, reducing the efficiency of the
associated pair. For example, consider the 29Mg↔29Na pair in
Figure 4 at the temperature, density, and electron fraction

indicated. At a field of B≈ 1015.8, the EC rate exceeds the β−

rate by about five orders of magnitude. However, at a field
strength slightly lower than this, the rates intersect on the graph.
At very high fields, the rates diverge significantly, as only one
Landau level contributes to the electron energy spectrum.
A similar comparison can be made for the 33Al↔33Mg pair in the
same figure.
The introduction of magnetic fields can also create Urca

pairs where they would not have otherwise existed. This is
shown in Figure 5 for two pairs at densities and temperatures
not conducive to the formation of Urca pairs for the nuclei
shown at low fields. However, as the field increases, the rates
can match and possibly form Urca pairs. The additional degree
of freedom from the magnetic field extends the range of pos-
sible conditions at which Urca pairs can form within the NS
crust.
Finally, in addition to beta decay, Urca pairs can form for EC

daughter excited states. For excited states in the EC daughter
nucleus, the EC rate drops. The daughter nucleus de-excites
almost immediately and decays via β− decay back to the ori-
ginal nucleus. However, because the β− rate exceeds the EC
rate for excited states, the cooling efficiency is lower. The rate
oscillations, however, may open Urca pair transitions to excited
states in the EC daughter nucleus. This is shown in Figure 6.
EC and β− rates to the ground state of 31Mg are shown as a

Figure 2. (a) Ratio of β− decay rates with and without a magnetic field as a function of magnetic field strength for a temperature and ρYe resulting in an electron
chemical potential approximately equal to a Q value of 13.3 MeV. (b) Rate ratio as a function of density for Ye = 0.5, T9 = 0.51, and B = 1014 G. (c) Rate ratio as a
function of density for Ye = 0.5, T9 = 0.51, and B = 1015 G.
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Fig. 1. Screening enhancement factors for four major reactant pairs as a function of density at kT = 150 keV and Ye = 0.5. The density at which
all SEFs are equal is temperature dependent. (Top left:

12C+↵, top right:
16O+↵, bottom left:

12C+12C, bottom right:
16O+16O.) Solid lines indicate

classical screening; red, dashed lines indicate relativistic screening; and blue, dotted lines indicate the relativistic approximation.

150 keV (farther from the stellar core). Beyond these points,
kT < 150 keV, so that the default Salpeter screening length is
used. These correspond to the central portions of the star as it
heats up; one sees that the maximum mass coordinate is 20 M�

even though there are cooler mass coordinates in the outer layers
of the star. The outer layers of the star are not su�ciently hot
for a relativistic treatment. As the central and and outer layers
of the star get hotter, the mass coordinates for which relativistic
screening becomes relevant increases toward the outer edge of
the remnant. It is seen that the error in the screening length is
within 10% of the true value for all time and mass elements in
this treatment.

The relative di↵erence between the classical and relativistic
Debye lengths (�c��r)/�c for the same site is shown in Fig. 4. In
the left panel, the ratio of the classical to the relativistic Debye
length is shown as a function of ⇢Ye and temperature, T9. It is
seen that the classical Debye length is larger than the relativistic
Debye length for most of the area of this plot, except at low tem-
peratures and higher densities, where the classical Debye length
is smaller than the relativistic Debye length. We note that, at con-
stant density, the classical Debye length increases monotonically
with temperature, while the relativistic Debye length decreases.
In typical astrophysical conditions, the points where �c < �r
are in the strong screening regime, and weak screening is not
relevant anyway. This is shown in the right panel for the same
mass-time elements as in Fig. 3. This shows that the early pulses
(that are closer to the surface where the density is lower) have

a shorter �r. Except for a very few high-density points near the
core, the relativistic screening length is shorter than the classi-
cal screening length. Naively, it is expected that the relativistic
Debye screening always results in increased rates, and we can
see that this is true overall except for a few very short periods
of time in a very small region near the high-density core. Thus,
the SEFs are always larger in regions where relativistic weak and
intermediate screening is employed.

3. Results

Multiple PPISN and PISN simulations were run varying by the
initial mass and metallicity. For the bulk of the simulations,
the initial metallicity was set to Z = Z�/10. We examined
ejected mass, final BH mass, pulse morphology, ejection time,
and nucleosynthesis in each model. Representative results are
presented here.

3.1. Pulsational time

Time characteristics of the central temperature, which was used
to define a pulse (Marchant et al. 2019), are shown for multiple
representative progenitors in Figs. 5–7. Progenitor masses in this
figure were chosen to cover the full range of BH masses resulting
from PPISN as well as progenitors in the region which produces
the most massive BHs in the PPISN region.
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