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ABSTRACT

In astrophysical environments, the long-lived (¢,,, = 0.72 Myr) ground state of *°Al can communicate
with its short-lived (¢;,, = 6.35 s) first excited state through thermal excitations. The result is that the
astrophysical half-life for 2°Al can be much shorter than the laboratory value, which can have an impact
on the amount of 26Al produced at high temperatures. We have reexamined the equilibration process
using the results of new calculations of some of the key transition rates. In addition, we discuss a simple
way of describing the behavior of °Al in a stellar plasma and use this to better define the conditions
where equilibration is expected to be important. Finally, we present a series of network calculations to
show how the interplay between the timescale for equilibration versus that for nuclear reactions will

govern the evolution of 2°Al.

Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: abundances

1. INTRODUCTION

Measurements and observations have provided clear evi-
dence for the presence of 2°Al in the early solar system and
in the present interstellar medium. The ground state of 26Al
decays via positron emission (8%) and electron capture to
*®Mg with a half-life of ¢,, = 0.72 Myr; the signature for
26A1 in the interstellar medium is the characteristic 1809
keV gamma ray that is emitted subsequent to this decay.
Maps of this emission show a rather lumpy distribution,
qualitatively consistent with episodic production from
massive stars (see, e.g., the review of Prantzos & Diehl
1996). However, some of the emission features may be
numerical artifacts (Knodlseder et al. 1999). Although
massive stars are still favored (Knodlseder 1999), it has not
been possible to uniquely identify the specific source(s)
responsible or even the requisite astrophysical conditions
for 2°Al production. Clearly work remains to be done on
the theoretical and observational sides of this problem, but
there are also deficiencies in the relevant nuclear physics
that need to be addressed.

In addition to the ground-state decay, the first excited
state of 26Al at E_ = 228 keV undergoes a superallowed
B* transition to the ground state of 2°Mg with a half-life of
t;, = 6.35 s. Gamma decay between this isomer and the
ground state is severely hindered by their large spin differ-
ence (AJ = 5). However, if this state were effectively linked
to the ground state through thermal excitations involving
other excited states, then the astrophysical half-life of 2°Al
would be reduced from its laboratory value. This effect was
examined in detail by Ward & Fowler (1980, hereafter WF).
One important result from that work was that the abun-
dance ratio of isomer to ground state would not reach the
thermal equilibrium value for temperatures below T ~ 0.4
gK (T, ~ 0.4). From this they concluded that the ground
state and isomer would evolve as “separate ” (i.e., physically
distinct) nuclei rather than as states of the same nucleus.
However, by their own admission, WF used crude approx-
imations for some important gamma-ray transition rates.
The rates were calculated more carefully by Coc, Porquet,
& Nowacki (1999, hereafter CPN), who focused on the
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onset of equilibrium during novae. Although they also con-
clude that the ground state and isomer behave as separate
nuclei for T, < 0.4, their calculation of the effective lifetime
of 2°Al for these temperatures clearly shows that the isomer
and ground state do communicate. In this sense, the notion
of separate nuclei refers to how these two states are
described within a reaction network. The inference is that
while they may be entered as separate nuclei, the correct
effective decay rate would have to be employed as well.

In this paper, we extend this discussion to higher tem-
peratures. In addition, we will develop some simple criteria
to assess the importance of equilibration in calculations of
nucleosynthesis. We will also show that the question of
separate nuclei versus equilibrated states will depend on
relevant timescales as well as on temperature. The concept
of quasi-equilibrium, not considered explicitly by WF, will
also be important here.

2. INPUT PHYSICS

2.1. Gamma-Ray Rates

In general, the ground state of 2°Al may make transitions
to excited states by absorption of photons or by inter-
actions with electrons and ions. Similarly, deexcitation of an
excited state may be stimulated by photons or particles. In
certain environments, the particle interactions may domi-
nate, but only when equilibrium would be quickly reached
even without their presence. Therefore, particle processes
are never of much practical significance, and we restrict our
attention to gamma rays.

The basic approach to calculating the behavior of 2°Al in
a photon bath has been described by WF. Briefly, the tran-
sition rate linking an initial state i with a higher lying final
state f'is
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where g = 2J + 1, A, is the rate for spontaneous decay from

ftoi, E;, is the energy difference between i and f, and k is
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Since the levels of 26Al have been studied in great detail, the
spontaneous decay rates can in principle be obtained from
the known lifetimes and decay schemes (Endt 1990).
However, branching ratios below 1073 are difficult to
measure, and so some weak gamma transitions have gone
unrecorded. For example, the E, =417 keV state is
observed to decay via an E2 transition to the ground state
(Fig. 1), but the weak M3 transition to the isomer has never
been observed. A comparable situation exists in the case of
the third excited state (at E, = 1058 keV). This state has a
measured 100% M1 branch to the isomer, so the weak E2
transition to the state at E, = 417 keV has escaped detec-
tion. Single-particle estimates for these two weak transitions
were made by WF. Although at first glance these transitions
do not seem important, they are in fact the primary routes
to equilibration for T, < 1.5. Other weak gamma decays
involving states at higher excitation energies should exist,
but at stellar temperatures the low-lying states are predomi-
nantly populated.
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F1G. 1.—Levels and transitions that play a role in the equilibration of
26Alfor T, < 5; energies are in keV. Solid lines represent transitions where
the corresponding decay has been observed ; dashed lines denote calculated
transitions.

WF warned that their calculations of the weak tran-
sitions most likely overestimate the actual decay rates, and
CPN performed shell-model calculations to obtain more
reliable values. Since 2Al resides in the well-studied sd-shell
(A = 17-39), where theoretical predictions are usually suc-
cessful, such calculations should be an improvement over
single-particle estimates. However, because these tran-
sitions are most likely unmeasureable, some estimate of the
reliability of the theoretical results is warranted. To do this,
we have calculated transition rates in 2°Al using the shell
model. Although our calculation differs from that of CPN
in several respects, both employ the Wildenthal USD inter-
action (Wildenthal 1984) and 0ds,,—1s,,,—0d;,, basis. The
use of this interaction is justified on the grounds that it is
derived from fits of spectroscopic data in the sd-shell and is
therefore expected to provide accurate transition matrix ele-
ments, at least for the lower order multipoles. These matrix
elements, M(f, i), were calculated with the code oxbash
(Brown, Etchegoyen, & Rae 1988) and are related to the E2
and M3 transition probabilities B via

_ M )12
B= 2J;+1° )

where J; is the spin of the initial state. Previous work
demonstrates that restriction to an sd-basis requires the use
of effective charges and g-factors. The effective charges used
here are 1.35¢ and 0.35¢ for e, and for e,, respectively, as
suggested by Carchidi, Wildenthal, & Brown (1986). CPN
used a slightly different prescription, but this turns out to
have a small effect on the E2 transition rates. To gain a
feeling for the reliability of these results, we have calculated
the E2 rates for all of the known transitions in 2°Al up to
E, = 3073 keV. These rates (listed in Table 1) generally
reproduce the experimental values. However, this is not true
for transitions from the 2365 and 2545 keV states, where the
shell model overpredicts the experimental values by a factor
of 5-10. A weighted average of the ratio of the observed
rates to the predictions is 0.43 (5), and we adopt a sym-
metric uncertainty corresponding to o¢,/A=0.6 as a
measure of the theoretical uncertainty for the 1058 — 0
transition rate. Unlike CPN, we do not consider the agree-
ment between theory and experiment for the other multi-
polarities because the respective operators are different and
constrain the shell-model interaction in different ways.

There are fewer data on M3 transitions, so the corre-
sponding effective g-factors are harder to infer. Brown et al.
(1980) arrived at an effective spin g-factor of 0.87 after
empirically fitting measured transitions in A = 24, 34, and
38. Their result is supported by an analysis of second for-
bidden f-decay by Warburton (1992), and it is what we use
here. CPN used a different prescription. In both cases, the
predicted rates are larger than the experimental values, but
the present approach seems to do a better job of repro-
ducing the experimental rates. Unfortunately, this compari-
son is restricted to just the three known transitions in
A = 24 and 34 that can be calculated “reliably ” (Brown et
al. 1980), and this does not provide a large basis for com-
parison. However, it does seem that the 417 — 228 rate is
probably accurate to a factor of 2-3.

Our results and those of CPN are listed in Table 1 and
the agreement for the two transitions of interest is quite
good. In this sense, it can be argued that these calculations
are robust, but the agreement is primarily a result of the fact
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TABLE 1

LABORATORY ELECTROMAGNETIC TRANSITION RATES

Ais
6™
TRANSITION MULTIPOLARITY This Study CPN Literature®

417-50........... E2 6.88 x 108 7.41 x 108 5.56(15) x 108
417 -228 ........ M3 0.065
1058 - 417 ........ E2 7.24 x 108 7.67 x 108
1850 - 417........ E2 3.13 x 10! 1.52(27) x 10!
2069 —» 228 ....... E2 1.35 x 1012 1.50(30) x 102
2072 ->417....... E2 1.62 x 101! 2.00(41) x 10!
2365-0.......... E2 6.50 x 10t° 6.36(139) x 10°
2545-50.......... E2 1.21 x 10° 2.10(80) x 10°
2545 -1058...... E2 1.12 x 101! 2.50(66) x 101°
2740 - 417 ........ E2 4.18 x 10** 1.86(51) x 10!
3073 -0.......... E2 2.13 x 10%° 2.82(56) x 101°
3073 - 1058...... E2 3.31 x 10! 4.39(72) x 10!
3073 - 1850...... E2 6.89 x 101° 9.61(157) x 10°

= Endt (1990).

that the same interactions were used in both cases. A better
test of reliability is the comparison with experiment, as
described above.

2.2. Weak Decays

At high temperatures and densities, a sizeable fraction of
26A1 exists in excited states. Therefore it is important to
consider the B* and electron-capture decays from these
states as well as those from the ground state and isomer.
Since these transitions are not observable in the laboratory,
their rates must be calculated. As will become clear in § 3,
the important decays are the Gamow-Teller transitions
from the 417 keV state to the 1809 keV state in 2°Mg and
from the 1058 keV state to both ground and 1809 keV
states. The strength of the 417 — 2°Mg (1809) transition was
estimated by WF, who assigned log ft = 5.3. Shell-model
calculations of these transitions have been carried out by
Kajino et al. (1988), again using the Wildenthal interaction.
Our calculations yield transition rates that differ from these
by only 5%—-10%. One important point is that the decay
rate for the 1058 keV state is comparable to that of the
isomer. For temperatures at which the thermal population
of this state is significant, its decay will influence the total
decay rate. However, since the effective decay rate for T, <
5 is still dominated by the decay of the isomer, the theoreti-
cal uncertainties associated with the calculated rates have a
negligible impact on calculations of equilibration, and we
ignore them here.

3. THE BEHAVIOR OF 26Al IN A STELLAR PLASMA

Although the equilibration of 2°Al is best treated within
the framework of a detailed network calculation, some
insight into the process itself can be gained from a simple
analytic approximation. Two situations were discussed by
WF: direct equilibration between two levels and equili-
bration through intermediate states. The case of 2°Al was
considered within the framework of the latter process.
Although their description of equilibration through an
intermediate state is correct in a general sense, it does not
describe the particular case of 2°Al, which behaves as a
system of two quasi-equilibrium clusters. One cluster
includes the ground state and those states that communi-

cate rapidly with the ground state. The other involves the
isomer and its group of states. Equilibrium within each
cluster is reached very quickly. In contrast, the links con-
necting these clusters are comparatively slow, and therefore
equilibrium between the clusters is reached at a much later
time. For example, at T, = 0.3-5, the isomer will equilibrate
with the 1058 keV state with a time constant of 40 to 20 fs,
whereas the time constant for equilibration with the ground
state is 3100-7.5 x 10~ !! s. Thus, the internal equilibration
within a cluster is effectively instantaneous. In this approx-
imation, equilibration between clusters is analogous to
equilibration within a two-level system.

We will consider the simplest case, in which the ground-
state cluster is just the ground state and the 417 keV state
and the isomer cluster contains only the isomer and 1058
keV state. Other excited states clearly come into play as the
temperature is increased. Nonetheless, this crude approx-
imation contains the essential physics and reproduces the
asymptotic behavior of the system. Within this simple
model, we will focus on the internal behavior of the system
(equilibration) and ignore external factors (nuclear reac-
tions other than f-decay). Then the time evolution of the
clusters can be written as

d
a (no +ny) = —nq 11(3) — (Ao + 423 + iﬁ)
+ Ny Az + 13435, 4

d
E (nm + n3) = _nm(}"; + j‘m2)

—ny3(As + /1;) + ny(Aom + 423) s (5)

where the subscripts 0, m, 2, and 3 refer to the ground state,
isomer, 417 keV, and 1058 keV states, respectively. The
electromagnetic transition rates for i —f are denoted as
before by 4;, and the p-decay rates for the ith states by Aj.
The abundance of the ith state is written as ;. These expres-
sions can be rewritten in terms of n, and n,, as

d
E (1 + cr0)n0 = —no[i,? + Ca0(Aam + 423 + /11%)]

+ My(Amz + Cam43z) (6)
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Fic. 2—Effective decay rate as a function of temperature. Solid line
was calculated using the two-level approximation; dots are the results of
network calculations; shaded region denotes the 1 o range of uncertainty;
dashed line is arrived at by assuming that the ground state and isomer are
in thermal equilibrium.

d
E (1 + c3m)nm = _nm[}'zl + )“m2 - c3m(j’32 + }'3)]

+ 19 C20(Aam + 423) - (7

The factors c;; are the thermal equilibrium abundance
ratios

¢y = i o= (Exi=Exp/kT ®)
9g;
This can be recast in the form of a matrix equation
d
—N=T- Ns (9)
dt
T T T T T LI T T T
oot L
0.0001 |- ——— 2-level approx.
o A (P thermal equilibrium
8< E ® network calculation
N
& F
— !
i .
10° L /!
E ;!
E
E
1070 -/ Ll
0.1 1

Temperature (10° K)

F1G. 3.—Asymptotic ratio of isomer to ground state calculated using
the two-level approximation (solid line) and assuming thermal equilibrium
(dashed line). Dots are the results of network calculations and the shaded
region denotes the 1 ¢ range of uncertainty.
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where T is the transition matrix that follows from equations
(4) and (5), and

(1 + cz0)n0(2)
N= . 1
oo 1o

The general solution to this equation is of the form
Nt)=N,e "'+ Nye »21, (11

where NV; and —4; are the eigenvectors (normalized to the
correct initial abundances) and eigenvalues of T, respec-
tively. The eigenvalues are

_Caolham + A23) | Az + A5 + c3u(han + 45)

A , (12
! 1+ ¢y 1+ c3p (12
I A9 Cr0(Af + CamAp
271+ C20 14 ¢y
}'Zm + }'23 (13)

X .
AF 4 Az + C3n(A3 + A33)

These approximations are valid for T, < 5. Throughout this
temperature range 1, > 4,, and hence for sufficiently long
times

MO ~ Nye 2t . (14)

This is the general condition for equilibrium in a case such
as this where the total number of nuclei diminishes with
time. The decay rate 4, is thus the effective decay rate of the
equilibrated nucleus. This is shown in Figure 2 along with
the rate derived from network calculations. Our simple
approximation reproduces the network results to within a
standard deviation of 2.7% despite the fact that we have
ignored the higher lying excited states. This is because the
additional states mainly affect the time required to reach
equilibrium. Although the f-decays from higher lying states
must influence the effective decay rate at some level, the
relative population of these states is small compared to the
states that we have included here.

It is important to note that equilibrium or quasi-
equilibrium will eventually be established at any tem-
perature, including low temperatures where the
equilibration time is longer than the lifetime of the isomer.
However, the abundance ratio of the isomer to the ground
state need not follow that of an isolated system in thermal
equilibrium. Nuclear reactions and f-decays can lead to a
quasi-equilibrium with nonthermal abundance patterns. In
the case of full thermal equilibrium, the ratio of isomer to
ground state is described by

"m _ 9m ,-mumer _ L —26a6im0 (15)
No 9o 11

This should be compared to the ratio derived from our
two-level approximation,

n,, C20(Aom + 423)

o (14 Camhz + A + Ay + Cam(hd + A35)
~ CZO(j'Zm + A33)
G 4 Ay + Can(A] + A32)°

which is displayed in Figure 3. The latter does a much better
job of reproducing the network results at low temperatures,
where the deviation from thermal equilibrium is significant.

(16)
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This deviation was the criterion used by WF to differentiate
between descriptions of the ground state and isomer as an
equilibrating system with thermal populations (7, > 0.4)
versus separate nuclei (7, < 0.4). However, we will show
below that a thermal population distribution is reached
only if nuclear reactions are sufficiently slow that the system
can evolve on a timescale set by equilibration. Otherwise,
quasi-equilibrium behavior will be displayed.

4. NETWORK CALCULATIONS

4.1. Constructing the Network

In order to examine how 2°Al progresses toward equi-
librium, we must first construct the set of coupled first-order
equations that describe the time evolution of the states in
26A1. To start, we have included all of the excited states
below E, = 3 MeV. Our first goal is to calculate the time-
scale for equilibration, so we will ignore the states in 2°Mg
populated by weak transitions as well as production and
destruction via (p, y) reactions. The resulting network
includes 14 states and 82 independent gamma transitions
linking these states. In the case of no destruction, the time
constant for equilibration 7., is the inverse of the smallest
eigenvector of 7, ie., the longest time constant of the
system. There is some confusion regarding this point in WF,
but their plot of 7., is consistent with this definition. Since
the rates for the 417 — 228 and 1058 — O transitions have
been reduced by factors of 6.7 and 3.2, respectively, 1., is
increased as compared with the results of WF for T, < 1.8,
as shown in Figure 4. For example, for T;, = 0.3-1.0, this
increase is a factor of 7.6 to 2.9. However, to reiterate a
point made by WF, a time longer than ., will pass before
equilibrium behavior manifests itself. For the sake of illus-
tration, we will arbitrarily define this time as the time
required for the abundances to evolve to within 1% of their

8 T T T
- full J
networl i
4 _
o | J
> | J
£ : .
'_
c oF N
il L J
S
5 | J
= | J
g 4 -
o | J
S
| partial 4
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_8 |
) L M R R T A | ) L )

0.1 1

Temperature (10° K)

F16. 4—Time required for the ground state and isomer to reach equi-
librium vs. temperature. Curve labeled full network refers to the inverse of
the smallest eigenvalue of the transition matrix for the full network of
equilibrating transitions. Curves labeled “partial network,” “rates = 0,”
and “WF” are the same quantity calculated for the truncated network
(described in the text) when the rates of the weak gamma branches are set
to zero and with the rates from WF, respectively. Curve labeled “1% ” is
the time required for m/g to come within 1% of the equilibrium ratio.
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values at t = co. As is apparent in Figure 4, this time is
substantially longer than 7.

Unfortunately, 82 links represent a significant overhead
to pay in more general nucleosynthesis calculations, and
therefore we present a pared-down network that preserves
the behavior of the system. The states that we include are
the ground state, the isomer, and the E, = 417, 1058, 2069,
2070, and 2072 keV states. The number of links is then
reduced to 28. This reduced network will overpredict the
time required to reach equilibrium (e.g., by about 25% for
T, = 2-5), but this is a small amount compared to the time
over which the stellar burning occurs. Since the latter three
states are nearly degenerate, it is tempting to treat them as a
single effective state, thereby further simplifying the
network. However, these states have very different decay
schemes. Ignoring the two decays that we have calculated,
the 2069 keV state will cascade only to the ground state,
whereas the 2072 keV state ultimately populates just the
isomer. In contrast, the 2070 keV state has decays that ter-
minate in both the ground state and isomer. If all of these
transitions were to be ascribed to a single state, there would
be spurious links between the ground state and isomer and
the equilibrium abundance ratios would be in error. We
choose instead to neglect the 2069 and 2072 keV states. This
means that the predicted onset of equilibrium is further
delayed; but again, in terms of the timescales relevant to
stellar burning, the delay is not important. Our final
network contains 14 transitions linking the five remaining
states. These five were also the states judged by WF as the
most important equilibration process.

4.2. Results
42.1. 7, = 14

In a simple thermal equilibrium, the ratio of isomer to
ground state is always less than 0.091, and so equilibration
can act to enhance the ground state at the expense of the
isomer if the production ratio m/g is greater then the equi-
librium ratio. However, this general behavior is modified by
the fact that both states can f-decay. Figure 5 shows the
time evolution of the ground state and isomer, calculated
with our truncated network for T; = 0.3, a temperature
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Fi1G. 5—Network calculations showing the evolution of the ground
state and isomer for T, = 0.3. The total initial abundance is normalized to
unity. Curves labeled “no equilibrium” represent the abundances calcu-
lated with the rates of the equilibrating transitions set to zero.
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where the equilibration time is longer than the lifetime of
the isomer. We still ignore any nuclear reactions that
absorb or emit particles. The relative initial abundances are
given by the fraction of time that the >>Mg(p, y) reaction
populates the ground state versus the isomer. Since 7., > 1,
it is tempting to suppose that the system will not reach
equilibrium. In fact, quasi-equilibrium is established
between the ground state and isomer, but only after the
abundance of the isomer has dropped significantly from
B-decay. After this point, the two states maintain a constant
relative abundance that is a factor of 345 less than the
thermal equilibrium value and decay with the same effective
rate. This temperature is within the “separated nuclei”
regime discussed by WF. However, they assumed that the
primary decay mode of the ground state would be a com-
bination of direct f-decay and f-decay of the 417 keV state
following its equilibration with the ground state. Thus, at
low temperatures there would not be any significant com-
munication between the isomer and the ground state, and
both states would evolve independently. Although CPN did
not calculate the f-decay rate of the 417 keV state, they are
correct in their assertion that the decay of the isomer pri-
marily determines the effective decay rate of the ground
state. In a physical sense, the ground state and the isomer
are clearly not separated. However, they can be entered as
separate nuclei in a reaction network provided that the
appropriate effective decay rate is used, a point that will be
discussed in more detail when we include other nuclear
reactions in the network.

422, 1, <14

eq —

In Figures 6 and 7 we show the results of network calcu-
lations for higher temperatures, specifically T, = 0.4 (where
Teq ~ Tg) and 2.0 (1., < 75). Again, we have ignored all reac-
tions that absorb or emit particles. A basic pattern persists
throughout this temperature range. Material initially flows
from the isomer to the ground state. The net enhancement
of the ground state is about 6%—15% throughout this tem-
perature range. Once the system reaches equilibrium, the
abundance of the ground state drops together with that of
the isomer, again with an effective lifetime that is shorter
than that for the ground state but longer than that of the
isomer. The relative abundance of isomer to ground state
reaches the thermal equilibrium value, and thus we are in
the equilibration regime of WF. However, we will show in
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F1G. 6.—Same as Fig. 5, but for T, = 0.4
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F1G. 7—Same as Fig. 5, but for T, = 2

§ 4.2.3, where we include other nuclear reactions, that in
some circumstances 2°Al can still be described as two
separate nuclei with effective lifetimes, even for T, > 0.4.

4.2.3. Equilibrium and Quasi-Equilibrium Behavior

The criterion used by WF to determine whether 26Al
behaves as an equilibrated system or as separate nuclei is
the population ratio of isomer to ground state as ¢t — co.
Clearly, if this ratio evolves to the thermal value, then
thermal equilibrium most likely pertains. However, this
choice is too restrictive in the sense that it does not account
for the possibility of quasi-equilibrium behavior. The simple
examples described above showed the onset of quasi-
equilibrium at low temperatures, but temperature alone is
not the factor that determines whether quasi or full equi-
librium is appropriate. The evolution toward an equili-
brated state is governed by the interplay of the timescale for
equilibration 7., and the characteristic timescale for nuclear
reactions or decays (including the p-decays already
discussed), 7,,.. If 7., < 7,,., then equilibration occurs more
rapidly than abundance changes from nuclear interactions.
Consequently, the system will evolve to thermal equi-
librium. On the other hand, if 7., > 7,,., then equilibration
lags behind the faster nuclear interactions and a quasi-
equilibrium ensues. Temperature and density together
determine 7,,., and hence it is possible to have conditions
leading to quasi-equilibrium at high temperatures. This is in
contrast with the accepted notion that thermal equilibrium
applies for T, > 0.4.

The behavior of 2°Al will also depend on the relative
population of the isomer and ground state by nuclear reac-
tions and decays. In most cases, these will preferentially
produce the ground state; the production of the isomer over
a wide range of temperatures is usually no more than about
10%-20% of that of the ground state. Equilibration will
rearrange these abundances, usually by a flow from the
isomer to the ground state (since the ratio m/g at equi-
librium is usually less than the production ratio). However,
since equilibration will increase the absolute abundance of
the ground state by at most a small amount, the primary
effect of equilibration is simply to shorten the lifetime of the
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ground state. The lone exception to this rule occurs when
the B*-decay of 2°Si is important, as this populates only the
isomer for the temperatures under consideration here. As
long as 26Al is produced primarily in its ground state, it
should be possible to describe equilibration by using effec-
tive decay rates, treating the internal links between the
isomer and ground state implicitly.

To illustrate these points, we now consider a more com-
plete network that includes the nuclear reactions and
decays linking 140 stable and radioactive nuclei between 'H
and *°Ti. Note that WF did not include reactions involving
any short-lived nuclei in their network calculations. We
used solar initial abundances under conditions of constant
temperature and density. The reactions directly relevant to
26A1 were taken either from the NACRE compilation
(Angulo et al. 1999) or from a more recent evaluation
(Iliadis et al. 2001). Figures 8, 9, and 10 show the evolution
of the ground state and isomer for T, = 0.3, 1.5, and 5,
respectively. The top part of each figure was calculated with
a density that made the timescales for relevant (p, y) reac-
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F16. 8.—Network calculations including all nuclear interactions for
T, =03,and p =1 x 10"*and 1 gcm 3. The calculations represented by
the solid lines include the equilibrating transitions. Dashed lines (that lie
almost on top of the solid lines) were calculated using effective decay rates
but no internal gamma transitions.

Vol. 556

LI B Sy N B S S B R B B B

4 ——————

T,=15

p =10° g/cm®

isomer
-10 | .

-12 |

LIS B S B R N B D B D S B S B
D

Log Mass Fraction

isomer |

-10

-12

-14

_16........|I ......... |

Log Time (s)

FiG. 9.—Same as Fig. 8, but for T, = 1.5, and p = 100 and 1 x 10° g
cm” 3,

tions less than ... The bottom of each figure shows the
opposite situation. In each case, the abundances were calcu-
lated both with the equilibrating transitions (solid lines) and
with effective decay rates (dashed lines).

The results for T, = 0.3 (Fig. 8) show some aspects of the
behavior that we described above. For both densities,
Toue = T < Teq» and so the system exhibits quasi-
equilibrium behavior. It is possible to account for the abun-
dance of the ground state by using an effective decay rate
Ase (from Fig. 2), although it should be noted that hydrogen
exhaustion occurs before 1. = A;!. From a numerical
standpoint, 2°Al can be treated as separate nuclei, as advo-
cated by WF and CPN. However, the proper 7., would
have to be used (as suggested by CPN) if the calculation
were run to longer times, and so from a physical standpoint,
the two states are linked.

Very different behavior is apparent for T, = 1.5 (Fig. 9),
where the use of an effective decay rate does not reproduce
either the equilibrium or quasi-equilibrium abundances of
the ground state. At this temperature and at both densities,
the rate of the >*Al(p, y)*°Si is faster than the B*-decay of
25Al. This leads to a substantial quantity of 2°Si, which in
turn decays to the isomer. Here the production of the
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isomer is now greatly enhanced with respect to the ground
state. In thermal equilibrium, the ground state is 64 times
more abundant than the isomer, and so equilibration con-
verts the initially more abundant isomer into the ground
state. Because production of 2°Al favors the isomer, the
gamma transitions linking the isomer with the ground state
must be included in the network. At the higher of the two
densities, 7., > 7,,. and a quasi-equilibrium with m/g = 287
(as opposed to the thermal ratio of 0.0156) is established.
Equilibration is clearly an important effect; in both exam-
ples the majority of the ground-state production comes
from thermal links with the isomer. However, in contrast to
the general claims of WF for these temperatures, thermal
equilibrium is not reached at the high density until hydro-
gen exhaustion increases 7,,.. At the lower density, the
system does reach thermal equilibrium, in which 98% of the
total abundance of 26Al is in the ground state. In both cases,
26A1 is effectively produced by the 2°Al(p, y)?°Si reaction,
not by 2>Mg(p, y)*°Al

At T, =5 (Fig. 10), the system returns to the situation
where separate nuclei and effective decay rates do a very
good job of describing the evolution of 2°Al. This is because
the extended MgAl cycle is again operating in a mode
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where production of the ground state exceeds that of the
isomer. Although the chain 23Al(p, y)%°Si(B*)?*Al™ is still
operational, 26Al rapidly comes to a (p, y)/(y, p) equilibrium
with 2°Mg and 27Si that favors production of the ground
state over the isomer. At the higher density (5 x 10° g
cm %), this equilibrates 2°Al faster than the internal tran-
sitions, $O 7,,. = 7., and the system reaches thermal equi-
librium. On the other hand, for p = 1 x 10* g cm 3, 26Al
equilibrates internally, but rapid destruction via (y, p) reac-
tions results in a quasi-equilibrium with 2>Mg. Once the (p,
y) reactions freeze out, the system will evolve to thermal
equilibrium, which again can be described in terms of an
effective decay rate.

5. CONCLUSION

In this paper, we have described the equilibration of 2°Al
in a manner analogous to that of a two-level system, with an
effective decay rate described by equation (13). This expres-
sion is rather cumbersome, so the effective decay rate is
displayed in tabular form in Table 2. We have also shown
that there is no simple criterion that can be employed to
determine if (or when) 26Al will reach thermal equilibrium.
For T, <0.46, 7., > 1,,. and the ground state and isomer
reach a quasi-equilibrium in which m/g is a constant but is
less than the thermal ratio. At higher temperatures, thermal
equilibrium will be reached only if 7., < 7,,.. It is not imme-
diately clear if this condition can be met in a highly dynamic
situation.

As long as nuclear reactions produce m/g < 1, the evolu-
tion of 2°Al can be calculated to good accuracy (i.e., better
than 20%) by using an effective decay rate and ignoring the
gamma transitions linking the ground state and isomer.
This is true for both quasi-equilibrium and equilibrium con-
ditions. However, the production of 2°Si leads to m/g > 1,
and therefore this simple approach breaks down when the
abundance of 2°Si becomes appreciable. This situation will
manifest itself in hydrogen-rich environments at T, = 0.4
(depending on density). However, for T, = 3, equilibrium

TABLE 2
EFFECTIVE DECAY RATE OF 26Al
719 )"gff TQ A‘eff T9 j’eff

0.01000...... 2969E—14 | 1.30 1.278E—03 | 3.30 4.468E—03
0.0200....... 2969E—14 | 140 1473E—03 | 340 4.602E—03
0.0500....... 2969E—14 | 1.50 1.665E—03 | 3.50 4.736E—03
0.0800....... 2969E—14 | 1.60 1.853E—03 | 3.60 4.869E—03
0.100 ........ 2969E—14 | 1.70 2.036E—03 | 3.70 5.001E—03
0.165 ........ 3706E—14 | 1.80 2.214E—03 | 3.80 5.132E—03
0.180 ........ 1.145E—13 | 1.90 2.388E—03 | 390 5.262E—03
0.200 ........ 1.276E—12 | 200 2.556E—03 | 4.00 5.391E—03
0.250 ........ 1.572E—10 | 2.10 2.721E—-03 | 410 5.519E—03
0.300 ........ 4287E—09 | 220 2880E—03 | 420 5.647E—03
0350 ........ 1.520E—07 | 2.30 3.037E—03 | 430 5.773E—03
0.400 ........ 5.595E—06 | 240 3.190E—03 | 440 5.899E—03
0.500 ........ 4932E—05 | 2.50 3.340E—03 | 450 6.024E—03
0.600 ........ 1.204E—04 | 260 3487E—03 | 4.60 6.148E—03
0.700 ........ 2261E—04 | 270 3.632E—03 | 470 6.270E—03
0.800 ........ 3.624E—04 | 280 3.775E—03 | 480 6.392E—03
0.900 ........ 5226E—04 | 290 3917E—03 | 490 6.513E—03
1.00.......... 6.998E—04 | 3.00 4.057E—03 | 500 6.633E—03
1.10.......... 8.880E—04 | 3.10 4.195E—03

1.20.......... 1.082E—03 | 3.20 4.332E—03

? Obtained from eq. (13).
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between 2°Al and 27Si again leads to m/g > 1, and the effec-
tive rate can again be used.

Finally, we would like to point out that the rate of the
25Al(p, y)*®Si is based on theoretical estimates (Iliadis et al.
1996) and is uncertain by a factor of about 100. Since this
reaction plays an important role in the nucleosynthesis of
26A1 at high temperatures, an experimental investigation of
this reaction is called for.
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