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None of the currently available stellar reaction-ratedifies include any information on reaction
rate uncertainties. Although estimates have been attehiyytsome rate evaluations, their uncer-
tainties are generally not based on rigorous statistidatitiens. Clearly, a common standard for
deriving uncertainties is warranted. STARLIB is a new, rgaheration reaction-rate library that
addresses this deficiency by providing a tabular, up-te-database that supplies not only the
recommended rate and its factor uncertainty but also tleediatribution (i.e. its probability den-
sity function PDF). The foundation of this library rests anemtirely new method for calculating
reaction rates: Monte-Carlo simulation, which utilizepesimental nuclear physics quantities as
inputs, yields a PDF for the reaction rate at a given tempezat-rom the cumulative distribution
of rate probability densities, the low, median, and higlesaire naturally defined. In addition,
guantities with upper limits are seamlessly included. SIARbridges the gap between exper-
imental nuclear physics data and stellar modelers by pinyia convenient tabular format with
reliable uncertainties and PDFs for use in the simulaticestfophysical phenomena. The library
includes all types of reactions of astrophysical interesioZ = 83, such agp, y), (p,a), (a,n),
corresponding reverse rates, and weak interactions. Wermtroduce the library, summarize its
construction, and offer a method for accessing it on thehete
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1. Motivation: Need for New Libraries

Many reaction rate evaluations do not report uncertainflémse that do, report “lower” and
“upper” limits that have no rigorous, statistical definiti¢e.g., NACRE [1]). No uncertainties are
included in current libraries (REACLIB [2], BRUSLIB [3]), lich can lead to erroneous conclu-
sions as some rates are uncertain by orders of magnitudenpaeriant question also arises: when
provided recommended, upper, lower rates, how does ompatéte among these values? In other
words, how is the rate distributed? In order to model reactaiesrealistically in Monte Carlo
nucleosynthesis studies, the rate probability densitgtfan needs to be determined. STARLIB, a
next-generation library whose structure is based on a Moat® technique, connects stellar mod-
elers with experimental data. Not only are reliable undstitss included but also the approximate
reaction rate probability density function. Here, we prtske Monte Carlo method of calculating
reaction rates, followed by a discussion of the librarycdastruction, and its website.

2. Monte Carlo Based Rate Method

The reaction rateNa(oVv), at a temperatur@ for two interacting charged particles whose
velocities are distributed according to Maxwell-Boltzmaa given by [4]:
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whereN, is Avogadro’s numbery is the reduced mass of the particles in the entrance channel,
E is the center-of-mass energy of the interaction, arid the reaction cross section. A thorough
description of the Monte Carlo method to calculate reactaias can be found in the 2010 evalu-
ation of lliadis and collaborators [5] and in the forthcognipublication on the STARLIB library
itself [6]. In brief, the Monte Carlo procedure assigatsysicallymotivated distributions to each
input parameter and randomly samples Eq. 2.1 until theelbpirecision set by the user is reached.
A sample size of 5,000 is usually sufficient for the rate to/\@rless than a few percent. The input
distributions are Gaussian for resonance energies, lataldor resonance strengths and nonres-
onant S-factors, Porter-Thomas for upper limits, and lyiriar interferences. The output of this
calculation is the reaction rate probability density fumat an example of which is shown in Fig. 1.
The top panel of Fig. 1 illustrates the rate output probgbiensity function for a single,
hypothetical narrow resonance3fNa(p, y)?>Mg at a fixed temperature for 10,000 sampley &
1.7+0.2 eV atE; = 430+ 1 keV). The lognormal approximation, shown as a black cusmeota
fit and is calculated directly from the output distributiddetails on lognormal functions are given
in the following subsection. The cumulative probabilitgtdibution of the reaction rate is shown
in the bottom panel of Fig. 1. From this distribution, the Imte (LR), recommended median rate
(MR), and high rate (HR) are rigorously defined as the 16tth,5hd 84th quantiles, respectively.
A three-dimensional view of the top panel of Fig. 1 is showfrig. 2 for all temperatures.

2.1 Lognormal Distributions

A lognormal distribution is a distribution in which the lagam of a variablex is normally
distributed and is defined by:
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Reaction rate (cm® mol' s

ability density function, normalized to the rec-
Figure 1. Sample Monte Carlo output for a ommended rate. Notice how the distribution be-
hypothetical resonance (see text). Panel (a)comes narrower with increasing temperature, i.e.,
reaction rate probability density. Red his- the reaction rate uncertainty decreases because
togram: output of simulation. Black curve: the nuclear physics input becomes more reliable
lognormal rate approximation. Panel (b): at higher energies. The top panel of Fig. 1 is a two

cumulative probability distribution. dimensional view of this plot at one temperature.
f(x) = L Lomew?ee) for 0cxcm. (2.2)
o2 X

This function, similar to the Gaussian function, is parameed by two constantgy and o and

is defined for only positive values of Its distribution is well-suited to describe distributfon
composed from multiplicative variables, such as resonat@ngths. In contrast, distributions
composed from additive variables, such as resonance eesgggie more accurately characterized
by Gaussian distributions. Although the lognormal disttibn is asymmetric, in the case where
the variance of the distribution is small when compared ® dkpectation value, the Gaussian
distribution and lognormal distribution appear nearlyistidguishable.

The majority of reaction rates can be well-approximatedhaitognormal distribution. Exam-
ples have been described in detail in Refs. [5, 6]. The ratipubwlistribution is determined by the
interplay of all input distributions and, thus, changespgha&hen one contribution dominates over
another. If the rate is influenced most by a direct capturéritonion, the resulting output PDF
will be lognormal, as the S-factor is given a lognormal disttion. This will also be true for single
narrow resonances, regardless of which uncertainty ddesna case where the output will not be
lognormally distributed is one in which a contribution frapartial width upper limit dominates,
as we assign a Porter-Thomas distribution to dimensioméshsced widths.
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2.2 Modification of Laboratory Rates

STARLIB is a stellar rate library. The majority of laboratory rates are measuséth the
target in its ground state; however, levels additional ® ghound state are populated in stellar
plasmas with a probability proportional to the Boltzmanctda. These levels will also contribute
to the reaction rate. To convert the laboratory rates irgblastrates in STARLIB, we use stellar
enhancement factorSEFs, calculated by the TALYS code [10]:

In stellar plasmas at elevated temperature, reverse ratgs to play an important role. Re-
verse rates are calculated according to [4], with partifimttions also calculated using the TALYS
code [10].

3. STARLIB Library

STARLIB is a next-generation tabular, stellar thermonaclkeaction rate library based mainly
on experimental data. In contrast to other libraries thégradnly temperature and reaction and
decay rates, STARLIB contains uncertainty information prmbability density functions in order
to facilitate more realistic simulations of energy generaaind nucleosynthesis in various stellar
phenomena. Because a majority of rates are well-approzuiiat lognormal distributions, this is
accomplished by supplying only three quantities: tempeeatrate Xmed), and factor uncertainty
(f.u.). Applying the properties discussed in Sec. 2.1, we findfthrad reaction rate:

Xmed= € = XnighKow,  T.U.(68% coveragp=€° = /Xnigh/Xiow- 3.1

The high and low rates (68% coverage) are given by:

Thus, by supplying the temperature, rate, and factor uaicgyt one can obtain not only the high
rate Knigh) and low rate Xow) but also the lognormal parametgrsando. With this information,
the probability density function can be computed for anyegitemperature grid point.

Rate Number Source Uncertainties
Monte Carlo (experimental) 62 Sallas&nal. [6]; lliadis et al. [5] individual
NACRE 24 Anguloet al.[1] individual

Big Bang 9 Descouvemoret al.[7] individual
B-decays (experimental) 2225 Augli al. [8] individual
[B-decays (theoretical) 5556 Tuli, Nuclear Wallet Cards [9] ndividual
TALYS (theory) 47,721  Gorielet al.[10] factor of 10
Neutron capture 281 Goriebt al.[10]; Xu et al.[3]; Baoet al.[11] individual
26A| y-ray transitions 17 lliadiet al.[12] individual

Table 1: Summary of STARLIB rate sources and assumptionsrfoertainties. Forward rates only.
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A list of the sources for STARLIB is shown in Table 1. First afademost, STARLIB is
an experimental library, and Monte Carlo based rates ar@mpaunt, if they are available. Up-
dates to Monte Carlo rates since the evaluation of Ref. [Blude 2O(p, y)1°F, 80(p,a)*N,
22Ne(p, y)*°Na, %’Ne(a, y)*Mg, ?*Ne(a,n)?>Mg, ?*Na(p, y)**Mg, and?°P(p, y)3’S. However,
experimental data exists for many rates that have not bemputed with our Monte Carlo tech-
nigue. For those rates, evaluations such as NACRE [1] andddesmont [7] supplement our
library. Also included are both experimental 650) and theoreticgB decays £ 1700), as well
as special links for reactions involving the ground and isomstates of®Al. Single-temperature
experimental neutron capture rates [11] are extrapolatemthter temperatures by renormalizing
TALYS rates [3, 10].

For a plethora of reactions, nuclear properties have nat bemasured. The TALYS code [10]
was used to estimate reaction rates in these cases. TALY3ls@sised to extrapolate neutron
capture rates [3, 11] from the experimentally determined & a single energy to all STARLIB
temperatures. For rates not available from the above spudtiA's REACLIB [2] rates were
converted from the analytical fit into our format. Reacti@tmork studies that have used STARLIB
are discussed in Refs. [12, 13].

3.1 Format

STARLIB is a tabular reaction rate library, consisting ofeatler and three columns for each
reaction. The header is a singe line, including the type t&raction (i.e., the chapter number of
JINA REACLIB [2]), the nuclei involved, the source referenand the Q-value. Following are
three columns: temperature, rate, and factor uncertaifhe temperature (in GK) is on a grid
of 60 values between 1 MK and 10 GK, and the rate is either teertbnuclear rate in units of
cm® mol~1 s~1 or the decay constant of photodisintigrationfdecay in units of st. The factor
uncertainty is the number which multiples and divides the ta calculate the upper and lower
rate limits, respectively (Eg. 3.2). To calculate the phulity density function parameters, for a
given temperature the logarithm of the second column rettira value ofu, ando is computed
as logarithm of the third column, as discussed in the prevsubsection.

4. STARLIB Website: starlib.physics.unc.edu

For ease of distribution and updating the STARLIB libranthin the stellar modeling and
nuclear data communities, we have built a website at sahljisics.unc.edu (see Ref. [14]). The
site consists of three main sections: Rate Library, Rateulatbr, and Details.

Within the Rate Library page, one may display an individ@érand download the library or
a subset. To display a rate, three menu boxes are availapending on the desired form of the
input. Formatting options are listed, as well as a buttorctvisiycles through examples directly in
the boxes. A subset of the library may be downloaded by cgpgimd pasting a list of required
nuclei in the text box. Archived versions of the library vk also be accessible.

The Rate Calculator page houses a repository for our Montke @gout files and allows the
calculation of individual rates with our code on our servé&his is useful if, for example, one
would like to examine how newly measured nuclear data afftbet rate. We recommend editing an
existing input file, as the formatting is important (see Rgfs6] for details). Once the file is copied
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and pasted into the text box, starting the simulation reguanly a valid email address. A priority
gueue system is used, and, depending on the input, the siomuia filtered into an appropriate
gueue and issued a job ID. Simulations may be monitored atmlibfiles may be downloaded at
any time by returning to the bottom of the main Rate Calculpsmge and entering the email address
used to start the simulation. Monitoring parameters ingljab 1D, status (running or waiting in
the queue), run time, progress percentage, and estimateddinaining. Upon completion of the
simulation, an alert email is sent to the address provideld aviink to the main Rate Calculator
page, described above.

The Details page outlines the construction of STARLIB, d@eriatting, and updates. All ref-
erences and links to original papers are included.

5. Summary

We have developed a next-generation stellar reactionibagey called STARLIB. Its structure
is based on Monte Carlo rate simulations with experimenialear data as inputs and includes not
only statistically rigorous uncertainties but also realisate distributions for stellar modelers. We
have constructed a website at starlib.physics.unc.edeafee of distribution within the community.
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