
ABSTRACT

MUMPOWER, MATTHEW RYAN. The Rare Earth Peak: An Overlooked r-Process
Diagnostic. (Under the direction of Gail McLaughlin.)

Where do the heavy elements in the universe come from? While the basic principles

of nucleosynthesis have been established, a definite answer to this and many related

questions still eludes us. The ‘rapid’ neutron capture process or r-process is believed to

be responsible for generating roughly half the nuclei with atomic mass A > 100. However,

the astrophysical site of this process still remains uncertain. Still further, nucleosynthesis

calculations of this process must rely on theoretical extrapolations as the bulk of nuclides

participating in this process are short-lived. We examine the formation and final structure

of the rare earth peak (A ∼ 160) of the r-process nucleosynthesis. Since rare earth

peak formation does not occur during (n, γ) � (γ, n) equilibrium it is sensitive to the

strong interplay between late time thermodynamic evolution and nuclear physics input.

We show that under high entropy conditions (S > 100kB), the rare earth peak forms

at late times in the r-process after neutron exhaustion (neutron-to-seed ratio unity or

R = 1) as matter decays back to stability. Depending on the conditions the peak forms

either because of the pattern of the neutron capture rates or because of the pattern

of the separation energies. We use features of a successful rare earth region to discuss

the types of astrophysical conditions that produce abundance patterns that best match

meteoritic and observational data. Despite uncertainties in nuclear physics input, this

method effectively constrains astrophysical conditions. We study the sensitivity of the

r-process abundance pattern to neutron capture rates and β-decay rates in the region.

We identify the range of nuclei which are influential in rare earth peak formation.
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Chapter 1

Introduction

Over fifty years ago Burbidge, Burbidge, Fowler and Hoyle [15] outlined the nuclear

reaction mechanisms which were believed, at that time, be responsible for producing the

heavy elements found in nature. One of the proposed mechanisms was the ‘rapid’ neutron

capture process, or r-process. The r-process is believed to be responsible for the formation

of approximately half the elements with mass number A > 100 [17]. While much has been

learned about this process over the years, many details still require resolution.

In this chapter a brief overview of the principles of nucleosynthesis is presented. We

discuss the r-process and note current outstanding issues. This discussion is followed by a

review of our model employed for r-process nucleosynthesis. More information regarding

details of the r-process can be found in a number of review articles [22, 75, 77, 7].

1.1 Synthesis of the Heavy Elements

Several moments after the Big Bang primordial nucleosynthesis ensued, producing the

lightest stable nuclei which included isotopes of Hydrogen, Helium and Lithium. The

initially hot and dense universe expanded and cooled shutting down this fusion process

after about twenty minutes. Elements of higher atomic mass were not created due to the

limited time frame and reaction bottlenecks [44].

Subsequent nucleosynthesis of heavier elements in our universe also requires hot and

dense conditions which are found in stellar environments. During the later stages of stellar

evolution increasingly heavier elements are created. This occurs up until the core of a star

burns Iron at which point charged particle reactions become endothermic. It also becomes

1
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Figure 1.1: The s-process and r-process abundance distributions. The characteristic
peaks are found at closed neutron shells at N = 82 and 126.

increasingly difficult to synthesize heavier elements via charged particle reactions due to

a large Coulomb barrier.

In order to reach nuclei with very large atomic mass (A) and proton number (Z)

reactions which do not involve charged particles are required. Since neutrons are neutral

particles, successive capturing of neutrons provides a way around a large Coulomb barrier.

A neutron capture transmutes a nucleus (Z,A) to a nucleus with one more neutron

(Z,A+1) and provides a mechanism to increase atomic mass. Successive neutron captures

create nuclei that are β-unstable. The process of β-decay creates a proton, transmuting a

nucleus (Z,A) to a nucleus (Z + 1, A). The combination of neutron capture and β-decay

leads to a nuclear flow path that zig-zags up the chart of nuclides on the neutron rich

side of stability.

Observations of isotopic abundances reinforces the idea that nucleosynthesis of the

heaviest elements found in nature proceeds by neutron captures, see Figure 1.1. These

solar abundances are a result of many generations of events. The hallmark of a neutron

capture process is the accumulation of material near closed neutron shells. Nuclei at closed

2



neutron shells (e.g. N = 82 and 126) are relatively stable compared to the surrounding

nuclei and so have slower neutron capture and β-decay rates.

The signature of two distinct processes can be seen in the solar abundance distribu-

tions of Figure 1.1. The location of the abundance peaks to the closed neutron shells

depends on the relative rate of neutron capture to β-decay of the participating nuclei. If

neutron captures are much faster than β-decays the reactions will create very unstable

nuclei, possibly approaching the neutron dripline. These nuclei pass the closed neutron

shell and once the supply of free neutrons is exhausted, must eventually decay back to

stability resulting in the offset of the peak at lower A. In the second case, neutron cap-

tures are slow and cannot progress far from the stable isotopes resulting in a peak whose

offset is very small relative to the closed shell. These two neutron capture processes are

known as ‘slow’ (s-process) and ‘rapid’ (r-process) respectively.

The s-process occurs in Asymptotic Giant Branch (AGB) stars at relatively low neu-

tron density and temperature. Because of these conditions, the path of the nuclear flow

remains near the β-stable nuclei. The time frame for this process is on the order of

years. In contrast, the r-process is believed to occur over only a few seconds in explosive

environments such as supernova. In the following section we cover the r-process in detail.

1.2 The r-Process

Approximately half of the elements beyond A = 100 are made in the ‘rapid’ neutron

capture process, or r-process. The elements between 80 < A < 100 might also be syn-

thesized this way. In this process, successive neutron captures occur on timescales which

are initially faster than β-decays. In supernovae, this requires very hot and dense con-

ditions. Temperatures above T9 & 1, where T9 = 1GK, and densities on the order of

106g/cm3 along with high neutron number density, nn & 1020cm−3 are typical in these

environments.

In these extreme conditions neutron captures occur at a faster rate than β-decays

potentially pushing the nuclear flow out as far as the neutron dripline. The primary

reaction channels for the r-process are neutron capture (n, γ), its inverse reaction, photo-

dissociation (γ, n) and β-decay. If the nuclear flow proceeds to very heavy nuclei (Z & 80)

fission may occur. Fission disassembles heavy nuclei into lighter fragments, which then

proceed to act as seeds for the r-process. This cycle potentially can occur several times

3



Z 
(p

ro
to

n 
nu

m
be

r)

N (neutron number)

Figure 1.2: The r-process path (dark shaded squares) shown in the NZ-plane. Neutron
captures (red arrows) move material to the right while β-decays move material to the
left.

before the nuclei decay back to stability.

If the conditions are extreme enough, neutron captures and photo-dissociations equili-

brate, leading to a state between adjacent isotopes known as (n, γ)� (γ, n) equilibrium.

For an r-process under these conditions, the abundances along an isotopic chain are set

by this equilibrium and β-decay controls the nuclear flow between isotopic chains. Once

the supply of free neutrons runs out, nuclei that are in equilibrium begin to fall out of

(n, γ) � (γ, n) equilibrium and the nuclear flow proceeds back to the stable isotopes.

This typically occurs during the last stage of the r-process known as the freeze-out epoch.

This stage is marked by the neutron-to-seed ratio

R ≡ Yn∑
Z>8,A Y (Z,A)

(1.1)

falling below a value of one. In equation 1.1 Yn is the abundance of free neutrons and

Y is the abundance of species (Z,A).

The β-delayed neutron emission channel is of particular importance once the neutron-

to-seed ratio falls below unity. During freeze-out the β-delayed neutron emission channel
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becomes the source for the majority of free neutrons the unstable nuclei can capture. In

the case that the temperature decreases rapidly enough to freeze-out photo-dissociation

reactions completely by R ∼ 1 and fission does not play an important role, it is the only

source. If β-delayed neutron emission probabilities are large enough, this channel also

prohibits the nuclear flow from reaching the neutron dripline.

A useful concept in understanding the r-process that will be used throughout this

work is that of the r-process path or the set of most abundant isotope for each value

of Z. The path is set by the relevant nuclear physics of the participating nuclei and is

another way to look at abundances. Figure 1.2 shows a simple schematic of the r-process

path dominated by neutron captures and β-decays. We can follow the path to understand

nuclear flow for a particular set of nuclei.

Subtle changes to the nuclear flow as nuclei decay back to stability are key to under-

standing and predicting the final abundances we observe in nature. Thus, to understand

the evolution of abundances at late times in the r-process it is necessary to perform fully

dynamic calculations, solving the evolution equations implicitly with a reaction network.

1.3 Modeling r-Process Nucleosynthesis

The modeling of astrophysical environments is a very daunting task, likely requiring

exascale computing. Current state-of-the-art supernova simulations, for instance, require

proper modeling of multi-dimensional effects, general relativistic magnetohydrodynamics

and energy transport by neutrinos, see e.g. [102]. Because of the computational challenges

of these state-of-the-art simulations, it is difficult to also dynamically include full reaction

networks. Instead, simulations of r-process nucleosynthesis must rely on ‘post-processed’

calculations or parameterized models.

To simulate an explosive environment where the r-process may occur, we follow the

abundance evolution of a mass element as it travels away from the event. To model

the qualitative behavior of hydrodynamic outflows of supernova, we study a variety of

scenarios. Two extreme cases of note are: (1) A ‘hot’ freeze-out evolution where the

temperature and density decline relatively slowly, allowing for an elongated period of

(n, γ)� (γ, n) equilibrium. (2) A ‘cold’ freeze-out evolution where the temperature and

density decline relatively quickly, so that the (n, γ) � (γ, n) equilibrium epoch is very

short. Details of each parameterization studied in this work can be found in later chapters
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and are based on the calculations of [56, 71].

To monitor the abundance evolution we use several reaction networks which consist

of sets of differential equations for thousands of nuclear species. These reaction networks

also includes monitoring the tens of thousands of reactions which link the nuclear species

together. Mathematically, we can think of reactions as directed graphs; linking species

i with species j by rate, λ. Three-body processes are also taken into consideration. Our

reaction networks include for instance, strong, electromagnetic and weak interactions.

We now discuss below our multi-tiered algorithm for r-process nucleosynthesis.

To evolve the abundances, Y, in time, t, over a timestep, ∆t, the finite difference

prescription is used

Y(t+ ∆t)−Y(t)

∆t
= (Θ− 1)Ẏ(t+ ∆t) + ΘẎ(t) (1.2)

If Θ = 1, then equation 1.2 becomes the explicit Euler method. If Θ = 0, then

equation 1.2 becomes the implicit Euler method. Both methods are first-order accurate.

For Θ = 1/2, equation 1.2 is the second-order accurate semi-implicit trapezoidal method.

Solving the implicit version of equation 1.2 is the same as finding the zeros of the set of

equations

Z(t+ ∆t) ≡ Y(t+ ∆t)−Y(t)

∆t
− Ẏ(t+ ∆t) = 0 (1.3)

This is done in our reaction networks using the Newton-Raphson method. This

method involves the Taylor series expansion of Z(t + ∆t) with trial change in abun-

dances given by

∆Y =

[
∂Z(t+ ∆t)

∂Y(t+ ∆t)

]−1
Z (1.4)

where ∂Z/∂Y is the Jacobian of Z. For r-process nucleosynthesis, the Jacobian is

a very large and sparse (containing many elements which are zero) matrix. This system

of equations is ‘stiff’ in the sense that numerical methods for solving the system are

numerically unstable unless the step size is taken to be extremely small. While there is

no agreed upon definition of stiffness, one metric is the maximum real value of all the

eigenvalues of the Jacobian. Since the system is stiff, the numerical methods used to evolve

the time evolution are important considerations. A number of appropriate convergence
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conditions can be chosen, e.g. a limit on relative abundance changes, a limit on total

abundance change or mass fraction conservation. For most cases it is sufficient to use the

less strict convergence condition of mass fraction conservation since the time derivatives,

Ẏ, are not strongly nonlinear in Y. Once this condition is satisfied, the abundances

evolution moves on to the next timestep. If the condition is not met, the abundances

are reset, the timestep, ∆t is reduced, the matrix is repopulated and solved and the

convergence condition is again tested.

We start our calculations with a code which covers the regime of nuclear statistical

equilibrium. During this stage entropy and density effectively determine all thermody-

namic quantities. From these thermodynamic inputs, the abundances of neutrons, pro-

tons and light elements are calculated with temperature, T9 & 10. Further details can

be found in [52]. The second stage of our simulation employs an intermediate reaction

network from [39]. A PARDISO solver [86, 85] is used to speed up the computational cost

of this very large, sparse matrix. At this point the calculations include electromagnetic,

strong and weak interactions [82]. With temperature in the range 2 . T9 . 10, nuclei of

atomic weight, A . 130, are populated. The often quoted, neutron-to-seed ratio, R, is

typically calculated in this epoch around a temperature of T9 ∼ 3.

Below T9 ∼ 2, charged particle reactions have mostly frozen out and the evolution

of the mass element enters the r-process stage. The reactions which are most important

to the r-process in this stage are neutron capture, photo-dissociation, various β-decay

channels and in very neutron-rich scenarios, fission. At this stage of the calculation, the

abundance change, Ẏ , of each nuclear species (Z,A) can be described by the differential

equation
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Ẏ (Z,A) = λβ(Z − 1, A)Y (Z − 1, A)

+λβ1n(Z − 1, A+ 1)Y (Z − 1, A+ 1)

+λβ2n(Z − 1, A+ 2)Y (Z − 1, A+ 2)

+λβ3n(Z − 1, A+ 3)Y (Z − 1, A+ 3)

+λγ(Z,A+ 1)Y (Z,A+ 1)

+〈σv〉Z,A−1Y (Z,A− 1)ρNAYn

−[λβ(Z,A) + λβn(Z,A)

+λβ2n(Z,A) + λβ3n(Z,A)]Y (Z,A)

−λγ(Z,A)Y (Z,A)− 〈σv〉Z,AY (Z,A)ρNAYn (1.5)

where ρ is the density, NA is Avogadro’s number, 〈σv〉 is Maxwellian averaged neutron

capture cross section, λγ,n is the photo-dissociation rate, λβkn is the β-decay rate with k

emitted neutrons and Yn the free neutron abundance. The set of these equations for each

nuclear species represents our r-process reaction network.

Since nuclear physics uncertainties are large for neutron-rich nuclei, e.g. neutron cap-

ture rates can vary by orders of magnitude between nuclear models, we explore a range

of nuclear physics inputs: Finite Range Droplet Model (FRDM) [59, 82, 81], Extended

Thomas-Fermi with Strutinsky Integral and Quenching (ETFSI) [72, 82, 81] version 17

of the Hartree Fock Bogoliubov model (HFB17) [34]1 and Duflo-Zuker (DZ) [23]. The

neutron capture rates of HFB17 and DZ were calculated using the TALYS code [36]. The

β-decay rates used in our r-process network come from [60].

During the r-process stage, the nuclides begin in (n, γ) � (γ, n) equilibrium. The

length of this equilibrium is controlled by the thermal profile (see discussion of hot vs

cold above, or in later chapters). Once R . 1, equilibrium breaks down the nuclei decay

back to stability. To monitor the progress in this final stage, it is useful to consider

abundance weighted timescales for the primary reaction channels

τnγ ≡
∑

Z>8,A Y (Z,A)∑
Z>8,ANn〈σv〉Z,AY (Z,A)

(1.6a)

1http://www.astro.ulb.ac.be/
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τγn ≡
∑

Z>8,A Y (Z,A)∑
Z>8,A λγn(Z,A)Y (Z,A)

(1.6b)

τβ ≡
∑

Z>8,A Y (Z,A)∑
Z>8,A λβ(Z,A)Y (Z,A)

(1.6c)

These equations define the (n, γ), (γ, n) and β-decay timescales respectively. We can

now associate the subphases of this stage with the abundance weighted timescales. For

instance (n, γ)� (γ, n) equilibrium is marked by τnγ/τγn= 1. During this phase the tem-

perature is still sufficiently high so that neutron captures dominate β-decays (τβ/τnγ� 1)

and the Saha equation can be used to determine abundances along an isotopic chain [22].

During freeze-out, (τnγ/τγn. 1) and the abundance weighted lifetime ratio of β-decay

versus neutron capture falls to τβ/τnγ≈ 1. It is during this phase that the formation

of the rare earth peak proceeds with competition between neutron captures, photo-

disintegrations and β-decays.

After τnγ ≈ a few τβ, the network evolves to the end of the thermodynamic trajectory

with very little changes to the abundances. To ensure that our final abundances are

accurate, we perform additional post-processing to check that the nuclides at the end of

the evolution are mapped appropriately to their stable isotopes. Final abundances from

our reaction network can then be properly scrutinized with other r-process abundances.

1.4 Recent Developments in the r-Process

At the present time, there is significant uncertainty with the astrophysical environment

responsible for the r-process [7, 77]. The leading candidate site [5] is believed to be core-

collapse supernovae e.g [58, 78, 94, 70, 104, 76, 103] even though most recent simulations

do not yield favorable conditions for the r-process [3, 26, 43]. Other candidate sites include

compact object mergers [48, 28, 35, 100, 54, 33, 106, 16], gamma-ray burst outflows

[98, 53, 99], neutrino induced nucleosynthesis in He shells [110, 9], supernova fallback

[30], and collapse of O-Ne-Mg cores [109, 107, 66].

Observations of metal poor stars [90, 91] favors massive stars which mature on very

short timescales. This suggests that core-collapse supernova should be favored over neu-

tron star mergers for the production of the heaviest r-process elements [76]. While there

are some stars which show large variations in elemental abundances, the r-process en-

riched metal poor stars [92, 38, 21, 45, 108] match well with observations of solar abun-
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dances [47, 6] for elements above Barium. This suggests that there is a main r-process

component in the universe which operates over a wide range of metalicity [83]. Recent

observations of Tellurium [84] indicate that A = 130 elements may also be produced

by the main r-process component. The latest solar abundances comes from Lodders et

al. 2009 [49]. The rare earth elements in this data set are some of the most precisely

measured abundances.

Experimentally, it is difficult to measure the properties of the short-lived nuclei far

from stability that participate in the r-process. Recent mass measurements [10, 79] have

shown that increased knowledge of nuclear properties of even a few key nuclei can shed

light on to the processes at work which create the heavier elements in the universe.

Newer facilities using radioactive beams show great promise in this endeavour (e.g. [42,

46]), however current experimental data on neutron-rich isotopes is limited. Thus, r-

process studies must rely not only on model calculations of the environment, but also on

theoretical nuclear models.

Much theoretical effort has been put forth to understand the properties of nuclei far

from stability and their impact on the r-process [37]. Theoretical mass models [59, 72, 34]

have been constructed from the extrapolation of known atomic masses [8]. Thermonuclear

reaction rates have been calculated [81, 82] and estimates for β-decay rates have been

made [60]. The impact of neutron capture rates [1, 11, 95] and β-decay rates [101, 67]

have been studied for elements in the A = 130 and A = 195 peaks. From all of these

studies it is evident that better understanding of nuclear physics will lead to improved

r-process calculations.
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Chapter 2

Formation of the Rare Earth Peak

We study the formation and final structure of the rare earth peak (A ∼ 160) of the

r-process nucleosynthesis. Under high entropy conditions (S > 100kB), the rare earth

peak forms at late times in the r-process after neutron exhaustion (neutron-to-seed ratio

unity or R = 1) as matter decays back to stability. Since rare earth peak formation

does not occur during (n, γ) � (γ, n) equilibrium it is sensitive to the strong interplay

between late time thermodynamic evolution and nuclear physics input. Depending on

the conditions the peak forms either because of the pattern of the neutron capture rates

or because of the pattern of the separation energies. We analyze three nuclear data sets

under different thermodynamic conditions. We find that the subtleties of each nuclear

data set, including separation energies and neutron capture rates, influence not only the

final shape of the peak but also when it forms. We identify the range of nuclei which are

influential in rare earth peak formation.

2.1 Background

The most prominent features in the r-process abundance distribution above atomic mass

number of A = 100 are two distinct peaks occurring at A = 130 and A = 195. It was

hypothesized very early that the formation of these peaks should be associated with the

long β-decay rates of closed neutron shells [15]. Since this seminal paper much effort has

been put into researching the conditions for a sufficient initial neutron-to-seed ratio, a

key requirement in order to produce a ‘main’ r-process out to the third peak (A = 195).

After the two main peaks at A = 130 and A = 195, the second most prominent
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feature above A = 100 is the smaller peak near A ∼ 160 known as the rare earth

peak. While less abundant than the other peaks, the rare earth peak can in principle

be used as a powerful tool and offers an alternative way to probe the r-process. This is

due to the following properties: (1) Observational data from metal-poor stars show very

consistent trends among the rare earth and heavier elements. This suggests that these

elements were created in the same type of synthesis event [89]. Thus, the rare earth peak

provides a natural diagnostic of r-process models. (2) The rare earth peak forms away

from closed neutron or proton shells in freeze-out when a conducive pattern exists in

separation energies or neutron capture rates. This is in contrast to the A = 130 and

A = 195 peaks which form from a combination of long β-decay rates and other nuclear

properties at closed shells. Thus, the rare earth peak is a different and unique probe of

late-time r-process conditions. (3) The rare earth peak is extremely sensitive not only to

late-time thermodynamic behavior, but also to nuclear physics input [97, 64, 4]. Typical

variations in final rare earth abundance patterns from simulations with different nuclear

models are highlighted in Figure 2.1.

To date the rare earth region has received relatively little attention. Fission cycling

has been suggested as a mechanism for obtaining the rare earth peak [17, 87], but it

is not favored as reported in [50]. Large uncertainties found in fission probabilities and

fragment distributions of current nuclear models further compound difficulties with a

successful description of rare earth peak formation by fission cycling [33]. Surman et al.

[97] investigated the formation of the peak in a hot r-process environment with tempera-

tures high enough to support (n, γ)� (γ, n) equilibrium. The formation of the rare earth

peak under these conditions was attributed to the co-action of nuclear deformation and

β-decay as the free neutrons are quickly captured during freeze-out. This was followed by

a study of late-time abundances changes among the major peaks [96]. Otsuki et al. [69]

investigated a range of r-process models and found similar rare earth elemental abun-

dance patterns, provided the temperature was constant during freeze-out. Most recently,

Arcones et al. [4] studied the sensitivity of late-time abundance fluctuations to changes

in the nuclear physics inputs. Arcones et al. [4] pointed out that the rare earth peak is

sensitive to changes at late-times, e.g. to non-equilibrium effects such as neutron capture

even when the abundance of free neutrons can become very low (∼ 10−5).

In this chapter we present a more complete picture of rare earth peak formation under

high entropy conditions, S > 100kB. We explore the sensitivity of the peak formation
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mechanism to late-time thermodynamic behavior and nuclear physics input. The ‘funnel-

ing’ formation mechanism of [97] is reviewed for hot evolutions. We introduce a different

‘trapping’ mechanism for peak formation in cold evolutions where the temperatures and

densities decline relatively quickly and therefore photo-dissociation plays no role in the

late-time dynamics after R = 1. We study the effects of three different nuclear models

and show how large uncertainties in this region stem from nuclear physics. Lastly, we

show that the nuclei which contribute to peak formation are approximately 10 to 15

neutrons from stability, and thus represent prime candidates to be measured in future

radioactive ion beam facilities (FRIB 1 or FAIR 2).

2.2 r-Process Conditions and Calculations

Since rare earth peak formation is highly dependent on the rate of decrease in the tem-

perature and density, we consider rare earth peak formation under two different thermo-

dynamic evolutions. One scenario is a classical ‘hot’ r-process which operates under high

temperatures (T9 & 1) at the time in which neutron captures are important for peak

formation. A second scenario is a ‘cold’ r-process which operates under low temperatures

(T9 ∼ 0.5) at the time in which neutron captures are important for peak formation [105].

We note that the hot and cold terminology does not refer to the entropy, but instead sig-

nifies the differences in the conditions as the r-process nuclides fall out of (n, γ)� (γ, n)

equilibrium. This distinction is critical to determining the important reaction channels

during freeze-out. We briefly discuss this below.

The classical r-process begins with a phase of (n, γ) � (γ, n) equilibrium marked

by an abundance weighted lifetime ratio of neutron capture to photo-dissociation of

τnγ/τγn= 1. During this phase the temperature is still sufficiently high so that neutron

captures dominate β-decays (τβ/τnγ� 1) and the Saha equation can be used to determine

abundances along an isotopic chain [22].

The second phase, known as the freeze-out epoch, is marked by the weakening of

the (n, γ) � (γ, n) equilibrium (τnγ/τγn. 1) and the abundance weighted lifetime ratio

of β-decay versus neutron capture falls to τβ/τnγ≈ 1. It is during this phase that the

formation of the rare earth peak proceeds with competition between neutron captures,

1http://www.frib.msu.edu
2http://www.gsi.de/portrait/fair.html
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photo-disintegrations and β-decays.

In the cold r-process the first phase (n, γ)� (γ, n) equilibrium is dramatically shorter

than the first phase of the classical scenario. Freeze-out is now caused by a rapid drop

in temperature and or density rather than the consumption of free neutrons (as in the

classical case). The bulk of the cold r-process operates in the second phase, under low

temperatures (T9 ∼ 0.5), where photo-disintegrations have frozen out [105].

Once neutron exhaustion (R = 1) occurs in the cold r-process the free neutrons

available to the system must come from the recapture of β-delayed emitted neutrons.

The importance of this effect on the final abundance distribution was noted in [25, 4].

This recapture effect is crucial to peak formation as can be seen from the fact that

malformed abundance distributions result if β-delayed neutron emission is artificially

turned off (see [4]).

Our calculations consists of a nuclear reaction network containing r-process relevant

nuclides as described in [97, 96]. Previous versions of this network code have been used

in the studies of Beun [11] and Surman [95]. The primary reaction channels for nu-

clides in this section of the reaction network are beta-decay, neutron capture, and photo-

dissociation. Our fully implicit r-process reaction network handles consistently neutron

capture rates at low temperatures and calculations with low abundances of free neutrons,

both important for simulations with cold evolutions. For the initial abundances we use

self-consistent output from an intermediate reaction network [39] with PARDISO solver

[86].

Our r-process calculations start at T9 = 2 with densities ρ ≈ .9 · 104 g/cm3 for

hot evolutions with entropy per baryon S = 200 in units of Boltzmann’s constant, and

electron fraction Ye = .30 and ρ ≈ .5 · 104 g/cm3 for cold evolutions with S = 300 in and

Ye = .40. Before T9 = 2 our calculations evolve with timescale τ = 80 ms. The range of

timescales, τ , which are conducive to rare earth peak formation can be seen in Figure

1 of [64] for both a hot and cold r-process evolutions. At T9 = 2, the neutron-to-seed

ratios are R ≈ 45 and R ≈ 35 respectively. We study the late-time hot and cold r-

process evolutions in the context of a monotonically decreasing temperature with density

parameterized as:

ρ(t) = ρ1exp(−t/τ) + ρ2

(
∆

∆ + t

)n
(2.1)

where ρ1 + ρ2 is the density at time t = 0, 3τ = τdyn, ∆ is a constant real number,
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and n controls the type of late-time r-process evolution (the time when rare earth peak

formation occurs). The early time behavior of the outflow is dominated by the first term

on the right hand side while the late time behavior is dominated by the second term.

For hot r-process evolutions we set n = 2 and for cold r-process evolutions we set n = 6.

A decaying density of n = 2 is characteristic of wind models [56, 71] at late times while

n = 6 represents a faster decline.

We show in Figure 2.2 the temperature as a function of time for our evolutions (n = 2

and n = 6) and two other evolutions ‘m’ [56] and ‘pj’ [71] previously used in the literature

as hot and cold r-process scenarios respectively. In each case the temperature is calculated

self-consistently assuming constant entropy [52]. The rare earth peak forms by the hot

mechanism in the n = 2 and ‘m’ evolutions and by the cold mechanism in both n = 6

and ‘pj’ evolutions.

We use three different nuclear data sets in our nucleosynthesis calculations: Finite

Range Droplet Model (FRDM) [59], Extended Thomas-Fermi with Strutinsky Integral

and Quenching (ETFSI) [72] and version 17 of the Hartree Fock Bogoliubov masses

(HFB-17) [34]. The FRDM and ETFSI-Q neutron capture rates are from [82] and were

computed with the statistical model code NON-SMOKER [81]. The HFB-17 neutron cap-

ture rates are from the publicly available Brusslib online-database 3 and were computed

with the statistical model code TALYS [36], which is also publicly available. The HFB

nuclear model is under constant development and is therefore updated with the latest

experimental data and theoretical techniques 4. The β-decay rates used in our r-process

network come from [60].

2.3 Peak Formation in Hot Environments

The mechanism for rare earth peak formation in hot environments was first described in

[97]. We review the basic physical arguments in this section.

Under hot conditions the r-process path (time ordered set of most abundant isotopes)

traverses the NZ-plane between the line of stability and the neutron drip line. The path

is initially constrained by (n, γ) � (γ, n) equilibrium and is thus found to lie on a line

of constant separation energy via the Saha equation. As the free neutrons are consumed,

3http://www.astro.ulb.ac.be/
4http://www.astro.ulb.ac.be/
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the path moves back toward stability and (n, γ) � (γ, n) equilibrium begins to break

down. During this freeze-out from equilibrium, rare earth peak formation can potentially

occur. In our calculations we determine the location of the r-process path by computing

an abundance weighted average over isotopic chains.

The necessary and sufficient conditions for peak formation are as follows: (1) a de-

formation maximum or other nuclear structure effect must produce a kink in the lines

of constant neutron separation energy around A ∼ 160, and (2) the r-process path must

traverse this kink region during freeze-out, before β-decay takes over in the region. The

latter allows for the interplay of neutron capture, photo-dissociation and β-decay as the

r-process path crosses the region which contains the separation energy kink.

During peak formation, the r-process path moves toward stability at a rate approx-

imately equal to the average β-decay rate along the path. The separation energy kink

causes a corresponding kink in the r-process path as material moves through this impor-

tant region. This provides a mismatch between the β-decay rates of material below and

above the kink. Due to the kink in the path, nuclei below the peak (A = 150 to A = 158)

are farther from stability and so β-decay faster than the average nuclei along the path.

Since the nuclei below the peak decay faster than the path moves, these nuclei then pro-

ceed to capture neutrons in an attempt to return the r-process path back to equilibrium.

Conversely, due to the kink in the path, nuclei above the peak (A = 168 to A = 180) are

closer to stability and so β-decay slower than average along the path. The path therefore

moves before these nuclei have a chance to decay and so they photo-dissociate to shift

the r-process path back to equilibrium. In the peak region (A = 159 to A = 167) some

nuclei are still in (n, γ)� (γ, n) equilibrium which limits the amount of material flowing

out of the peak region in either direction. The net result causes material to funnel into

the peak region, creating the local maximum.

The essence of this effect is shown in Figure 2.3. At neutron exhaustion, R = 1 (left

panel), the r-process is just beginning to break from (n, γ) � (γ, n) equilibrium. Here

the path lies along a line of constant separation energy (∼ 3.0 MeV) and the abundances

show an odd-even effect due to the population of primarily even-N nuclei in equilibrium.

No peak exists at this time.

Later in the simulation (right panel), peak formation occurs as the path encounters

the region with the separation energy kink. The separation energy kink causes the kink

in the r-process path. Nuclei along the path in the peak region have β-decay rates which
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range from 1 s−1 (above the kink) to 10 s−1 (below the kink). The resultant photo-

dissociation above the kink and β-decay followed by neutron capture below the kink

causes material to funnel into the peak region.

2.4 Peak Formation in Cold Environments

In the previous section we analyzed rare earth peak formation in hot evolutions and found

that photo-dissociation was crucial in peak formation. However, we also find well formed

solar-like rare earth peaks in simulations of cold environments where photo-dissociation

plays no role in the dynamics after R = 1.

After R = 1, the cold r-process path is controlled on average by the competition

between neutron captures and β-decays τβ/τnγ≈ 1. Locally, over the rare earth region,

the exact position of the path is more complicated due to the variation among individual

rates.

As the material decays back to stability peak formation will ensue if the path encoun-

ters a peak region where neutron capture rates are slow relative to the above and below

regions. The essence of the effect is that slow neutron capture rates in the peak region

cause a bow (inwards towards stability) in the lines of constant neutron capture rates

relative to the lines of constant β-decay rates thus causing material to become trapped

in the peak region.

The cold formation mechanism is shown in Figure 2.4. The left panel shows a snapshot

of the abundance pattern and rates at neutron exhaustion, R = 1. At this point in time

the r-process path is still influenced by residual photo-dissociation flows. This is reflected

in an odd-even effect in the abundances and flat r-process path (similar to hot evolutions).

However, the photo-dissociation rates are decreasing so rapidly they play no further role in

the dynamics after this point. Shortly, the neutron capture rates will become comparable

to the β-decay rates and large odd-even behavior of the abundances will be washed-out

[28]. In fact, this has already begun to happen as can be seen with the slight bowing of

the neutron capture rate lines in the peak region (A = 159 to A = 167).

At a slightly later time in the simulation (right panel of Figure 2.4) the system has

moved closer to stability and the r-process path now encounters the slower capture rates

in the peak region. Below the peak (A = 150 to A = 158) neutron captures occur much

faster than β-decay rates along the r-process path, so the net result is material shifting
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towards the peak region. In the peak region the path encounters the slow capture rates

(note the bowing of the neutron capture rate lines) so that any material being shifted

into the peak region becomes hung up. Above the peak (A = 168 to A = 180) the flow of

material is again dominated by the relatively faster neutron capture rates. The net result

is trapping of material into the peak region.

Another interesting feature found when using this set of nuclear data in the right

panel of Figure 2.4 is the trough to the left of the peak. A trough can occur if a gap in

the r-process path proceeds for long periods of time as matter decays back to stability.

Along a gap in the r-process path the neutron capture rates are relatively fast resulting

in movement of material to more neutron-rich isotopes and a depletion of material in the

gap region.

In our figures, the lines of constant neutron capture rates have been averaged over

even-N nuclei. Even-N neutron capture rates are more important to rare earth peak

formation because at a given temperature, odd-N nuclei have faster neutron capture

rates which causes material to pass through the odd-N nuclei quickly. Thus material

builds up (or stays) in even-N nuclei which sets the r-process path. The importance of

individual neutron capture rates in the rare earth peak was highlighted in [64].

2.5 Influence of Nuclear Data on Rare Earth Peak

Formation

From the previous two sections it is clear that the details of the late-time thermody-

namic evolution are critical in setting the relevant nuclear physics and thus determine

the mechanism for peak formation.

Despite the differences in peak formation mechanisms, we find that the final abun-

dances among simulations with the same nuclear data yet differing late-time thermody-

namic behavior can be remarkably similar. This is in contrast to the differences found in

the final abundance pattern when comparing between nuclear data sets with similar ther-

modynamic conditions. In this section we focus on the influence of different separation

energies and neutron capture rates on rare earth peak formation.

A successful peak formation is imprinted on the final abundances in a cold evolution

when the r-process path encounters structure in the neutron capture rates and this

structure lasts until the point at which β-decays take over neutron captures in the region
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(τREPnγ ≈ a few τREPβ ).

A successful peak formation occurs in a hot evolution when the r-process path en-

counters a local deformation maximum leading to a well-defined kink structure in the

separation energies in the rare earth region.

For a given nuclear model, the structure of neutron capture rates and the structure of

the separation energies may not align in the NZ-plane. This in turn can affect the timing

and location of peak formation and hence the nuclei which are relevant.

Odd-even effects in the abundances can accumulate or persist through the decay

back to stability resulting in visible features in the final abundances. Smoothing of the

abundances usually occurs in between neutron capture freeze-out (τREPnγ = τREPβ ) and

the time in which β-decays fully take over neutron captures in the region (τREPnγ ≈
a few τREPβ ), however this may not always happen.

We now discuss three different nuclear models in this context. Since separation en-

ergies vary among nuclear data we instead (for consistency) use 〈δN〉, the abundance

weighted average neutrons from stability, to measure the r-process path’s progression.

Compared to the other nuclear models studied here, we find that simulations which

use the FRDM nuclear data best match the solar data in the rare earth peak region in

both hot and cold evolutions. In fact we find (in agreement with previous studies [97, 4])

that the FRDM nuclear model is the only model to show a well-formed rare earth peak

consistently in the final abundance pattern.

Simulations with the FRDM nuclear data do not consistently form rare earth peaks

far from stability (〈δN〉 > 20). Instead, peak formation ensues when the path is much

closer; on average in between 15 and 20 neutrons away from stability. We can see the

evolution of the peak region for a cold FRDM evolution in Figure 2.5. At 〈δN〉 ∼ 20 (top

panel) the structure in the capture rates has yet to manifest itself resulting in relatively

flat abundances. As the path moves back to stability, 〈δN〉 ∼ 15 (middle panel), it

encounters nuclei in the peak region with relatively slower neutron capture rates than

the surrounding regions (note the bending in the red lines). These conditions persist all

the way back to stability resulting in a well-formed rare earth peak. A similar scenario

occurs in hot evolutions; see Figure 2.6.

FRDM shows a slight overlap between neutron capture structure and separation

energy structure. The structure in the separation energies occurring between 〈δN〉 ∼
12 to 20 and the structure in the capture rates occurring between 〈δN〉 ∼ 10 to 15. This
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delays peak formation in cold scenarios until around 15 neutrons from stability, while

hot evolutions typically begin peak formation approximately 20 neutrons from stability.

Simulations with the ETFSI nuclear model consistently form a solar-like rare earth

peak far from the stable nuclei (〈δN〉 & 20). This is most apparent in colder simula-

tions (see right panel of Figure 2.4). However, this is not the end of the story as the

material must decay back to stability. Figure 2.7 highlights this transition at an abun-

dance weighted average of 〈δN〉 ∼ 20 (top panel), 15 (middle panel) and 10 (bottom

panel) neutrons from stability. As the decay back to stability proceeds the r-process path

encounters nuclei whose neutron capture rates become homogeneous around the peak re-

gion. This slowly dissolves the structure, flattening the lines of constant neutron capture

rates (compare top and middle panels). By the time the path is on average 15 neutrons

away from stability (middle panel) the cold trapping mechanism can not continue be-

cause neutron capture rates in the peak region are no longer slower than the surrounding

regions. These conditions persist back to stability resulting in a final abundance pattern

with a more modest rare earth peak.

Solar-like rare earth peaks form far from the stable nuclei in ETFSI models under

hot evolutions as well. Far from stability, the structure (kink) in the separation energies

results in the hot peak formation mechanism. Like the FRDM case, the separation energy

kink in ETFSI disappears as one moves closer to stability. However, the kink disappears

while neutron captures are still dominant (τREPnγ . τREPβ ) far from stability (〈δN〉 > 20)

resulting in a flattened final abundance distribution; see Figure 2.8.

In this nuclear data set, the structure in the separation energies occurs farther from

stability (〈δN〉 > 20) than the structure seen in the neutron capture rates (〈δN〉 ∼ 20)

influencing peak formation in a similar fashion to the FRDM case. The gross separation

energy structure occurs very early on “before” the top panel of Figure 2.8 and has already

dissolved by 〈δN〉 ∼ 20.

Version 17 of the HFB nuclear model is optimized to over 2000 measured masses

from [8] corresponding to a root mean square error of . 0.6MeV. This data set features

detailed structure in the separation energies but little overall structure in the neutron

capture rates. These features are reflected in our r-process abundances.

Figure 2.9 shows the decay back to stability of a cold r-process using HFB-17. At

every snapshot, highlighting the r-process path’s decay back to stability, we do not find

the structure in the neutron capture rates as is found in the other two nuclear models.
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It is this relative homogeneity in the neutron capture rates throughout the rare earth

region which prevents the trapping mechanism from occurring in cold evolutions.

In hot r-process evolutions the situation is more intricate than for the corresponding

cases of the other two nuclear models. The detailed structure in the separation energies

results in a complex separation energy kink structure in the rare earth region. However,

due to the lack of gross structure as the separation energy increases (i.e. during the decay

back to stability) the funneling mechanism cannot operate. This can be seen in Figure

2.10 and illustrates the subtleties involved in forming the rare earth peak.

In the above discussion we consider one hot and one cold evolution. In Figure 2.11 we

highlight astrophysical conditions which produce rare earth peaks that best match the

solar pattern. The shaded regions contain rare earth peaks which fit the solar data better

than a constant abundance, Y (A) = constant, matches the solar pattern. The hot peak

formation mechanism operates between n ∼ 2 and n ∼ 5 while the cold peak formation

mechanism operates above n ∼ 5. Fission is included and operates for entropies above

S = 200 with Ye = .30 and above S = 300 with Ye = .40. These computations contain

asymmetric fission using daughter products outlined by [88], resulting in one daughter

product being proportionally heavier than the other.

The discussion in this section showcases the need for nuclear structure measurements

far from stability. As we have seen, the nuclei that are important for rare earth peak

formation lie in between 10 and 20 neutrons away from stability. Furthermore, it is the

nuclei which are the closest to stability, those in between 10 and 15 neutrons from stability,

which are most influential to peak formation as they set or potentially dissolve the peak

structure all together. In Figure 2.12 we highlight these influential nuclei in shades of blue

with darker colors representing more important nuclei. We also show recent experimental

mass measurements from ISOLTRAP5 and JFYLTRAP6 highlighted in green and known

masses from [8] denoted by gray boxes. Known neutron capture rates from the online

CSISRS7 database are shaded in red.

5http://isoltrap.web.cern.ch
6https://www.jyu.fi/fysiikka/en/research/accelerator/igisol/trap
7http://www.nndc.bnl.gov/exfor
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2.6 Conclusions

We have studied the evolution of the rare earth peak at late-times (low neutron-to-seed

ratio) under high entropy (S > 100kB) r-process conditions and offer new insight into

its formation. To take into account uncertainties with nuclear physics in the region our

calculations employed three sets of nuclear data (FRDM, ETFSI, and HFB-17).

Two late-time evolutions were considered: A hot r-process with temperatures high

enough to support (n, γ) � (γ, n) equilibrium and a cold r-process with lower temper-

atures where there are no photo-dissociation flows, only competition between neutron

captures and β-decays after R = 1. By studying the late time evolutions we show that

development of the rare earth peak is strongly influenced by separation energies and neu-

tron capture rates of nuclei in this region. The differences in late-time evolution (hot vs

cold) determine which nuclear physics input is important (separation energies vs neutron

capture rates respectively) during the final stages of the r-process.

In hot evolutions the combination of photo-dissociation, neutron capture and beta-

decay results in a mechanism which funnels material into the peak region. A successful

peak formation in hot evolutions is imprinted on the abundance pattern when the struc-

ture in the separation energies, the ‘kink’, is well defined and the r-process path crosses

the kink region during the (n, γ)� (γ, n) freeze-out.

We contrast this with the peak formation mechanism which occurs in cold r-process

environments. Here the important nuclear physics for peak formation lies in the local

structure of the neutron capture rates. When the neutron capture rates are slow in the

peak region relative to the surrounding regions (creating the characteristic ‘bow’ in the

lines of constant neutron capture rates) material can become trapped in the peak region,

thus forming the peak. A successful peak formation in cold evolutions is imprinted on

the abundance pattern when the structure in the neutron capture rates lasts until the

point at which β-decays take over neutron captures in the region (τREPnγ ≈ a few τREPβ ).

Therefore, future studies of β-decay rates are warranted.

The rare earth peak is extremely sensitive to the subtleties of nuclear physics input.

Neutron capture is particularly important in both hot and cold evolutions. For instance,

we find that neutron capture can play two competing roles in peak formation: it can

be responsible for creating the peak, but also for potentially dissolving the peak (wash-

out). Neutron capture rate structure and separation energy structure in the same nuclear

model may not overlap in the NZ-plane. This in turn can affect the timing and location
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of peak formation in different thermodynamic conditions.

We have shown that the rare earth peak in principle offers unique insight into the late-

time behavior of the r-process under high entropy conditions because it forms away from

the closed shells during freeze-out while material decays back to stability. Rare earth peak

formation is sensitive to the structure of separation energies and / or neutron capture

rates about 10 to 15 neutrons away from the stable rare earth peak. Future measurements

at radioactive ion beam facilities could reach this important region and will be critical

in placing constraints on nuclear models. This in turn will lead to improved r-process

predictions; allowing the rare earth peak to evolve into a powerful tool for understanding

the r-process.
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Figure 2.1: The resultant rare earth peaks from simulations with different nuclear mod-
els. FRDM [59] (blue triangles), ETFSI [72] (green squares) and HFB-17 [34] (red cir-
cles) are shown along with the solar r-process abundance pattern, black line, N�,r versus
atomic mass (data from [47]). The same colors and geometric markers for each nuclear
model will be used in the remaining figures.
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Figure 2.2: Temperature evolutions for our parameterized outflows (n = 2 and n = 6)
and two other evolutions (m and pj). The rare earth peak forms in each evolution.
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Figure 2.3: Shows how the rare earth peak forms under hot environments when the r-
process path encounters the kink in the separation energies. Each left (a) and right (b)
panel shows a snapshot of an abundance pattern along with separation energies (MeV),
β-decay rates (s−1), and r-process path from a simulation with the FRDM nuclear model.
The left panel is a snapshot at neutron exhaustion, R = 1. The right panel is a snapshot of
the r-process path beginning to move closer to stability while the peak forms. Connected
black triangles represent the r-process path. Dotted blue lines represent constant total
β-decay rate for even-N nuclei. Solid green lines represent constant separation energy
for even-N nuclei. Faint diagonal dotted lines delineate the borders of the peak region
(A = 159 to A = 167). Stable isotopes are shown by unfilled squares.
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Figure 2.4: Shows how the rare earth peak forms under cold environments when the
r-process path encounters slower neutron capture rates in the peak region. Each left (a)
and right (b) panel shows a snapshot of an abundance pattern along with neutron capture
rates (s−1), β-decay rates (s−1), and r-process path from a simulation with the ETFSI
nuclear model. The left panel is a snapshot just after neutron exhaustion, R = 1. The
right panel is a snapshot showing the abundance pattern and rates as the r-process path
begins to move closer to stability and the peak begins to form. Connected black squares
represent the r-process path and red lines represent constant neutron capture rates for
even-N nuclei. All other markers are the same as Figure 2.3.
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Figure 2.5: A successful rare earth peak formation under a cold evolution with FRDM
nuclear data occurs when the structure in the neutron capture rates lasts all the way to
stability. The structure in the neutron capture rates is not yet present at 20 neutrons
away from stability (a). However, the structure in the neutron capture rates becomes
evident when the path is 15 neutrons away from stability (b), continuing until the abun-
dance pattern has frozen out completely. Neutron capture rates (solid red), β-decay rates
(dotted blue), r-process path (filled squares in right column) and abundance snapshots
(left column) are shown at 20 (a), 15 (b) and 10 (c) neutrons away from stability. In
panel (d) the final abundances are shown.
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Figure 2.6: A successful rare earth peak formation under a hot evolution with FRDM
nuclear data. The r-process path encounters the well-defined separation energy kink in
between 20 and 15 neutrons away from stability in the peak region; see panels (a) and
(b). The separation energy kink does not last, panel (c), but by this time β-decays have
taken over and the abundances have nearly frozen-out. Separation energies (solid green),
β-decay rates (dotted blue), r-process path (filled triangles in the right column) and
abundance snapshots (left column) are shown at 20 (a), 15 (b) and 10 (c) neutrons away
from stability. In panel (d) the final abundances are shown.
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Figure 2.7: Neutron capture rates (solid red), β-decay rates (dotted blue), r-process path
(filled squares in the right column) and abundance snapshots (left column) are shown
at 20 (a), 15 (b) and 10 (c) neutrons away from stability as the peak evolves during
late-times in this cold ETFSI simulation. The rare earth peak forms far from stability
(a). However, it is washed out by the slow reduction in the structure of neutron capture
rates of nuclei closer to stability (b). At 10 neutrons away from stability (c) the neutron
capture rates are slower than β-decay rates, so that only small changes to the abundance
pattern occur after this point. Hence the disappearance of the lines of constant neutron
capture rates in (c). Final abundances shown in panel (d).
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Figure 2.8: The rare earth peak begins to form far from stability in this hot ETFSI sim-
ulation (a) due to the separation energy kink structure beyond 20 neutrons from stability
(not shown). However, it is washed out by the slow reduction in the kink structure of
the separation energies of nuclei closer to stability (b). Separation energies (solid green),
β-decay rates (dotted blue), r-process path (filled squares in the right column) and abun-
dance snapshots (left column) are shown at 20 (a), 15 (b) and 10 (c) neutrons away from
stability. Final abundances shown in panel (d).
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Figure 2.9: The final rare earth peak (d) is relatively flat (as compared to the solar
rare earth peak) in this cold HFB-17 simulation. This occurs when the r-process path
encounters a lack of neutron capture rate structure throughout the NZ-plane in the peak
region. Neutron capture rates (solid red), β-decay rates (dotted blue), r-process path
(filled circles in the right column) and abundance snapshots (left column) are shown at
20 (a), 15 (b) and 10 (c) neutrons away from stability as in previous figures.

32



cm-3

cm-3

cm-3

s

s

s

(a)

(b)

(c)

(d)

155
35

3.5
4.0

4.5

1

15

5

5.5
5.0

4.5

1
0.1

5
5.5

6.06.5

x

x

x

Figure 2.10: The final rare earth peak (d) is relatively flat (as compared to the solar
rare earth peak) in this hot HFB-17 simulation. While there is detailed structure in the
separation energies, there is little gross structure on the scale of the rare earth peak.
The slight abundance bump off-center of the actual peak region is due to the complex
structure in the separation energies found off-center from the peak region. Separation
energies (solid green), β-decay rates (dotted blue), r-process path (filled circles in the
right column) and abundance snapshots (left column) are shown at 20 (a), 15 (b) and 10
(c) neutrons away from stability as in previous figures.
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Figure 2.11: Shows the regions which produce a rare earth peak that best match the
solar pattern. The hot rare earth peak formation mechanism operates between n ∼ 2 and
n ∼ 5. The cold mechanism operates above n ∼ 5. Panels (a), (b) and (c) on the first
row have Ye = .30. Panels (d), (e) and (f) on the second row have Ye = .40. Columns
correspond to the same nuclear data: ETFSI (a) and (d), FRDM (b) and (e), HFB-17
(c) and (f).
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Figure 2.12: Highlights the nuclei which are important to rare earth peak formation. The
most influential nuclei are closer to stability in darker shading as they set or potentially
dissolve the peak structure. Also shown is the current extent of experimental data for
the rare earth elements. Isotopes with measured masses in the AME2003 mass table
are highlighted light gray. Recent ISOLTRAP and JFYLTRAP mass measurements are
highlighted green and cross section data from the online CSISRS database are highlighted
red. Stable isotopes are shown by unfilled squares as in previous figures.
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Chapter 3

The Rare Earth Peak: An r-Process

Constraint

The astrophysical site or sites responsible for the r-process of nucleosynthesis still remains

an enigma. Since the rare earth region is formed in the latter stages of the r-process

it provides a unique probe of the astrophysical conditions during which the r-process

takes place. We use features of a successful rare earth region in the context of a high

entropy r-process (S & 100kB) and discuss the types of astrophysical conditions that

produce abundance patterns that best match meteoritic and observational data. Despite

uncertainties in nuclear physics input, this method effectively constrains astrophysical

conditions.

3.1 Background

Among many open problems in modern nuclear astrophysics, a complete understanding

of the rapid neutron capture or “r-process” remains one of the greatest challenges. The

r-process is believed to be responsible for approximately half the heavy elements above

the iron group. There are many promising candidate sites for this synthesis process,

however the exact astrophysical site has not yet been identified; for reviews see [7, 77].

Some examples of candidate sites include high-entropy supernovae ejecta [58, 78, 94, 104],

compact object mergers [48, 55, 28, 35, 100, 54], neutrino induced nucleosynthesis in He

shells [110, 9], or possibly γ-ray burst scenarios [98, 53, 99].

The study of the r-process is further complicated by the short lived nuclides far from
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stability. Recent experiments have led to measurements on some nuclides participating

in the r-process e.g. [42, 51, 80, 10, 46, 41, 68, 79]. However current experimental data on

neutron-rich isotopes is sparse; see e.g. Figure 12 in [65]. Therefore, theoretical extrapo-

lations must be used as no experimental data are available [37]. Much theoretical work

is on going to understand the properties of nuclei far from stability and their impact on

the r-process, see e.g. [59, 72, 81, 82, 60, 13, 95, 34, 65, 2, 101].

In 1956 Suess and Urey [93] demonstrated the existence of the A = 130 and A = 195

peaks in an improved distribution of solar abundances. The prominent abundance features

seen in this curve were quickly attributed closed neutron shells occurring at magic neutron

numbers [15]. The rare earth peak (A ∼ 160), lying away from closed neutron shells, must

occur by a different mechanism.

Three mechanisms have been proposed for the formation of the rare earth peak. (1)

It has been hypothesized that this peak may form by fission cycling if the distribution of

fission fragments in (A,Z) is favorable [17, 87, 50, 33]. (2) [97] discovered that the rare

earth peak can form during freeze-out as material decays back to stability. Crucial to this

argument was that this mechanism occur in a ‘hot freeze-out’, with temperature high

enough to support significant photo-dissociation flow. This allowed material to ‘funnel’

into the peak in an attempt to sustain (n, γ) � (γ, n) equilibrium. [69] found similar

abundance patterns provided the temperature was constant during freeze-out. (3) A third

mechanism has also been found for lower temperature environments where a ‘cold freeze-

out’ may occur [65]. In this scenario the temperature dependent photo-dissociations flow

is not present, however the rare earth peak may still form by a trapping mechanism

involving slow neutron capture rates in the region. The formation process, in addition to

being sensitive to freeze-out conditions was also shown to be sensitive to nuclear physics

inputs [65, 4].

One of the most intriguing results to date regarding r-process yields is that the stable

elements observed in galactic halo stars (much older than the sun) with 56 . Z . 80,

including the rare earth elements (Z = 57 to Z = 71), are consistent with the scaled

solar r-process elemental abundances e.g. see [92]. This is fascinating because it suggests

these elements were formed by an r-process mechanism which operates over a wide range

of metallicity, e.g. see [19].

An understanding of the production of the rare earth elements can be used to probe

the freeze-out conditions of the r-process mechanism(s) which operates over a wide range
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of metallicity. This approach complements previous calculations which have focused on

the conditions at the onset of the r-process i.e. the neutron-to-seed ratio [40, 57, 28].

In this paper, we introduce three new rare earth peak constraints on astrophysical

conditions in the context of the site of the r-process. Using the formation of the rare

earth peak as our key constraint, we isolate freeze-out conditions which are favorable

for the production of these elements. We compare final abundances from simulations to

both the elemental abundances of halo stars and the isotopic abundances of r-process

residuals. It is essential to note that (1) the r-process abundance pattern we observe may

come about from a superposition of abundance patterns made from different conditions

in the same astrophysical environment and (2) there exists significant variation between

the final abundances using different nuclear models. We take this into consideration by

averaging over and computing the variance of final abundances given different nuclear

models and conditions. This allows us to compare final abundances, with error bars, to

meteoritic and observational data.

3.2 r-Process Model

The final abundances are highly dependent on the rate of decline in the temperature and

density during the last stage of the r-process [4, 65]. Among many possibilities, two ther-

modynamic evolutions are noteworthy and could occur in any astrophysical environment.

A ‘hot’ freeze-out which proceeds under high temperatures (T9 & 0.6) when material de-

cays back to stability and a ‘cold’ freeze-out which proceeds under low temperatures

(T9 . 0.6) when material decays back to stability, e.g. [105].

We contrast the differences in the evolution of the rare earth region between the two

thermodynamic trajectories in Figure 3.1. The trajectories used in this figure are from [65]

and the values in the timeline represent typical simulations which produce a satisfactory

rare earth region compared to the solar isotopic abundances. Figure 3.2 highlights the

free neutron abundance, Yn, during these calculations and compares them to two more

calculations which include fission. We note that all of the simulations studied here shown

qualitatively similar behavior.

The rare earth region typically breaks from (n, γ) � (γ, n) equilibrium at T9 ∼
1, represented by point A in the figure. In the hot evolution, this is due to neutron

exhaustion (R = 1) while in the cold evolution this is due to the rapidly dropping

38



density. Once the neutron-to-seed-ratio is unity, point B, the rare earth peak may begin

to form [97, 65]. This process usually lasts until β-decays take over neutron captures

in the region, point C. However, small changes in the pattern can continue after point

C, until τREPnγ ≈ a few τREPβ (not shown in the figure). The abundance averaged neutron

separation energy is denoted by 〈Sn〉. Following this quantity along the timeline we clearly

see the rare earth peak forms as the nuclides decay back to stability (increasing values of

〈Sn〉) and that cold freeze-out calculations typically extend farther from stability, closer

to the neutron dripline than hot freeze-out calculations. For further discussions of late

time r-process dynamics see [97, 96, 4, 64, 65].

In order to probe the conditions which are ideal for the r-process as matter decays

back to stability, we study a range of possible outflow parameterizations. Our model

consists of a monotonically decreasing temperature with density parameterized as:

ρ(t) = ρ1exp(−t/τ) + ρ2

(
∆

∆ + t

)n
(3.1)

In equation 3.1, t denotes simulation time, ρ1 + ρ2 is the initial density at time

t = 0, 3τ = τdyn with τdyn the dynamical timescale and ∆ is a constant real number.

For our calculations we take τ ∼ 27ms. The combination of τ and entropy per baryon,

S, determines the distribution of seeds and the value of R at the onset of the neutron

capture phase. We hold τ constant and vary S in our calculations. The parameter n

sets the thermodynamic behavior of the evolution at a low neutron-to-seed ratio. A hot

r-process evolution has typical values of n ∼ 2 which is characteristic of wind models

[56, 71]. Values of n & 5 are typical of cold r-process evolutions and correspond to a

faster decline [105].

Our r-process calculations are conducted with a nuclear reaction network which in-

cludes approximately 4000 nuclides relevant to the r-process. This code is fully dynamic

in the sense that it does not assume any equilibrium conditions. The initial abundances

for these nuclides are taken from an intermediate reaction network [39] with PARDISO

solver [86]. During the decay back to stability the primary reaction channels are neutron

capture, photo-dissociation, beta-decay, beta-delayed neutron emission, spontaneous fis-

sion and beta-delayed fission.

Asymmetric fission is included during these freeze-out calculations [88] and operates

for entropies above S = 200kB with proton to nucleon ratio or electron fraction, Ye = .30

and above S = 300kB with Ye = .40. However, in these calculations, fission is not
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particularly important to the abundances at or above the atomic mass range of the

rare earth peak until S ∼ 275kB for Ye = .30 and S ∼ 375kB for Ye = .40.

To account for uncertainties in nuclear physics our nucleosynthesis calculations use

three different nuclear data sets: Finite Range Droplet Model (FRDM) [59, 82, 81], Ex-

tended Thomas-Fermi with Strutinsky Integral and Quenching (ETFSI-Q) [72, 82, 81]

and version 17 of the Hartree Fock Bogoliubov model (HFB-17) [34, 36]1. We note that

the β-decay rates used for our calculations are only consistent with the FRDM nuclear

data set. Since we arrive at our main conclusions after taking averages over and variances

due to differences in nuclear models, we expect relatively small quantitative changes in

our results from this approximation. However, caution is warranted when attempting

to judge the validity of individual nuclear models. The consistency of nuclear data for

nuclear astrophysics investigations remains the subject of future research.

3.3 Comparing Simulations to Data

In this section we compare final abundances to both halo star and solar data. We now

comment on each of these data sets.

Spectroscopic observations of galactic halo stars are useful in learning about the

nature of nucleosynthesis processes that occur early in the history of the galaxy; see [92]

and references within. The consistency of the rare earth elemental abundance data among

metal-poor halo stars is quite remarkable. This evidence suggests that these elements were

synthesized in the same type of synthesis event [89] and by a mechanism which operates

over a wide range of metallicity, for review see [20]. Early galactic halo stars also provide

an important diagnostic for r-process models as the s-process, occurring primarily in

lower mass AGB stars, is not believed to have occurred yet.

We compare simulations to an averaged data set of five r-process rich halo stars:

CS22892-052 [92], CS31082-001 [38], HD115444 [108], HD221170 [45], and BD+17°3248

[21]. This averaged data set represents a typical r-process rich halo star. Before averaging

the halo star data we arbitrarily normalized each halo star data to logε(Z = 63) = 0. We

note that this choice of scaling is not critical to the analysis and has been used elsewhere

in the literature, e.g. in [83]. We denote the averaged halo star elemental abundances as

H(Z).

1http://www.astro.ulb.ac.be/
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The solar isotopic abundance pattern corresponds to a superposition of many different

events before the origin of the solar system [47, 6, 20, 49]. A further complication arises

when using solar data because in order to extract the solar r-process residuals, s-process

components must be known accurately [47, 6, 83]. Despite these intricacies, solar r-

process elemental yields for the rare earth region are strikingly similar to the elemental

abundances of metal-poor, r-process rich halo stars. This means that solar data can also

be used to constrain favorable freeze-out conditions with the additional advantage of

isotopic information.

In the follow analysis we use the most recent solar data from [49]. This data set

contains accurately measured abundances among the rare earth elements. To obtain r-

process residuals, N�,r, we take this solar data and subtract from it the stellar model

s-process abundances from [6]. The r-process residuals, N�,r, are in good agreement with

previous data sets [47, 6].

3.3.1 Definitions

In this sub section (3.3.1) we introduce a series of definitions that we use in the remainder

of section 3.3 to compare simulation to data.

To compare simulations to halo star abundance data, H(Z), we first perform in-

dividual calculations using the three nuclear data sets (FRDM, ETFSI, HFB17) with

conditions varying between 0 ≤ n ≤ 10, 100kB ≤ S ≤ 400kB, and with Ye = .30 or

Ye = .40. We then proceed to take an average of the final abundances from simulations

over the different nuclear data holding the conditions constant (n,S,Ye). We then com-

pare (1) element by element the rare earth peak (A = 159 to A = 167 or Z = 64 through

Z = 68) and (2) the ratio of total abundance in the rare earth peak to the platinum peak

(A = 195 or Z = 78) of the averaged simulation output to the corresponding values of

our compiled halo star.

To accomplish the first comparison we use GREP
Z where,

GREP
Z ≡

∑Z=68
Z=64(αY (Z)−H(Z))2∑Z=68

Z=64H(Z)2
(3.2)

In equation 3.2, Y (Z) ≡
∑

A Y (Z,A) denotes the final abundance of the stable ele-

ment with proton number Z and H(Z) is the average abundances of the five halo stars

for given proton number. The summation is performed only over the rare earth peak el-
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ements as highlighted by the superscript “REP”. A lower value of GREP
Z implies a better

match, with GREP
Z = 0 representing perfect agreement with H(Z). We scale the final

abundance pattern, Y(Z), by α which is the solution to
dGREP

Z

dα
= 0.

The A = 195 peak to rare earth peak ratio is an important second constraint as

both the lanthanides and heavier elements are believed to be produced in the same

synthesis event and so their ratios must match observational data. We compare the ratio

of simulations to H(Z) using ηZ where,

ηZ ≡

∣∣∣∣∣ αY (Z = 78)∑Z=68
Z=64 αY (Z)

− H(Z = 78)∑Z=68
Z=64H(Z)

∣∣∣∣∣ (3.3)

Only some of the halo stars have observations of platinum. So for the value of H(Z = 78)

we average only those halo stars in which this element has been observed.

To compare simulations to the solar r-process residuals, N�,r(A), we proceed in a

similar fashion using the previous two constraints. As an additional, third, constraint we

introduce and measure the amount of late time neutron capture occurring in the rare

earth region as these nuclides decay back to stability.

To gauge how close a simulation comes to reproducing the solar rare earth peak we

use GREP
A ,

GREP
A ≡

∑A=167
A=159(αY (A)−N�,r(A))2∑A=167

A=159N�,r(A)2
(3.4)

In equation 3.4, Y (A) ≡
∑

Z Y (Z,A) denotes the final abundance along an isobaric chain

with atomic mass, A and N�,r(A) is the solar r-process residual data also for an isobaric

chain with atomic mass, A. Again, a lower value of GREP
A implies a better match, with

GREP
A = 0 representing perfect agreement with N�,r(A). The final abundance pattern,

Y(A), from simulation is scaled individually by α which is the solution to
dGREP

A

dα
= 0.

Elemental abundance data from halo stars exhibit an A = 195 peak to rare earth

peak ratio in agreement with the solar elemental abundance distribution. We thus use

ηA,the ratio of the two peak heights for solar data as well.

ηA ≡

∣∣∣∣∣
∑A=200

A=190 αY (A)∑A=167
A=159 αY (A)

−
∑A=200

A=190N�,r(A)∑A=167
A=159N�,r(A)

∣∣∣∣∣ (3.5)

Our third constraint comes from the observation that too much neutron capture
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during freeze-out has negative consequences for the final r-process abundances [4, 65].

This is particularly important for the rare earth region because the neutron capture

rates in this region are on average faster than in other regions during the last stage of

the r-process [4, 65]. Late-time neutron capture effect shifts material from below the

peak (A = 150 to A = 158) to above the peak (A = 168 to A = 180) causing an over

production of the heavier rare earth elements, which does not resemble either the solar

r-process residuals, or halo star observations.

We contrast the abundances of two simulations to exhibit the late-time neutron cap-

ture effect in Figure 3.3. In both panels of the figure we show a snapshot of abundances

at different points during the calculation. The top panel shows abundances at R = 1

(see point A, Figure 3.1), the middle panel shows abundances during freeze-out (in be-

tween point B and C, Figure 3.1) and the bottom panel shows the final isotopic abun-

dances as compared to the solar abundances. The peak forms successfully in both cases,

panel (a) with conditions (n = 6.0,S = 350kB,Ye = .30) and panel (b) with conditions

(n = 2.0,S = 350kB,Ye = .30). However, comparing the middle and bottom snapshots

in panel (a) we can clearly see the late time neutron capture effect during freeze-out.

This effect is not present when comparing the same snapshots in panel (b). One can also

compare the differences in the free neutron abundance of these evolutions in Figure 3.2.

The late-time neutron capture effect is especially useful because, as we have just

shown, it is also highly dependent on the conditions at late-times. We thus can use this

effect as a constraint on favorable r-process conditions. To estimate the amount of late

time neutron capture which shifts material across the rare earth region we compute the

difference between the value of GA during freeze-out (between points B and C on the

timeline) and the value of GA using the final abundances. The summation now occurs

over all rare earth elements (A = 150 to A = 180) signified by the superscript “REE”.

∆GREE
A ≡ GREE

A (final)−GREE
A (freeze-out) (3.6)

3.3.2 Determining Freeze-out Conditions

In Figure 3.4 we highlight astrophysical conditions where simulations best match H(Z).

The power law (n) from the density parameterization is plotted on the y-axis along with

entropy per baryon (S) on the x-axis. Panel (a) simulations have Ye = .30 and panel (b)

simulations have Ye = .40. Shown in each panel is a solid vertical line which denotes the
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point at which a sufficient neutron-to-seed ratio (R ∼ 80 at T9 ∼ 3) has been reached to

produce a full r-process with elements out to A ∼ 200 [40, 57, 104]. We also denote the

point at which fission cycling influences the final abundances of the A & 150 region by a

dotted vertical line.

In Figure 3.5 we highlight astrophysical conditions where simulations best match

N�,r(A). The axes and markings are the same as in Figure 3.4. The left column shows

regions of parameter space calculated with Ye = .30 and the right column with Ye = .40.

We now discuss below each of the abundance features individually and their impact

on constraining freeze-out conditions when comparing to halo star and solar data.

Using Rare Earth Peak Formation

Shown in both panels of Figure 3.4 is a dark shaded region (red) where the scaled final

abundances of rare earth peak elements from simulations best agree with the abundances

of rare earth peak elements of H(Z). Since no single simulation reproduces exactly the

H(Z) abundances, we must compute an appropriate cut-off for GREP
Z . To this end, we

measure the variance among the nuclear models by computing the standard deviation

of the individual abundances at each value of Y (Z) given constant conditions (n,S,Ye).

We additionally estimate the uncertainty in astrophysical environment by computing a

second average over the simulations. Propagation of error from averaging the nuclear

models and averaging over astrophysical conditions produces a value of GREP
Z = 0.03.

We thus take this value as a cut-off for shading the contour.

Shown in both columns of panel (a) of Figure 3.5 is a dark shaded region (red) where

the scaled final abundances of rare earth peak elements from simulations best agree with

the abundances of rare earth peak elements of N�,r(A). We repeat the same procedure as

mentioned above to compute the cut-off value of GREP
A = 0.15 for shading this contour.

Fission during freeze-out operates under higher entropy components (S > 200kB for

Ye = .30 and S > 300kB for Ye = .40) and influences abundances at or above the rare

earth region at S ∼ 275kB for Ye = .30 and S ∼ 375kB for Ye = .40. We denote the

point at which fission is influential in both Figures 3.4 and 3.5 by a dotted line in each

case. Without fission, the dark shaded contour would end at or before the dotted line.

As can be seen from the figures, the inclusion of fission extends the favorable calculated

freeze-out conditions for rare earth peak formation.
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Using The A=195 Peak to Rare Earth Peak Ratio

The light shaded region (yellow) in both panels of Figure 3.4 represents the parameter

space in which simulations produce the same ratio of the A = 195 peak to rare earth

peak as compared to the averaged halo star, H(Z). We take as an upper bound to this

contour, ηZ = 2, which represents an over production of the A = 195 peak relative

to the rare earth peak by a factor of two, the value of ηZ ≈ 2 comes from the ratio
H(Z=78)∑Z=68
Z=64H(Z)

. We note that the under production of the A = 195 peak is taken care of

by the sufficient neutron-to-seed ratio constraint (solid vertical line). All together, this

results in a constraint similar to the method used by [57]. Qualitatively similar behavior

is shown in the left and right columns of panel (b) of Figure 3.5, where calculated final

abundances are compared to solar data. We take as an upper bound to this contour,

ηA = 4 which again represents an over production of the A = 195 peak relative to the

rare earth peak by approximately a factor of two.

Interestingly, the left columns of both figures, those with Ye = .30, show a second

favorable region for this ratio at higher entropy. This is due to the oscillation of the

A = 195 peak as a function of R due to fission cycling as discussed in [12, 13]. In the

gap, between the two favorable regions the A = 195 peak is over produced by more than

a factor of two compared to the rare earth peak. This effect also occurs in the Ye = .40

case, however our simulations stop at S = 400kB and so the effect is not shown.

Using The Late-Time Neutron Capture Effect

Returning to panel (c) of Figure 3.5, the shaded region (green) in both columns represents

the region of parameter space in which simulations do not exhibit a late-time neutron

capture effect. We take as an upper bound to this contour, ∆GREE
A = 1, which represents

significant fluctuations occurring across the rare earth region during freeze-out.

Inspection of panel (c) reveals that the late-time neutron capture effect is sensitive to

freeze-out conditions, this is particularly evident at high entropy in the left column with

Ye = .30. During a cold freeze-out (large values of n) the path moves far from stability

where β-delayed neutron probabilities are large. As the nuclides decay back to stability,

β-delayed neutron reactions provide an ample supply of neutrons for capture, see e.g. the

free neutron abundances in Figure 3.2. Additionally, fission actively introduces new seed

nuclei into the region. Hence, the late-time neutron capture effect returns in this section

of the figure causing the shaded contour to disappear. At high entropy, in a hot freeze-out
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(lower values of n), the late-time neutron capture effect does not occur (presence of the

shaded region) due to the presence of photo-dissociation and prolonged (n, γ) � (γ, n)

equilibrium.

3.3.3 Further Analysis

In order to emphasize the differences between the classical neutron-to-seed ratio con-

straint (the region of parameter space above the solid vertical line) and constraints using

the rare earth elements we highlight in each panel of Figures 3.4 and 3.5 a hatched region

which represents our final constraint.

In Figure 3.4, where simulation is compared with halo star data, the final constraint

region is generally controlled by the A = 195 peak to rare-earth-peak ratio as the rare

earth peak formation alone is a less stringent constraint. In Figure 3.5, where simulation

is compared with solar data, the final constraint region is generally controlled by the

same peak height ratio and additionally the late-time neutron capture effect.

When comparing to both meteoritic and observational data given an initial Ye = .30,

we find the entropy range favorable for rare earth peak formation is S ∼ 150kB to S ∼
200kB without fission. While the rare earth peak is formed by two different mechanisms

in this entropy range, it does not favor one mechanism over the other. With the inclusion

of fission a second favorable region appears around S ∼ 325kB to S ∼ 375kB in both

figures. In this region the rare earth peak formation and peak height constraints rule out

the warmest and coldest scenarios when comparing to halo star data. When comparing to

halo star data at high entropy, hot conditions are disfavored due to the constraint on the

rare earth peak elements and colder conditions are disfavored because the A = 195 peak

becomes over produced. When comparing to solar data, the late-time neutron capture

effect rules out colder freeze-out scenarios (see discussion in previous section).

We now explicitly investigate final abundances in the Ye = .30 case to the halo

star and solar data. In order to observe the abundance pattern which is typical of the

region suggested by the new constraint procedure we average the final abundances in the

constrained region and compute the standard deviation to measure the variance of these

final abundances.

The results of these calculations are shown in Figure 3.6 and 3.7. Panel (a) includes

both averages over nuclear physics data sets and astrophysical conditions and the error

bars represent variance from nuclear models and astrophysical conditions. The abun-
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dances in panel (a) correspond with simulations in the hatched region of the left column

of Figure 3.4 and 3.5 respectively. Panels (b)-(d) show the final abundances of individual

nuclear models after averaging over their respective constraint regions and the error bars

represent the variance from astrophysical conditions alone.

As can be seen from Figure 3.6, these simulations do very well in reproducing the rare

earth peak. When comparing to H(Z), the largest variation in the rare earth peak region

comes from Terbium, Z = 65. Among all of the lanthanides, Praseodymium, Z = 59,

shows the largest variance while Neodymium, Z = 60, is consistently under produced.

Figure 3.7 also shows similar results for the rare earth peak elements. When comparing to

the solar data, the largest variances in the final abundances can be found in the A ∼ 180

to A ∼ 195 region. This effect has been suggested to arise from a lack of long range

correlations in the nuclear models [2].

It is important to note in both figures that the variance seen in the final abundances of

the rare earth elements is small. While subtleties persist in the individual nuclear models,

global trends consistent with halo star and solar abundances distribution are present. As

expected, we isolate conditions where the rare earth peak and the solar A = 195 to rare

earth peak ratio mimic the solar data and further, prevent too much build up of the

heavier rare earths.

The method presented here only relies upon the input nuclear physics and r-process

observables and so is sufficiently general as to be applied to other nucleosynthesis envi-

ronments. Suitable conditions for production of rare earth nuclei are found in neutron

star mergers, however current models in the literature do not show a rare earth peak

[35, 7, 33]. These models suggest that the peak temperature is on the order of T9 ≈ .5,

so if rare earth peak formation were to occur it would be from one, or possibly a combi-

nation of mechanisms (1) and (3) mentioned in the Introduction. In the decompression

of initially cold neutron star matter, the nuclear flow proceeds for some time along the

dripline so the details of nucleosynthesis are subject to large nuclear physics uncertainties

stemming from the model dependent properties of these nuclei as well as fission probabil-

ities and fragment distributions. These substantial uncertainties in nuclear physics would

influence the suitable limits of GREP
Z and GREP

A . Thus, as with any environment, the

success of the method is clearly dependent on how well we understand the input nuclear

physics.

Recent observations of Tellurium (Z = 52) have been made by [84] in several halo
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stars which show the A = 130 peak element in agreement with the elemental abundances

of the same region in the solar pattern. This observation suggests that A = 130 elements

may be produced in the same sort of environment as the rare earth and heavier elements.

We have included these new observations in our calculations in order to compute the

A = 130 to rare earth peak ratio for comparison of elemental abundances. In the context

of our calculations the region of astrophysical parameter space where this ratio matches

both elemental and isotopic data is consistently small. This suggests that the A = 130

peak may be produced under different conditions than that of the rare earth or A = 195

peaks or the A = 130 peak may be produced by a combination of weak and main r-process

components. However, a word of caution is warranted: Nucleosynthesis calculations of the

A = 130 peak are complicated since the peak is sensitive to the relative strength of β-

decay rates and the details of fission fragment distributions. Thus, further investigation

is needed regarding both of these points.

3.4 Conclusions

Using the delicate, out of (n, γ)� (γ, n) equilibrium formation process of the rare earth

peak we have studied and isolated freeze-out conditions in high entropy (S & 100kB)

r-process calculations conducive for production of these elements. We compare the final

abundances from simulations to both the elemental abundances of halo stars and the

isotopic abundances of the solar r-process residuals. Both of these data sets suggest

similar astrophysical conditions during freeze-out. For example, without fission, we find

that favorable freeze-out conditions fall within a narrow entropy window (S ∼ 150kB

to S ∼ 200kB) given an initial electron fraction, Ye = .30 and timescale of τ ∼ 27ms.

Given an initial electron fraction, Ye = .40 and same initial timescale we find an entropy

window of S ∼ 300kB to S ∼ 350kB.

The sensitivity of final abundances to uncertainties in nuclear physics is considered by

including calculations with the FRDM, ETFSI and HFB17 nuclear models. We consider

the variance among final abundances due to these three models and include it when

determining the appropriate constraint for the formation of the rare earth peak (values

of GREP
Z and GREP

A ).

We use three abundance features to constrain astrophysical conditions: (1) We require

the formation and correct shape of the rare earth peak (A = 157 to A = 167 or Z = 64 to
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Z = 68). The importance of this process and its sensitivity to freeze-out conditions was

discussed in [65]. (2) We utilize the constraint on the ratio of the abundance in the rare

earth peak to that of the A = 195 peak, as these elements are believed to be synthesized

in the same environment. (3) We utilize a new constraint on freeze-out behavior: the

late-time neutron capture constraint.

The late-time neutron capture constraint involves studying the shifting of material

between isotopes during freeze-out in the rare earth region. We find the over produc-

tion of the heaviest rare earth elements is highly dependent on the conditions during

freeze-out, making it a valuable consideration for r-process models. This effect can be

measured by comparing abundances to solar r-process residuals as this data provides

isotopic information.

The impact of fission during freeze-out is to produce multiple islands of favorable

r-process conditions, see e.g. the left column of Figures 3.4 or 3.5. The late-time neutron

capture constraint becomes tighter when fission occurs. This is due to two factors: (1)

A cold r-process freeze-out extends far from stability where β-delayed neutron probabil-

ities are large, providing additional free neutrons to capture during freeze-out. (2) The

inclusion of fission during freeze-out cycles additional material through the rare earth

region which can capture the free neutrons. This suggests that if fission is important for

the formation of the r-process elements, the astrophysical freeze-out conditions are more

likely to be ‘hot.’

We have shown that the formation of the rare earth peak is a useful tool in determin-

ing favorable high entropy (S & 100kB) r-process freeze-out conditions. This diagnostic

works well despite current uncertainties in nuclear physics. It complements the commonly

used neutron-to-seed ratio and should be used in addition when analyzing astrophysi-

cal models. The size of the range of acceptable astrophysical conditions is dominated

by uncertainty in the nuclear physics inputs. Reduction of this uncertainty through an

improved understanding of the properties of nuclei far from stability and self-consistent

nuclear data will increase the efficacy of this tool.
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Figure 3.1: Contrasts the timeline of important events during the formation and evo-
lution of the rare earth region between hot and cold evolutions. Point A represents the
beginning of (n, γ)� (γ, n) freeze-out, point B neutron exhaustion (neutron-to-seed ra-
tio of unity, R = 1), and point C when the timescale for β-decays take over neutron
capture.
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Figure 3.2: Contrasts the free neutron abundance, Yn, between differing thermodynamic
evolutions. The FRDM nuclear model was used in each calculation. Four evolutions are
shown: hot (n = 2.0,S = 200kB,Ye = .30), cold (n = 6.0,S = 200kB,Ye = .30), hot fission
(n = 2.0,S = 350kB,Ye = .30) and cold fission (n = 6.0,S = 350kB,Ye = .30). Points A,
B and C correspond to the important events from the timeline, see previous figure.
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(a) (b)

Figure 3.3: Highlights the late time neutron capture effect by showing the time evolution
of rare earth region abundances versus the solar r-process curve (black) at three snapshots
during the simulation. Panel (a) shows an r-process where late time neutron capture
occurs using conditions (n = 6.0,S = 350kB,Ye = .30). Panel (b) shows little to no
late time neutron capture using conditions (n = 2.0,S = 350kB,Ye = .30). Calculations
were performed with the FRDM nuclear data. Abundances in the top row are shown at
R = 1. Abundances in the middle row are shown in between R = 1 and the point at
which β-decays take over. The bottom row shows final abundances. Refer back to Figure
3.1.
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Figure 3.4: Shows how the rare earth region can be used to constrain astrophysical
conditions when comparing simulations to typical halo star data. Calculations were per-
formed with Ye = .30, panel (a) and Ye = .40, panel (b). The dark contour (red) highlights
conditions which produce a rare earth peak which best matches the average of five halo
stars, H(Z). The light contour (yellow) highlights conditions which produce an A = 195
peak to rare earth peak which best matches H(Z). The intersection of these constraints
is showing by the hatching. A full r-process out to A ∼ 200 occurs above entropies de-
noted by the solid vertical line. Above the dotted line fission influences the abundances
of A & 150 nuclides.
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Figure 3.5: Shows how the rare earth peak can be used to constrain astrophysical
conditions when comparing simulations to the solar r-process data. The axes are the
same as Fig. 3.4. The left column displays computations performed with Ye = .30 and
right column with Ye = .40. Panel (a) highlights regions (red) where the rare earth peak
elements A = 159 to A = 167 from simulations best agree with the rare earth peak
elements of the solar r-process data. Panel (b) shows regions (yellow) where simulations
produce the same ratio of the A = 195 peak to rare earth peak as compared to the solar
data. Panel (c) highlights regions (green) where the late time neutron capture effect
is minimal. The intersection (shaded) of these three constraints are highlighted in each
panel and repeated in Panel (d) with all three constraints. A full r-process out to A ∼ 200
occurs above entropies denoted by the solid vertical line. Above the dotted line fission
influences the abundances of A & 150 nuclides.
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Figure 3.6: Shows calculated final averaged elemental abundance patterns (solid red)
along with uncertainties compared to the average of five halo stars, H(Z) (dots). All
calculations were performed with Ye = .30. Panel (a) shows an average over 3 nuclear
data sets and astrophysical conditions from the constraint region of Figure 3.4. Panels
(b)-(d) show the average over astrophysical conditions in the constraint region for each
individual nuclear model.
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Figure 3.7: Shows calculated final averaged isotopic abundance patterns (solid red)
along with uncertainties compared to the solar r-process residuals (black dots). All cal-
culations were performed with Ye = .30. Panel (a) shows the average over 3 nuclear data
sets and astrophysical conditions from the constraint region of Figure 3.5. Panels (b)-(d)
show the average over astrophysical conditions in the constraint region for each individual
nuclear model.
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Chapter 4

Neutron Capture Rates in the Rare

Earth Region

We study the sensitivity of the r-process abundance pattern to neutron capture rates

along the rare earth region (A ∼ 150 to A ∼ 180). We introduce the concepts of large

nuclear flow and flow saturation which determine the neutron capture rates that are

influential in setting the rare earth abundances. We illustrate the value of the two concepts

by considering high entropy conditions favorable for rare earth peak production and

identifying important neutron capture rates among the rare earth isotopes. We also show

how these rates influence nuclear flow and specific sections of the abundance pattern.

4.1 Background

The rapid neutron capture process or ‘r-process’ has long been known to be an integral

component of heavy element nucleosynthesis. The onset of the r-process has traditionally

been characterized by a relatively large neutron number density (nn & 1020cm−3) and

high temperature (T∼ 10GK). These quantities decrease culminating in the last stage of

the r-process known as (n, γ)� (γ, n) freeze-out [22].

During freeze-out nuclides fall out of out of (n, γ)� (γ, n) equilibrium and individual

neutron capture rates are important in determining final abundances [11, 95, 4, 65].

For a classical, ‘hot’ freeze-out temperatures around T& 1GK are expected. Recently,

Wanajo [105] has suggested that r-process nuclides may participate in a ‘cold’ (n, γ) �

(γ, n) freeze-out, with temperatures as low as (T∼ .1GK). Both hot and cold freeze-
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out scenarios favor short timescales for neutron capture which can first exceed and then

compete with β-decay. Nucleosynthesis in these environments progresses along the NZ-

plane, traversing the nuclear landscape including the rare earth region (A ∼ 160) far

from the valley of beta stability where little experimental nuclear data exists [37].

The astrophysical location of the r-process is not known at this time [22, 77, 7].

There are several candidate sites where the r-process may occur. Among the possible

candidates are the high entropy scenario of supernova ejecta (neutrino driven wind) [58,

94, 70, 104, 71], supernova fallback [30], collapse of O-Ne-Mg cores [109, 107, 66], gamma

ray burst accretion disks [98, 53, 99], and various compact object merging scenarios

[29, 35, 100]. Observational data from metal-poor stars [90, 91, 45] favors massive stars

which mature on short timescales. A comparison of sites has suggested that core-collapse

supernova should be favored over neutron star mergers for the production of the heaviest

r-process elements [76]. However, modern supernova calculations typically do not achieve

sufficiently neutron rich conditions conducive to heavy element nucleosynthesis [3, 43, 26].

Our understanding of the r-process is also naturally entangled with our knowledge of

the input nuclear physics. For example, it is well known that the long β-decay half-lifes

found at closed neutron shells are responsible for the A = 130 and A = 195 peaks found

in the r-process abundance pattern [15], see Figure 4.1. While it is difficult to measure

the properties of short-lived nuclides far from stability there have been many recent

advances [42, 51, 80, 10, 46, 41, 68, 79]. Future radioactive beam facilities are expected

to help in this endeavor. Due to limited data on nuclides far from stability, theoretical

extrapolations must be used as input for r-process calculations.

The primary nuclear physics inputs needed to determine the nucleosynthetic outcome

include neutron capture cross sections, separation energies, masses, β-decay rates, and

branching ratios. The effects of different masses [74] and β-decay rates [14, 61] have

been studied in detail for some time. Until recently however, neutron capture rate cross

sections have warranted less consideration.

In the past decade studies of neutron capture rates have been performed by several

groups [31, 32, 1, 24, 95, 11]. Two recent studies of particular interest have been performed

by Beun et al. [11], and Surman et al. [95] who demonstrated capture rate effects of

individual isotopes. The former’s study focused on the single neutron capture of 130Sn.

The effects of elements near the A = 130 peak were studied in detail by Surman et al.

[95]. In each of these two studies the neutron capture rates of single elements in the
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A = 130 region lead to global changes in the final r-process abundance pattern.

It has been shown in [65, 97] that neutron capture rates are important for correctly

forming the rare earth peak. In order to understand observational data e.g. [89, 49], it is

crucial to determine which rates are important and how these rates influence nuclear flow

and ultimately final abundances. If in the future improved calculations or measurements

are included this will increase the efficacy of the rare earth peak as a freeze-out diagnostic

[63].

In this chapter we study neutron capture rates in the rare earth region using ideal

freeze-out conditions for this sector [65, 63]. Modifying individual neutron capture rates

of nuclides in this region, we identify the most influential and in return show their effects

on sections of the r-process abundance pattern. We also isolate factors which influence

the magnitude of this neutron capture rate effect.
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Figure 4.1: Shows the solar r-process abundance pattern, N�,r versus atomic mass (data
from [47]). The three main regions of the pattern are highlighted. The A=130 peak is
shaded white, the rare earth elements are shaded light gray and the A=195 region is
shaded in dark gray. Abundance scale is arbitrary.
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4.2 Calculations

To study the effects of neutron capture rates on final abundances we implement a one-

dimensional model of the r-process by following the abundance composition of a single

ejected mass zone. It was shown in [65, 63] that the rare earth elements are sensitive to

the thermodynamic evolution of the ejected material. Thus, to simulate the qualitative

behavior of hydrodynamic outflows we parameterize our trajectories via two analytic

procedures. For the hot freeze-out evolution we parameterize the density with the same

functional form as [56],

ρ(t) = ρ1exp(−t/τ) + ρ2

(
∆

∆ + t

)2

(4.1)

where ρ1 + ρ2 is the density at time t = 0, 3τ = τdyn and ∆ chosen so that the two

terms on the right hand side are equivalent at a time t = τ . The first term controls the

trajectory at early times, during which the neutron-to-seed ratio is set and the second

term controls the late time behavior, during which the rare earth peak forms.

For cold freeze-out evolutions [105] we use a second density parameterization by Panov

and Janka [71],

ρ(t) = ρ0exp(−t/τ) (4.2a)

ρ(t) = ρ0

(
t

t0

)−2
(4.2b)

where ρ0 is the density at time t = 0 and t0 is the switch over point corresponding to

a temperature of T9 = 2. Equation 4.2a gives early time behavior of the outflow and

equation 4.2b pertains to late time behavior.

In modern r-process studies it is typical to approximate the thermodynamics by

assuming the ejecta is radiation dominated. However, we require the full thermodynamics

and so we instead use the solver from [52] to generate all trajectories.

Our nucleosynthesis calculations consist of a multi-tiered algorithm which is coupled

by three canonical stages. This nucleosynthesis network code was used in previous neutron

capture studies by both Beun [11] and Surman [95].

The simulation starts with the regime of nuclear statistical equilibrium. During this

stage entropy and density effectively determine all thermodynamic quantities. The second

stage of the simulation employs an intermediate reaction network [39] with PARDISO
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solver [86, 85]. At this point the calculations include electromagnetic, strong and weak

interactions.

The third and final stage of our network calculation consists of a reduced r-process

network as described in [97, 96]. The primary reaction channels for nuclides in this sec-

tion of the reaction network are beta-decay, neutron capture, and photo-dissociation. A

detailed analysis regarding the formation of the rare earth elements during this stage is

given in [65, 63].

In the third stage we track individual nuclear abundances by solving a set of differ-

ential equations given by the short hand notation (see [18] and [22] for details),

Ẏ (Z,A) =
∑
Z′,A′

λZ′,A′YZ′,A′ +
∑
Z′,A′

ρNA〈σv〉Z′,A′YZ′,A′Yn (4.3)

where the quantity Ẏ (Z,A) represents the time rate of change of abundance for nuclide

(Z,A), YZ′,A′ is the abundance for nuclide (Z ′, A′), ρ is the density, NA is Avagardo’s

number, 〈σv〉 is Maxwellian averaged neutron capture cross section for nuclide (Z ′, A′)

and Yn the free neutron abundance. The first term on the right hand side holds infor-

mation about beta decay modes and photodisintegrations. The rate, λZ′,A′ could be one

of following: the β-decay rate with emission of j neutrons, λβjn or the photo-dissociation

rate, λγ. The second term on the right hand side includes reactions with neutrons.

Nuclear flow is monitored by following individual terms in equation 4.3. For example,

in the following equation we explicitly write out each term which gives the total flow in
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and out of a nucleus:

Ẏin(Z,A) = λβ(Z − 1, A)Y (Z − 1, A)

+λβ1n(Z − 1, A+ 1)Y (Z − 1, A+ 1)

+λβ2n(Z − 1, A+ 2)Y (Z − 1, A+ 2)

+λβ3n(Z − 1, A+ 3)Y (Z − 1, A+ 3)

+λγ(Z,A+ 1)Y (Z,A+ 1)

+〈σv〉Z,A−1Y (Z,A− 1)ρNAYn (4.4a)

Ẏout(Z,A) = [λβ(Z,A) + λβn(Z,A)

+λβ2n(Z,A) + λβ3n(Z,A)]Y (Z,A)

+λγ(Z,A)Y (Z,A) + 〈σv〉Z,AY (Z,A)ρNAYn (4.4b)

The difference of the two terms in equation 4.4 yields equation 4.3.

In general neutron reaction rates are of the following functional form (Fowler et al

[27]):

〈σv〉 =

(
8

µπ

)1/2

(kT )−3/2
∫ ∞
0

Eσ(E) exp(−E/kT )dE (4.5)

Neutron capture cross sections can vary by orders of magnitude between nuclear

models [11] so we explore a variety of nuclear physics input: Finite Range Droplet Model

(FRDM) [59, 82, 81], Extended Thomas-Fermi with Strutinsky Integral and Quenching

(ETFSI) [72, 82, 81] version 17 of the Hartree Fock Bogoliubov model (HFB17) [34]1

and Duflo-Zuker (DZ) [23]. The neutron capture rates of HFB17 and DZ were calculated

using the TALYS code [36]. The β-decay rates used in our r-process network come from

[60]. Calculations with different nuclear models show qualitatively similar behavior. So in

our analysis we focus the discussion using one nuclear model, FRDM. We display results

for all three nuclear models in section 4.6.

For the conditions we use entropy per baryon in units of Boltzmann’s constant, S =

165, dynamical timescale, τdyn = 85ms and electron fraction, Ye = .30 for a hot freeze-

out and S = 105, τdyn = 50ms and Ye = .30 for a cold freeze-out. These conditions were

chosen based on the procedure given in [64].

1http://www.astro.ulb.ac.be/
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4.3 Results

4.3.1 Neutron Capture Rate Studies

A neutron capture rate study consists of a ‘baseline’ simulation where the appropriate

input of astrophysical and nuclear parameters are established. The final output is an

abundance pattern (Y baseline
A ) as a function of atomic mass, A. Subsequent simulations

are then conducted with the same input data but with the neutron capture rate of a

single isotope in the rare earth peak changed by a factor of K = 5, 10, 50, or 100; each

producing a final abundance pattern, Y K(A).

A change in the neutron capture rate can lead to one of two distinct physical processes.

A ‘neutron capture effect’ occurs when change in capture rate results in pathway changes

that shift material from the nucleus (Z,A) whose rate has been changed, to a nucleus

(Z,A+ 1), i.e. to the right on the NZ-plane. Or a ‘photo-dissociation effect’ which occurs

when a change in capture rate on nucleus (Z,A) results in pathway changes that shift

material from nucleus (Z,A+1) to the nucleus (Z,A), i.e. to the left on the NZ-plane. We

only find a neutron capture effect among the rare earth elements as photo-dissociation

effects typically require highly populated nuclei, see [95] for a detailed discussion of this

effect.

For each study, we consider the magnitude of influence a single neutron capture rate

has on the final abundance pattern using the quantity F .

FK = 100
∑
A

|Y K(A)− Y baseline
A |

Y baseline
A

(4.6)

A larger F value represents more deviation (percent change) from the baseline simu-

lation. If F = 0 then the neutron capture simulation abundance pattern and the baseline

abundance pattern are equal; the neutron capture rate change had no effect on the abun-

dance pattern.

We highlight the results of two different neutron capture rate studies containing 126

nuclei in Figure 4.2. Each element’s neutron capture rate has been changed by a factor

of K = 10 and the magnitude of its effect on the final abundances is denoted by the

degree of shading. A darker red represents a larger effect. White boxes represent capture

rates with little to no effect on the final abundance pattern (0 ≤ F ≤ 100). Each darker

shaded nuclei represents an approximate factor of two increase in the F -measure with the
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darkest shade representing F & 400. Panel (a) of Figure 4.2 shows the effects of neutron

capture rate changes under a hot evolution and panel (b) shows the effects of neutron

capture rate changes under a cold evolution.

4.3.2 Comparing Hot and Cold Evolutions

While the overall distribution of influential nuclei in Figure 4.2 is similar between the

hot and cold freeze-out trajectories there are two prominent differences between these

environments. First, there is a visible favoring of nuclei with even number of neutrons

(even-N effect) in the cold evolution and an odd-N effect occurring at early times in the

hot freeze-out evolution. Second, the magnitude of the neutron capture rate effect can

vary for the same nuclei under the two r-process environments throughout the central

shaded region in Figure 4.2.

The r-process path is the time sequenced set of most abundant isotopes. It is useful to

follow the path through the NZ-plane to understand the distribution of influential nuclei

across the rare earth region. In Figure 4.2, the path begins far from stability in the lower

right corner of the NZ-plane progressively making its way back towards stability (top

left) as the temperature falls and β-decay begins to dominate the nuclear flow.

As the path moves through the bottom right corner of the hot evolution (n, γ)� (γ, n)

equilibrium is still in effect. Under these conditions small changes in neutron capture rates

have no effect on the flow of material through the particular isotope. Due to equilibrium,

the flow simply readjusts to compensate for the change. In the cold evolution, all pho-

todisintegrations have frozen out and so the path is controlled by neutron captures and

β-decays only [4, 65]. In this case, changes to neutron capture rates can impact final

abundances.

The path next encounters slower neutron capture rates in the central region of the

figure. For those nuclei which are out of equilibrium and have significant abundance,

changes in capture rate can now produce measurable effects [65].

The nuclei in the top left portion are populated primarily via β-decay. All other

reactions, including neutron capture have frozen out. Thus we find little to no impact of

neutron capture rates in this region.
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(a)

(b)

Figure 4.2: Shows neutron capture rates that significantly influence the abundance
pattern. The results of two separate neutron capture rate studies are shown for a hot
freeze-out, panel (a) and cold freeze-out, panel (b). In both cases individual neutron
capture rates were changed by K = 10. Darker shades represent an increased effect
on the abundance pattern. In order of lightest to darkest each shade represents: white
(0 ≤ F ≤ 100), light (100 < F ≤ 200), medium (200 < F ≤ 400), darkest (F > 400).
Above the dotted line neutron capture flows are not large enough for an increase in a
neutron capture rate to produce a significant neutron capture effect.
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4.3.3 Changes to the Final Abundance Pattern

We highlight the effect of an individual neutron capture rate change has on the final

abundances in Figure 4.3. These nuclides were chosen from the hot and cold neutron

capture studies of Figure 4.2. Each neutron capture rate has been changed by a factor of

K = 10 and the resultant final abundance pattern is compared to both the baseline and

solar abundances.
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Figure 4.3: Shows the effect of particular neutron capture rates on the rare earth abun-
dances. Simulations were performed using hot (panel a) cold (panel b) freeze-out evolu-
tions. The baseline curve, Y baseline is represented by a bold black line and the solar data
is represented by a solid gray line. For both types of trajectories we show five curves,
Y K=10 each representing a simulation where a single neutron capture rate was changed
by a factor of 10.

Inspection of Figure 4.3 shows that changes to neutron capture rates in the rare

earth region produce only local changes in final abundances and that these changes are

significant even for changes by a factor of K = 10. In both hot and cold evolutions 156Nd

shows a similar behavior under change in capture rate. This is not always true for each

nuclide, compare e.g. 168Gd. We also find that individual nuclei exhaust their neutron

capture effect at different values of K. For instance, in the hot environment, the 165Eu

neutron capture effect is exhausted near K = 50 while in the cold environment, the 165Pm

neutron capture effect is maximal near K = 10.

65



4.4 Analysis Of The Neutron Capture Effect
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Figure 4.4: Compares neutron capture flows in baseline simulations for the hot (solid)
and cold (dashed) evolutions as a function of simulation time. Also shown are the neutron
capture rate, nuclear abundance and neutron number density. The product of these three
determines the neutron capture flow. The neutron capture rate change has the most
influence around the time when Ṡ is maximal (star). The left panel highlights 168Gd and
the right panel 171Dy.

We now consider the factors which influence the magnitude of the neutron capture

effect. A necessary condition for large neutron capture effect is that the nuclide exhibit

large nuclear flow through the neutron capture channel. In order for a large flow through

the neutron capture channel to have a significant influence on the abundance pattern

the neutron capture flow must also be unsaturated. Flow saturation, which we denote

as Ṡ, occurs when the sum of material flowing through input channels matches the flow

of a single output channel. In the case where the output channel is neutron capture the

channel is ‘saturated’ (Ṡ = 0) when it is matched by photo-dissociation and β-decay

in-flows. We use these concepts to explain the relative differences seen in F between

nuclides in the hot and cold evolutions.
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4.4.1 Large Nuclear Flow

A large neutron capture flow means significant material transportation through the neu-

tron capture reaction channel. The last summand in equation 4.4b contains the relevant

information on the movement of material via neutron capture flow out from isotope (Z,A)

to isotope (Z,A+ 1). We provide it for convenience:

neutron capture flow = 〈σv〉Z,AY (Z,A)ρNAYn (4.7)

This equation consists of three main ingredients: the thermally averaged neutron capture

cross section, 〈σv〉Z,A, the abundance of the particular isotope, Y (Z,A) and the neutron

number density, ρNAYn. The interplay between these three components determines the

size of the neutron capture flow.

For the energy ranges explored in the two astrophysical environments considered here,

〈σv〉Z,A is a relatively flat function of temperature. Therefore, for a fixed nuclear data

set the differences between classical and cold neutron capture flows is primarily due to

differences in the neutron number density and elemental abundance. Both components

are significantly influenced by the astrophysical environment and nuclear data set. Figure

4.4 shows the interplay between the three components of equation 4.7 as a function of

simulation time for the baseline case. Two nuclides are highlighted, 168Gd in the left panel

and 171Dy in the right panel.

To maximize the neutron capture rate effect we search for large out of equilibrium

neutron capture flows in the baseline simulation. In order to measure the magnitude of

the neutron capture flow in the baseline simulation we compute,

L =

∫
〈σv〉Z,AY (Z,A)ρNAYndt

Y ∗(Z,A)
(4.8)

where Y ∗(Z,A) is the abundance when the nucleus is furthest from saturation (Ṡ maxi-

mal), the integrand is equation 4.7 and the integral is taken over simulation time.

When L & .2, flow through the neutron capture channel is sufficiently large for a

change in neutron capture rate to produce significant change in the final abundances. We

highlight this in both panels of Figure 4.2 by a dotted line. Above the dotted line, L < .2

and below the dotted line L > .2. The measure L shows quantitatively how changes in

the neutron capture rates of nuclei above the dotted line have no influence on the final
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abundances.

4.4.2 Flow Saturation

In the region of Figure 4.2 where L > .2, we can use flow saturation to understand the

differences in the magnitude of the neutron capture effect among nuclei.

To measure saturation in the neutron capture channel we take equation 4.4a and

subtract equation 4.7,

Ṡ = Ẏin(Z,A)− 〈σv〉Z,AY (Z,A)ρNAYn (4.9)

Saturation occurs when Ṡ = 0. Changes to a neutron capture rate under saturation have

no effect on the flow of material because the output channel is limited by the in-flowing

channels. When Ṡ < 0, more material is flowing out through the neutron capture channel

than is flowing into the input channels. When Ṡ > 0, the neutron capture flow is smaller

than the in-flowing channels.

For a large neutron capture effect it is crucial that Ṡ is large and greater than zero so

that the neutron capture flow is furthest from saturation. We can approximate the time

at which a large neutron capture flow is important in producing a large neutron capture

effect in each simulation by finding the maximum of Ṡ.

When predicting the magnitude of the neutron capture effect it is useful to define the

integral of equation 4.9 over simulation time for Ṡ > 0,

S =

∫
Ṡ>0

Ṡ dt (4.10)

which we call the unsaturated index. Physically, it is the amount of material that is

flowing into the nucleus but is not flowing out via neutron capture. Thus, this material

could be directed out through the neutron capture channel if the neutron capture rate

were increased.

A special case of neutron capture flow saturation occurs as nuclei fall out of (n, γ)�

(γ, n) equilibrium in hot scenarios. If the temperature is high enough photo-dissociation

rates are large so that the net flow to the right can be limited by leftward flowing material

in the photo-dissociation channel. If the nuclide is in (n, γ) � (γ, n) equilibrium then

the photo-dissociation and neutron capture terms in equation 4.9 are large and cancel so
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that Ṡ ≈ 0, see bottom right corner of panel (a) of Figure 4.2.

Odd-N nuclei are particularly susceptible to flow saturation as they have smaller

separation energies than even-N nuclei. This means that for odd-N nuclei the neutron

capture photo-dissociation rate pair (Z,A) and (Z,A+1) tends to fall out of equilibrium

sooner than the rate pair (Z,A− 1) and (Z,A) [95]. Thus, the F -measure is sensitive to

neutron capture rates on odd-N nuclei far from stability in a hot freeze-out. For example,

in the top panel of Figure 4.2, 161Ce,165Nd, 166Pm and 170Pm all fall out of equilibrium

earlier than the surrounding nuclei and each exhibit a small neutron capture effect limited

by flow saturation.

Flow saturation also occurs in cold environments. In this case, neutron capture rate

effects are limited for odd-N rare earth isotopes because they have faster neutron capture

rates and β-decay rates compared to even-N rare earth isotopes. Faster neutron capture

rates in odd-N nuclei means the first term in equation 4.9 is larger for even-N nuclei

than for odd-N nuclei. Faster beta decay rates in odd-N nuclei also implies the first term

in equation 4.9 is larger for even-N nuclei than for odd-N nuclei. The net effect is that

neutron capture flows of odd-N nuclei are closer to saturation (Ṡ ≈ 0) than the flows of

even-N nuclei. Therefore, even-N nuclei are favored by the F -measure, see bottom right

corner of panel (b) of Figure 4.2.

4.4.3 Flow Saturation As A Predictor For The Magnitude Of

The Neutron Capture Effect

Computing the unsaturated index using the baseline simulations, we can now predict and

understand the relative differences observed in the F -measure of the same nuclei in the

central region of Figure 4.2 between hot and cold freeze-out conditions.

For 168Gd the unsaturated index is larger in the hot baseline, S = 6.73×10−3 than in

the cold baseline, S = 1.27×10−3. This implies the neutron capture effect should be larger

in the hot scenario as can be verified by comparing the two panels in Figure 4.2. Saturation

also estimates when the neutron capture effect is important, Ṡ maximal. Returning to

Figure 4.4, we see that this point (star on the figure) is sensitive to thermodynamic

conditions and may occur when the neutron capture flow is not at its largest value.

The neutron capture flow components of 171Dy near the time of maximal Ṡ also leads

to a large neutron capture flow, albeit a magnitude smaller than the neutron capture flow

of 168Gd. For 171Dy the unsaturated index is larger in the cold baseline, S = 2.44× 10−4
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as compared to the hot baseline, S = 1.23×10−4. This implies the neutron capture effect

should be larger in the cold senairo and can again be verified by comparing the two panels

in Figure 4.2.

Explaining the relative differences seen in F by comparing unsaturated indices and

then confirming the result with F -measure values works extremely well. However, a word

of caution is necessary: The F defined in equation 4.6 is a sum of percent abundance

differences and the unsaturated index, equation 4.10, contains total abundance yield in-

formation. Thus if one prefers exact agreement between the result of the capture study

(F -measure value) and the unsaturated index, one should only use differences in abun-

dance or massfraction as the F -measure (for example, see F defined in [95]).

4.5 Analysis: Pathway Changes

In the previous sections we have discussed the magnitude of the neutron capture rate

effect and demonstrated how changes in neutron capture rates can influence the final

abundance distribution. We now turn our attention to the pathway changes produced by

the rate changes, focusing on individual nuclei in the K = 10 case.

In order to study changes in the path, for each element in the network we produce a

real number ∆Y (Z,A) representing the total change of the abundance yield over r-process

simulation time,

∆Y (Z,A) =

∫
[Y ncr
Z,A (t)− Y baseline

Z,A (t)]dt (4.11)

where Y ncr
Z,A is the abundance of isotope (Z,A) when one neutron capture rate has been

changed and Y baseline
Z,A is the abundance of isotope (Z,A) in the baseline simulation. If

∆Y (Z,A) is positive then more material resides in the particular nucleus during the cap-

ture rate simulation than during the baseline simulation. Conversely, less material resides

in the nucleus during the capture rate simulation than during the baseline simulation if

the value of ∆Y (Z,A) is negative. For capture rate changes in the rare earth region most

nuclei in the network have ∆Y (Z,A) = 0, except for locally around the nucleus whose

capture rate has been changed.

For each neutron capture rate study we normalize the set of ∆Y ’s and represent their

magnitude by colors in the NZ-plane of Figures 4.5 and 4.6. Darkest green shades repre-

sent the largest order of magnitude positive change while light green shades represent the

next largest positive change. Darkest red hatches represent the largest order of magnitude

70



negative change while light red hatches represent the next largest negative change.

98

157Pr

158Nd

159Pm

160Sm

161Eu

156Pr

157Nd

158Pm

159Sm

160Eu

97

155Pr

156Nd

157Pm

158Sm

159Eu

96
N

154Pr

155Nd

156Pm

157Sm

158Eu

95

153Pr

154Nd

155Pm

156Sm

157Eu

94

59

60

63

61

62

Z

98

157Pr

158Nd

159Pm

160Sm

161Eu

156Pr

157Nd

158Pm

159Sm

160Eu

97

155Pr

156Nd

157Pm

158Sm

159Eu

96
N

154Pr

155Nd

156Pm

157Sm

158Eu

95

153Pr

154Nd

155Pm

156Sm

157Eu

94

59

60

63

61

62

Z

(a) (b)

Figure 4.5: Shows the change in the nucleosynthetic pathway when the neutron capture
rate of 156Nd is changed. In the baseline simulation the flow of material through 156Nd
occurs primarily in the β-decay channels. When the neutron capture rate is increased
by a factor of K = 10, the flow out of 156Nd is primarily through neutron capture.
This occurs in both types of trajectories hot (left panel) and cold (right panel). Jagged
arrows represent nuclear flow in the baseline simulation while solid bold arrows represent
flow with the changed capture rate. Relative decreases in abundances along the path
are denoted by hatched red tones while relative increases are represented by solid green
tones.

Pathway changes can vary between the same nuclei under different simulations for

a number of reasons. This includes variations due to astrophysical conditions, the onset

of r-process freeze-out, availability of free neutrons, large neutron capture flow or flow

saturation.

Of the ten elements shown in Figure 4.3 we select four of them for a study of the

pathway changes. We examine Neodymium-156 in the context of pathway changes due to

differences in astrophysical conditions. We then consider pathway changes of two different

nuclei Europium-165 and Promethium-165 to highlight the importance of large neutron

capture flow of surrounding nuclei.

In Figure 4.5 we see the changes in nucleosynthetic pathways of Neodymium-156,

which are slightly greater in the classical scenario than in the cold scenario. In both
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cases, before changing the neutron capture rate 156Nd was populated from a β-decay

channel from 156Pr. Because of the quick β-decay rate of 156Nd the material continued to

flow to 156Pm; following the dotted arrows.

After increasing the neutron capture rate by a factor of K = 10, under the hot

trajectory (left panel), the neutron capture channel is enhanced. The flow of material

now travels through the neutron capture channel rather than the β-channel resulting in

material being deposited in new elements as highlighted in a light solid shade; follow

solid arrows.

Under the cold evolution we find a similar effect. However, the neutron capture rate

of 156Nd in the cold environment baseline is half the value of the capture rate of 156Nd

in the hot environment baseline. At the time when Ṡ is maximal, less material will

travel through the capture channel in the cold scenario with increase in the capture rate

resulting in a slightly more constrained pathway. We see this in Figure 4.5 by comparing

panel (a) and (b). In both environments 156Nd reaches saturation around K = 10.
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Figure 4.6: Shows the change in nucleosynthetic pathway when the neutron capture
rate of 165Eu (left panel) and 165Pm (right panel) are modified by a factor of K = 10.
In the left panel we study the 165Eu neutron capture effect under the hot trajectory.
In the right panel we study the 165Pm neutron capture effect under the cold trajectory.
In both cases the baseline simulations exhibit flow dominated by β-decay. The neutron
capture effect of 165Eu changes the pathway resulting in most material being deposited in
166Eu and 166Gd. The neutron capture effect of 165Pm represents an extreme case where
multiple new channels are opened. The markings are the same as in Figure 4.5.
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In Figure 4.6 the nucleosynthetic pathway changes of Europium-165 are displayed

for the hot evolution (left panel) and the pathway changes of Promethium-165 for the

cold evolution (right panel) under a capture rate change of K = 10. These two nuclei’s

capture rates have similar effects on the abundance pattern, F ≈ 400, but the pathway

changes for 165Pm extend through nine units of atomic mass while the pathway changes

of 165Eu extend through only four. This discrepancy arises from the differences in the

flow through the neutron capture channel of the surrounding nuclei.

In the case of 165Eu the capture rate change is important during relatively late times.

At this point in the hot simulation the temperature has fallen drastically and free neutrons

are relatively scarce. The unchanged neutron capture channels of nuclei surrounding 165Eu

have difficulty competing with the increasing β-decay flow in the region. The new pathway

is thus limited from branching out resulting in most material being shifted to 166Gd.

For 165Pm the capture rate change is important farther from stability (at earlier times)

in the cold evolution and it also does not have to compete with photo-dissociation flows.

Note that 165Pm has no effect on the abundance pattern under the hot evolution, see

bottom panel of Figure 4.2. In addition, 165Pm is an even-N nucleus so that it is far

from saturation compared to odd-N nuclei populated at early times. At this point in the

cold simulation the unchanged neutron capture rates of the surrounding nuclei can still

compete with β-decay rates in the region resulting in the formation of many secondary

pathways beyond 166Pm.

4.6 Neutron Capture Rate Decreases

& Nuclear Physics Uncertainties

For completeness, we also conducted neutron capture rate studies where the rates were

decreased by factors of 5, 10, 50 and 100. The same general analysis presented above

can be applied to neutron capture rate decreases. The major difference arises when satu-

rated nuclei (in the baseline simulation) are moved further from saturation by decreasing

neutron capture rate, reducing the second term in equation 4.9.

To summarize the effects of nuclei whose neutron capture rates can significantly im-

pact abundance patterns we generated a combined data set which includes four nuclear

models (FRDM, ETFSI, HFB17, DZ) and two astrophysical conditions (hot,cold) study-

ing both increases and decreases by factors of 5, 10, 50 and 100. We separated the data
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based on whether the rate was increased or decreased. We then selected the maximal F

for each nuclei across these studies, the results of which are shown in Figure 4.7.

Panel (a) shows those nuclei whose neutron capture rates can significantly impact final

abundances when the rates are increased. The lengthy freeze-out phase of cold evolutions

contributes to most of the shaded nuclei in the bottom right portion of the panel. Here,

Even-N nuclei are favored across different nuclear data sets due to flow saturation in odd-

N nuclei. The neutron capture effect of nuclei near the rare earth peak, with N = 102,

N = 104 and N = 106 and from Praseodymium up to Europium is exhausted for changes

in neutron capture rates of only K = 5. Capture rate changes above K = 5 do not matter

for these nuclei as their neutron capture channel becomes exhausted due to saturation.

Panel (b) shows those nuclei whose neutron capture rates can significantly impact final

abundances when the rates are decreased. We find that decreases in neutron capture rates

in the rare earth region tend to have smaller effects than increases. Because neutron

capture rate decreases restrict the flow through the neutron capture channel we find

that larger neutron flow, L & .8, is required to produce significant change to the final

abundance pattern. Thus, the distribution of influential neutron capture rates is shift to

more neutron rich nuclei.

4.7 Conclusions

We have demonstrated the importance of understanding individual neutron capture rates

in the rare earth region of the r-process abundance pattern and shown that the distribu-

tion of influential nuclei can be elucidated by the concepts of large nuclear flow and flow

saturation. These concepts are applicable across a variety of astrophysical conditions and

nuclear models. An influential neutron capture rate leads to a ‘neutron capture effect’

where a change is effected in the abundance of nearby higher A nuclei.

Many nuclei show significant leverage on the final abundances with small neutron

capture rate change (by a factor of K = 5), as shown in Figure 4.7. The distribution

of important rare earth neutron capture rates in the NZ-plane occurs in a narrow band

approximately 10 to 20 neutrons from stability. The overall distribution is remarkably

similar across a variety of freeze-out conditions and differing input nuclear physics, e.g

Figure 4.7 and is in agreement with the prediction of the location of important neutron

capture rates in the rare earth region based on formation arguments [65].
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(a)

(b)

Figure 4.7: Identifies all nuclei in a combined data set whose neutron capture rates
can significantly impact the final abundance pattern when rates are (a) increased and
(b) decreased. The data set includes calculations using a combination of nuclear models
(FRDM, ETFSI, HFB17, DZ) and conditions (hot and cold). Shaded nuclei have Fmax ≈
200 or more abundance change for a neutron capture rate increase or decrease of K = 5
(darkest shaded squares), K = 10 (medium shaded squares), K = 50 (light shaded
squares) and K = 100 (lightest shaded squares). For each nuclei the maximal F was
chosen among the data sets. Nuclei shaded white never produce a significant effect (F &
200) under any data set for any rate change, K.
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To understand the magnitude of the neutron capture effect we introduced two con-

cepts: (1) large nuclear flow and (2) flow saturation. Large nuclear flow means significant

material transportation in a given reaction channel. The requirement of large nuclear

flow in the neutron capture channel tends to rule out nuclei that are less than 10 neu-

trons from stability in the rare earth region as these nuclei are populated primarily via

β-decay. Flow saturation occurs when the sum of material flowing through input chan-

nels matches the flow of a single output channel. In the case where the output channel

is neutron capture, the channel is ‘saturated’ when it is matched by photo-dissociation

and β-decay in-flows. Changes to a neutron capture rate under saturation have no effect

on the flow of material because the output channel is limited by the in-flowing channels.

In like manner, changes in capture rates by very large factors are also forbidden because

the input channels become exhausted.

Flow saturation is useful in understanding the details of the pattern of influential

nuclei. For instance, under hot freeze-out conditions, photo-dissociation rates are large so

that the net flow to the right in the NZ-plane can be limited by leftward flowing material

in the photo-dissociation channel. This limits the neutron capture effect for nuclei far

from stability either in (n, γ) � (γ, n) equilibrium or for those nuclei just coming out

of equilibrium because the channel is saturated. Under cold freeze-out conditions, odd-N

nuclei are closest to saturation since they tend to have faster neutron capture rates and

β-decay rates. Thus, large neutron capture effects are generally found in even-N nuclei.

The concepts of large nuclear flow and flow saturation are general concepts which are

applicable beyond the scope of individual neutron capture studies. We expect that the

overall distribution of influential nuclei would still exhibit the same qualitative behavior,

if for instance, one chose to study groups of neutron capture rates.

In order to disentangle the information contained in the abundances found in na-

ture, detailed knowledge of nuclear physics including masses, β-decay rates and neutron

capture rates must be known. The concepts of large nuclear flow and flow saturation

introduced here are essential concepts for studying any reaction rates relevant to the

r-process.
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Chapter 5

β-decay Rates in the Rare Earth

Region

We study the sensitivity of the r-process abundance pattern to both single and groups of

β-decay rates along the rare earth region (A ∼ 150 to A ∼ 180). We identify important

individual rates and show how these rates influence the final abundances. We show that

the relative strength of β-decays in the region sets the height of the rare earth peak in

relation to the A = 130 and A = 195 peaks.

5.1 Background

As we have seen in previous chapters, many nuclear properties of the rare earth nuclides

such as neutron capture rates and separation energies are important in determining

the final r-process abundances. In addition to these properties, β-decay rates also play

a crucial role. This is especially true for hot freeze-out evolutions where β-decays are

critical in shifting material to higher atomic mass during (n, γ)� (γ, n) equilibrium.

Many experiments have been conducted in order to measure the half-lives and branch-

ing ratios of r-process nuclei, e.g. see [62, 42, 73, 41]. There have been many notable

developments in recent years: The measurements of Zinc isotopes [10] marks the first

time a waiting point nucleus, 80Zn, along the r-process path has most of the relevant nu-

clear properties measured experimentally. Quinn et al. 2011 [79] showed that 90Se has a

quadrupole shape which is incompatible with the hypothesized N = 56 sub-shell closure.

Sub-shell closures are important for the r-process because these nuclei are more stable
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(like closed shells) and hence have slower β-decay rates among other properties.

Important theoretical studies of β-decay rates relevant to the r-process have also been

performed by many groups. Most of this effort has been geared towards understanding

the β-decay properties of waiting point nuclei. Suzuki et al. 2012 [101] studied the beta-

decays of isotones at the magic neutron number N = 126. They noticed a shift in the

peak towards higher atomic mass when first-forbidden transitions are taken into account;

slowing β-decay rates in the region. Recently, Nishimura et al. 2012 [67] showed that

measured β-decay rates in the A 110 region help to reduce the gap seen in calculated

abundances when compared to solar abundances in the region. To date, there have been

no studies performed investigating the uncertainties of β-decay rates in the rare earth

region.

In this chapter, we explore the effects of both single and group β-decay rates changes

on the final abundances. We identify important individual β-decay rates in the rare earth

region. We use the concepts of large nuclear flow and flow saturation introduced in the

previous chapter to explain the distribution of influential nuclides. We show that the

entire β-decay strength of the rare earth region is critical in setting the height of the rare

earth peak in relation to the A = 130 and A = 195 peaks.

5.2 Model

To explore the effects of individual β-decay rates at late times (R . 1) in the r-process,

we track the nucleosynthetic evolution of a mass element as it adiabatically expands.

These model calculations mirror those of the previous chapter.

A reduced reaction network consisting of neutron captures, photo-dissociations, and

all β-decay channels is used to study the nuclear flow and abundance evolution after

the temperature drops below T9 = 2. This study uses a consistent nuclear model which

includes FRDM masses and separation energies [59] and neutron capture rates [82, 81]

as well as the latest theoretical β-decay lifetimes found in Möller et al. 2003 [60]. The

thermodynamic conditions were chosen such that the simulated final abundances best

match the solar rare earth region. The density was parameterized in the same manner as

the previous chapter using hot evolution parameters (S = 200kB, τdyn = 80ms, Ye = .30)

and cold evolution parameters (S = 300kB, τdyn = 80ms, Ye = .40).
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5.3 Results

A study of individual β-decay rates consists of a ‘baseline’ simulation where astrophysical

conditions and nuclear parameters are set. Subsequent simulations are conducted with

the same input data but with the β-decay rate of a single isotope in the rare earth peak

changed by a small factor. The final abundances are then compared. This procedure

mirrors the neutron capture rate study of individual rates discussed in the previous

chapter.

An increase or decrease in a β-decay rate can drastically change the nuclear flow

through a region, especially if the nucleus chosen happens to be a waiting point. For

those nuclei with large β flow and no saturation, smaller changes in the rate produce

larger shifts in the final abundances (relative to neutron capture rate changes). This is

because the slowest rate in the system is typically β-decay.

For each study we consider the magnitude of influence a single β-decay rate has on the

final abundance pattern using the quantity F from the previous chapter. We highlight

the results of two different individual rate studies in Figure 5.1. Each isotope’s β-decay

rate has been changed by a factor of only K = 5 and the magnitude of its effect on the

final abundances is indicated by the intensity of shading. Panel (a) of Figure 5.1 shows

the effects of individual β-decay rate changes under a hot evolution and panel (b) shows

the effects of the same rate changes under a cold evolution.

The distribution of influential β-decay rates differs from the distribution of influential

neutron capture rates and separation energies in the rare earth region. Inspection of

5.1 shows several key features: (1) The most influential β-decay rates have a strong

dependence on the evolution of the thermal profile. (2) The β-decay rates which have the

largest influence on the final abundances lie further from stability compared to influential

neutron capture rates. (3) There is a strong dependence on even-N nuclides. The concepts

of large nuclear flow and flow saturation developed in the last chapter can be used to

explain these observations.

The difference seen in the location of the most influential β-decay rates between the

two thermodynamic trajectories is due to the point at which these nuclides fall out of

(n, γ)� (γ, n) equilibrium. This important time occurs approximately when the neutron-

to-seed ratio dips below unity in both the hot and cold scenarios.

The difference in magnitude of the β-decay effect seen between the two evolutions is

due to how quickly the nuclides fall out of equilibrium. In the hot evolution, equilibrium
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(a)

(b)

Figure 5.1: Shows β-decay rates that significantly influence the abundance pattern.
The results of two separate β-decay rate studies are shown for a hot freeze-out, panel (a)
and cold freeze-out, panel (b). In both cases individual rates were increased by K = 5.
Darker shades represent an increased influence on the final abundance pattern. In order
of lightest to darkest each shade represents: white (0 ≤ F ≤ 100), light (100 < F ≤ 200),
medium (200 < F ≤ 400), dark (400 < F ≤ 800) and darkest (F > 800).
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persists much longer than in the cold evolution. This results in saturated neutron capture

and photo-dissociation channels persisting for longer times than in the cold evolution,

leading to large β-decay effects. After a nucleus has quickly fallen out of (n, γ)� (γ, n)

equilibrium in the cold evolution, its β-decay channel must also compete with the neutron

capture channel leading to slightly smaller β-decay effects. For these same reasons, β-

decay rates which have the largest influence on the final abundances lie further from

stability than influential neutron capture rates.

Inspection of 5.1 also reveals that the β-decay rates of even-N nuclei are most im-

portant. The reason for this is two fold: (1) Even-N nuclei lie along the r-process path

and are far from saturation. (2) Odd-N nuclei typically have faster neutron capture and

β-decay rates than even-N nuclei and so are closer to saturation.

The β-decay flow is large while material is very close to stability (top left portion

of both panels in Figure 5.1), but these nuclides are heavily saturated. By the time

these isotopes are populated the entire nuclear flow travels through the β-decay channel.

Further, these nuclides have small probabilities to emit neutrons after decaying and so,

close to stability, it is difficult to move material in A.

We show the effect that an individual β-decay rate change has on the final abundances

in Figure 5.2. These nuclides were chosen from the hot and cold studies of Figure 5.1.

Each rate has been changed by a factor of K = 5 and the resultant final abundance

pattern is compared to both the baseline and solar abundances.

Inspection of Figure 5.2 shows that the even-N nuclides closer to stability control the

detailed structure of the rare earth final abundances typically between several units of

atomic mass. Nuclei farther away have more influence over the final abundances and are

able to shift material many units in A.

We now explore global rate modifications where all β-decay rates in the rare earth

region (A ∼ 150 to A ∼ 180) are altered by a small factor in a single simulation. As in

the individual rate studies, the final abundances of this simulation are then compared to

the baseline case.

Figure 5.3 shows the effects of global β-decay rate modifications in the rare earth

region. Inspection of the figure reveals that the relative strength of β-decays in the region

sets the height of the rare earth peak in relation to the A = 130 and A = 195 peaks.

When all of the the β-decay rates in the rare earth region are increased, the height of

the rare earth peak shifts downward as material moves out of the region more quickly
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(a) (b)

Figure 5.2: Shows the effect of particular β-decay rates on the rare earth abundances.
Simulations were performed using hot (panel a) cold (panel b) freeze-out evolutions. The
baseline curve, Y baseline is represented by a bold black line and the solar data is repre-
sented by black dots. For both types of trajectories we show five curves each representing
a simulation where a single rate was changed by a factor of 5.
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Figure 5.3: Shows the effect of the β-decay rates on the rare earth abundances when
all the rates are changed by a small factor. The baseline curve is represented by a black
line and the solar data is represented by black dots. Simulations with group rate changes
are highlighted in different colors.
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relative to the baseline case. When the rates in the region are decreased, the rare earth

abundances shift upward, producing a better match to the solar data. Decreases to the

rates in the region also helps to remove the large gap seen in the final abundances between

A = 150 and A = 160; this is a known issue with the β-decay rates from [60].

Since β-decays control the speed at which the material moves back to stability, the

above result suggests a slower freeze-out may better match the solar abundances in the

rare earth region. Figure 5.3 also suggests slower β-decay rates in the rare earth region

helps to achieve the proper relative distribution of material among the peaks in solar

ratios.

5.4 Conclusions

We have shown the importance of understanding both individual and groups of β-decay

rates in the rare earth region of the r-process abundance pattern. Our calculations are

based on the FRDM nuclear model in the context of a high entropy r-process.

We have shown that many nuclei show significant leverage on the final abundances

with small β-decay rate change (by a factor of K = 5). We find that the most influential

individual β-decay rates control the global structure of the rare earth region and lie far

from stability and show a strong dependence on thermodynamic evolution. These rates

will likely not be reached by future radioactive beam facilities. However, the rates which

control the finer details of the rare earth peak lie closer to stability, in the blue box of

Figure 12 in Chapter 2 and could potentially be measured at future facilities.

We explored the concepts of large nuclear flow and flow saturation from the previous

chapter in the context of individual β-decay rate modifications. We find that even-N

nuclei are heavily favored due to large saturation effects observed in odd-N nuclei. Those

nuclei close to stability which are populated right at the end of the r-process have large

nuclear flow, but also suffer from flow saturation which limits β-decay rate change effects

in this region.

Global β-decay rate modifications in the rare earth region were also explored. A

careful analysis of these results suggests that a slower freeze-out for rare earth nuclei

may better match the solar abundances in the region. In addition, slower β-decay rates

in the rare earth region may also help to achieve the proper peak heights (A = 130, rare

earth, A = 195) in solar ratios.
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Improvements in mass models and half-life calculations are critical issues to be re-

solved in future studies. The inclusion of the latest measured values of these quantities

in future models will also greatly aid in our understanding of the r-process.
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Chapter 6

Summary & Conclusions

Our understanding of the abundances found in nature has transformed dramatically over

the past fifty years. The Suess curve [93] was instrumental in this revolution, demonstrat-

ing the existence of neutron capture processes (s-process and r-process) for the heaviest

elements. Recent compilations of solar abundances [47, 6, 49] show three main features

above A = 100; (1) The A = 130 peak, the rare earth peak (A ∼ 160) and (3) The

A = 195 peak. The rare earth abundances in the latest compilation of solar data [49] are

among the most accurately measured solar abundances. Still further, the abundances of

metal-poor r-process enriched stars show strong correlations with the solar abundances

for the heaviest elements, including the rare earth elements, see e.g. [92, 21, 45]. This sug-

gests the r-process component which is responsible for the rare earth elements operates

over a wide range of metallicity [20].

While the astrophysical location of the r-process is currently unknown, the most fa-

vored site is the core-collapse supernova. In order to study nucleosynthesis under extreme

conditions we have studied high entropy (S > 100kB) scenarios with a variety of wind

parameterizations. Two evolutions are of note: A hot r-process with temperatures high

enough to support (n, γ) � (γ, n) equilibrium and a cold r-process with lower temper-

atures where there are no photo-dissociation flows, only competition between neutron

captures and β-decays after neutron exhaustion.

Unlike the A = 130 and A = 195 peaks, the rare earth peak is not located at a closed

neutron shell. Thus, it must form by a different mechanism than the other r-process peaks.

Rare earth peak formation is an out of (n, γ) � (γ, n) equilibrium process, making it

sensitive not only to nuclear physics inputs but also to thermodynamic evolution. We find
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that the differences in late-time evolution (hot vs cold) determine which nuclear physics

input is important (separation energies vs neutron capture rates respectively) for rare

earth peak formation.

In hot evolutions a combination of reaction channels (photo-dissociation, neutron

capture and β-decay) set the r-process path along constant separation energy iso-contour

lines. If the nuclear data in the region shows a kink in the separation energies and the r-

process path crosses this kink during freeze-out, a mechanism which ‘funnels’ material into

the region occurs and peak formation ensues. We contrast this with the peak formation

mechanism which occurs in cold r-process environments. Here the important nuclear

physics for peak formation lies in the local pattern of the neutron capture rates. When

the neutron capture rates are slow in the peak region relative to the surrounding regions

material can become ‘trapped’ in the peak region, thus forming the peak.

In both scenarios, it is important that the patterns in the nuclear data (separation

energies or neutron capture rates) lasts until β-decay takes over in the peak region (this

effectively freezes the final abundances). Some nuclear models show a reduction in the

separation energy or neutron capture pattern for nuclei that are closer to stability, re-

sulting in effects which potentially wash-out the peak structure. Thus, unlike most of

the nuclei found on the r-process path, it is the nuclei which are close to stability, those

approximately 10 to 15 neutrons from the stable rare earth isotopes, which are most

important for setting the final abundances of this region.

Since the rare earth peak is sensitive to the thermodynamic evolution, this peak’s

formation can be used to gauge r-process conditions during freeze-out, the final phase

of the r-process. The rare earth peak complements the commonly used neutron-to-seed

ratio which is useful in understanding the conditions during the early stages of the r-

process. Abundance features of a successful rare earth peak formation can be used to find,

for instance, that favorable freeze-out conditions fall within a narrow entropy window

(S ∼ 150kB to S ∼ 200kB) given an initial electron fraction, Ye = .30 and timescale of

τ ∼ 27ms. Fission seeks to extend the favorable freeze-out conditions at higher entropies.

We demonstrate that if fission is important for the formation of the heaviest r-process

elements, the astrophysical freeze-out conditions are more likely to be ‘hot.’

The size of the range of acceptable astrophysical conditions produced by the rare

earth peak metric is dominated by uncertainty in the nuclear physics inputs. Thus, the

efficacy of the rare earth peak as an r-process diagnostic relies on our understanding of the
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properties of unstable nuclei. We have explored the effects of nuclear physics uncertainties

on the final abundances in this region by including in our studies four nuclear models

(FRDM, ETFSI, HFB-17, and DZ). The effects of neutron capture rates and β-decay rate

uncertainties have on the final abundances are quite substantial, even for small changes in

the individual rate (by factor of 5 for neutron capture rates or less for β-decay rates). The

impact of an individual rate or groups of rates on the final abundances can be understood

by the concepts of large nuclear flow and flow saturation introduced in Chapter 4. If taken

alone the results of the β-decay group rate study suggest that a slower freeze-out is ideal

for producing correctly the peak heights in solar ratios. However, this conclusion must

be weighed in conjunction with the result of the neutron capture studies. If one is to

prolong the freeze-out period by decreasing β-decay rates over the rare earth region then

one must also consider how long the neutron capture effect has during freeze-out to shift

material in the region.

We have studied the formation and evolution of the rare earth peak at late-times

(low neutron-to-seed ratio) under high entropy (S > 100kB) r-process conditions. We

have shown that the rare earth peak offers unique insight into the late-time behavior

of the r-process. Measurements at future radioactive beam facilities will be critical in

resolving the uncertain nuclear properties of unstable nuclei in this region. If future

measurements are not able to find the predicted patterns in the nuclear properties of this

region then we will be forced to rethink some of our current beliefs regarding r-process

nucleosynthesis. However, if measurements show that the predicted nuclear patterns do

exist, then using the method outlined here, very definitive conditions for the r-process

can be isolated. In either case, the rare earth peak will prove its merit as a powerful

diagnostic for understanding the r-process.
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