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The impact of beyond-mean-field predictions of stellar weak interaction rates of °®Se and "?Kr
waiting point nuclei on the rp-process in type-I x-ray bursts is investigated including the contribution
of thermally populated low-lying states for both 87 decay and continuum electron capture. The
realistic description of the effects of shape coexistence and mixing in the structure of parent and
daughter nuclei on the stellar weak rates is obtained within the complex Excited Vampir model.
We performed a series of post-processing calculations revealing significant effects on the energy
generation, reaction flow, and final composition of the burst ashes.

I. INTRODUCTION

In recent years the investigation of proton-rich N~Z
nuclei in the A~70 mass region has received an increasing
interest both theoretically and experimentally not only
due to their exotic structure and dynamics but also due
to the particular role played during the rapid proton cap-
ture process (rp-process) in type-I x-ray bursts (XRBs)
and their associated nucleosynthesis [1-5]. These explo-
sive phenomena take place on the surface of neutron stars
accreting hydrogen/helium-rich material from a low-mass
close companion star. Nucleosynthesis in explosive hy-
drogen burning at high temperatures and densities is
characterized mainly by the rp-process, a sequence of
proton captures and weak interaction processes includ-
ing A1 decays and continuum electron captures (cEC).
The present study focuses on weak interaction rates of
proton-rich nuclei, particularly waiting points like 58Se
and "?Kr, which play a critical role in rp-process nucle-
osynthesis. The competition between the proton capture
rates and the rates of the weak interaction processes at
the waiting points determines rp-process reaction flows,
and, consequently, the characteristic physical observables
of the XRBs. In particular, it influences the nuclear en-
ergy production rate that ultimately translates into the
luminosity profile with time, the main direct observable
of a type I x-ray burst. The luminosity profile in turn
can constrain the properties of the underlying neutron
star. This competition also determines the burst time
scale, the extent of the abundance flow to heavier masses
as well as the final composition of the burst ashes needed
to model neutron star crust properties [1, 2].

Previous investigations of rp-process nucleosynthesis [3]
have used simple estimates of weak interaction rates
[6, 7], shell-model calculations for nuclei in the A= 45-
65 mass range [8] and laboratory ground state rates for
A=70 N=Z nuclei. Reliable predictions of the char-
acteristics of nuclei beyond experimental reach require
self-consistent nuclear structure models that are able
to describe the properties of experimentally accessible
proton-rich nuclei. Robust predictions on Gamow-Teller

strength distributions for the ground state and the ther-
mally populated low-lying excited states in the stellar
environment, temperature dependance of the 8+-decay
rates as well as temperature and density evolution of the
continuum electron capture rates during the rp-process
are needed to realistically evaluate the impact of weak
interaction rates of the waiting point nuclei on nucle-
osynthesis in XRBs. The comprehensive description of
the structure and dynamics of the ®Se and "?Kr nu-
clei requires beyond-mean-field models able to treat re-
alistically the shape coexistence phenomena dominating
their behaviour. Weak interaction rates for these nuclei
have been calculated based on the QRPA approach using
spherical /deformed mean fields for parent and daugh-
ter nuclei [9-12]. In recent years we have extensively
explored and successfully described various coexistence
phenomena revealed by the structure and dynamics of
proton-rich nuclei in the Aa70 mass region within the
complex Excited Vampir model (EXVAM) and many of
our predictions have been experimentally confirmed [13—
20].

In the present paper we explore for the first time the
influence of 8Se and "?Kr stellar weak interaction rates
obtained in the frame of the compler Excited Vampir
model on the rp-process nucleosynthesis and energetics.
The theoretical framework will be presented in the next
section. In Sec. III we shall discuss significant effects on
characteristic physical observables of x-ray bursts. Some
concluding remarks are presented in Sec. IV.

II. THEORETICAL FRAMEWORK

Essential for the Gamow-Teller strength distributions
is a realistic description of the evolution in structure with
increasing spin and excitation energy in the parent and
daughter nuclei manifesting shape coexistence and mix-
ing, as it is already established for %8Se and "Kr as
well as their daughters ®As and "?Br, respectively ([17]
and references therein). This goal can be reached using
beyond-mean-field approaches, realistic effective interac-
tions, and large enough model spaces. These studies have



been accomplished in the frame of the complexr Excited
Vampir variational model using the effective interaction
constructed from a nuclear matter G-matrix based on
the Bonn A /Bonn CD potential in a model space above
the 40Ca core built out of the 1p1/2, 1pas2, 0fs/2, 0f7/2,
1ds/3 and Ogg /o oscillator orbits for the valence protons
and neutrons [16-19].

To explore the impact of the ®Se and "?Kr stellar weak
interaction rates on burst simulations we used a post-
processing approach based on a one-zone model that was
adjusted to match a 1-D multizone hydrodynamic result
discussed in [21] as closely as possible [2]. The calcu-
lations employ temperature and density profile, relating
the history of the neutron star’s accreted envelope with
the time evolution of the temperature and the density
in a single layer of the envelope, very similar to Schatz
et al. [2]. Such calculations have been used extensively
to overcome the time limitations introduced by compu-
tationally intensive hydrodynamic calculations and have
been applied to estimate the impact of nuclear uncer-
tainties on the final x-ray burst yields [4, 22]. Our nu-
clear reaction network includes proton rich nuclei from
hydrogen to xenon based on the reaction rates from the
JINA Reaclib Database [23]. We used the ignition con-
ditions from Schatz et al. [2], density of 1.1x10g/cm?
and peak temperature of 1.9 GK, with a rise time scale
of ~4 s, and a cooling phase lasting ~200 s. They as-
sumed an accretion rate of 10% of the Eddington mass
(mp4q = 8.8x10%g/cm?), initial hydrogen mass fraction
X = 0.66, helium mass fraction Y = 0.339, and a metal-
licity Z = 0.001. Under these conditions there is a nat-
ural termination of the rp-process due to a SnSbTe cy-
cle. Since the amount of hydrogen at ignition can vary,
which strongly affects the extent of the rp-process [5], we
studied the influence of %8Se and "?Kr weak interaction
rates on energy production, reaction flow and final abun-
dances using the temperature and density profile from
[2] varying the initial hydrogen/helium mixing and the
metallicity. Four different combinations of H/He mix-
ing and metallicity were examined: hhezl, employs the
conditions of Schatz et al [2], mentioned above; hhez2
has also Z = 0.001(1*N) and very similar H/He mixing,
X = 0.64 and Y = 0.359; hhez3 with solar metallicity,
Z = 0.02(1*N), X = 0.7048, and Y = 0.2752 as well as
hhez4 with low metallicity, Z = 0.001(**N), X = 0.759,
and Y = 0.24 correspond to the compositions used by
Woosley et al. [3]. For each case we ran a one-zone
post-processing calculation using codes and tools devel-
oped by B. S. Meyer et al. [24] and compared the results
obtained using EXVAM weak interaction rates with the
ones based on standard rates (laboratory ground state
rates).

III. RESULTS AND DISCUSSION

In the present investigations we introduced the temper-
ature dependance of the weak interaction rates consider-

ing the ground state and the yrast 2% state of %3Se (using
the Bonn CD potential) while for “?Kr the ground state,
the first excited 07 and yrast 2% state (using the Bonn
A potential) have been included using their experimen-
tal excitation energies [17]. Within the complex Excited
Vampir model we obtained good agreement with the ex-
perimental results on spectra and electromagnetic prop-
erties of the positive parity states as well as the terrestrial
half-lives and the measured Gamow-Teller strength dis-
tributions for these waiting point nuclei describing real-
istically the oblate-prolate coexistence and mixing domi-
nating their structure and dynamics ([17] and references
therein). In chains of independent variational calcula-
tions we constructed the wave functions for 1+, 2%, and
3% daughter states in %®As and "2Br, respectively. The
results indicate oblate-prolate coexistence and variable,
in some cases strong mixing in the structure of both,
parent and daughter states. The calculated excitation
energy of the yrast 2% state in 58Se is 1.021 MeV , while
the experimental value is 0.854 MeV. The calculated
B(E2;2{ — 0f,) value of 503 e®fm* (effective extra
charge of 0.3 e is used) compares well with the experimen-
tal value of 432 (58) €% fm? [25]. In "2Kr the first excited
07 state is obtained at an excitation energy of 0.971 MeV,
whereas experimentally it occurs at 0.671 MeV, and the
yrast 27 state at 0.604 MeV, while the experimental value
is 0.710 MeV. The EXVAM B(E2;2{ — 0/,) value of
670 e2fm? is in good agreement with the new experi-
mental result of 810 (150) e?fm? [26]. Using the lat-
est experimental results on mass measurements [27-30]
the EXVAM terrestrial half-life of ®®Se amounts to 34.9
s while the experimental value is 35.5(7) s [31] and for
72Kr we obtained 18.6 s compared to the measured value
of 17.1(2) s [32]. Quenching was not applied since our in-
vestigations on the Gamow-Teller decay of "?Kr revealed
very small changes for the strength distributions in an
extended model space including the spin-orbit partners
[17]. A missing Gamow-Teller strength of ~ 10% at-
tributed to the A excitation [33] is not included in the
present results. The experimental results on the Gamow-
Teller strength distribution for 8Se are established only
up to 0.426 MeV excitation energy [34] from the whole g8
window of Qo = 4.705 (2) MeV. For “?Kr the high res-
olution data [35] cover 3.3 MeV and the total absorption
spectrometer results 2.7 MeV [36] excitation energy from
the total Qrc = 5.121 (8) MeV, but the observed feeding
is normalized to 100% in both cases. Significant differ-
ences appear between the results obtained with the two
methods for some energy regions. The EXVAM results
manifest a reasonable agreement with the experimental
data given the errors and the assumptions in the anal-
ysis of the data [17]. New measurements covering the
full B window could give support to our results based
on a realistic description of the shape coexistence and
mixing dominating the structure of parent and daughter
states. Figure 1 shows the EXVAM decay rates decom-
posed into the corresponding 8% and cEC components
for selected densities as a function of temperature. The
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FIG. 1. The complex Excited Vampir decay rates (s~ ') for
the ground state and yrast 2% state of ®Se (left) and the
ground state, first excited 07 state, and yrast 27 state of
ZKr (right) decomposed into the corresponding 8% and cEC
components for selected densities pY, (mol/cm?) as a function
of temperature T (GK).

two-dimensional representation of the evolution of the
EXVAM continuum electron capture rates as a function
of temperature and density for °®Se used in the calcula-
tions for the rp-process scenarios is presented in Fig. 2.
A similar behaviour is manifested by the cEC rates for
72Kr. The EXVAM results indicate that the considered
low-lying states could make a contribution to the total
weak rates of maximum 1.5% for %8Se and 5.2% for "?Kr
in the relevant temperature and density range.
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FIG. 2. The evolution of complex Excited Vampir cEC rates
of 8Se as a function of temperature T (GK) and density pYe.
(mol /em?).

Figure 3 presents the %8Se weak decay flow based on
EXVAM weak interaction rates for %8Se versus standard
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FIG. 3. %Se weak decay flow (computed as the total %®Se
weak decay rate times the abundance of °®Se per nucleon)
as a function of time during an x-ray burst obtained using
the ®®*Se EXVAM weak interaction rates (dotted-dashed line)
compared to that based on standard rates (full line) for hhez1l
conditions.

rates case in hhez1 conditions as a function of time. The
EXVAM flow exceeds the standard flow from 40-90 s af-
ter the burst begins at ~35 s. The higher flow pushes
more matter to higher mass. Of course later, the faster
EXVAM rate causes the abundance, and thus the flow of
68Se to fall faster. Similar results have been obtained for
the other initial compositions.

Figure 4 illustrates the hydrogen and helium abundances
as a function of time during the x-ray burst for hhezl
and hhez3 mixing conditions. The EXVAM results in-
fluence significantly the hydrogen consumption for low
metallicity and the lowest considered initial abundances
of H, corresponding to hhezl and hhez2 conditions. En-
hanced weak decay flow through %3Se and "?Kr with the
EXVAM rates leads to faster consumption of free protons
after ~40 s.

Since the energy generation and the reaction network
are coupled self-consistently, we analysed the sensitivity
of energy generation rates to the predicted EXVAM
weak interaction rates. Figure 5 presents the energy
generation rate curves corresponding to the hhez2 and
hhez3 combinations of H/He and metallicity. Maximum
deviation produced by EXVAM results with respect
to the standard ones is obtained for solar composition
(20% in the middle point of the burst duration), Fig.
5 (right), while maximum change in shape is obtained
for low metallicity and H/He mixing close to the one
used by Schatz et al. [2], as it is illustrated in Fig.
5 (left). Enhanced reaction flow through ®®Se and
2Kr with the EXVAM rates leads to more energy
production as the flow reaches the A~70 region than
in the case with standard rates. Because of the larger
flow to higher mass with the EXVAM rates, protons
are consumed faster than with the standard rates
(see Fig. 4), which then causes the energy generation
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FIG. 4. The abundances of hydrogen and helium as a function
of time during an x-ray burst obtained using the %®Se and
"?Kr EXVAM weak interaction rates (dotted line) compared
to that based on standard rates (full line) (left - hhezl, right
- hhez3 composition).

o

o

-+ EXVAM

-+ EXVAM

— standard rates — standard rates |

Iy ;

£ | B
[ E|

E [\ i
E / \\;'//‘) S E
E L AA,J L ) AF L 1 d
0 50 100 150 200 250 300 0
Time (s)

Energy g eneration (10" erg/(g s))
O = N W H» OO N © ©
|
Energy generation (106 erg/(g s))
O =~ N W HA OO N 00 ©
T
1

L) e T
50 100 150 200 250 300
Time (s)

FIG. 5. Energy generation rate curve as a function of time
during an x-ray burst obtained using the %8Se and "?Kr EX-
VAM weak interaction rates (dotted-dashed line) compared
to that based on standard rates (full line)(left - hhez2, right
- hhez3 composition).

to decline earlier than in the case with the standard rates.

Figure 6 shows the integrated reaction currents during
an x-ray burst for the hhezl composition [2]. The thick-
ness of an arrow scales linearly with the magnitude of
the integrated current. The %3Se integrated weak de-
cay current with EXVAM exceeds the standard one by
5.5x10~% nuclei per nucleon. EXVAM weak interaction
rates of 58Se and "?Kr significantly increase the abun-
dance flow through these two waiting point nuclei in all
investigated scenarios. We calculated the total integrated
production and destruction reaction currents during an
x-ray burst (=210 sec from the ignition) for all consid-
ered compositions. Maximum variation in the final abun-
dances was obtained for ®Se and "Kr. In the hhezl
scenario [2] the ratio between the results based on stan-
dard weak rates and the ones including EXVAM rates
is 3.8 for %8Se and 3.3 for "?Kr. Similar results have
been obtained for ®®Se and 7?Kr in the other scenar-
ios. The abundance flow presented in Fig. 7 indicates
smaller variations for other illustrated waiting points.
Results close to Schatz et al. [2] have been obtained

4

for 1938n, 1948n, and '°°Sn isotopes. Similar effects pro-
duced using solar abundances (hhez3 scenario) are illus-
trated in Fig. 8 (right), but in this case, as for hhez4
conditions (Z=0.001 and the highest X=0.759) there is
still hydrogen to be burned. The abundance flow corre-
sponding to hhez2 (Fig. 8, left) and hhez4 compositions
for waiting point nuclei indicate also significant effects
on %Se and "?Kr. Once %®Se has built up by rp-process
flows, the enhanced flow through that waiting point iso-
tope with the EXVAM rates causes it to decline faster
than with standard rates. This causes higher mass wait-
ing point nuclei to built up earlier. The effects on the
daughter nuclei of the %3Se and "?Kr waiting points have
been evaluated calculating the integrated current in the
68As+' H —% Se+~ and ?Br +' H —™ Kr + reac-
tions. In the hhezl, hhez3, and hhez4 scenarios, where is
still hydrogen to be burned, (5.4 — 5.9)x10~* more ®®As
nuclei per nucleon go up to higher mass with EXVAM
weak rates than with the standard ones. Similarly for
Br we found (6.2 — 7.7)x10~% more current going up to
higher mass using EXVAM weak rates for %8Se and "2Kr
than without.

Since the post-processing calculations only track fixed
thermodynamic histories, they do not allow for feedback
of the energy generation on the time dependence of
the temperature and density during the calculations.
As a consequence, the results obtained introducing our
theoretical predictions on weak interaction rates that
significally affect the energy production, burst duration,
and final abundances should be interpreted with that
caveat in mind. Nevertheless, our results are helpful
in identifying nuclear properties that govern the XRB
energetics.

IV. CONCLUSIONS

This work presents the first results on the effects of
stellar weak interaction rates for %®Se and "?Kr wait-
ing point nuclei self-consistently predicted within the
beyond-mean-field complex Excited Vampir model tak-
ing into account the temperature dependance of the 3+
rates as well as temperature and density dependance of
continuum electron capture rates on the rp-process in
type I x-ray bursts. The contribution of the involved
thermally populated low-lying states in %8Se and 72K is
evaluated based on a realistic description of the oblate-
prolate coexistence and mixing in the structure of the
parents and daughter nuclei. A post-processing approach
based on the model of Schatz et al. [2] and four different
accreted compositions of H/He and metallicity were em-
ployed. A comparison of the results obtained using the
complexr Excited Vampir predictions to the ones based
on standard values for the ST-decay rates is outlined dis-
cussing the energy generation rates, the hydrogen and
helium consumption, and the abundance flow for wait-
ing point nuclei as well as Sn isotopes reached during the
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FIG. 6. Integrated reaction currents above Ge during an x-ray burst (/=210 sec from the ignition) for the hhezl composition

[2] using the EXVAM results for the temperature dependence of 31-decay and temperature and density variation of cEC rates
for %8Se and “?Kr (see text for details). In the online version stable nuclei are yellow while in the print version are grey.
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FIG. 7. The evolution of waiting point nuclei and 193=19¢gp
isotope abundances using the EXVAM weak rates (dotted-
dashed lines) are compared to the results obtained using stan-
dard values (full lines) (hhezl composition [2]).
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FIG. 8. The abundances of waiting point nuclei and Sn iso-
topes as a function of time during an x-ray burst obtained us-
ing the ®*Se and *Kr EXVAM weak interaction rates (dotted-
dashed line) compared to that based on standard rates (full
line) (left - hhez2; right - hhez3 composition).

burst. Of course, a self-consistent analysis with a hydro-
dynamic code suitably adjusting both the temperature
and the density of the stellar envelope (suggested by the
revealed change in energy generation) coupled to nuclear
networks including our predictions for the weak interac-
tion rates is necessary to reliably evaluate the consid-
ered effects, and we look forward to those calculations.
In the mean time, our results on the impact of realis-
tic stellar weak interaction rates for the %8Se and "?Kr
waiting point nuclei point towards improved estimates of
x-ray burst nucleosynthesis, and consequently, of the fi-
nal abundances of the x-ray bursts required for modelling
neutron star crust properties.
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