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Binary system: neutron star + companion star

Typical neutron star 1.4Mo, 10km radius

Explosion more than 1000 more powerful than sun 

Normal burst duration10-100 seconds

about 90 sources and more than 5000 bursts observed so far

        X-ray binaries
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Mass and radius of neutron star 
determined based on set of 

astrophysical parameters that best fit 
observations

Observations of these events provide information 
about the properties of matter under extreme 

conditions: neutron star properties, accretion rate, 
ignition mechanism, etc.
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Explosive stellar environments (nova explosions and 
X-ray bursts) are powered by explosive hydrogen 

burning
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Nuclear physics importance
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the anisotropy factor acts in the same way as an additional un-
certainty in the distance to the source. For GS 1826!24, Homer
et al. (1998) suggest a limit i < 70" based on the low amplitude
of the optical modulation at the orbital frequency, in which case
Equation (1) gives 0.84 ! !!1

b ! 1.5, or 0.85 < !
1/2
b < 1.1.

Therefore, even if the distance to GS 1826!24 was perfectly
known, anisotropy of the burst emission would represent an
uncertainty of about ±15% in any quantity that depends on dis-
tance. For example, using spectral fits to determine R# is subject
to this uncertainty since the normalization of the spectrum de-
pends on the solid angle R2

#/d2! . Given these uncertainties, in
this paper we look for constraints on M and R that are indepen-
dent of distance and anisotropy.

4. COMPARISON BETWEEN THE OBSERVED
AND MODEL BURST LIGHT CURVES

We first ask what constraints on M and R arise from the
comparison between the observed light curve and theoretical
models of Heger et al. (2007). PRE bursts are often used in
work to constrain neutron star properties from X-ray bursts
because the peak luminosity of the burst can then be taken to be
the Eddington luminosity. This cannot be done for GS 1826!24
because the bursts do not show PRE, implying that they have a
peak luminosity below Eddington. Instead, here we pursue the
idea that the model light curves that fit the observed light curves
so well tell us the peak luminosity of the bursts.

Heger et al. (2007) selected from their models one that
had a similar recurrence time to the observed bursts in 2000
(the model had trecur = 3.9 hr as opposed to the observed
trecur = 4.07 hr). They showed that, when the distance to GS
1826!24 (actually !

1/2
b d) is chosen to make the predicted peak

flux match the observed light curve, the theoretical and observed
burst light curves show remarkable agreement. They considered
fixed values of M and R, but the choice of those two parameters
also changes the mapping between observed and model burst
fluxes. Therefore, rather than vary distance alone, we find the
value of the ratio of the observed flux to the model flux

Fobs

Fmodel
= !!1

b

!
R

d

"2 1

(1 + z)2 (2)

that gives the best fit between the model and the data. Taking the
peak values, Fmodel,pk = 1.29 $ 1025 erg cm!2 s!1 (computed
from the redshifted peak luminosity quoted in Heger et al.
2007, with R = 11.2 km and z = 0.26) and Fobs,pk =
2.84 $ 10!8 erg cm!2 s!1, we find Fobs/Fmodel = 2.20 $ 10!33.
Substituting this value into Equation (2), we find

R

!
1/2
b d

= 10.9 km/6.0 kpc
1 + z

1.26

!
Fobs/Fmodel

2.2 $ 10!33

"1/2

, (3)

where we use the redshift assumed by Heger et al. (2007).
Note that the model light curve is likely to be insensitive to
the model gravity, so that the ratio Fobs/Fmodel does not depend
sensitively on the M and R used in the model. For example, the
ignition column depth is weakly dependent on gravity in this
burning regime (Bildsten 1998 derives yign % g!2/9). However,
this is something that should be explored in further simulations.
For now, we assume that Fobs/Fmodel is a constant, and take
Equation (3) as a joint constraint on R and 1 + z.

The theoretical uncertainty in Fmodel is at present unknown.
The predicted light curves depend on the input nuclear physics,

Figure 1. Average burst profiles with trecur = 4.07 hr compared with three
separate fits of the mean theoretical model light curve from Heger et al. (2007;
model A3, which had a similar recurrence time) is shown in the upper plot,
with an inset showing only the first 30 s. The model has been fit to the data
by varying the overall normalization, start time, and redshift. The solid (with
red band) and dashed (with green band) lines represent the fits to the entire
light curve and the first 30 s, respectively, and the dotted line (with blue band)
represents the light curve fitted only by matching the peak fluxes with a fixed
redshift of 1 + z = 1.26. The bands show the range of luminosity variations
from burst to burst in the theoretical model. The lower plot shows the difference
between each of the fits and the average observed light curve, with a horizontal
solid line at "F/F = 0 for clarity.
(A color version of this figure is available in the online journal.)

and prescription for convection and other mixing processes,
for example. These prescriptions vary from code to code, and
currently only simulations from the Kepler code (Woosley et al.
2004) have been compared to the observations of GS 1826!24.
Further simulations and comparisons are required to determine
what range of predicted peak fluxes still produces light curves
with the correct shape to fit the data. For now, in order to put
an error bar on the prefactor in Equation (3), we assume that
the theoretical uncertainty in Fobs/Fmodel is ±10%, and keep in
mind the fact that this number is uncertain.

This raises the point that rather than use the peak flux only,
we could also fit the entire light curve. In that case there is
an extra parameter, the redshift 1 + z, which stretches the light
curve in time. In principle, this provides a constraint on 1 + z.
In practice, however, we find that the value of 1 + z obtained in
the fit is sensitive to how much of the light curve is included
in the fit. For example, fitting the entire light curve (until about
130 s after the peak) we find best-fit values 1 + z = 1.44,
Fobs/Fmodel = 2.10 $ 10!33. If we fit the first 30 s only,
which includes only the initial decline after the peak rather
than the whole tail, we get a best fit of 1 + z = 1.32 and
Fobs/Fmodel = 2.17 $ 10!33. We show in Figure 1 the separate
fits to the entire light curve and the first 30 s, and we also
include the model light curve fitted only by matching the
peak fluxes, with the value for the redshift of 1 + z = 1.26,
as assumed by Heger et al. (2007). We see that while the
redshift is sensitive to the details of the fitting, the normalization
Fobs/Fmodel is well determined. Therefore, here we use the
normalization, but leave fits to the shape of the entire light
curve to future work when a greater number of simulations are
available.

A second constraint comes from spectral fitting. Fitting the
observed burst spectrum with a blackbody gives the total flux
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where we use the redshift assumed by Heger et al. (2007).
Note that the model light curve is likely to be insensitive to
the model gravity, so that the ratio Fobs/Fmodel does not depend
sensitively on the M and R used in the model. For example, the
ignition column depth is weakly dependent on gravity in this
burning regime (Bildsten 1998 derives yign % g!2/9). However,
this is something that should be explored in further simulations.
For now, we assume that Fobs/Fmodel is a constant, and take
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separate fits of the mean theoretical model light curve from Heger et al. (2007;
model A3, which had a similar recurrence time) is shown in the upper plot,
with an inset showing only the first 30 s. The model has been fit to the data
by varying the overall normalization, start time, and redshift. The solid (with
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and prescription for convection and other mixing processes,
for example. These prescriptions vary from code to code, and
currently only simulations from the Kepler code (Woosley et al.
2004) have been compared to the observations of GS 1826!24.
Further simulations and comparisons are required to determine
what range of predicted peak fluxes still produces light curves
with the correct shape to fit the data. For now, in order to put
an error bar on the prefactor in Equation (3), we assume that
the theoretical uncertainty in Fobs/Fmodel is ±10%, and keep in
mind the fact that this number is uncertain.

This raises the point that rather than use the peak flux only,
we could also fit the entire light curve. In that case there is
an extra parameter, the redshift 1 + z, which stretches the light
curve in time. In principle, this provides a constraint on 1 + z.
In practice, however, we find that the value of 1 + z obtained in
the fit is sensitive to how much of the light curve is included
in the fit. For example, fitting the entire light curve (until about
130 s after the peak) we find best-fit values 1 + z = 1.44,
Fobs/Fmodel = 2.10 $ 10!33. If we fit the first 30 s only,
which includes only the initial decline after the peak rather
than the whole tail, we get a best fit of 1 + z = 1.32 and
Fobs/Fmodel = 2.17 $ 10!33. We show in Figure 1 the separate
fits to the entire light curve and the first 30 s, and we also
include the model light curve fitted only by matching the
peak fluxes, with the value for the redshift of 1 + z = 1.26,
as assumed by Heger et al. (2007). We see that while the
redshift is sensitive to the details of the fitting, the normalization
Fobs/Fmodel is well determined. Therefore, here we use the
normalization, but leave fits to the shape of the entire light
curve to future work when a greater number of simulations are
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Need reliable nuclear physics for full interpretation of observations!
but fortunately not all reactions are important



Measure cross section indirectly:
Measure spins, resonance energies, masses, single 

particle strengths, g-widths and spectroscopic 
factors
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Nuclear physics - reaction rates
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Measure cross section directly 
BUT

very low cross sections

OR

Several important nuclear reactions have high uncertainties!
Measurements are limited by current beam rates

Facility for Antiproton and Ion Research FAIR (Germany)
Facility for Rare Isotope Beams FRIB (USA)
RIKEN Accelerator Research Facility (JAPAN)
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Open questions:
What are the exact astrophysical 
conditions involved?
Where does the r-process occur?
Are there “hidden” processes (light 
element primary process LEPP) ?
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   Sensitivity of r-process to astro and nuclear physics
8

FIG. 5: (Color online) Freeze-out (black lines) and final (green lines) abundances for the hot (left column) and cold (right
column) r-process. The calculations are based on the mass model that is indicated in the label.

8

FIG. 5: (Color online) Freeze-out (black lines) and final (green lines) abundances for the hot (left column) and cold (right
column) r-process. The calculations are based on the mass model that is indicated in the label.

Sensitivity to astrophysics

Comparison to observations: 
Obtain neutron density, temperature, time
Determines which model is correct
Convoluted with nuclear physics

Arcones & Martinez-Pinedo 2011

Sensitivity to nuclear physics

Page 2 of 5 Eur. Phys. J. A (2012) 48: 184

di!erent sets of global data. Such comparisons are quite
valuable and examples include refs. [14–16]. Our approach
here is quite di!erent. We instead focus on the sensitiv-
ity of the r-process to the individual neutron separation
energies within a given mass model, as they appear in
eq. (1), in an attempt to determine the nuclei that have
the greatest impact on the overall r-process abundances
and, in turn, identify the most crucial measurements to
be made. This is the first time that such an attempt has
been made and the results could potentially be of great
significance to both nuclear and astrophysical science.

The study of radioactive nuclei far from stability ap-
proaching the r-process path is one of the global research
frontiers for nuclear science today. New facilities are being
developed in the USA (CARIBU at ANL, NSCL and FRIB
at MSU), in Europe (ISOLDE at CERN), in France (SPI-
RAL II at GANIL), in Finland (Jyvaskyla), in Germany
(FAIR at GSI Darmstadt), in Japan (RIKEN), in China
(BRIF, CARIF in CIAE Beijing), and in Canada (ISAC
at TRIUMF). The overarching question for this global ef-
fort in nuclear science is which measurements need to be
made [17].

This study used a fully dynamical r-process nuclear
network code [18]. Inputs to the simulation code include a
seed nucleus, neutron density, temperature and dynamical
timescale descriptive of a given astrophysical scenario. In
addition, ! decay rates, neutron capture rates and neutron
separation energies are the inputs for the nuclear proper-
ties. The simulation processes neutron captures, photodis-
sociations, !-decays, and !-delayed neutron emissions
from the start of the r-process through freezeout and the
subsequent decay toward stability [19]. Fission, while im-
portant in some astrophysical scenarios, is not significant
for the the conditions used here and so is not included.

All the calculations are done for the same initial as-
trophysical conditions. The astrophysical scenario used in
our simulations was based on the H or high-frequency
r-process suggested by Qian et al. [20], with an ini-
tial temperature of T9 = 1.5 and an initial density of
3.4 ! 102 g/cm3. We take the temperature and density to
decline exponentially as in [21] with a dynamical timescale
of 0.86 s. While Qian specifies a seed of 90Se and a neutron
to seed ratio (Nn/Nseed) of 86 [20], here a lighter seed of
70Fe is chosen, which results in Nn/Nseed = 67 when the
electron fraction is kept consistent with Qian (Ye = 0.190).

The nuclear data inputs include beta-decay rates
from [22] and neutron capture rates from [23], both calcu-
lated with Finite Range Droplet Model (FRDM) masses.
The measured values of Sn come from the Audi Mass
Evaluation 2003 [24]. For the remaining nuclei, we used
the Sn values resulting from the calculated mass values in
the FRDM [25]. We subsequently varied these theoretical
Sn for one nucleus at a time by ±25%. In each case, the
resulting r-process abundance curves were generated and
compared against the baseline abundances resulting from
the unchanged Sn value.

The 25% variation of separation energies was chosen
somewhat arbitrarily. A comparison of the ratio of sep-
aration energies extracted from measured masses or the-

Fig. 1. Comparison of the separation energies from Duflo-
Zuker [26], HFB-21 [27], and the experimental masses from [24]
to the FRDM [25] values for the tin isotopes.

Fig. 2. Final r-process abundances for the baseline H-
scenario [20] with 70Fe seed (black line) compared to simu-
lations in which the neutron separation energy of 138Sn is in-
creased (red long-dashed line) or decreased (blue short-dashed
line) by 25%. The calculated abundances are normalized to
the solar r-process abundances of Sneden et al. [4] (points) at
A = 130.

oretically calculated separation energies with the FRDM
calculated values is shown for the Sn isotopes in fig. 1.
This indicates that the 25% value is a reasonable varia-
tion estimate far from stability.

An example of the resulting abundance patterns is
shown in fig. 2, where the baseline pattern is compared
to the final abundance patterns produced by simulations
in which the separation energy of 138Sn was increased or
decreased by 25%. This comparison can be quantified by
summing the di!erences in the final mass fractions,

F± = 100
!

A

|Xbaseline(A) " X±!Sn(A))|, (2)

where X(A) = AY (A) is the mass fraction of nuclei with
mass number A (such that

"
A X(A) = 1), and the sum of

Brett,  Aprahamian et al, 2012

138Sn neutron separation energy 
increased by 25%
reduced by 25%



Important nuclear physics r-process

β-decay

Seed

Equilibrium favors 
“waiting points”

Need: 
Masses 
Half-lives 
Neutron capture rates after neutrons are exhausted
Neutron emission probabilities 
Maybe fission and neutrino interaction rates

neutrons

protons

β-decay neutron emission

Experimental measurements of these quantities for r-process 
isotopes is very limited

Measurements are limited by current beam rates
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Nuclear Structure, Reactions and Astrophysics
Rare isotope beams (NUSTAR): 
Nuclear structure far off stability, nucleosynthesis in 
explosive astrophysical events
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How are elements heavier than 
He created? Where are they 

created?



       NUSTAR physics
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 Primary beam from SIS



       FAIR reach

beamcollection, energymatching, and experiments are separated
for more efficient and optimized operation. This makes the
new ring complex an ideal tool for reaction studies at an internal
gas target or in combination with a small electron collider
ER (NUSTAR, 2007). Thus the exotic nuclei can be investigated
with new methods which are presently not available. The new
region of masses which can be accessed with such a next
generation facility is illustrated in Figure 48 on the example of
NUSTAR at FAIR.

The next generation mass and decay measurements will be
carried out in the framework of the ILIMA Isomeric beams,
(ILIMA, 2006) at the FAIR storage rings. IMS will be performed
at the CR where the experimental conditions are improved by
several orders of magnitude due to higher intensity of primary
beams and also the substantial increase of the phase space
acceptance compared to the present FRS–ESR complex. Similar
improvements are envisaged also for SMS in the NESR. A new
ion trap system will be installed in the framework of the
MATS (MATS, 2006) proposal at the low-energy branch of the
Super-FRS.

A clear goal of the NUSTAR program is to cover the
astrophysical r-and rp-processes paths, to collect first informa-
tion about changes of nuclear structure at the limits of nuclear
stability, and to provide pure isomeric beams for investigation
and reaction studies.

In conclusion, we have shown that mass spectrometry
and unique lifetime measurements with bare and few-electron
exotic nuclei havemade large progress in the recent years. A new
generation of accelerators in combination with rare-isotope
facilities which involve trapping and storage led to a fast
extension of the present knowledge of basic nuclear properties.
The new facilities going into operation or planned will lead us
to new, still more interesting regions far off the nuclear
stability line and thus will contribute to a better understanding
of nature and structure of nuclear matter. Mass and lifetime
measurements in storage rings with the capability to map large
areas of the nuclear chart will certainly play a key role in the
future too.
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FIGURE 48. Chart of nuclides with presently known masses (light gray or light blue). New regions to be
explored with NUSTAR at FAIR are marked in dark grey or red. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Low energy branch
Advanced Implantation Detector Array (AIDA)

4! Beta Delayed Neutron Detector (BELEN)
Advanced γ-tracking array (AGATA)
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       Astrophysics with NUSTAR

Reaction studies
Light ion direct reactions (EXL)  rp-process and r-
process
Direct (p,γ) reaction measurements (storage ring)  
rp-process
Electromagnetic dissociation (R3B)  rp-process and 
r-process

Nuclear spectroscopy
β-decay (AIDA, BELEN)  r-process
γ-spectroscopy (AGATA)  rp-process

Atomic masses
Masses (ILIMA,MATS)  r-process and rp-
process



       Summary

• Astrophysical events  and nucleosynthesis processes are powered by nuclear 

processes. X-ray bursts and the rapid neutron capture processes are just two 

examples

• Current simulations of those events use a mixture of theoretical and experimental 

nuclear data. Our understanding is limited by the uncertainties in the nuclear physics

• Experiments are currently limited by beam intensities 

• New facilities such as FAIR and FRIB will provide a significant upgrade in beam 

intensities allowing for the experimental study of many new nuclei

• Uncertainties in the nuclear physics relevant in X-ray bursts will be eliminated with 

these upgrades 

• How the elements heavier than iron are created in the universe will be much better 

answered in the near future


