
Textbook view of massive stars 
Essential Cosmic Perspective, Bennett et al.



Massive stars: advanced stages of burning 
with MESA, Paxton et al. 2010
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Figure 29. Top: H-R diagram for 10–100 M⊙ models from the PMS to the end of
core Helium burning for Z = 0.02 but with zero mass loss. Bottom: trajectories
of the central conditions in the T –ρ plane over this same evolutionary period.
(A color version of this figure is available in the online journal.)

et al. (2001), Nugis & Lamers (2000), and Nieuwenhuijzen &
de Jager (1990), as described in Section 6.6. These massive
star models are non-rotating, use no semi-convection, employ a
mixing length parameter of αMLT = 1.6, and adopt f = 0.01 for
exponential diffusive overshoot (see Section 5.2) for convective
regions that are either burning hydrogen or are not burning.

Most of this section consists of comparisons to results from
other stellar evolution codes. However, for consistency (and
completeness), we show in Figure 29 the H-R diagram and
central condition evolution of 10–100 M⊙ stars from the PMS
to the end of core helium burning. Though these are stars with
Z = 0.02, we turned off mass loss during this calculation so
that the plot would be easier to read and of some pedagogical
use. The tendency of Tc to scale with ρ

1/3
c (also a constant

radiation entropy) during these stages of evolution is expected
from hydrostatic balance with only a mildly changing mean
molecular weight. The rest of the calculations in this section
included mass loss as described above.

7.3.1. 25 M⊙ Model Comparisons

Figure 30 shows the Tc–ρc evolution in Mi = 25 M⊙ solar
metallicity models from MESA star, KEPLER (A. Heger 2010,
private communication), Hirschi et al. (2004), and FRANEC
(Limongi & Chieffi 2006) from helium burning until iron-
core collapse. The curves fall below the Tc ∝ ρ

1/3
c scaling

relation as the mean molecular weight increases due to the
subsequent burning stages. The curves are also punctuated with
non-monotonic behavior when nuclear fuels are first ignited
in shells. Figure 30 shows that MESA star produces core
evolutionary tracks consistent with other pre-supernova efforts.
The bump in the MESA star curve around carbon burning is

Figure 30. Evolution of the central temperature and central density in solar
metallicity Mi = 25 M⊙ models from different stellar evolution codes. The
locations of core helium, carbon, neon, oxygen, and silicon burning are labeled,
as is the relation Tc ∝ ρ

1/3
c .

(A color version of this figure is available in the online journal.)

Figure 31. Mass fraction profiles of the inner 2.5 M⊙ of the solar metallicity
Mi = 25 M⊙ model at the onset of core collapse. The reaction network
includes links between 54Fe, 56Cr, neutrons, and protons to model aspects of
photodisintegration and neutronization.
(A color version of this figure is available in the online journal.)

due to the development of central convection whereas the other
codes do not (although see Figure 2 of Limongi et al. 2000).
The development of a convective core during carbon burning
depends on the carbon abundance left over from core helium
burning (Limongi et al. 2000).

The mass fraction profiles of the inner 2.5 M⊙ of this
Mi = 25 M⊙ model are shown in Figure 31 at the onset of core
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FIG. 10: The main stages of evolution of a neutron star, from Ref.[133]. Shading indicates approximate relative

temperatures.

temperature, a delayed collapse to a black hole is still possible during this epoch.
Following the onset of neutrino transparency, the core continues to cool by neutrino emission, but the

star’s crust remains warm and cools less quickly. The crust serves as an insulating blanket which prevents
the star from coming to complete thermal equilibrium and keeps the surface relatively warm (T ≈ 3× 106

K) for up to 100 years (stage V). The temperature of the surface after the interior of the star becomes
isothermal (stage VI) is determined by the rate of neutrino emission in the star’s core and the composition
of the surface.

B. Theoretical expectations

To understand what aspects of the EOS and structure can be probed by neutrinos, we examine
some analytic models for proto-neutron star evolution [133, 136]. For clarity and simplicity, we employ
Newtonian gravitation, as this does not affect the qualitative conclusions we will draw. We will assume
that the neutrino distribution function is well-approximated by a Fermi-Dirac distribution, so the neutrino
number density is nν =

! ∞
0 nν(Eν)dEν , where

nν(Eν) =
E2

ν

2π3(h̄c)3
fν(Eν), and fν(Eν) = [1 + e(Eν−µν)/T ]−1 . (86)

Modern view of neutron star birth 
schematic from Lattimer and Prakash



Supernova 1987a: neutrinos detected by Kamiokande!

Hirata et al. ’88









which nuclei are s-only?
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Figure 1.4: Nuclear chart showing the pathways for the s and r neutron capture processes,
with a zoomed in view on the bottom. The s and r processes produce the majority of the
stable isotopes heavier than iron, except for the 35 p nuclei which are shielded by the valley
of stability.
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neutron star basics

A solar mass consists of ~ 1057 nucleons.  If they are 
separated by typical inter-nucleon distances, what 
would the radius of the volume containing them be?



neutron star basics
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Thermodynamics near saturation density 
see review by Lattimer & Prakash
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Why so neutron-rich?
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What is the pressure at saturation?
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Discovery!

radio pulsations discovered (Hewish, Bell, et al. 1968) 

Gold (1968): explained as due to rotation of a 
neutron star (WHY?)



Crab Nebula: Remnant of supernova in 1054
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Accreting neutron stars



Artwork courtesy T. Piro
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Detection: Isolated neutron stars

about 1700 pulsars detected; about 
50 are in binary systems with some 
mass information 

very precise mass information; 

but, no radius information 

fastest spin is 716 Hz (Hessels et al. 
2006; faster than household 
blender!) John Rowe Animation/Australia Telescope 

National Facility, CSIRO

PSR J0737-3039A/B



Figure 3: Neutron star (NS) mass-radius diagram. The plot shows non-
rotating mass versus physical radius for several typical NS equations of state
(EOS)[25]. The horizontal bands show the observational constraint from our
J1614−2230 mass measurement of 1.97±0.04 M⊙, similar measurements for
two other millsecond pulsars[3, 26], and the range of observed masses for
double NS binaries[2]. Any EOS line that does not intersect the J1614−2230
band is ruled out by this measurement. In particular, most EOS curves in-
volving exotic matter, such as kaon condensates or hyperons, tend to predict
maximum NS masses well below 2.0 M⊙, and are therefore ruled out.

10

Neutron stars can reach 2 Msun! Demorest et al. 2010



A neutron star cooling from 
its fiery birth

ROSAT Image of thermal emission 
from neutron star in Puppis A 
supernova remnant



cooling: the Urca process 
Gamow & Schoenberg 1941
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but this is blocked... 
Chiu & Salpeter, Bahcall & Wolff

If np/n > 0.11, direct process can go. 
Also if other channels, e.g. 
hyperons, are available. 

A high symmetry energy implies 
that neutron stars should cool 
rapidly! 
—Lattimer & Prakash 2007
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This rate is > 106 times slower at typical T < 108 K.



plot from Yakovlev et al. ‘02; see also Page et al. ’04, ’09

Neutron stars cooling from their fiery birth: “fast” and 
“slow” neutrino emissivities

D. G. Yakovlev et al.: The cooling neutron star in 3C 58 L25



Models with no enhanced cooling 
Page, Lattimer, Prakash, & Steiner 2009

COOLING OF NEUTRON STARS 9
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Fig. 9.— Comparison of predictions of the minimal cooling scenario with data; all models are for 1.4 M⊙ stars built using the EOS of
APR (Akmal, Pandharipande & Ravenhall 1998). In the right panels the suppression of the vector channel in the Cooper-pair neutrino
emission is fully taken into account whereas, for comparison, in the left panels the supression has been omitted. In each row, the two panels
have the same neutron 3P2 gap, from a vanishing gap in the upper row to our model gaps ”a” and ”b” (following the notations of Figure
10 in Paper I) in the next two rows. In each panel two sets of cooling trajectories, either with light or with heavy element envelopes, are
shown which include 25 curves corresponding to 5 choices of the neutron 1S0 and of the proton 1S0 gaps covering the range of predictions
about the sizes of these gaps.

equation 13), as in our models “b” and “c”. In the extreme case that the neutron 3P2 gap is vanishingly small and also
that all observed young cooling neutron stars have light element envelopes, then nearly all of them, with the possible
exception of PSR B0538+2817, are observed to be too cold to be compatible with minimal cooling predictions. In
the less extreme possibility of a heterogeneity in chemical composition and a vanishingly small neutron 3P2 gap, we
still find that more than half (seven out of twelve) of the observed young cooling neutron stars are too cold to be
compatible with minimal cooling. (Notice that among the remaining five, out of twelve stars, the compact objects in
Cas A and the Crab still have only upper limits.) If these conditions on the Tc curve are not satisfied for a particular
model of superfluidity in dense matter, then that model also requires enhanced cooling beyond the minimal cooling
paradigm. These results highlight the importance of the n 3P2 gap in more precise terms than discussed in Paper I.

Our conclusion regarding the need for heterogenity in the chemical composition of the atmosphere is consistent with
the results of Kaminker, et al. (2006), who had to employ both light and heavy element atmospheres in their cooling
models to match the data of most stars.

That it is apparently possible to explain the majority of thermally-emitting neutron stars with the minimal cooling
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crust reactions 
Sato ’79; Haensel & Zdunk ’90; Gupta et al. ’07; Steiner ’12; Schatz et al. ‘13; Lau et 
al. (in prep)

illustration with a simple liquid-drop model (Mackie & Baym ’77, following 
Haensel & Zdunik ’90)

pycnonuclear 
reactions

neutron drip



Many of these reactions are within reach of FRIB
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plex pasta phases was explored in ref. [17]. In the model
nucleons interact via a two-body potential,

V (r) = ae�r2/⇤ + [b± c]e�r2/2⇤ +
eiej
r

e�r/� . (1)

Here the plus sign is for the interaction between two pro-
tons or two neutrons while the minus sign describes the
more attractive interaction between a proton and a neu-
tron. In the equations above, ei is the charge of the ith

nucleon, r is the distance between the two nucleons and
a, b, c and ⇤ are constants adjusted to approximately
reproduce some bulk properties of pure neutron matter
and symmetric nuclear matter as well as the binding en-
ergies of selected nuclei [3]. The Coulomb interaction
is screened by the slightly polarizable electron gas. For
simplicity we use a fixed screening length � = 10 fm that
was employed in previous works.

We simulate at a temperature T = 1 MeV that has
been previously studied. Neutron star crust has a much
lower temperature. However dynamics at 1 MeV may
be much faster and accessible to direct MD simulation,
while defect formation at lower temperatures may be too
slow to directly simulate. We also use a proton fraction
Yp = 0.4 because this has been used in previous work.
Neutron star crust in beta equilibrium has a lower proton
fraction and this will be studied in future work. Finally,
we simulate at a baryon density of n = 0.05 fm�3 or
1 ⇥ 1014 g/cm3. This is about 1/3 of nuclear saturation
density, and is a typical density where nuclear pasta is
expected. All of our simulations use a MD time step of
2 fm/c.

Figure 1 (a) shows the final configuration of 409,600
nucleons after evolution for 1.4⇥ 107 fm/c. The starting
point was a uniform random configuration. The result is
flat plates that are connected by a number of topological
defects. We will explore these defects below. The de-
fects form rather quickly and then are stable for the full
remaining simulation time.

Next we present the final configuration of a simulation
with 50,000 nucleons in Fig. 1 (b). Starting from a uni-
form random initial configuration the nucleons quickly
formed an array of screw like defects that formed a plane
near the center of the simulation extending from left front
to right back and top to bottom. To the left and right
of this array of defects are normal flat plates that are
displaced by half a lattice spacing in crossing the array.

Fig. 1 (c) shows a simulation with 75,000 nucleons
that started from a uniform random configuration and
was evolved for about 1.6 ⇥ 107 fm/c. This simulation
shows flat plates that are connected by a single screw
like topological defect near the right foreground. This
defect extends vertically throughout the simulation vol-
ume. It formed quickly and then remained stable as it
slowly drifted in the simulation volume. Finally, Fig. 1
(d) shows a closeup of a single defect that shows its he-
lical nature. This appears simillar to screw defects in
liquid crystals, see for example Ref. [18] Fig. 9.2.5.

Additionally, we perform simulations varying T , and
YP , to study the stability of these defects. These 51200

FIG. 1: (Color online) (a) Proton density isosurface for a
configuration of 409600 nucleons from an MD simulation that
started from a random configuration. (b) Proton density iso-
surface for a 50,000 nucleons MD simulation. Flat lasagne
plates to the left and right are separated by a plane of topo-
logical defects that extend from the front left to the back
right and from the top to the bottom. (c) Proton density iso-
surface for a 75,000 nucleon MD simulation. A single screw
defect near the left foreground extends vertically throughout
the simulation volume. (d) Closeup of a single defect showing
its helical nature.

nucleon simulations were equilibrated from random ini-
tial conditions for 500,000 fm/c. We find that 10% varia-
tion of temperature (simulations with T=0.9 and T=1.1
MeV) still produces defects similar to those shown in Fig
1 (c) and (d), as do 10% variations in proton fraction
(simulations with Yp = 0.35, 0.45). Note that there were
a few simulations with very di↵erent parameter values
that did not appear to form defects.

In summary, many of our MD simulations formed topo-
logical defects either as a single column, Fig. 1 (c), as
a two dimensional array, Fig. 1 (b), or at multiple sites
in the simulation volume as in Fig. 1 (a). These defects
tend to form quickly, when simulations are started from
random positions, and then persist for long simulation
times.

We now make a rough estimate, based on Fig. 1 (b),
of how these defects could act as e↵ective impurities and
reduce the thermal and electrical conductivities. The
charge distribution in the central region of Fig. 1 (b)
di↵ers greatly from the normal pasta configuration (that
is present to the left and right). In the limit of very large
impurities, Qimp =< Z >2. Here < Z >⇡ 20 is the mean
e↵ective charge of a cluster (piece of pasta), see below.
Our simple model for an e↵ective Qimp, that might de-
scribe electron-pasta scattering from the configuration in

Disordered nuclear pasta, magnetic field decay, and crust cooling in neutron stars

C. J. Horowitz,1, ⇤ D. K. Berry,2 C. M. Briggs,1 M. E. Caplan,1 A. Cumming,3 and A. S. Schneider1

1Department of Physics and Center for the Exploration of Energy and Matter,
Indiana University, Bloomington, IN 47405, USA

2University Information Technology Services, Indiana University, Bloomington, IN 47408, USA
3Department of Physics, McGill University, 3600 rue University, Montreal QC, H3A 2T8 Canada

(Dated: October 9, 2014)

Nuclear pasta, with non-spherical shapes, is expected near the base of the crust in neutron stars.
Large scale molecular dynamics simulations of pasta show long lived topological defects that could
increase electron scattering and reduce both the thermal and electrical conductivities. We model a
possible low conductivity pasta layer by increasing an impurity parameter Qimp. Predictions of light
curves for the low mass X-ray binary MXB 1659-29, assuming a large Qimp, find continued late time
cooling that is consistent with Chandra observations. The electrical and thermal conductivities are
likely related. Therefore observations of late time crust cooling can provide insight on the electrical
conductivity and the possible decay of neutron star magnetic fields (assuming these are supported
by currents in the crust).

PACS numbers: 26.60.-c,02.70.Ns

Complex nuclear pasta phases are expected near the
base of the crust in neutron stars. Nuclear matter with
many non-spherical shapes is possible because of compe-
tition between short range nuclear attraction and long
range Coulomb repulsion [1] that gives rise to Coulomb
frustration, see for example [2–4]. Recently Pons et al.

[5] suggested that this pasta may have a high electri-
cal resistivity that could lead to magnetic field decay in
neutron stars. When the field decayed, the star would
stop spinning down from electromagnetic radiation. This
could explain why few X-ray pulsars are found with spin
periods longer than 12 seconds [5].

Nuclear pasta is a charge neutral system of neutrons,
protons and electrons. Because of Pauli blocking, the
degenerate electrons are expected to have a relatively
long mean free path. Therefore, electron transport likely
dominates the system’s electrical conductivity, thermal
conductivity, and shear viscosity [6]. This suggests a
relationship between these three transport coe�cients.
Indeed for conventional metals, the relation between
electrical and thermal conductivities is known as the
Wiedemann-Franz law [7]. However, the transport of su-
perfluid neutrons may make a subdominant contribution
to the thermal conductivity (but not the electrical con-
ductivity) [8].

The thermal conductivity of neutron star crust can be
probed with X-ray observations of crust cooling after ex-
tended periods of accretion, see for example [9]. The
rapid crust cooling observed over time periods of a year
or less suggest that at least the outer crust has a high
thermal conductivity and is likely to be crystalline and
not amorphous. These observations of crust cooling are
particularly powerful because the cooling over di↵erent
time scales is sensitive to the thermal conductivity at

⇤
Electronic address: horowit@indiana.edu

di↵erent depths in the crust. In particular, crust cooling,
three to ten years after accretion stops, may be sensitive
to the thermal conductivity at densities near 1014 g/cm3

where nuclear pasta is expected.

Does nuclear pasta, in fact, have small electrical and
thermal conductivities? Pons et al. parameterize the
electrical conductivity with an impurity parameter Qimp.
Strictly speaking, this assumes a uniform crystal lattice
of ions with a distribution of charge for each ion that
is characterized by Qimp. Pasta may not involve a sim-
ple crystal lattice. Furthermore, nucleons may be free to
move into and out of particular pieces of pasta to equi-
librate their compositions. Therefore, this impurity pa-
rameter formalism is not directly applicable to nuclear
pasta. Nevertheless, it may still provide a simple way to
parameterize possible e↵ects of disorder on the electrical
and thermal conductivities.

What could lead to disorder in nuclear pasta and de-
crease its conductivities? We present molecular dynam-
ics simulations of nuclear pasta and explore the forma-
tion of topological defects. Similar defects may have
been observed by Alcain et al. [10]. To determine the
e↵ect of these defects on the thermal conductivity we
make a simple estimate of an e↵ective impurity param-
eter Qimp based on our MD results. Finally, we demon-
strate the sensitivity of crust cooling X-ray light curves
to this Qimp.

We use molecular dynamics simulations to explore the
formation of topological defects. There are a number of
quantum calculations of nuclear pasta structure based on
density functionals, see for example [11],[12],[13]. How-
ever, these have limited simulation volumes that may
be too small to recognize defects. Instead we present
classical molecular dynamics calculations using a simple
model [14] that allows much larger simulation volumes.
Our model has been used previously to describe neutrino
scattering [3, 15], the dynamical response function [16],
and other transport properties [6]. The formation of com-
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3. SCIENTIFIC PAYLOAD 
The science objectives briefly summarized in the previous section and quantified in the scientific requirements as EOS 
and SFG will be addressed by a scientific payload composed of the LAD and WFM instruments. Figure 2 shows a 
pictorial view of the LOFT satellite, in the configuration currently being studied by the LOFT Consortium. The six LAD 
panels are deployed, and the five units of the WFM are sitting on the optical bench. Compared to the original LOFT 
proposal (Feroci et al. 2011), the first ∼year of study of the mission, including the focused assessment by the Concurrent 
Design Facility of ESA, has not changed the general configuration of the mission and payload.  The only exception is the 
WFM design, which has evolved to cover a much larger field of view, going from 2 to 5 offset units.   

 
Figure 2. A pictorial view of the LOFT mission currently being studied by the LOFT Consortium, showing the deployed 
LAD panels, including the detector modules, as well as the 10 cameras comprising the 5 units of the WFM. The structure of 
21 Modules in each Panel is shown, although the individual detector tiles are not visible. A structural tower supports the 
optical bench, with the service module supporting the solar panel array. 

 

3.1 The Large Area Detector 
The LAD is the prime instrument onboard LOFT. Driving its performance are the effective area and the energy 
resolution. The LAD has a geometric area as large as 15 m2, achieving a peak effective area of 10 m2 while offering an 
energy resolution (FWHM) better than 260 eV @ 6 keV. The large area of the LAD is made affordable within the 
context of the resource budgets of a medium-class mission by its two technology drivers - the large area Silicon drift 
detectors (SDDs) and the capillary plate collimators – enabling a very high effective area per unit mass/volume/power. 
The overall budgets of the LOFT are not so different from those of the Rossi X-ray Timing Explorer (Jahoda et al. 2006), 
but the effective area of the LAD is approximately 20 times larger than that of the Proportional Counter Array. 

The large-area SDDs were originally developed (Vacchi et al. 1991, Rashevski et al. 2002) for particle tracking in the 
Inner Tracking System of the ALICE experiment at the Large Hadron Collider at CERN: 1.5 m2 of SDDs in ALICE have 
been operating successfully since 2008. In that context, they are monolithic Silicon detectors with ∼50 cm2 effective 
area, read-out by two series of anodes. In the LOFT/LAD application, the SDDs are 450 µm thick, have an active area of 
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hotspot: accretion-powered pulsations (due to magnetic channeling of accreting material), and burst 
oscillations in the rise or tails of thermonuclear X-ray bursts (explosions that arise from unstable burning of 
hydrogen or helium).  

 Ultimately we expect to be able to use all three types of pulsation 
to give complementary constraints, since many of the LOFT target 
sources show more than one type.  However there is some 
uncertainty surrounding beaming effects in accretion-powered 
pulsations. By contrast, the spectrum of burst oscillation emission 
is well understood (Suleimanov et al. 2012), and studies show that 
atmosphere model uncertainties are ~1%, i.e., lower than the fit 
statistics (Miller et al. 2013). Moreover, current data are consistent 
with a circular hotspot, as the model assumes (Artigue et al. 2013). 
We have therefore taken a fully conservative approach here and 
focused on burst oscillations in our demonstration of feasibility for 
this science case (but the other types of pulsations will be available 
as well to LOFT). The analysis performed by Lo et al. (2013) 
explores how the confidence regions in the M-R plane depend on 

hot spot and observer inclinations, angular velocity, pulsed fraction, hot spot shape, emissivity pattern, and 
spectrum.  Figure 2-6 shows the key results. The main conclusion is that LOFT can measure M and R to 
accuracies of a few % with 106 pulsed photons, the latter being easily achievable (see Table 2-1).   

This conclusion is robust and takes into account that burst oscillation properties vary with time (frequencies 
often undergo slow drift), and several bursts are combined to obtain the requisite number of photons.  
Independent knowledge of any of the relevant parameters improves the uncertainties, with the biggest 
improvement coming from knowledge of the observer inclination.  There are very good prospects for 
determining the angle of our line of sight to the axis of the binary orbit using Fe line modeling (Cackett et al. 
2010; Egron et al. 2011; §2.3.2.1), Doppler shifting of burst oscillation frequencies (Strohmayer & Markwardt 
2002; Casares et al. 2006), and burst echo mapping (Muñoz-Darias et al. 2008; requires simultaneous optical 
observations). Since the star’s spin axis is expected to be aligned with that of the orbit in our target systems, 
this will yield observer inclination.  

With this in mind it is worth emphasizing a key result from the Lo et al. (2013) study.  Even when they explored 
significant systematic deviations from their assumptions, none of the systematics they examined (which 
included differences in the spot shape, beaming pattern, and energy spectrum from what was assumed in the 
model fits) simultaneously yielded (1) a statistically good fit, (2) apparently tight constraints on M and R, and 
(3) significantly biased masses and radii.  Thus if an analysis yields a good fit with tight constraints, the inferred 
mass and radius are reliable.  This statement is currently unique among proposed methods to measure neutron 
star radii, and plays directly to the strengths of LOFT.  

Table 2-1 illustrates the prospects for the pulse profile modelling technique for several known burst oscillation 
sources, some persistent, some transient.   

 

 

Figure 2-4 As a neutron star rotates, emission from the hotspot generates 
a pulse profile. General relativistic effects such as gravitational 
lightbending (which leads to partial visibility of the back side of the star) 
and special relativistic Doppler effects combine to encode information 
about mass and radius in the pulse profile. The panel shows the pulse 
profile and the phase dependence of spectral color for a neutron star 
spinning at 600 Hz, for a spot colatitude, α, of 40◦ and observer 
inclination, i, of 60◦. Spectral color is the ratio of the number of photons 
with energies above to those below the blackbody temperature. The color 
maximum occurs near the spot’s line of sight approach velocity maximum, 
the flux maximum near the spot’s projected area maximum. The former 
thus precedes the latter. The dashed line shows the sinusoid that most 
closely describes the flux oscillations. The energy-dependence of the pulse 
profile properties enables us to infer mass and radius (Psaltis et al. 2013). 
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Summary
• A number of observational probes of the nuclear EOS are available 

• pulsar masses 

• masses and radii from X-ray bursts, seismology 

• cooling of isolated neutron stars, thermal relaxation of accreting transients 

• gravitational wave emission 

• No single observation is ideal and there are substantial systematic 
uncertainties—it’s astrophysics; but 

• These observations, taken together, offer interesting constraints and 
complement theoretical and experimental efforts in nuclear physics 

• Stay tuned! There are lots of opportunities to make advances in the next few 
years.


