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Fundamental physics studies in
time domain and
multi-messenger astronomy

Chris Fryer*

Los Alamos National Laboratory, Center for Theoretical Astrophysics, Los Alamos, NM, United States

The era of ime domain and multi-messenger astronomy is not only leading
to the development of a much broader set of detectors and instruments for
astrophysical observations, but is also providing the means for astronomy to tie
directly to cutting-edge studies in physics. In this manner, fundamental physics
(theory and experiment) coupled with a strong theoretical understanding of
astrophysical phenomena (guided by high-performance computing simulations)
can tie directly to the amazing new observations in astronomy. This paper
discusses howphysics, astrophysicalmodels, and observations can not only help
astronomy probe fundamental physics but guide the needs for next-generation
astrophysical missions.
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1 Introduction

TimeDomain andMulti-Messenger (TDAMM) astronomy is one of the fastest-evolving
fields in astronomy, with new discoveries occurring annually both through the discovery of
new phenomena (e.g., new classes of transients) and the availability of new observational
regimes (different photon-energy band or new messengers like dust, gravitational waves,
and neutrinos). With the rapid growth of data, astronomers can now leverage an abundant
and diverse set of data. But to take advantage of this data, astronomers must understand the
uncertainties and biases of each diagnostic.

The uncertainties are driven by uncertainties in the observations (e.g., instrumentation
techniques) and the process by which we interpret them which includes uncertainties
in the analysis procedures, our understanding of the fundamental physics behind the
phenomenon, and the numerical issues in the modeling. The biases can only truly be
understood if we have a comprehensive model that connects the different diagnostics.
This requires detailed multi-physics models, often requiring the coupling of simulations
from multiple codes running on the latest advances in supercomputers. It also requires
improving the fidelity of the physics models used in these codes. As such, TDAMM
astronomy provides an ideal conduit between the latest advances fundamental physics and
astrophysical phenomena.

As an example of one such phenomena, we consider the growing set of diagnostics
that constrain the supernova engine (Fryer et al., 2023a). Type Ib, Ic and all II
supernovae are believed to be driven by the energy released when the core of
a massive star collapses down to a proto-neutron star. The gravitational potential
energy released is GM2

PNS/rPNS ∼ 10
53erg (where MPNS ∼ 1M⊙ and rPNS ∼ 20–30km),

more than enough to power a ∼1051 erg supernova explosion. But converting the
energy released to explosion energy has proven to be a challenge of a lifetime;
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initially proposed by Zwicky (1938), the current convection-
enhanced paradigm was not developed until Herant et al. (1994)
demonstrated it’s potential. Three decades later, scientists still work
on understanding this convective engine. The difficulty lies in the
fact that the growth of the convection is critical to its success and
resolving this convection is not only well beyond the capability
of brute-force, high-resolution simulations with high performance
computing (both current and for the foreseeable future), but beyond
our current understanding of convective instabilities (Fryer and
Young, 2007; Fryer et al., 2021).

But a number of observations could help us constrain the growth
and nature of this convection. The outward mixing of the 56Ni
synthesized in the engine, observed in both the gamma-rays and
infra-red lines of SN 1987A (for a review, see Hungerford et al.,
2003), provided the first clues of this engine. Observations of the
44Ti distribution in Cassiopeia A confirmed this convective engine
(Grefenstette et al., 2017). But these observations were limited to
single events and, as we obtain observations of more systems, we
can better understand both the characteristics of this engine and
its dominance in the population of observed supernova explosions.
Astronomers can tap a diagnostics to probe the supernova engine
(Fryer et al., 2023a). Photons across a broad wavelength range
provide a myriad of constraints, providing indirect (e.g., supernova
light-curves) and direct (e.g., gamma-rays) clues into the nature of
the engine. Additional constraints, such as the compact remnant
mass distribution also improve our understanding. The most direct
observations are rare, e.g., gravitational waves and neutrinos, but
a Milky Way supernova with these observables will provide the
foundation for our understanding of this engine. Tying these results
with the large number of supernova light-curves and spectral
observations will allow us to study the core-collapse engine as a
broad population.

Connecting all these observations requires a series of cutting
edge simulations, as well as a deep understanding of the theory
behind these simulations, the fundamental physics required in
these simulations, and of the observations providing insight into
the problem. At this time, much work needs to be done to
improve our physics understanding, the codes that implement this
physics to study complex phenomena, and our interpretation of the
simulations from these calculations so that we can best connect
them to the observations. Understanding the observations also
requires characterizing the uncertainties in both instrumentation
and analysis tools. Most scientists focus on one narrow aspect of
this problem and, to move forward, we must train scientists to break
out of their stove-pipes and understand a more holistic picture of
how we will use the upcoming flood of TDAMMdata to understand
astrophysical transients. In turn, our improved understanding of
the process from fundamental physics to observed phenomena
will help guide the priorities for next-generation detectors (both
ground- and space-based) to maximize the science gain from
these missions.

Instead of focusing on a single problem as we did here with the
supernova engine, this paper will focus on a series of fundamental
physics studies and their ties to observations: nuclear physics and
nucleosynthetic yields (Section 2), radiation hydrodynamics and its
effect on shocked emission (Section 3), and plasma physics and its
importance in spectra (Section 4). With these three examples, we
demonstrate just how interconnected and important fundamental

physics studies (both theory and experiment) are to the upcoming
TDAMM era. We discuss that future in Section 5.

2 Nuclear physics and nucleosynthesis

A broad range of nuclear physics is important to TDAMM
phenomena including nuclear cross-sections, neutrino physics and
the behavior of matter at extreme conditions (nuclear densities,
∼ 1014gcm−3, and temperatures above 10 MeV). In this section, we
discuss the role of nuclear physics on observations constraining
the formation of elements in the universe. The coupling between
physics experiment to astrophysics observation is not direct. In
most cases, it requires implementing physical models into a series
of astrophysical studies (each requiring both detailed simulations
and a theoretical understanding) that then tie to observations. This
complex path means that experts across multiple fields must work
together to do a complete study. Figure 1 diagrams this complex
path. In the rest of this section we will discuss, for a variety of
astrophysical observations, how these studies tie together to produce
a full system study.

Before we do specific examples, lets discuss some sample science
goals. For instance, science goals include: studying the neutrino
signal and probing neutrino physics, studying properties of neutron
stars, and understanding the origin of the heavy elements. For this
discussion, wewill focus on nucleosynthetic yields and, in particular,
the study of the production of elements up to the iron peak (although
we will discuss heavy element production, rapid and slow neutron
capture elements briefly at the end of this section). We can also
focus on a single observed constraint: e.g., dust grains formed in
supernova explosions, yields in supernova remnants, and stellar
abundances measuring multiple yields. With these observations,
we identify the properties of the phenomena and the fundamental
physics probed through these observations. In this section, we will
limit ourselves to the three observations: dust grains, supernova
remnants, and stellar abundances. We will discuss the full system
studies needed for each of these observations separately and then
show how they all tie together at the end of this section.

2.1 Supernova remnants

Supernova remnants provide an ideal window nucleosynthetic
yields which, in turn, will improve our understanding of stellar
evolution, supernova explosions and, ultimately, nuclear physics.
But the connection between supernova-remnant observation to
fundamental physics requires many steps and modeling everything
from the stellar evolution through collapse to remnant evolution
multiple modeling steps including 3 calculations require high-
performance computing. Figure 2 highlights the high-perfomance
computing steps.

2.1.1 Stellar evolution simulations
Massive stars produce many of the elements up through the iron

peak. Stars are powered through a series of nuclear burning phases
where the ashes of one phase becomes the fuel of the next. For most
stars above ∼8M⊙, this series of burning proceeds until an iron core
builds up in the center. Iron peak elements are among the most
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FIGURE 1
Nuclear Physics: This diagram shows the broad connection between fundamental physics fields and astrophysical phenomena studying
nucleosynthesis and nuclear physics. To tie to observations, a great deal more physics must be included in the simulations, requiring the development
of multi-physics algorithms. For example, dust grain studies require coupling both materials physics (e.g., density functional theory) and nuclear
physics. Scientist leverage these fundamental studies to develop algorithms used in physics simulation that ultimately get implemented into
macroscopic high-performance computing calculations used to compare to experiment. These macroscopic calculations are often needed to model
the experiments successfully. The cycle from fundamental physics, algorithm development, macroscopic codes and experiment helps to fine-tune the
codes. But there is another cycle from macroscopic simulations to astrophysical simulations to instrument design for observatories. Astrophysical
observations, through macroscopic simulations of astrophysical phenomena can then feed back into the fundamental physics just as experiment does.
The figures from bottom left moving clockwise are: the space simulator (Warren et al., 2003) Beowulf cluster (precursor for modern commodity
computing) where the first 3-dimensional supernova simulations were run (Fryer and Warren, 2002), simulations of turbulent mixing (Ellinger et al.,
2012), an image of the Facility for Rare Isotope Beams (FRIB https://frib.msu.edu/index.php), an image of Cassiopeia A including both Chandra
observation (Hwang et al., 2004) the 44Ti decay emission from NuSTAR (Grefenstette et al., 2017), and an image of the NuSTAR satellite (Harrison et al.,
2013). The FRIB image is adapted from in wikipedia (FRIBcomm) ∼ https://en.wikipedia.org/wiki/Creative_Commons.

bound and fusion beyond this point requires, instead of releases,
energy. At the end of star’s life, this nuclear burning determines the
structure of the star.

Because of the large timescales in stellar evolution, these stars are
modeled implicitly, meaning that the hydrodynamics is not followed
in first principles. Instead, much of the physics is modeled either
using a sub-grid or approximate method including: sub-gridmodels
to mimic convection, simplified (gray) transport schemes with
approximate opacity implementations. But these implementations
are guided by high performance computing calculations as shown
in Figure 2. Nuclear cross-sections can make a difference in these
models. In particular, astronomers have focused on the 12C(α,γ)
cross section (Woosley and Heger, 2021). We may be able to probe
this physics directly through stellar observations, but most of the
constraints arise from then following the collapse of these stars to
study their remnants (both the supernova ejecta studied here and
the compact remnants—black holes and neutron stars).

2.1.2 Collapse and explosion simulations
As the iron core grows, it contracts in a balance between the

thermal and electron supporting the core and gravitational forces
compressing it. At some point, the core becomes so dense that

electrons begin to capture onto protons (producing a neutron and
a neutrino), reducing the electron degeneracy pressure, causing the
core to compress further and, ultimately, resulting in a runaway
collapse (). This collapse proceeds until the core reaches nuclear
densities where neutron degeneracy pressure and nuclear forces
halt the collapse, forming a proto-neutron star causing the core to
bounce. After the bounce shock fails, a region above the proto-
neutron becomes convectively unstable. Neutrinos from the hot
proto-neutron star (which continues to grow with convection),
deposit energy into the convective region. When this energy is
sufficient to overcome the ram pressure of the infalling star, an
explosion is launched. The innermost ejecta is heated to extreme
temperatures, driving further nuclear burning that produces many
of the iron peak elements (as well as intermediate elements such as
44Ti) in the supernovae.

Simulations of this explosion depend detailed hydrodynamics,
neutrino transport and neutrino cross-sections, the behavior of
matter at nuclear densities and, potentially, magnetic fields (e.g.,
middle panel of Figure 2). Because the explosion depends sensitively
on the strength of the convection, its growth rate is critical.
Unfortunately, numerical viscosity (dependent on the resolution of
the simulations) is far too high in current simulations to accurately
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FIGURE 2
Nucleosynthetic yield simulations from stellar evolution to ejection typically require the combination of a series of high-performance calculations
including (from left to right) detailed studies of stellar convection (Herwig et al., 2014), multi-dimensional models of the collapse, convection and
explosion of supernovae (Fryer and Warren, 2002) and stellar explosions (Ellinger et al., 2013). Ideally, these simulations are connected not simply by
taking the output of one calculation to connect to the other. Instead, the most impactful studies use these calculations to understand the basic physics
behind these processes and then use this understanding to guide the next phase of study. This is required of the stellar convection simulations, the
results of which must be distilled into a prescription for convection into stellar evolution codes capable of modeling stellar evolution through the
evolution of the star which is many orders of magnitude longer than a typical eddy turnover time.

capture this growth rate (Fryer and Young, 2007; Fryer et al., 2021).
Indeed, the resolution of all current models are many orders of
magnitude too low to capture this growth rate. Without a better
physical understanding of the convection, no simulation can make
quantitative predictions to compare to data. The computing power
needed for such simulations is not obtainable over next century
unless some new method (e.g., quantum computing) provides
viable. An alternate approach is to better understand the growth
of convection and implement this physics using sub-grid models
(e.g., Reynolds Averaged Navier Stokes solutions). But, at this time,
the current state of these models leads to large uncertainties in
the nature of the convection (Fryer et al., 2018; Couch et al., 2020;
Fryer et al., 2021). The exact yields in these calculations also rely on
the nuclear masses.

2.1.3 Remnant phase and emission simulations
Once the explosion is launched, the supernova blastwave moves

out through the star and into the circumstellar medium. As the
shock moves through the star, it drives further nuclear burning,
further changing the composition of the ejecta.The characterstics of
the circumstellar medium (also set by the stellar evolution models)
set the deceleration and shocks in the expansion of the supernova
blastwave.The reverse shock can then reheat the expandingmaterial,
causing it to emit. It is this emission that we observe in the X-ray
when observing supernova remnants (Chevalier, 1974).

Our ability tomodel hydrodynamical effects is critical to tying to
the observations. Both themixing and the propagation of the reverse
shock will determine what we observe (right panel of Figure 2).
But the observations also depend on the emission properties of the
atoms. In supernova remnants, local thermodynamic equilibrium
(LTE, a simplifying assumption made in many opacity calculations)
is not valid. Inferring abundances from supernova remnants will

require detailed models of non-LTE calculations for the emission
(Reynolds, 2008). We will discuss this further in Section 4.

The exception to this additional complexity is the observation of
radioactive isotopes (e.g., 44Ti). Radioactive isotopes emit through
the decay of the isotope [e.g., 44Ti → (Electron Capture) 44Sc →
(Electron Capture, β+ decay) 44Ca.]. The decays produce excited
nuclear states that produce gamma-rays independent of the whether
the material has been shock-heated by the reverse shock. The
NuSTAR satellite was able to map the 44Ti distribution by observing
2 of its decay photons (at the edge of NuSTAR’s sensitivity) and this
map confirmed that the convective engine was responsible for the
explosion producing this remnant (Grefenstette et al., 2017). But,
as we can see from the 3 sets of simulations needed to calculate
yields (Figure 2, even tying remnant observations of the relatively
simple 44Ti emission requires advances in multiple physics (nuclear
matter, neutrinos, nuclar cross-sections, turbulence, atomic physics)
and modeling methods (sub-grid convection models, transport
schemes). This doesn’t even include the fact that additional models
are needed to tie the fundamental physics experiments to the theory.

Figure 1 shows how these all fit together: fundamental
physics theory models help code-developers derive better nuclear
physics calculations and new computational physics algorithms
for macroscopic, multi-physics codes. For many nuclear physics
experiments, themulti-physics codes are not needed to interpret the
data. The experiments both constrain the nuclear physics models
(e.g., Hartree-Fock solutions) and can guide the development
of nuclear network calculations. In some experiments (e.g., NIF
studies of cross-sections for isomeric states), multi-physics codes are
needed to analyze the data. Code-developers work with computer
scientists/hardware experts to design new algorithms to develop
codes both to model these experiments and to model astrophysical
observations (often-times, the same code can do both). But these
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computationally expensive multi-dimensional models are limited in
the accuracy of their physics (low resolution, incomplete physics)
and the number of calculations. To tie to observations, we must
develop a theoretical understanding of the simulations to derive
predictions for observations.

For example, based on an understanding of the supernova
explosion using multi-dimensional models run on supercomputers,
Magkotsios et al. (2010) simulated a series of simplified trajectories to
determine how details of the explosion and the uncertainties in nuclear
cross-sections can affect the 44Ti yield. With this work, we can study
observations, inferring both the asymmetries and strength of the shock
from the yields. Further, thiswork demonstrated that the ratio of 44Ti to
56Ni (which varies dramatically with the details of the explosion shock
and mass ejection) could help shed light into the supernova explosion
mechanism and, ultimately, the nuclear physics.

Although we learn a great deal 44Ti distribution alone, the ratio
with respect to 56Ni can be even further constraints. Unfortunately,
we observe 56Fe (the decay product of 56Ni), not 56Ni itself, in
supernova remnants and it can be confused with the iron in the
star when it first formed (Ellinger et al., 2013): a solar metallicity,
20 M⊙ has ∼0.2M⊙ of iron at formation. Understanding the total
iron distribution requires further multi-dimensional simulations
coupled with theoretical models. These studies have driven further
observations with JWST (Milisavljevic et al., 2024) to better locate
the iron. Ultimately, these studies will identify the need for
further observations and new telescopes and instrumentation. But
if successful, supernova remnants could provide a strong probe of
the supernova engine and the nuclear physics behind it.

The amount of work needed to do accurate models of the 44Ti
production is daunting. Fortunately, if we work with the physics
community, astronomy can leverage the work of these physics fields.
For example, the fluid dynamics community is actively improving sub-
grid models for turbulence, testing their models against a growing list
of experiments [e.g., Livescu et al. (2009); Duraisamy et al. (2019)]. In
addition, the nuclear physics community is continuously improving
the nuclear cross-sections combining nuclear theory and experiment
(e.g., for 44TiVockenhuber et al., 2008), reducing theuncertainties from
nuclear physics.

Ascomplexas it is to study 44Ti,otheryieldsareevenmorecomplex.
It is difficult toobserve stable isotopesunless they are shockheated.And
it is evenmore difficult to get exact abundances without understanding
the out-of-equilibrium setting the atomic level-states that determine
the observed line-strengths. However, these yields have the potential to
provide evengreater insight into the explosionand the stellarprogenitor
(Braun et al., 2023).

2.2 Dust grains

Nucleosynthetic yields, particularly specific isotopes and isotope
ratios, can be probed by studying dust grains formed in the supernova
ejecta. These grains can be incorporated into meteorites that are then
analyzed to determine detailed yields [e.g., Nittler and Ciesla (2016)].
Isotopic ratios are ideally suited to direct comparisons of nuclear cross-
sections anddust grains provide a powerfulmessenger to probe nuclear
physics and the supernova engine.

Many studies of dust grains assume the composition of the
dust grain can be tied directly to the nucleosynthetic yields in

the explosion. But to truly study dust grains, scientists must
understand the formation of these grains to better determine the
subset of exploding material that is likely to form dust. Although
modeling of dust grains is starting to include results of supernova
models (Sarangi and Cherchneff, 2013; Sarangi and Cherchneff,
2015; Brooker et al., 2022), advances in both the incorporation of
supernova mixing and dust grain production and destruction are
needed to tie these observations to the supernova engine.

Not only do these studies rely on much of the physics needed
to study yields in supernova remnants, but it also requires a detailed
understanding of the materials physics behind dust grain production
and formation. This includes detailed density function theory (DFT)
models calibrated by detailed molecular dynamics (MD) and, where
possible, quantum molecular dynamics (QMD) calculations. Again,
fortuanately for astronomy, there have been great advances in this field
both in improving the these models (Hickel et al., 2012; Afzalian et al.,
2021) leveraging everything from AI to quantum computing. As with
supernova remnants, the study of dust is a Herculean effort, but
astronomers can make great strides if they work with the materials
physics community to improve their models.

2.3 Stellar abundances

The Sloan Digital Sky Survey and the Sloan Extension
for Galactic Understanding and Exploration have dramatically
increased the spectral observations of stars (Ahumada et al., 2020).
With intensive follow-up observations, astronomers have begun to
amass a large number of stellar abundance patterns. Combined with
models, we can use these patterns to study nucleosynthetic yields
and the explosions and fundamental physics that make them.

Unfortunately, these are some of the most indirect observations
we will discuss in this paper. Not only do we need to capture all of
the physics from a single supernova explosion, but we will need to
combine it with stellar populations and galaxy models to determine
how these yields mix (over multiple supernovae) into the observed
stars. Although these observations and the theory development
behind them are important and could provide hints, much more
workmust be done to infer properties of supernovae, stars or nuclear
physics from these observations.

2.4 Benefit of tying it together

All of this data has its limitations: e.g., detailed supernova
remnant data or dust grains are limited to a handful of events. Stellar
abundances measurements rely on uncertain calculations, but there
is much more data. Combining all of this data will help provide a
more complete picture of the nature of supernova explosions and
the nuclear physics behind nucleosynthetic yields.

2.5 Heavy element production

In this section, we did not discuss the potential to probe slow-
and rapid-neutron-capture elements. Tying the observations of these
yields to nuclear physics also requires a much better understanding
of the processes behind their production, distribution and detection
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and most studies to date either underestimate or outright ignore
the uncertainties in these processes. The first step in moving
these studies forward is to identify the physics processes and, as
we have done above for supernova yields, identify the dominant
uncertainties that must be addressed to advance this field to a
more quantitative state. But this discussion is beyond the scope of
this paper.

3 Radiation hydrodynamics and
shocked emission

Core-collapse supernovae are the observed phenomena from the
explosion of a massive star, powered by the potential energy release
in the collapse of the core. 99% of this energy (∼1053 erg) is released
in the form of neutrinos. During the first year of emission, the
bulk of the remaining energy (∼1051 erg) remains in kinetic energy.
For most supernovae, only 1% of 1% of the total energy released
(1049 erg) produces the observed photon emission. At such a small
fraction, a number of sources could contribute to this emission:
decay of radioactive elements (e.g., thermonuclear supernovae are
powered by the decay of 56Ni), an additional power source post-
launch of the shock (e.g., a magnetar, fallback accretion) or, what
has been realized as increasingly more important, shock heating
converting kinetic energy to thermal energy that then powers the
photon emission.

The evidence that shock heating can be an important component
in the observed UV, Optical and IR (UVOIR) emission arises from a
number of events that must be understood. For many decades, type
II supernova light-curves have been believed to be powered by shock
heating that occurs when the supernova propagates through the star.
But recent observations of both shock breakout (Alp and Larsson,
2020) and early-time Swift UV emission (Brown et al., 2014) have
shown that shock interactions occur as the blast wave pushes
through the circumstellar medium. For example, if XMM has truly
detected prompt X-rays from type II supernovae (Alp and Larsson,
2020), then it is extremely likely that shock interactions are pumping
up the ejecta temperature. In addition, Swift UV observations of the
pre-peak supernova emission (Brown et al., 2014) demonstrate that
shocks continue to occur driving bright UV long after we’d expect
from typical adiabatic cooling. Coupled with the fact that a large
fraction of superluminous supernovae are believed to be produced
by shock heating and not through the onset of an additional engine
(Chatzopoulos et al., 2013). For these supernova, shock interactions
must be strong enough to convert up to 10% of the supernova’s
kinetic energy into emission.

Most supernova light-curve calculations assume a homologous
outflow (without hydrodynamic effects), focusing on the details of
radiation transport (e.g., detailed transport methods, atomic physics
and out-of-equilibrium effects). Following the format of Figures 1, 3
shows the additional physics studies required to understand shock
heating effects in supernovae. The key physics missing in most
astrophysics calculations is the coupling of the radiation to the
matter and the effects of the matter interactions (i.e., shocks) on the
radiation source term.

Radiation-hydrodynamics, including turbulence effects, is
an active area of research. For example, the XFlows experiment
program at LANL (Johns et al., 2023) is currently running

experiments at the National Ignition Facility to study the flow of
radiation around an inhomogeneous medium. These experiments
are used to validate existing codes and ultimately design subgrid
algorithms that can be used in problems where we can not resolve
the inhomogeneities (e.g., turbulent flows in shock breakout or
early-time supernovae). Here, fundamental physics works tightly
with algorithm development to produce codes that simulate the
experiments. With the guidance from experimental data, we
fine-tune our numerical models that can then be used to model
supernova emission. The results of these calculations can, in turn,
can be theoretically understood to conduct comparisons with
astrophysical observations, further validating the codes (feeding
back into the fundamental and algorithmic models of this physics).
Ultimately, these calculations can be used to both design and
maximize the science for upcoming telescopes and satellite missions
(e.g., https://www.ipac.caltech.edu/project/uvex).

4 Plasma physics and spectra

In Section 3 we ignored many of the details of the emission
processes. For many calculations, it is assumed that both the
electrons and atomic energy states are in thermal equilibrium.
Although this is a reasonable assumption at early times in a
supernova explosion, the thermalization timescale increases as the
ejecta expands and its density, and hence the particle collision
rate, decreases. Collisions are what allow particles to reach an
equilibrium state and, as the collision rate decreases, the equilibrium
assumptions used in many astrophysical studies no longer hold.
Unfortunately, Out of equilibrium physics plays an important role in
many astrophysical observations. For example, particle acceleration
in astrophysical shocks can produce a subset of highly energetic
particles that either produce energetic (X-ray, gamma-ray) photons
and/or are observed as cosmic rays or high-energy neutrinos. As
atoms and their excitation levels fall out of equilibrium, it also
becomes increasingly difficult to infer material properties from
spectral features.This physics is studied by a broad range of scientists
including laboratory experimentalists and space weather physicists.
Figure 4 shows the interplay of these fields and how they might
improve the astronomy and high-energy astrophysics.

High-energy astrophysics has suffered the most from not
working closely with the physics experts. For example, the
cosmic ray field relied too heavily on diffusive particle transport
methods, not realizing that particle transport can be strongly
affected by magnetic fields (Giacinti and Sigl, 2012; Ahlers, 2014;
Fitz Axen et al., 2021). Unfortunately, this lack of understanding
led this field to drastically mis-characterize the nature of their
observations. Similarly, the simple models used to produce gamma-
rays in GRB jets could lead to misleading interpretations of the jet
properties. Fortunately, there are an increasing number of particle-
in-cell and other plasma kinetic calculations of particle acceleration
and astronomers can leverage these codes to model this physics at
higher fidelity. But we also need to understand the limitations of
these numerical approximations and this is where working closely
with the plasma physics community is essential. For instance, many
of the early models reduced the ratio of the proton to electron
mass to make the simulation more tractable on limited computing
resources, but this is known to alter the final electron energy
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FIGURE 3
Radiation Hydrodynamics: This diagram shows the physics involved in understanding astrophysical phenomena driven by radiation hydrodynamics
using the same format as Figure 1. Radiation-hydrodynamics is a robust field in the high-energy/density physics community and considerable work has
been done to both develop improved algorithms and macroscopic models to test these models against laboratory experiment. In astrophysics, this
field has been driven both by current astrophysical observations and upcoming NASA missions. This is a case where the instruments are really driving
the theoretical and modeling work and advances typically occur to keep up with new observations or experiments. For this problem, the multi-physics
models are critical both to interpret the experiments and the observations. Oftentimes this means that the same code tested on a laboratory
experiment can be used on the astrophysical phenomenon. The bottom image shows the Roadrunner machine developed at LANL. This machine
relied heavily on heterogeneous compute nodes (cell processors), requiring computational scientists to rework the nature of their codes. This
heterogeneous hardware persists today where many modern computers combine computational and graphical processing units. Moving clockwise,
we show microscopic studies of radiation flow across a clumpy medium that ultimately will be used in interpreting upcoming laboratory experiments
(Fryer et al., 2023b) that will be run on the National Ignition Facility (Haynam et al., 2007). The macroscopic codes developed for these experiments
have been used for shock breakout calculations in the next two images (Fryer et al., 2020) that will help guide the development of satellties such as
UVEX (Kulkarni et al., 2021). The NIF image is adapted from wikipedia (LLNL) ∼ https://en.wikipedia.org/wiki/Creative_Commons. The Roadrunner
image is adapted from wikipedia (LANL) ∼ https://commons.wikimedia.org/wiki/File:Roadrunner_supercomputer_HiRes.jpg?uselang=en#Licensing.
Unless otherwise indicated, this information has been authored by an employee or employees of the Los Alamos National Security, LLC (LANS),
operator of the Los Alamos National Laboratory under Contract No. DE-AC52-06NA25396 with the U.S. Department of Energy. The U.S. Government
has rights to use, reproduce, and distribute this information. The public may copy and use this information without charge, provided that this Notice
and any statement of authorship are reproduced on all copies. Neither the Government nor LANS makes any warranty, express or implied, or assumes
any liability or responsibility for the use of this information.

distribution and astrophysics studies are beginning to study these
uncertainties in their applications (Rassel et al., 2023).

Further problems lie in simply understanding the origin of
the accelerated electrons. Astronomers still rely on simple diffusive
shock acceleration models (Reynolds, 2008) despite both plasma
theory (Fan et al., 2010) and observations (Grefenstette et al., 2015)
suggested this model is insufficient to explain all of the energetic
electrons in remnants. Active work is involved to both improve
diffusive shock acceleration models. But implementing more
sophisticated models is essential to pushing this field forward and
working closely with plasma physicists can accelerate this progress.

Fortunately, considerable progress has been made in both
the plasma physics and high-energy density/physics fields as
well as those of heliophysics and space weather. A growing
set of plasma physics codes have been developed and reviews
already exist discussing the advantages and disadvantages
of the different techniques. Astronomers can leverage this

knowledge in their calculations, improving the fidelity of their
simulations that will improve the accuracy of the interpretation
of astrophysical phenomena.

5 The future of TDAMM

Many of the physics models used in astronomy are derived
from an era where simplifications were essential under the current
calculational power. But just as computing resources have advanced
considerably, so too has the ability to model the fundamental
physics. TDAMM astrophysics is pushing astronomy to a regime
where including these physics advances is essential to understanding
the phenomena we are facing. In some aspects of some problems,
astrophysics has advanced more than the field itself, and building
these ties will lead to advances on both sides. TDAMM can be the
conduit to make these ties.
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FIGURE 4
Plasma Physics: This diagram shows how plasma physics affects astrophysical observations following the format of Figure 1. There exist a wide range of
problems where the emission arises from nonthermal emission from shock-accelerated electrons including astrophysical jets and supernova remnants,
particle acceleration in extreme magnetic fields or particles emitted in the decay of radioactive isotopes. Nonthermal electrons are also produced in
solar flairs and there is a broad community of plasma physicists working in heliophysics and space weather. Nonthermal electrons are also produced in
the laboratory; for example, in laser-driven experiments. Astronomy can leverage the research in laboratory experiments, fusion science and
heliophysics to both better understand the physics and take advantage code developments in plasma physics (as well as an understanding of their
numerical limitations). Plasma physics and atomic physics tie together closely and understanding both is essential for astrophysics (for instance
late-time spectral features in kilonovae and supernovae). Although much progress has been made to bridge scales between the fundamental plasma
and atomic physics and macroscopic calculations, these studies stress computing. It may be that quantum computing can eventually play a role in
these studies, but this will require an entirely new style of coding, again testing the expertise of computational scientists. In the bottom left, we show
the D-Wave machine (one such quantum computer). Moving clockwise, we show a simulation of a laser-driven hohlraum for experiments at the
Rochester Omega facility or the National Ignition Facility, the Fusion Pilot Plant at the Princeton Plasma Physics Laboratory https://www.pppl.gov/ and
the aurora borealis (produced from nonthermal electrons from the solar wind interacting with the earth’s magnetosphere—NOAA). Astrophysics
sources include pulsar winds, hot stars, and jetted outflows as seen in the Fermi map of the sky (NASA/DOE/Fermi LAT Collaboration). Finally we show
images of both the Fermi (Atwood et al., 2009) and the high-energy neutrino IceCube (IceCube Collaboration et al., 2006) telescopes. The D-wave
image is adapted from wikipedia (Oleg Alexandrov) ∼ https://creativecommons.org/licenses/by-sa/4.0/.

But the breadth of the connections that must be made to build
these ties is enormous. Bringing together these fields is not as simple
as bringing together an expert in a particular physics discipline
and an astronomer. It requires bringing together experimental,
theory and simulation experts in that physics discipline and tying it
together with simulation, theory, observation and instrumentation
experts in astronomy. And, on the simulation side, you also
have to bring in algorithm and hardware experts. Ultimately, we
must train scientists that can span all these fields to work with
these experts.

Especially in computational physics, astronomy already leads the
training of such broad scientists which is why you see astronomers
in leading roles in the computer facilities and software development
at national laboratories and in industry. Astronomy also has
developed scientists that have a broad understanding of physics
and experimental/observational uncertainties. But achieving the
fidelity needed to drive forward many of the TDAMM goals
requires much more continuous connections and will not only
require focused funds at NASA for this work but better interagency
collaboration.

Probably the most neglected connection lies in Astronomy’s
ties to experimental physics. Laboratory astrophysics can not only
strive to reproduce astrophysical conditions studying turbulence,
radiation flow, dust production, plasma properties and nuclear
physics, but because a lot of the observed diagnostics are similar,
close collaboration between experimental scientists and astronomy
observers could lead to advances in our analysis techniques. For
example, experimental scientists are now using spectral diagnostics
with increasing frequency and they could definitely benefit from the
intense effort astronomers have committed in inferring properties
from spectra.

Astronomy has one additional strength to help advance physics:
public support. No facility developed in physics has claimed the
attention of the public like the launch of JWST, the release of a new
Chandra image or the image of the event horizon for the Event
Horizon Telescope. The public doesn’t get excited about PREX
(Reed et al., 2021) probing neutron skins until they realize that
this experiment allows us to study the properties of neutron stars.
Astronomy is well known to be the gateway drug into physics,
attracting the next-generation of scientists and the public into

Frontiers in Astronomy and Space Sciences 08 frontiersin.org

https://doi.org/10.3389/fspas.2024.1384587
https://www.pppl.gov/
https://creativecommons.org/licenses/by-sa/4.0/
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Fryer 10.3389/fspas.2024.1384587

physics, astronomy and computational modeling. And TDAMM
science is at the forefront of this effort.
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