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Astrophysical Science Opportunities needing Advances in AMO Laboratory Astrophysics
Astrophysics advances, in part, through continual improvements in telescopic capabilities,
such as collecting area and spatial resolution, and corresponding advances in the associated
spectroscopic instrumentation. However, our understanding of the underlying atomic, molecular,
and optical (AMO) processes that control the observed properties of the Cosmos has not kept
pace with these improvements. Observations by new facilities invariably turn up shortcomings
in AMO physics that hinder our astronomical explorations.
Many of these new facilities are $1B class investments by the NSF or NASA. Maximizing
the scientific return of these facilities hinges, to a large extent, on significant advances in AMO
laboratory astrophysics that go beyond our current capabilities. Below, we highlight a few of the
many astrophysical advances that will become possible with advances in AMO laboratory
astrophysics. In particular, we provide examples for 7 of the 8 thematic areas specifically
identified in the Call to the Astronomy & Astrophysics Community for Science White Papers
(Astro2020 Decadal Survey 2019), using the numbering system given there for the thematic
areas.
1. Planetary Systems
Exoplanets: Over 4,000 exoplanets have been discovered to date. Observational constraints
have limited these primarily to planets more massive than Earth or with smaller separations from
their host stars. Most planets are unlikely to transit across their host stars from our perspective,
precluding the use of eclipse methods. Hence, future searches for Earth-like planets will be
dominated by detecting Doppler shifts in the stellar spectrum induced by the orbital motion of
the planet. These studies will require visible and IR spectrometers calibrated to an accuracy of a
few parts in 109 or better and with a stability on the order of decades. Commercially available
Th/Ar calibration lamps are contaminated by ThO, iodine lamps affect the measured stellar
spectra, and thus new alternatives are needed, with U/Ne being one such proposed lamp. The
use of laser frequency combs or Fabry-Perot sources has been proposed, but the long-term
stability of these are untested. Advances in AMO laboratory astrophysics would revolutionize
our ability to detect exoplanets with masses and orbits similar to Earth’s.
Exoplanetary atmospheres: Clues to the habitability of exoplanets are provided by their
atmospheres (Seager & Deming 2010, Wakefield et al. 2018). As a planet passes before its host
star, the star light is filtered by the planet’s atmosphere, yielding spectroscopic data. The
planned 2021 launch of James Web Space Telescope (JWST) will open up the near- and midinfrared (IR) range to spectroscopy of planetary atmospheres. But our ability to interpret
exoplanetary atmospheres is limited by shortcomings in our understanding of the underlying
molecular physics that generates the observed spectra (Fortney 2016). The spectra of many
molecules are incomplete, incorrect, or completely unknown. Some of the important molecules
include: H2O, CO2, CH4, O3, CO, NH3, TiO, VO, HCN, C2S2, H2S, PH3, SO2, HCl, HF, OH,
SiO, KOH, and KCl. Data are needed for pressure-induced line broadening parameters,
continuum opacity due to collision-induced absorption, molecular opacities at high spectral
resolution, photoabsorption cross sections for molecules at high temperatures, and expanded
databases for atmospherically relevant chemical reactions. Meeting these astrophysical needs
requires new intellectual advances in theoretical and experimental molecular physics methods.
2. Star and Planet Formation
The molecular Universe: We have entered a new era of discovery, due to facilities such as
the Atacama Large Millimeter/submillimeter Array (ALMA), the Stratospheric Observatory for
Infrared Astronomy (SOFIA), and the upcoming JWST. Over 200 molecules have been
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identified to date in the interstellar medium and in circumstellar media (McGuire 2018).
However, the species responsible for the vast majority of the astronomically observed molecular
spectral features remain unidentified (Cernicharo et al. 2013, McGuire et al. 2017). Many of
these are thought to be due to complex molecules such as polyaromatic hydrocarbons (PAHs),
which are abundant in space (Tielens 2013). Theoretical methods are not sufficiently accurate to
correctly predict molecular spectra. Lab spectra are the only reliable way at present to identify
molecules in space, but the experiments are difficult and time consuming. As a result, new
molecules are being identified in space at the rate of about 3.7 per year and it will take decades to
catch up with existing observations. Unlocking the full mystery of the molecular Universe
requires new AMO theoretical and experimental advances in molecular spectroscopy.
Molecular observations also reveal important gas-phase chemical processes driving the
evolution of baryonic gas, such as inorganic chemistry forming dust (raw material for planets)
and organic chemistry leading to the formation of aromatic molecules and other molecules
necessary for life as we know it. The complexity of the multi-atom reaction complexes
challenges current quantum mechanical and experimental capabilities, most of the relevant gasphase reaction rate coefficients can only be roughly estimated (O’Connor et al. 2015). New
AMO theoretical and experimental advances in inelastic and reactive scattering techniques are
needed so that we can reliably model and interpret the molecular properties of the Cosmos.
Star and planet formation: Understanding the evolutionary pathway of baryonic matter from
atoms in space to the formation of a planetary system around a host star lies at the forefront of
current day astrophysical research. This pathway encompasses diffuse atomic and molecular
clouds, dense molecular clouds, prestellar cores, protostars, protoplanetary disks, interplanetary
dust particles, comets, and meteorites. Unambiguously tracing out this evolutionary history will
need new AMO theoretical and experimental advances in various reaction processes.
The transition from diffuse atomic to diffuse molecular clouds is studied using observations of
molecules such as OH+, CF+, HCl+, and ArH+, while observations of the exoergically formed
CH+ and SH+ are used to study the input of mechanical energy into the gas (Gerin et al. 2016).
Interpreting the astrophysical properties of the observed clouds requires quantitatively
understanding the scattering processes that control the observed molecular abundances, in
particular dissociative recombination (DR), which destroys these molecules. Accurate DR
calculations are challenging, as it is a many-body problem with multiple electrons and nuclei.
Common theoretical approximations are usually inadequate, making a rigorous theoretical
description of the problem quite challenging, thus requiring new theoretical advances. In the lab,
the challenge is to measure DR on heavy cations with internal excitation levels of only about 10
to 100 K. This has become possible with the advent of the heavy ion Cryogenic Storage Ring
(CSR) at the Max Planck Institute for Nuclear Physics (von Hahn et al. 2016).
Studies of star forming clouds use observations of ortho (o-) and para (p-) H2D+ and D2H+ to
determine the age of the prestellar cores, follow their evolution, and infer the role that magnetic
fields may play in the collapse of the cloud (Harju et al. 2017). Using the observed ratios of oH2D+/p-H2D+ and o-D2H+/p-D2H+, combined with chemical models for the nuclear spin
evolution of the gas, estimates can be made for the age of the cloud and compared to the
gravitational free-fall time. The inferred ages can exceed that of the free-fall timescale, implying
that magnetic fields may be slowing the collapse of the cloud (Kong et al. 2015). However, the
reliability of these studies is limited by existing uncertainties in the reaction o/p-H2 + o/p-H3+ →
o/p-H2 + o/p-H3+, and the deuterated isotopic variations, which challenge current quantum
theoretical capabilities.
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Protoplanetary disks are studied using deuterated molecules. These are powerful probes of
cold astrophysical environments, yielding information about the temperature, density, chemistry,
abundances, ionization level, evolutionary stage, and thermal history of the disk (Ceccarelli et al.
2014, Millar 2015). The diagnostic power of D-bearing molecules arises because the zero-point
energy of deuterated molecules is lower than the normal isotope, typically by several hundred
kelvin. Important species driving deuteration are H2D+, N2D+, CH2D+, C2HD+, and CH4D+
(Millar 2015, Aikawa et al. 2018). Again, the complexity of these reactive scattering systems
requires advances in current quantum mechanical theory and challenges current experimental
methods.
3. Stars and Stellar Evolution
Solar physics: The recent launch of the Parker Solar Probe, the 2019 commissioning of the
Daniel K. Inoyue Solar Telescope (DKIST), and the upcoming launch of the Interstellar
Mapping and Acceleration Probe all herald a new era in solar physics. These facilities and
missions will study the magnetohydrodynamics and dynamo processes of the Sun, flares and
eruptive events that can affect life on Earth, the flow of mass and energy through the solar
atmosphere, and the long-term behavior of the Sun. Analyzing DKIST spectra will require
extensive new AMO data needs for maximum scientific return (Judge 2017). The DKIST
spectral range will extend from the visible into the near-IR, the latter of which is largely
unexplored spectroscopically. Line identifications, oscillator strengths, transition rates, and
branching ratios will be needed for multi-electron systems. New magnetic field diagnostics in
the IR will also become available using the Hanle and Zeeman effects, all of which will require
the relevant atomic data. Lastly, the solar plasma is dynamic and not in equilibrium. The
ionization states of abundant elements encode the thermal history of the plasma, but they can
only be interpreted in terms of plasma heating processes if accurate ionization and recombination
data are known. Advances in AMO theory and experiment are needed to generate all of the
above required data.
4. Formation and Evolution of Compact Objects
6. Galaxy Evolution
X-ray astrophysics: X-ray observations probe some of the most energetic events in the
Cosmos. Observations of supernova remnants provide information on the physics of the
explosion and the corresponding nucleosynthesis. Active galactic nuclei host supermassive
black holes with masses of 106 to 109 MSun. Accretion onto the central black hole feeds energy
into the galaxy and regulates star formation. Clusters of galaxies are the most massive
gravitationally bound objects in the Universe, and studies of clusters can be used to constrain
various cosmological parameters. These are all extended objects and require studies at high
spatial and spectral resolution, such as was provided by the X-ray microcalorimeter on the
recently lost Hitomi mission, which observed the Perseus cluster of galaxies (Hitomi
Collaboration 2016), and will be provided by the X-ray Imaging and Spectroscopy Mission
planned for launch in 2021. Interpreting the collected spectra requires an accurate understanding
of the underlying atomic physics for elements with atomic number Z ≤ 30. Important data and
processes include: transition wavelengths, rates, and branching ratios; electron impact excitation;
innershell excitation and the corresponding Auger and fluorescence yields; electron impact
ionization; the electron-ion recombination process known as dielectronic recombination and the
corresponding emission line wavelengths and fluxes; and charge balance calculations. Though
these processes have been studied for decades, shortcomings in our AMO understanding still
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limit our ability to reliably interpret astrophysical observations, often related to the underlying
highly-correlated, mult-electron interactions inherent in heavy, highly-ionized species.
7. Cosmology and Fundamental Physics
Fundamental constants: Astronomical spectra can be used to test for variations in
fundamental constants such as the fine structure constant α and the ratio of the electron-to-proton
mass μ (Ubachs et al. 2016). These studies require highly accurate atomic and molecular
structure data that will require new intellectual advances in AMO scientific capabilities.
8. Multi-Messenger Astronomy and Astrophysics
Nucleosynthesis by kilonovae: Merging neutron stars were found using gravitational waves
and seem to match predictions that they are the formation site for most of the elements with
atomic numbers Z ≥ 44. Optical and infrared spectra from the expanding remnants enable us to
study the rapid neutron-capture nucleosynthesis processes that occur during the merger (Kasen et
al. 2017). To this end, opacities are needed for low ionization stages of heavy elements,
especially for the lanthanides and actinides. High-level atomic structure methods can provide
reasonable atomic data for low resolutions spectral analysis, but it is only in combination with
laboratory work and critical evaluations of the data that the needed high resolution spectral
information can be generated. Significant advances are required in both AMO theoretical and
experimental methods in order to maximize our scientific understanding of these newly
discovered objects.
Gravitational waves: Squeezed light methods, combined with enhanced power in the
interferometer detectors, are predicted to enhance gravitational wave detections at high
frequencies (50 – 5,000 Hz). These advances will double the spatial detection volume, provide
better sky localization, enable better estimates for the tidal deformability parameters of the
merging compact objects, open up the ability to study the post-merger phase, and constrain the
neutron star equation of state. Continued advances in AMO techniques hold the promise of
expanding our ability to use gravitational waves to help unravel the mystery of the Cosmos.
Workforce, Funding, and Facilities
Workforce: There are very few AMO laboratory astrophysics faculty working to address the
needs of the astrophysics community. AMO laboratory astrophysics encompasses all theoretical
and experimental studies relevant to astrophysics. Physics Departments are typically interested
in quantum, ultracold, and ultrafast AMO studies and point AMO laboratory astrophysicists to
Astronomy Departments. On the other hand, Astronomy Departments are primarily interested in
observational and astrophysical theoretical/modeling studies. So if one is studying molecules,
Astronomy Departments will direct that person to Chemistry Departments. But Chemistry
Departments are primarily focused on large molecules and biochemistry and are uninterested in
astrophysically important molecules such as PAHs or C- and Si-based structures. Such “small”
molecules, they say, are the realm of a Physics Department. But traditional AMO laboratories
are designed primarily for the study of two- or three-atom molecules and are poorly equipped to
study more complex systems. So AMO laboratory astrophysics lies at the interface of three
academic departments, none of whom want to take ownership. In addition, the workforce issue
begins early in the academic pipeline with junior scientists finding it difficult to get professional
and financial support for their laboratory astrophysics work. These issues raise the serious
question: how will we train the next generation of AMO laboratory astrophysicists? Mirroring
this issue, the National Academy of Sciences also lacks the robust leadership in this critical
interdisciplinary area that is needed to advance the field.
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Funding: It is extremely hard to get funding for AMO laboratory astrophysics. This appears
to be due to narrow visions by the NSF Division of Physics, the NSF Division of Chemistry, the
Department of Energy (DOE), and their review panels, each of which hopes that someone else
will fund the AMO advances needed by the astrophysics community. One proposal submitted to
the NSF Division of Physics Experimental AMO program was declined, in part, because “This
work is more appropriately funded through the Foundation’s Division of Astronomy [sic] or by
NASA.” Another NSF proposal submitted to the same program was declined, in part, because
“There does not seem to be a pre-existing demand from theory for the measurements.” These
reviews are despite the fact that the complex AMO physics that describes the Cosmos is a largely
unexplored frontier in physics and chemistry. But the NSF Divisions of Physics and Chemistry
have moved in directions different from the AMO complexity studies needed for astrophysics.
From reviews such as these, it is clear that the NSF Division of Astronomical Sciences is going
to have to increase their funding for the frontier AMO laboratory astrophysics research needed
by the astrophysics community. Lastly, DOE support for AMO laboratory astrophysics research
has dried up over the last few decades and does not appear likely to be resurrected.
Facilities: AMO laboratory astrophysics facilities range in scale from table top to national
laboratory. Table-top devices, excellent for training students, are disappearing as AMO
laboratory astrophysics faculty retire and close their labs. The faculty are not being replaced.
For the soft-money scientists who remain in the field, it is extremely hard to build a new lab
without start-up funds. National laboratories can sometimes carry out critically needed studies.
For example, the Linac Coherent Light Source – II (LCLS II) will have the wavelength stability
to study the opacity of multiply ionized heavy elements needed for kilonova spectra. However,
it is extremely hard to get beamtime for a project that is unlikely to result in a Science, Nature, or
Phys. Rev. Lett. publication. Supercomputer support and funding for modern code development
are also critical for the advanced theoretical computations that are now needed.
Changes since 2010: Many of the workforce, funding, and facilities issues were raised in
white papers submitted to the 2010 Astronomy & Astrophysics Decadal Survey. A number of
the white paper recommendations were incorporated into the report of the 2010 Decadal Survey
(National Research Council 2010). Unfortunately the recommendations had little impact. The
issues have become even more urgent since then and action is needed even more desperately to
grow the laboratory astrophysics program in the U.S. back to the level needed to fully meet the
needs of the astronomy & astrophysics community.
Recommendations
AMO laboratory astrophysics is the Rosetta stone that helps us to unlock the mysteries of the
Cosmos. The next decade of astronomical exploration will require significant laboratory
astrophysics advances into our understanding of the underlying AMO complexity that drives
much of the Universe. Major astrophysical advances will come from these AMO studies, but no
academic department has taken intellectual ownership for this field. Maximizing the scientific
return from the next decade of astronomical exploration will require a rejuvenation of AMO
laboratory astrophysics faculty and a corresponding restoration of funding from NSF and DOE
for such studies.
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