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1. Preface

Laboratory astrophysics and complementary theoretical calculations are the foundations
of astronomical and planetary research and will remain so for many generations to come.
From the level of scientific conception to that of the scientific return, it is our
understanding of the underlying processes that allows us to address fundamental
guestions regarding the origins and evolution of galaxies, stars, planetary systems, and
lifein the cosmos. In thisregard, laboratory astrophysics is much like detector and
instrument development at NASA and NSF; these efforts are necessary for the
astronomical research being funded by the agencies.

The NASA Laboratory Astrophysics Workshop met at the University of Nevada, Las
Vegas (UNLV) from 14-16 February, 2006 to identify the current laboratory data needed
to support existing and future NASA missions and programs in the Astrophysics Division
of the Science Mission Directorate (SMD). Here we refer to both laboratory and
theoretical work as laboratory astrophysics unless a distinction is necessary. The format
for the Workshop involved invited talks by users of |aboratory data, shorter contributed
talks and poster presentations by both users and providers that highlighted exciting
developmentsin laboratory astrophysics, and breakout sessions where users and
providers discussed each others’ needs and limitations. We also note that the members of
the Scientific Organizing Committee are users as well as providers of laboratory data. As
in previous workshops, the focus was on atomic, molecular, and solid state physics.



The NASA Universe Working Group (UWG) within the SMD requested a White Paper
be drawn up outlining the conclusions of the Workshop for presentation at the next UWG
meeting in April 2006. Specifically, the request included

(1) addressing the major science goals as defined in the 2006 NASA Strategic Plan
and then providing details on the critical laboratory astrophysics data
requirements that will have to be met, if the desired science results are actually to
be achieved,

(2) reporting of recent significant astronomical results where the input from
laboratory astrophysics was of critical importance, and

(3) discussing in detail the specific laboratory astrophysics efforts that will need to be
undertaken in direct support of missions and programs that are on the near
horizon, specifically Herschel, SOFIA, JWST, Hubble servicing, and ALMA (the
latter of primary concern to NSF).

These points are addressed in the subsequent sections of this requested White Paper,
which also contains a set of recommendations drawn from a consensus view of the
Workshop participants.

A number of points figured prominently at the UNLV Workshop, points that were raised
in the White Paper from the 2002 NASA Ames Laboratory Astrophysics Workshop.
These include: “Laboratory facilities are aging and major funding is required to replace
them with modern, state-of-the-art equipment.” and “The training of new scientistsin
laboratory astrophysicsis crucial for the future of the field, but the low level of funding is
making it more difficult to attract students...”

In the last four years the situation has become even more dire. Laboratory astrophysics
has reached a point where it is ceasing to be aviable, productive field. This should be of
great concern to NASA and NSF. Without laboratory astrophysics, the scientific return
from current and future NASA missions and NSF ground-based observations will
diminish significantly. Without laboratory astrophysics the future progress of astronomy
and astrophysicsisimperiled. Recommendations are provided below that address this
issue in atime of limited resources, especialy funding.

2. General Findings

e A study of the importance of laboratory astrophysicsfor all of astronomy under
the auspices of the National Research Council and involving NASA, NSF, DOE,
and DoC/NIST islong overdue.

e Thereisastrong requirement for arich, vibrant laboratory astrophysics
community that can respond on a“rapid” time scale to ongoing observations over
awide range in wavelengths and physical conditions.

e Thereisan urgent need to maintain the infrastructure, in terms of both personnel
and facilities.



Databases of atomic, molecular, and solid state parameters that are complete (e.g.,
wavelength lists for all stages of ionization) and critically evaluated are a
necessity.

In a number of areas, theory and experiment are converging so that the
astrophysics, which depends on such data, is more secure.

There is significant overlap between data needed to study phenomena beyond the
Solar System and within it.

As missions probe earlier moments in the history of the Universe, phenomena
associated with high energies (short wavelengths) are observed with missions
having instrumentation designed for low energies (long wavelengths).

The data requirements for advances in astrophysics from NASA missions are
more often than not the same requirements for DOE-sponsored research on
plasmas and N SF-sponsored astronomical research; the need for critical
evaluations of available data highlights the close connection to DoC/NIST.

3. Recent Successes

Astrophysical discoveries are propelled forward in part by experimental and theoretical
advances in atomic, molecular, and solid state physics. Presented below are selected
examples of significant astrophysical results that arose from recent laboratory and
theoretical efforts on phenomenainvolving atoms, molecules, and solids. When possible,
we also highlight future avenues for the research.

Abundance determinations for old metal-poor halo stars using the Hubble Space
Telescope and ground-based observations suggest that two different rapid
neutron-capture processes may exist for nucleosynthesis beyond the iron peak
(Cowan et a. 2005, ApJ, 627, 238). Thisinsight isthe result of new laboratory
oscillator strengths for high Z elements (e.g., Ivarsson et al. 2003, A&A, 409,
1141). The new data have also allowed for improvements in radioactive dating
using Th/Eu ratios and are yielding reasonable cosmochronometric age estimates
for halo stars (Sneden et al. 2003, ApJ, 591, 936).

X-ray emission from comets is due to charge exchange between solar wind ions
and neutrals in cometary comae (e.g., Cravens 2002, Science, 296, 1042;
Beiersdorfer et al. 2003, Science, 300, 1558). It is now also predicted that up to
half of the diffuse soft X-ray background may not be extra-solar but may actually
be due to solar wind charge exchange with geocoronal and interstellar neutrals
(Robertson & Cravens 2003, J. Geophys. Res., 108, 8031). These findings
suggest that charge exchange involving higher principal quantum numbers and
emission at UV /visible wavelengths and involving simple molecules like H,O
may be important as well (Greenwood et a. 2001, Phys. Rev., A 63, 062707).

In the well-studied AGN NGC 3783, the warm absorber density and location have
been found, respectively, to be smaller and closer to the central black hole than
expected (Krongold et al. 2005, ApJ, 622, 842). Thisdiscovery isamajor success
of theoretical atomic physics, which identified the numerous unknown absorption
lines in the high resolution Chandra and XMM-Newton spectra of warm
absorbers. These lines were shown to be inner-shell absorption transitions for the



low charge states of Fe and were also used as a powerful new plasma diagnostic
(Behar et al. 2001, ApJ, 563, 497).

M easuring the atmospheric temperature of the extra-solar planets TrES-1
(Charbonneau et al. 2005, ApJ, 626, 523) and HD 209458b (Deming et al. 2005,
Nature, 434, 704) with the Spitzer Space Telescopeis partly a success of stellar
atmosphere spectral synthesis and laboratory studies of molecular opacities.
Transit searches for extra-solar planets also use synthetic stellar spectraas
templates against which to correlate measured radial velocities (Konacki et al.
2003, Nature, 421, 507), amethod which is at the core of NASA's future Kepler
Mission. For these and other cases, the increasing completeness of the calculated
line lists and opacities (Bautista 2004, A& A, 420, 763) has been a critical factor.
Using the Kuiper Airborne Observatory (KAO), important molecules have been
detected in the interstellar medium (1SM) whose emission had been inaccessible
by ground-based astronomy. Of particular note are H,D", a cornerstone speciesin
the ion-molecule theory of interstellar chemistry, HCI, afundamental hydride, and
HsO", adirect tracer of the water abundance (e.g., Zmuidzinas et al. 1995, ASP
Conf. Ser., 73, 555; Timmerman et al. 1996, ApJ, 463, L109), as well as the pure
rotational lines of NH3, OH, and CH (e.g., Stacey et al. 1987, ApJ, 313, 859). The
KAO has also been invaluable in detecting ro-vibrational transitions of heavier
species such as C3 in molecular clouds (e.g., Giesen et a. 2001, ApJ, 551, L181).
Studies of these species have led to breakthroughs in our understanding of the
molecular component of the interstellar medium. These discoveries were only
made possible by preceding high resolution, laboratory spectroscopy (e.g., Brown
et a. 1993, ApJ, 414, L125; Harrison et al. 2006, ApJ, 637, 1143). Such
laboratory measurements are needed for the sensitive spectral-line surveys
proposed for Herschel.

High rotational lines of CO (up to J=45) have been discovered in the Orion-KL
Nebula using the KAO and the Infrared Space Observatory (Gonzalez-Alfonso et
al. 2002, A&A, 386, 1074). These spectral lines gave the first early glimpses of
the process of high mass star formation with associated shocks and high velocity
outflows (e.g., Hollenbach et al. 1995, ASP Conf. Ser., 73, 243; Ceccarelli et al.
1996, ApJ, 471, 400). These studies would not have been possible without
previous high resolution laboratory spectroscopic work; the understanding of the
dynamicsin this environment rests on past investigations of collisional excitation.
This and the preceding example reveal the exciting results anticipated at sub-
millimeter wavelengths with SOFIA and Herschel and from new approaches to
molecular synthesis on grains in shock-heated regions (Madzunkov et al. 2006,
Phys. Rev., A 73, 020901(R)).

FUSE observed UV absorption of H, and HD in the ISM from arange of excited
rotational levels (Snow et al. 2000, ApJ, 538, 65; Ferlet et al. 2000, ApJ, 538, 69),
providing new insights into the physics and chemistry of translucent clouds and a
tool to evaluate the ISM deuterium abundance. These observations and their
interpretations were made possible by laboratory studies of the electronic
transitions and processes relevant to the formation of Ho.

Aromatic infrared bands (AIBs), commonly dubbed “PAH bands’, are now
routinely observed with the Spitzer Space Telescope and used to probe dust in



extragal actic environments (Hogg et a. 2005, ApJ, 624, 162; Wu et al. 2006, ApJ,
639, 157) and to measure redshift (Yan et al. 2005, ApJ, 628, 604; Weedman et
al. 2006, ApJ, 638, 613). Such emission measured in arecent Spitzer survey of
elliptical galaxiesindicates that the carriers, attributed to polycyclic aromatic
hydrocarbons (PAHSs) and their derivatives, are a probe of recent merger activity
in these galaxies (Kaneda et al. 2005, ApJ, 632, L83). It certainly looks like the
AIB emission is correlated with star formation (Lutz et a. 2005, ApJ, 625, L83;
Wu et a. 2005, ApJ, 632, L79). This progress has only been possible thanks to
laboratory emission and absorption spectra of PAH-type species, including ions.
Furthermore, the signature of individual PAH-like molecules can now be sought
in astronomical spectraat UV and visible wavelengths, making it possible, for the
first time, to detect specific aromatic compounds in space.

e Theanaysisof thefirst cometary and interstellar sample return from the Stardust
mission will provide key information on grain formation and processing in space.
Observations with SO and Spitzer have revealed the presence of specific minerals
(e.g., crystalline silicates) in a variety of Galactic environments, including
outflows from evolved stars and protoplanetary disks (Waelkens et al. 1996,
A&A, 315, L245; Waters et al. 1996, A&A, 316, L361). Thiswork iscritical to
understanding dust processing during its lifetime, and is only possible thanks to
laboratory measurements of the infrared spectrafor candidate grain materials
(Begemann et al. 1994, ApJ, 423, L71; Jager et al. 2003, J. Quant. Spectr. Rad.
Transf., 79-80, 765).

e Studies of dust and ice provide a clear connection between astronomy within and
beyond the solar system (Strazzulla et al. 2005, Icarus 174, 31). Planetary surface
temperatures are derived from ice measurements in the NIR (Grundy et al. 2002,
Icarus, 155, 486), while planetary atmospheres (Europa, Ganymede,...) are
explained by laboratory studies of ices (Hansen et a. 2005, Icarus, 176, 305).

While examples listed above demonstrate the rich astrophysics enabled by laboratory
astrophysics, they are by no means the only notable advances. We are limited here only
by the constraints of space.

4. Current and Future Needs

We now turn our attention to the needs to reach the next level of understanding of the
Universe, near and far. The discussion is guided by the 2006 NASA Strategic Plan. Of
most relevance to laboratory astrophysics are items in Strategic Goal 3, sub-goals 3B, 3C,
and 3D. Particular areas of research include (1) the origin, structure, evolution, and
destiny of the Universe, (2) the potential for life elsewhere, and (3) the nature of solar
activity and its effect on the solar system.

4.1 Atoms and lons in Astrophysics
Astrophysics needs vast quantities of atomic data. Data are needed for all the cosmically

abundant e ements as well as for the rarer elements in order to tease out the chemica
evolution of the Universe. We discuss in general the atomic data needs of the



astrophysics community and give some specific, but not exclusive, examples.

Analyzing and modeling cosmic spectra begin with identifying the observed lines which
may be seen in emission or absorption. This requires accurate and complete
wavelengths acr oss the electr omagnetic spectrum for spectral line identification, wind
velocity determinations, and investigating variations in the fine structure constant over
the age of the Universe. The need includes bandpasses that are commonly considered the
realm of ground-based observations. For example, the James Webb Space Telescope will
observe many objects whose ultraviolet and visible lines have been redshifted into the IR.

The next step toward understanding the properties of an observed cosmic source depends
on accurate knowledge of the underlying atomic processes producing the observed lines.
Oscillator strengths and transition probabilities are critical to awide variety of
temperature and abundance studies from infrared to X-ray wavelengths. Many existing
data for the heavier elements are still notoriously unreliable. These current limitations on
the atomic data available for mid-Z elements make it difficult to determine the nature of
ther-process. For example, non-LTE spectral analysis of the prototypical super-soft
source Cal 83 provides stellar parameters indicating a massive hot white dwarf. Thisis
of great interest as such sources are the likely progenitors of Type lasupernovae. But a
detailed chemical analysis of Cal 83 is not possible with currently available datain the
soft X-ray domain. Inner shell photoabsor ption and fluor escence yields are needed
for studies of X-ray photoionized plasmas such as AGN and X-ray binary winds, and for
finding the hot interstellar and intergalactic gas. Chandra searches for the “missing
baryons’ in the warm hot intergalactic medium (WHIM) have been enabled by new
laboratory studies of inner-shell transitions; however, many line identification issues
remain. Rate coefficients for electron impact excitation approaching 10% accuracy are
necessary for the most important line ratio diagnostics yielding temperature, optical
depth, density, and abundance. Recent theoretical and laboratory studies of the important
ion Fe XVl suggest for the first time that thisis possible, confirming the quantitative
analysis of resonance scattering in the elliptical galaxy NGC 4636 and suggesting that
conventional chemical-enrichment models for ellipticals are not correct. Proton impact
excitation isimportant because ionsin hot post-shock material decouple from radiatively
cooling electrons and may remain hot enough to produce line emission through
collisiona impact, as seen in SN 1006. Atomic datafor these processes also appear to
be important for our understanding of colliding windsin hot star binaries. Thereisa
crucial need for state specific cross sectionsfor dielectronic and radiative
recombination and for charge exchange. Complete spectral models require accurate
predictions for the line emission from all recombination processes. Temperature and
abundance determinations in a wide range of cosmic sources make use of thisline
emission. Observations of the WHIM are contaminated by X-ray emission from the
heliosphere, requiring accurate data for X-ray line emission due to charge exchange.
These data will be needed to analyze X-ray emission from stellar winds within
astrospheres, which if detected would provide a diagnostic of the stellar wind
composition.






























