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PROJECT SUMMARY

This project will offer quantitative new measures of how the material between the stars, known as
the “Interstellar Medium,” or “ISM” is distributed.

Recently, it has become technically feasible both to carry out large (>2563 pixels) numerical
simulations of the interstellar medium and to make very large (>10,000 positions) maps of the interstellar
gas and dust in our Galaxy.  However, researchers do not yet have a deep understanding of how well the
simulations model the “real” interstellar medium in detail. This proposal offers to develop new quantitative
methods for analyzing both numerical simulations and observed data sets, and to use these methods, in
tandem with existing ones, to bridge the gap in our physical understanding of the relationship between
numerical simulations and the ISM.  When the project is complete, it will provide the astronomical
community with an optimized set of physically-motivated statistical diagnostics that best capture the
properties of a three-dimensional map of interstellar material, either simulated or observed.  Such statistical
diagnostics will become indispensable probes of  the physical properties of star-forming regions,
supernova remnants, large galactic clouds, and diffuse clouds in our Galaxy.

As just one example of the potential impact of this project, consider its relevance to star-formation
research.  Currently, observations of the interstellar gas which forms new stars indicate that its distribution
follows a power-law of the form N M Mclumps

a( ) ∝ , where Nclumps  is the number of identifiable “clumps”
of mass M .  However, observations also show that the distribution of stars follows a different power law,
N M Mstars

b( ) ∝ , where a b≠ .  Therefore, it is apparent that the distribution of stars (a.k.a. the “IMF”) is
not determined directly from the distribution of all star-forming gas.  A key to the observed difference may
lie in how the “clumps” included in calculating the clump mass spectrum are identified.  It may be that not
all gas in star-forming regions has the right physical properties to form stars.  Instead, gas may have to
have certain properties--such as a low velocity gradient--in order to collapse to form stars.  The tools
developed in this project will allow researchers to search, in a variety of ways, for such special gas, in both
observed and simulated data sets.  Once this special, truly star-forming, gas is identified, then a new
“clump” mass spectrum, including only this gas, will be created for comparison with the stellar IMF.   If
this new clump mass spectrum is found to have a power-law dependence similar to that of the stellar IMF,
the implication will be that the mass distribution of a stars is determined by the distribution of star-forming
gas.  If the new clump mass spectrum is still found to be dissimilar to the stellar IMF, the implication will
be that another process--likely intrinsic to the star itself--ultimately determines the star’s mass.   Either way,
the tools developed under this proposal will give star-formation researchers a better way to relate the
distribution of matter in stars to that in star-forming gas.  This fundamental relation between gas and stars
is important not only to star-formation research per se, but also to studies of galactic evolution and
cosmology.

The grant will be used primarily to support one postdoctoral fellow, who will develop and use the
key statistical diagnostics proposed.   However, the number of peopole keenly interested in the outcome of
this research is very large, as is evidenced by the large number of distinguished researchers who have
already agreed to participate in the study.   These researchers are scattered around the world, and include
both theoretical and observational astrophysicists.



Goodman C-1

RESULTS FROM PRIOR NSF SUPPORT1

I am currently a “National Science Foundation Young Investigator,” under award AST-9457456.
This section explains how the project proposed here fits in with the overall research agenda described in my
NYI proposal, and as per NSF guidelines, describes progress and achievements that have been made under
the NYI award.  

Progress Under the NYI Award

I maintain a homepage, at http://cfa-www.harvard.edu/~agoodman/, which provides the most up-to-
date summary of my research interests. However, in the interest of not forcing you to your keyboard right
now, I will list my “Research Interests,” approximately as they appear on that homepage, along with recent
progress on each, in the Table below.  The NYI has been the primary funding source for my participation
in all of these projects, since 1994.

Topic Comments Related Publications &
Reviews  (past 4 years)

The Structure
of the
Interstellar
Medium

Understanding structure is one of the largest, longest-term
goals of my program, and the current proposal is more
specifically aimed at this topic than any of my prior work.

• AAS Invited Review
Talk, 1996

Velocity
Coherent Dense
Cores

By creating unprecedentedly sensitive maps of dense star-
forming cores, we show that line widths in cores are
constant, despite exhibiting a rising (turbulent) trend in
core surroundings.  We use these observations to argue
that there is an “inner scale” of ~0.1 pc in the dense ISM,
and that objects within this scale are the “islands of calm
in a turbulent sea” where individual stars, or small groups
of stars form.

• Barranco & Goodman
1997

• Goodman, Barranco,
Heyer & Wilner 1997

Velocity
Structure in the
Dense ISM

The Spectral Correlation Function [SCF], described in
detail in the proposal below, was developed in an attempt
to model velocity structure with more attention to the
plane-of-the-sky distribution of velocity features than has
been paid before.

• Goodman, Rosolowsky,
Williams & Wilner
1997

• Rosolowsky 1997

Star-Formation
and Dense
Cores

Now that more than 50 dense star-forming cores have
been mapped, we are beginning to be able to study the
regularities--and variations--in their physical properties.
In 1993, we presented a comprehensive study of rotation
in cores, in 1994 a study of cores in Perseus, and in 1997
we will publish the results of our VLA NH 3 survey of
cores.  The survey results show that cores have very little
internal structure compared with larger-scale clouds, and
this finding is consistent with our “Velocity Coherence”
results (see above).

• Goodman, Benson,
Fuller & Myers 1993

• Ladd, Myers, &
Goodman 1994

• Goodman et al. 1997

                                                                        
1 This section applies exclusively to the P.I.
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Massive Star-
Forming
Regions

By combining far-IR polarimetric maps of field structure,
Zeeman maps of field strength, and 13CO maps of gas
density and velocity, in the vicinity of four bright H II
regions, we have shown that, unlike in dense
condensations without H II regions, magnetic energy is
mainly balanced by H II region pressure, rather than by
motions (kinetic energy) or gravitational energy.  Star-
forming clumps form a notable exception to this trend.

• Kannappan &
Goodman 1997

High-Latitude
Clouds

After analyzing the position-velocity structure of CO and
H I maps of the Ursa Major molecular cloud complex,
Marc Pound and I discovered that this complex is sliming
its way down the back of a large “supershell ,” toward the
Galactic Plane.

• Pound & Goodman
1997

Interstellar
Magnetic Fields

Because of my experience with modeling the effects of
magnetic fields in the ISM, and with radio Zeeman and
optical and near-IR polarimetric observations of magnetic
fields, I have been asked to participate in several reviews
of the effects of magnetic fields in the ISM.  This topic
continues to motivate much of my current work.

• Heiles, Goodman,
McKee & Zweibel 1993

• McKee, Zweibel,
Goodman & Heiles
1993

• AAS Pierce Prize
Lecture 1998

Zeeman
Measurements

I continue to be involved in efforts to measure the strength
of the interstellar magnetic field.  Our observations
continue to bear out the hypothesis that magnetic and
kinetic energy are tightly coupled in the ISM.

• Crutcher, et al.  1993
• Goodman & Heiles

1994
• Myers, Goodman,

Güsten & Heiles 1995
• Troland, et al.  1996

Polarization of
Background
Starlight

My collaborators and I have shown that, contrary to
previously prevailing ideas, polarimetry  of background
starlight cannot reliably reveal the magnetic field structure
in dense interstellar clouds, because polarization efficiency
is apparently low there.  My student, Héctor Arce, has
also now  quantified the boundary of the “low” efficiency
region, and we can say that in the interiors of dark clouds
where AV  > 1.4 mag, polarimetry of background starlight
does not give the field structure.

• Goodman, Jones, Lada
& Myers 1995

• Goodman 1996
• Arce et al. 1997

Grain
Alignment
Questions

Motivated by the discovery that polarization efficiency is
low in high-density regions, we tested all the popular
theoretical grain-alignment mechanisms, and we have
now shown that all the known mechanisms fail  for
conditions representative of dark cloud interiors.

• Lazarian, Goodman &
Myers 1997
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Polarization of
Thermal
Emission from
Dust

Currently, the polarized thermal emission from dust,
which is a more reliable probe of magnetic field structure
in dense gas than background starlight polarimetry, has
only been observed in a handful of regions, due primarily
to the high backgrounds associated with “warm”
telescopes on the ground.  I am actively involved in efforts
to make this technique more viable.  (See discussion the
“M4” satellite proposal to NASA, below.)

• Goodman 1995

The Properties
of Interstellar
Dust

After learning that interstellar dust grains recovered from
meteorites contain metallic inclusions similar to those
which have been theoretically postulated to increase the
efficiency of grain alignment in the ISM, we investigated
whether the number of these inclusions, per unit volume,
is consistent with theory.  It is, and this means that
superparamagnetism may be important in grain
alignment.

• Goodman & Whittet
1995

Grain growth
in the ISM and
Disks

Through my work on polarization and grain alignment, I
have become very interested in the variation of dust
properties with environmental conditions in the ISM.
Most recently, I have been modeling how variations in
dust emissivity effect estimates of the mass of protostellar
disks.

• see
http://cfa-www.harvard.
edu/~agoodman/BigDust/

Context & Motivation of the Current Proposal

The Table above hopefully makes it clear that my recent projects have all been aimed toward
improving our understanding of the way kinetic, magnetic, and gravitational forces interact in the interstellar
medium.  In the course of carrying out these projects, I have learned that despite our ability to collect more
and more data on specific pieces of the ISM, a general understanding of the nature and origins of its
structure remains elusive--yet tantalizingly near our grasp.

The primary motivation for the new project described below is simple:  it is frustrating to read (and
produce!) papers containing more and more spectral-line mapping data with less and less physical
information extracted, per bit, from these data.  And, it is similarly frustrating to read, and consult on, big
numerical simulations which are seldom compared systematically with real data.  Typically, every
simulation has some feature which compares in an obviously favorable way with data, and some feature
which does not, but we want to know which  feature of which simulation causes which agreement, and
which disagreement.  We are sure that many others--maybe even you--share our frustration.  No doubt too,
that there is at least one frustrated, young, theoretically-minded, observationally experienced, talented Ph.D.
out there who would love the NSF to support a postdoc dedicated to an effort aimed at alleviating this
frustration for us all!
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PROPOSED SCIENCE PROGRAM

Introduction & Background

In 1964, it was considered a great achievement to measure the spectral profile of a single radio-
frequency transition emanating from molecular gas in the interstellar medium (e.g. Barrett et al. 1964).
Little more than a decade later, receiver sensitivity increased to the point where “mapping” large portions of
the molecular ISM using spectral lines became a booming cottage industry.  And in the most recent decade,
technological improvements have allowed for spatial and spectral resolution which routinely produce
spectral-line maps of the ISM whose detailed features cannot be appreciated by “inspection” or global
statistics alone .   Similarly, in the theory domain, modern numerical models of the ISM are producing
synthetic spectral-line maps nearly as extensive as those observed.  It is the goal of the study proposed
below to develop a suite of quantitative, statistical, tools for understanding the spatial-velocity
structure of both the observed and the synthetic spectral-line maps.  

Our ultimate aim is to use new and existing tools to sensitively discriminate among different
realizations of theoretical models, so that we can best evaluate which set of physical inputs to a model best
matches the observed properties of the ISM.  The best-matching model “inputs” in  particular types of
regions (e.g. cold star-forming clouds, warm gas around clusters, high-latitude unbound clouds, and
supernova remnants) will produce both a detailed description of the density, velocity, temperature,
ionization and magnetic field structures in such regions and  new insight into the physical origins of those
structures.

The key benefits  offered by the approach proposed below are:

1.  We have already begun developing the new tools proposed.  Specifically, we have developed an
algorithm for measuring the “Spectral Correlation Function” [hereafter SCF] in maps, and we have shown
that it is effective at quantifying map structure.  The SCF is different from other diagnostics in that it uses,
and preserves, spatial and spectral information simultaneously (see p. C-9).

2.    We have access, through our observational efforts and collaborations , to a large number of
observed data cubes , all of which we have permission to analyze.  

3.    We have already discussed using our tools on the  synthetic data cubes  currently being produced
by several  theoretical groups’ large existing simulations.  In fact, we have already carried out a preliminary
comparison of a C18O map of Heiles’ Cloud 2 and one of the Ostriker, Gammie & Stone (1996) MHD
simulations (see p. C-11).

4.   We plan to intercompare several applicable existing statistical tools, as well as the new ones
developed, to find an “optimal” set of spectral-line map descriptors.  Many of the existing tools are highly
developed (e.g. autocorrelation analyses, wavelet transforms, principal components analysis, clumpfinding
algorithms), and a few have already been successfully applied to some of the data and simulations we plan
to analyze.

  Several of the simulations we plan to analyze have been funded by NSF and NASA, and the
creators of those simulations agree  that an effort dedicated to rigorously understanding how simulations
relate to each other, input parameters, and real data is definitely needed at this time (see Section I).

Existing Statistical Analyses of ISM Structure

Over the past fifteen years, as spectral line maps have grown in size, the number of attempts to
model these maps has also risen rapidly.  Existing analyses of ISM structure can be grouped into three
general categories.
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1.  Analyses which use spatial information but not velocity (spectral) information   (e.g. wavelets
(Gill and Henriksen 1990, Langer et al. 1993); structure trees (Houlahan and Scalo 1990, 1992)
pseudometric analysis (Wiseman and Adams 1994)).   Using only spatial information, such as continuum
dust emission or integrated spectral-line emission, has the advantage of reducing the amount of information
one needs to analyze, but the disadvantage of losing a (potentially critically) important indicator of the
physical state of the material under study--namely its velocity distribution.  That said though, it is important
to appreciate that any numerically-generated map which does not share at least its spatial properties with
real maps is automatically, and easily, excluded from consideration as a realistic simulation.  Therefore, in
the proposed work, spatial-only analyses will be considered a necessary, but not sufficient,  indicator of
agreement between models and data.

2.  Analyses which assume a three-dimensional topology (e.g. clump-like or fractal) in order to
derive statistics from maps (e.g. GAUSSCLUMPS (Stutzki and Güsten 1990); CLUMPFIND (Williams
et al. 1994); fractals (Elmegreen and Falgarone 1996)).   Clumpfinding algorithms have proven
tremendously useful for comparing the so-called “clump IMF”  of the gas with the stellar IMF (e.g. Lada
et al. 1991a,b; Lada 1992). The automated clumpfinding routine known as  “CLUMPFIND” essentially
contours a data cube in position-position-velocity space, in order to identify features which are localized in
velocity space, as well as on the plane of the sky.  Often, such procedures will produce different clump lists
than the spatial-only analyses discussed in 1 above, and the lists produced by the routines which include
velocity information are more likely to be physically meaningful. Fractal analyses (see Chappell and Scalo
1997, Elmegreen and Falgarone 1996, and references therein) impose a self-similar, rather than clump-like,
topology on the ISM.  While the fractal and clumpfinding approaches differ drastically in their
morphological view of the ISM, they both offer a way to characterize an observed or simulated distribution
of mass as a function of scale. In general, we expect that both clumpfinding and fractal analyses2 provide
more stringent tests of data/model agreement than spatial-only analyses.  

3.   Analyses which use spectral information along with spatial information as a “scale”
indicator  (e.g. autocorrelation and structure functions (Dickman and Kleiner 1985, Kitamura et al. 1993,
Kleiner and Dickman 1987, Miesch and Bally 1994, Scalo 1984) ; principal component analysis (Heyer
and Schloerb 1997); line width-size relations (Larson 1981, Goodman et al. 1997); centroid velocity
probability density functions (Lis et al. 1996)).  These methods are often used to derive a power-law index
from a data cube.  The specific index derived depends on the details of the analysis.  For example, line
width-size relations of the form (line width) ~ (size)α, give an index, α, which is relatively easy to compare
with similar indices used to describe theoretically understood processes such as incompressible
(Kolmogorov) turbulence.  Other procedures, such as the calculation of structure and autocorrelation
functions, and principal component analysis, also produce statistics which describe the overall velocity
structure of a cube as a function of scale. These analyses all share the property of utilizing both spatial and
spectral information.  However, the fact that spatial information is used as a “scale” indicator, rather than a
“position” indicator in almost all the spatial/spectral combination analyses to date, restricts the level of detail
these analyses can provide.

The new “Spectral Correlation Function” analysis we describe beginning on page C-9 offers a new
way to look at ISM structure, in that it utilizes all the available spectral and spatial information
simultaneously.  We are guessing that the fully-developed SCF will provide a more detailed description
of data cube structure than any of the techniques listed above, and thus ultimately provide one of the most

                                                                        
2 Note that fractal analyses can compute either a volume fractal dimension by including information on

three dimensions or a projected (area) fractal dimension, by including only spatial information.  The latter
method is essentially another form of “spatial-only” analysis (see 1 above).  Elmegreen and Falgarone (1996)
claim to find the volume fractal dimension, by analyzing the observed mass spectrum in spectral line maps,
which ultimately depends on the three dimensional distribution of gas.
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stringent tests for models to pass when being compared with data.    Nonetheless, our plan is to use several
of the other methods described in 1-3 in tandem with the SCF and other new procedures under
development, in order to actually test which of these statistical techniques actually offers the most detailed
(i.e. hardest to match by accident) description of a data cube.

Existing Numerical Simulations of ISM Structure

Recent advances in computing power have led to a wealth of new simulations of interstellar
structure.  Earlier calculations (e.g. Field and Saslaw 1965) were not intended to produce models of
interstellar structure that would match observations in great detail, but the new ones are.  No one, though,
has yet produced a simulation that includes all  of the physical processes creating the “real” ISM.  

In order not to exceed the page limit, or--worse yet--try your patience, we have created Table 1,
found on page C-7, which  summarizes the properties of many recently published and in-progress
numerical simulations.  We have tried to include at least one recent paper from each group currently
working on large numerical simulations of the ISM.  All of the models have their most basic outline in
common: each one assumes a set of initial conditions, inputs a power spectrum of fluctuations, and follows
what happens.  While Table 1 certainly does not describe the details of each simulation, we offer it as a
convenient summary of the physics included and excluded in each calculation.  One important point to note
is that none of the published simulations includes ambipolar diffusion.  

We fully appreciate that the “details” of the inputs to these simulations will eventually become
critical to discriminating among them, and we have found that in most cases those details are included in
the text of the published paper describing the simulation.   In cases where the details are unclear, it is our
intention to directly contact the authors.
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Table 1: Recent Simulations of the ISM
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Comments
Porter, Pouquet 
& Woodward 
1994/Falgarone 
et al. 1994

3D • • • •
Falgarone et al paper 
computes synthetic 
spectra & compares 
w/data

Vázquez-
Semadeni, 
Passot & 
Pouquet 1995

2D • • • • • • •

unrealistically high cloud 
temperatures and too low 
density contrast result; 
cooling only radiative, 
low τ  assumed, virial 
clouds long-lasting, 
relevant to 100-1000 pc 
scales

Passot, Vázquez-
Semadeni & 
Pouquet 1995

2D • • • • • • • •

realistic B-fields & 
magnetic/kinetic 
equipartition result; 
rotation of galactic disk 
included (extension of 
Vázquez-Semadeni et al. 
1995)

Vázquez-
Semadeni, 
Passot & 
Pouquet 1996

2D • • • • • • • •
experiments with turning 
"on and off" various 
features, and varying 
parameters of Passot et 
al. 1995 runs

Dubinski, 
Narayan & 
Phillips 1995

3D • • •

purely Kolmogorov 
turbulence; Gaussian-
Hermite polynomials 
used similar to SCF; 
spectra "similar" to real 
clouds

Ostriker, Gammie 
& Stone 1996 3D • • • • • • •

relavant to 1-10 pc 
scales

Padoan et al 97 3D • • • • • •
3D staggered mesh; 
spectral maps "look" 
realistic

Existing Comparisons of Spectral-Line Maps and Numerical Simulations

This category is rather sparsely populated, and that is the motivation of our proposal.  One of the
first, and only, detailed simulation-data comparisons was carried out by Falgarone and collaborators
(Falgarone et al. 1994), who compared the non-magnetic, non-self-gravitating turbulence simulations of
Porter, Pouquet & Woodward (1994) to a 12CO(2-1) map of a piece of a high-latitude cloud.   Portions of
the synthetic spectral-line data cubes presented by Falgarone et al. are shown in Figure 1, below.  The left
panel shows a cube at an early time, just after the power spectrum of fluctuations is injected, and the right
panel shows the cube at a later, more “relaxed,” epoch.
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Figure 1: Numerical simulation of turbulence in the ISM, from Falgarone et al. 1994.  The left panel
shows synthesized spectra shortly after the initial energy injection.  The right panel, shows  a later time in
the simulation, which has relaxed to more of a Kolmogorov-like cascade.  Notice that the line profiles
become generally smoother at later times.

The synthetic spectra in Falgarone et al. are produced assuming that the emission is optically thin, so no
explicit radiative transfer is included.  Nonetheless, Falgarone et al. show that the overall distributions of
spectral properties (e.g. width, skewness, kurtosis, etc.)  in the right-hand panel of Figure 1 is similar to  the
distributions measured in high-latitude clouds.  However, Falgarone et al. do not quantitatively address the
issue of whether or not neighboring spectra vary in their properties the way neighboring spectra would
in a real map.  This is a subtle but very important point. It is possible to produce simulations where the
distribution of spectral properties will match observations--even though the point-to-point variations in
spectra do not resemble real maps at all. 3  For example, both maps might have the same fraction of double-
peaked profiles, but if those profiles are scattered randomly in the simulation, and grouped in real data, then
the simulation should not be said to “match” the data.  Figure 3, discussed on page C-11, uses the SCF to
vividly demonstrate this point.

In 1994, Tom Phillips gave a colloquium at the Center for Astrophysics on the Falgarone et al. work.
As the story goes, Ramesh Narayan was in the audience, and wondered, upon seeing figures like Figure 1,
how much of the spatial-velocity structure in these simulations could be produced by purely incompressible
turbulence.  Along with John Dubinski and Tom Phillips, Narayan set out to make some simple
simulations of incompressible turbulence to answer this question.  The result was Dubinski, Narayan &
Phillips (1995), which clearly shows that the “evolved” phase of the Falgarone et al. simulations (right
panel of Figure 1) is very similar to simple incompressible turbulence.  Dubinski et al. explain that the main
difference between their incompressible simulations and the Falgarone et al. simulations is the absence of
the “intermittency” effects found in the compressible simulations, but that it is, of course, not possible to
simulate this highly non-Gaussian behavior in an incompressible, Kolmogorov-like, cascade.
Furthermore, Dubinski et al. use Gaussian-Hermite polynomials to model each spectrum in their
simulations, and then map out the terms in the polynomial, in order to investigate the “spatial correlations
of profile distortions” (see their Figure 3). This analysis, which is a parameterized form of the more general
SCF (described in the next section)  leads Dubinski et al. to the conclusion that the spatial distribution of
                                                                        

3 For the record, it was just this worry that inspired the P.I. to develop a routine like the SCF, when
Edith Falgarone first showed her these simulations, in 1993.
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profile types is well-visualized in this way, and that this kind of structural breakdown should be applied to
real data.  We agree!

Ostriker, Gammie & Stone (1996) have placed great emphasis on creating realistic synthetic spectral
line maps from their new 3D, compressible, self-gravitating, MHD simulations.  These maps are produced
in a “numerical observatory” program, developed by Charles Gammie, and do include radiative transfer
effects.  So far, Ostriker et al. have not compared their maps in detail with real data cubes, but they would
like to do so.  The P.I. and her student, Erik Rosolowsky, have recently informally collaborated with
Gammie, in using the newly developed SCF to compare the Ostriker et al. simulations with data.  The
results of this comparison are shown in Figure 4, below.

Methods

As described above, we plan to utilize several existing statistical analysis techniques (e.g. structure
and autocorrelation functions, clumpfinding algorithms, etc.) to compare simulated and observed data
cubes, but we also plan to develop new techniques which may be superior to the existing ones in their
ability to quantify the detailed spatial variations in spectral properties.  We have spent the last few months
developing one of these new techniques, which we call the “Spectral Correlation Function,” or “SCF.”  We
have made rapid progress in this endeavor, thanks in large part to the efforts of a student, Erik
Rosolowsky.  Below, we will  briefly outline the SCF in words, but we refer the interested reviewer to
http://cfa-www.harvard.edu/~agoodman/scf/velocity_methods.html, where a paper by Mr. Rosolowsky
summarizing his algorithms and their applications is posted.  (The detailed equations used in the SCF, and
their justification, can be found at that site as well.)

The Spectral Correlation Function

The goal of the SCF is to produce a description of how the velocity structure of a data cube varies as
a function of position, rather than just as a function of scale.  This goal is accomplished by assessing the
similarity (i.e. “correlation”) of a spectrum and its neighbors for every observed spectrum in a map. The
SCF has value unity when a spectrum and its neighbors within a resolution element are identical, and the
SCF is zero when there is no measurable resemblance of a spectrum and its neighbors. Specifically, the key
steps used in calculating the SCF are as follows:

1.   A resolution for the SCF is chosen.  Only the spectra within the resolution element are
considered when calculating the value of the SCF at each position. Currently, the finest resolution we can
use is a 3-by-3 pixel box, which includes just the eight immediate neighbors of each spectrum in the
calculation of the SCF.  (The example of the SCF shown in Figure 2 uses a coarser resolution,
corresponding to a five-by-five spectrum box.)

2.   The (square of the) difference, as a function of velocity, between each spectrum and its
neighbors within the resolution element is minimized and recorded.  This minimization is calculated
under a variety of conditions: an adjustable lag between the spectra can be on or off, and a scaling parameter
can be on or off.  Ultimately, these adjustments lead to four possible values for the SCF, corresponding to
“lag off, scaling off;” “lag off, scaling on;” “lag on, scaling off;” and “lag on, scaling on.”

3.   The difference calculated in 2 is integrated over velocity .

4.   The velocity-integrated minimized difference calculated in 3 is averaged over all the spectra in
the resolution element .

5.   The SCF is calculated as a normalized version  of the velocity-integrated minimized average
difference calculated in 4.



Goodman C-10

TA
*

0.19

0.94

1.64 7.21

3.90

0.48

VLSR

SCF

0.99

0.88

0.30

0.87

0.33

0.00

∆v

Figure 2: The Spectral Correlation Function as applied to a C18O map of Heiles Cloud 2 (data courtesy of
M. Heyer).  The greyscale plots show, clockwise from the top left, antenna temperature (in K), LSR
velocity (in km s -1), FWHM line width (in km s -1 ), and the Spectral Correlation Function (range 0:1).    
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Figure 2 presents a sample map of the SCF, for a C18O map of Heiles Cloud 2 constructed by Mark
Heyer and his collaborators. For reference, the typical gas density traced by the C18O line observed is of
order 103-104 cm-3.  The figure shows greyscale maps of antenna temperature (line intensity), LSR centroid
velocity, and FWHM line width, all determined from Gaussian fits to the spectra, along with the SCF.   A
cursory inspection of the figure shows that the SCF appears, in general, to be high where the line intensity
is high.  We have performed tests to see whether this effect is caused by the spatial concentration of higher
signal-to-noise spectra at map peaks, but the effect does not seem explicable by this selection effect alone.
(Note that low signal-to-noise spectra are eliminated early on from the analysis, in a step preceding #1
above, and that isolated white pixels in Figure 2 mark the location of such excluded spectra.)  

At present, mostly because the procedure is so new, and we have applied it only to a handful of data
cubes, we are not yet expert at interpreting “raw” maps of the SCF.  Instead, we are developing quantitative
measures of the distribution of the SCF within a map.  The simplest statistic to consider is the frequency
distribution of the SCF.  Below, in Figures 3 and 4, we show some of these SCF distributions whose
implications are clear.  In Figure 3, we compare the true SCF distribution for the HCl 2 map shown in
Figure 2 with an SCF distribution for a data cube constructed by randomizing the positions of the spectra in
the HCl 2 cube.  Notice how much higher the mean value of the SCF is for the “real” cube than for the
randomized one.   Also, the width of the distribution is markedly narrower for the real cube.

Real HCl 2 Map
Randomized HCl 2 Map

SCF Distributions

Figure 3: Comparison of the (lag-off/scaling off)
SCF distributions calculated for the “real” Heiles
Cloud 2 map shown in Figure 2, and a map
created by randomizing the positions of the spectra
in the Heiles Cloud 2 map.

Heiles Cloud 2 Data

Preliminary Simulation

SCF Distributions

Figure 4: Comparison of the (lag-on/scaling-on)
SCF distributions calculated for the “real” Heiles
Cloud 2 map and a synthetic data cube resulting
from a 3D compressible MHD simulation
(courtesy of C. Gammie).

In Figure 4, we compare the SCF distribution for HCl 2 with the results of a 3D numerical MHD
simulation of self-gravitating gas of roughly the density traced in the  HCl 2 map.  Considering the
magnitude of the difference between randomized and real data shown in Figure 3, the similarity of the SCF
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distributions for the data and simulations in Figure 4 is remarkable4.  However, there are obvious
differences between the “real” and “simulated”  distributions in  Figure 4, and these differences are exactly
what we seek to study.

Highly discriminatory statistics derived from measures like the SCF will be used in our analysis to
compare numerical simulations of specific conditions with observations relevant to the same conditions.
The simulations whose statistics  best “match” the observed statistics will be deemed closest to
representing the real ISM.

Objectives and Expected Results

Our objective is to provide a systematic comparison of existing and in-progress theoretical
simulations with relevant existing and in-progress spectral-line data cubes.  Our analysis will be designed to
address the following questions, whose answers should have the impact discussed after each group of
questions:

1. Are there regions where turbulence theory is descriptive enough?  If not, what features in observed
spectral-line cubes cannot be explained by a turbulent velocity field alone?  How much realism does
compressibility  in a turbulence simulation add: specifically, does compressibility matter less as a function
of time, as non-linear features such as shocks dissipate?

Obvious departures from Kolmogorov-like incompressible turbulence will be quantitatively
identifiable, and their causes may be understood.   Compressibility in the ISM may be found
responsible for more of these departures at “early” times (as suggested by Falgarone et al. 1994),
and the age of certain regions may be established by analyzing these departures (see 4, below).

2.  Are there differences between regions where self-gravity is important and where it is not--for
example, between high-latitude clouds and the dense interiors of star-forming clouds?

Claims have been made (e.g. Williams and Blitz 1993), and unmade (e.g. Williams et al. 1994),
that the clump mass spectrum differs in high-density (strongly self-gravitating) regions and low-
density (marginally- or non-self-gravitating) regions.  Simulations found to be good
representations of self-gravitating and non-self-gravitating gas can be utilized to extract, and
compare, theoretical clump mass functions.  Knowledge of these clump mass functions are critical
for models of star-formation, and models of the stellar IMF .

It is known observationally that magnetic and kinetic energy are comparable in both self-gravitating
and non-self-gravitating regions (Goodman and Heiles 1994, Myers et al. 1995), and gravitational
energy is also typically comparable in self-gravitating regions (Myers and Goodman 1988).
Magnetic-kinetic equipartition has also been found in some recent numerical simulations (Ostriker
et al. 1996, Passot et al. 1995). Our analysis should facilitate a better understanding of the
specific conditions which produce  this magnetic-kinetic equipartition .

3.  Are there substantial, discernible , differences in the predicted spectral-line cubes of non-magnetic
and magnetic simulations?  If so, what magnetic field structures are predicted by the simulations under
specific conditions?  What are the effects of including ambipolar diffusion (non-ideal MHD)?

                                                                        
4 Note that the lag on/off and scaling on/off flags in the SCF algorithm introduce only subtle differences

into the derived SCF distribution, as can be seen by carefully comparing the histograms for the “real” HCl 2
data in Figures 3 and 4 (bold lines in each).    The obviously large difference between the “real” and
“randomized” SCF histograms shown in Figure 3 and the relatively small difference between “real” and
“model” histograms shown in Figure 4 persist using any combination of lag/scaling flags.
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Tests of the magnetic field’s influence under a variety of conditions will be facilitated by our
analysis.  For example, it is possible that we will find that magnetic effects are critical in high-
latitude (unbound) cloud dynamics, but not in very dense regions. Such differences may only
become apparent when ambipolar diffusion is explicitly included in the simulations.  Current
simulations all assume ideal MHD, despite low observed and predicted ion fractions in dense
regions (see Myers and Khersonsky 1995 and references therein).

Magnetic fields are often divided into two components in models of the ISM: the “uniform”
(straightish on large scales) component is thought to produce asymmetric structure (e.g. oblateness
in collapsing clouds), and the “non-uniform” component is given credit for isotropic support and
an important role in mediating and maintaining turbulence.  Observational evaluations of the
relative amounts of uniform and non-uniform field (Jones et al. 1992, Myers and Goodman 1991)
in the cold ISM indicate roughly equal energy in each component. And, observations do not
indicate obvious correlations between the orientation of dense filamentary clouds and the ambient
magnetic field (Goodman et al. 1990, 1992, 1995).  However, these conclusions are based on
background starlight polarization observations, which do not reliably trace field structure in
dense regions, where grains polarize background starlight inefficiently (Goodman et al. 1995,
Lazarian et al. 1997). Identification of relevant numerical simulations will produce physical insight
into field structure in dense star-forming gas  that is currently unattainable without thermal
emission polarimetric observations (Goodman 1996), and will offer predictions for future sub-mm
and far-infrared polarimetric measurements of the field.5

4.  How do the properties  of a spectral-line cube depend on the observed region’s age , where “age”
measures time elapsed since the gas gathered into approximately its current form? Specifically, are line
profiles more “jagged” or different in another way in young regions, such as supernova remnants,
supershells, swept-up gas near H II regions and/or outflows?

Dubinski, Narayan & Phillips (1995) point out that all but the initial phases of the Falgarone et al.
(1994) turbulence simulations’ (see Figure 1) look very similar to their own purely incompressible
simulations.  Falgarone et al. also point out this same similarity to incompressible turbulence, and
both groups suggest that the effects of compressibility may diminish over time.  

Utilizing our newfound understanding of the simulations, we may be able to identify “evolved”
regions by the smoothness of their profiles , or at least see transitions from more recently
shocked/disturbed gas to older “ambient” gas in spectral-line maps. Pound & Goodman (1997)
recently carried out an extensive IRAS-CO-HI study of the Ursa Major molecular cloud complex,
which can be used to demonstrate this idea.  Large-scale IRAS maps suggest that the Ursa Major
complex “hangs down” toward the Galactic plane from the large supershell known as the NCP
Loop.  When the spectral line data maps of the regions are folded into the analysis, a spatial
transition along the filament from “swept-up shell” line profiles to smoother, more quiescent-
looking profiles is evident.  Independent observational evidence about the timescales relevant to the
regions exhibiting the different kinds of profiles, combined with a theoretical understanding of how
profiles evolve over time under different conditions in simulations would allow for a much more
quantitative, time-stamped, picture of the Ursa Major complex’s origin and evolution.

This is a long list of questions, but we believe that the methods outlined in the previous section will
provide the insights necessary to answer many of them. The time is ripe for this analysis, in that only

                                                                        
5 Such polarimetric observations are currently proposed to NASA, in the form of a new far-infrared

polarimeter for SOFIA (Hildebrand 1997) and a space-borne far infrared polarimeter known as M4 (see
Clemens et al. 1997 and http://cfa-www.harvard.edu/~agoodman/m4/).
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recently have both the simulations and data attained the spectral resolution necessary to allow for detailed
comparisons.  

Work Plan & Schedule

    Year 1

The postdoctoral position  will be advertised upon notice of acceptance of this proposal, and the
position should be filled within six months.  In the first year, the postdoc will be responsible for obtaining
and cataloging both observed and synthesized data cubes in machine-readable format.  Furthermore, the
postdoc and P.I. will contact the authors of many of the previously published structural-analysis techniques
discussed above, in order to request the code used to run these analyses.  The new workstation  listed in the
budget will be purchased in Year 1, and it will be used to store data cubes and run code.

Erik Rosolowsky 6, a Senior Thesis student of the P.I.’s, has developed the SCF technique from an
idea (see http://cfa-www.harvard.edu/~agoodman/scf/scf.pdf) to a working algorithm, during just this past
Summer (see Rosolowsky 1997).  Erik is a highly motivated and talented student, and for his Senior
Thesis (to be submitted in May of 1998) he will continue to develop and test the SCF on the data cubes and
simulations we already have in-hand (see below).  Drs. David Wilner and  Jonathan Williams, both of
the CfA, have been collaborating with Mr. Rosolowsky and the P.I. on this project, and this group will
submit an initial publication describing the SCF and its initial applications to the Astrophysical Journal
Letters in late 1997.

Dr.  Jonathan Williams, of the CfA, has been developing an automated velocity gradient mapping
and analysis routine for large data cubes, in collaboration with the P.I.  Williams’ program employs the
gradient-fitting routine VFIT, which was developed by the P.I. for measuring gradients in small individual
clouds (see Goodman et al. 1993).  This project is just getting underway, but should produce a usable tool,
to be used in tandem with the SCF, which will be incorporated into our analysis of the large observed and
simulated cubes.

Héctor Arce is a third-year Harvard graduate student who has just completed his qualifying-exam
project with the P.I. Mr. Arce wants to continue working with the P.I., and with Dr. Charles Lada, on
problems related to the structure of the ISM for his thesis.  This means that he will play some--potentially
large--role in the project described in this proposal, but because his thesis plans are still being made, that
role is not yet well-defined enough to make any promises on his behalf here.

A partial list of the data cubes  already in-hand includes: a ~40,000 spectrum CO map of the Ursa
Major cloud complex (Pound & Goodman 1997); several 10,000+ spectrum maps of galactic zones
courtesy of our collaborator, Dr. Mark Heyer; several higher-density tracer maps of star-forming regions
courtesy of Dr. Jonathan Williams; and maps of several regions, some including supernova shells,
courtesy of Dr. David Wilner.

As for  simulations, we are working closely with Dr. Charles Gammie, of the CfA, who has
already created a synthesized preliminary map from one of the Ostriker, Gammie & Stone simulations in
progress.  (The P.I. has been a consultant on these simulations since their inception.)  The synthesized map
was created specifically to be used as a quick test for the SCF and is compared with real data in Figure 4.  
We plan to continue working in close cooperation with Charles Gammie, Drs. Eve Ostriker, and Jim
Stone .  The P.I. has also had extensive discussions about this project with Dr.  Enrique Vázquez-

                                                                        
6 E. Rosolowsky is a student at Swarthmore, who began this project while an SAO Summer Intern with

AG at the CfA in 1997.  Arrangements have already been made with Mr. Rosolowsky’s Swarthmore advisor,
Dr. John Gaustad, for AG to advise Erik’s thesis long-distance.  Erik will make ~bi-monthly trips to Cambridge.
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Semadeni , who is eager to provide simulations and work with us. In fact, Dr. Vázquez-Semadeni and his
student, Javier Ballesteros-Paredes , have decided to visit the CfA in March of 1998 to collaborate with
the P.I. on this project (see letter from Vázquez-Semadeni in Section I).  Lastly, the P.I. is on very good
terms with Dr. Edith Falgarone  and Dr. Tom Phillips , who can provide additional simulations, both
published and ongoing.   Tom Phillips, and his collaborator Dr. Derek Lis , have already agreed to provide
digital versions of the simulations of Porter, Pouquet & Woodward (1994) used in the Falgarone work
featured in Figure 1, above.

    Year 2

By the end of Year 1, we should have enough data, simulations, and code, in-hand to begin
producing the first direct observed/simulated data cube comparisons.  Most of the personnel and
collaborators mentioned in Year 1 (with the possible exception of the undergraduate, Rosolowsky), will
continue to work on the project.  We will publish our first comparisons rapidly, in order to make both the
observational and modeling communities aware of our results--in the hope that our results might influence
future observing and numerical programs.  The first round of comparisons will not include every possible
data cube, but instead focus on “representative” regions (e.g. at least one each: high-latitude cloud; star-
forming cloud; supernova remnant).

    Year 3

By the third year, we will have had the time to apply our comparison methods to a wider range of
data cubes.  We will be able to assess the universality of conclusions drawn from the analyses in Years 1
and 2.  By the end of Year 3, we will publish our best estimate of which set of diagnostics best describes a
data cube, where “best” means that two cubes would be least likely to accidentally be declared similar.   

We will also execute a comparison of the new kind of “clump” IMF made possible by our work
with the stellar IMF in star-forming regions, as  described in the Project Summary (see page A-1).

Please note that several letters describing the collaborations
 described above are attached to this proposal, in Section I.



Goodman D-1

References Cited

Arce, H., Bastien, P.., Kenyon, S., Manset, N. Sumner, M., and Goodman, A. 1997, The Polarizing
Power of the Interstellar Medium , ApJ, in prep

Barranco, J.A. and Goodman, A.A. 1997, Velocity Coherence in Dense Cores. I. NH3 Observations ,
ApJ, submitted.

Barrett, A.H., Meeks, M.L. and Weinreb, S. 1964, High resolution microwave spectra of H and OH
absorption lines of Cassiopeia A, Nat, 202 , 475-480.

Chappell, D.W. and Scalo, J. 1997, Mulitfractal Scaling, Geometrical Diversity, and Hierarchical Structure
in the Cool Interstellar Medium , ApJ, submitted.

Clemens, D., Jones, T.J., Goodman, A., Myers, P., Field, G., Rieke, G., Young, E., et al. 1997, M4: The
Milky Way Magnetic Field Mapping Mission , Bull. American Astron. Soc., 190 .

Crutcher, R.M., Troland, T.H., Goodman, A.A., Kazès, I., Heiles, C. and Myers, P.C. 1993, OH Zeeman
Observations of Dark Clouds, ApJ, 407 , 175-184.

Dickman, R.L. and Kleiner, S.C. 1985, Large-Scale Structure of the Taurus Molecular Complex. III.
Methods for Turbulence, ApJ, 295 , 479.

Dubinski, J., Narayan, R. and Phillips, T.G. 1995, Turbulence in Molecular Clouds, ApJ, 448 , 226.

Elmegreen, B.G. and Falgarone, E. 1996, A Fractal Origin for the Mass Spectrum of Interstellar Clouds,
ApJ, 471 , 816.

Falgarone, E., Lis, D.C., Phillips, T.G., Pouquet, A., Porter, D.H. and Woodward, P.R. 1994, Synthesized
spectra of Turbulent Clouds, ApJ, 436 , 728-740.

Field, G.B. and Saslaw, W.C. 1965, A Statistical Model of the Formation of Stars an Interstellar
Clouds, ApJ, 142 , 568-583.

Gill, A.G. and Henriksen, R.N. 1990, A First Use of Wavelet Analysis for Molecular Clouds, ApJL , 365 ,
L27-L30.

Goodman, A.A. 1995, The Future of Magnetic Field Mapping in the Interstellar Medium  , in Airborne
Astronomy Symposium on the Galactic Ecosystem: From Gas to Stars to Dust,  ASP Conference
Series, ed. M. R. Haas, J. A. Davidson and E. F. Erickson (San Francisco: ASP), p. 45-52.

Goodman, A.A. 1996, The Interpretation of Polarization Position Angle Measurements , in
Polarimetry of the Interstellar Medium,  ASP Conference Series, ed. W. Roberge and D. Whittet
(San Francisco: ASP), p. 325-344.

Goodman, A.A., Barranco, J.A., Wilner, D.J. and Heyer, M.H. 1997, Velocity Coherence in Dense
Cores. II. The Transition to Coherence , ApJ, submitted.

Goodman, A.A., Bastien, P., Myers, P.C. and Ménard, F. 1990, Optical Polarization Maps of Star-
Forming Regions in Perseus, Taurus, and Ophiuchus , ApJ, 359 , 363-377.

Goodman, A.A., Benson, P.J., Fuller, G.A. and Myers, P.C. 1993, Dense Cores in Dark Clouds VIII.
Velocity Gradients , ApJ, 406 , 528-547.

Goodman, A.A., Benson, P.J., Fuller, G.A., Myers, P.C., Tafalla, M., Wilner, D., and Zhang, Q. 1997 ,
Dense Cores in Dark Clouds XII. Internal Structure, ApJ, in prep

Goodman, A.A. and Heiles, C. 1994, The Magnetic Field in the Ophiuchus Dark Cloud Complex, ApJ,
424 , 208-221.

Goodman, A.A., Jones, T.J., Lada, E.A. and Myers, P.C. 1992, The Structure of Magnetic Fields in
Dark Clouds: Infrared Polarimetry in B216-217, ApJ, 399 , 108.

Goodman, A.A., Jones, T.J., Lada, E.A. and Myers, P.C. 1995, Does Near-Infrared Polarimetry Reveal
the Magnetic Field in Cold Dark Clouds? , ApJ, 448 , 748-765.



Goodman D-2

Goodman, A.A., Rosolowsky, E., Williams, J.P., and Wilner, D.A. 1997, The Spectral Correlation
Function, ApJL , in prep

Goodman, A.A. and Whittet, D.C.B. 1995, A Point in Favor of the Superparamagnetic Grain
Hypothesis, Ap. J. (Letters), 455 , L181-L184.

Heiles, C., Goodman, A.A., McKee, C.F. and Zweibel, E.G. 1993, Magnetic Fields in Star-Forming
Regions. I. Observations  , in Protostars and Planets III,  ed. E. H. Levy and J. I. Lunine (Tucson:
University of Arizona Press), p. 279-326.

Heyer, M.H. and Schloerb, F.P. 1997, Application of Principal Component Analysis to Large Scale
Spectral Line Imaging Studies of the Interstellar Medium, ApJ, 475 , 173.

Hildebrand, R.H. et al. 1997,  Proposal to NASA for a Polarimeter on SOFIA, personal communication.

Houlahan, P. and Scalo, J. 1990, Recognition and Characterization of Hierarchical Interstellar
Structure. I. Correlation Function, Ap. J. Supp. , 72, 133-152.

Houlahan, P. and Scalo, J. 1992, Recognition and Characterization of Hierarchical Interstellar
Structure. II. Structure Tree Statistics, ApJ, 393 , 172-187.

Jones, T.J., Klebe, D. and Dickey, J.M. 1992, Infrared Polarimetry and the Galactic Magnetic Field II:
Improved Models , ApJ, 389 , 602-615.

Kannappan, S. and Goodman, A.A. 1997, Magnetohydrodynamics of Four Massive Star-Forming
Regions, ApJ, in prep

Kitamura, Y., Sunada, K., Hayashi, M. and Hasegawa, T. 1993, High-resolution observations of
turbulence in the subcondensation TMC-1C in Heiles' cloud 2 - Estimation of the velocity
spectrum of turbulence , ApJ, 413 , 221-236.

Kleiner, S.C. and Dickman, R.L. 1987, Small Scale Structure of the Taurus Molecular Clouds: Turbulence
in Heiles’ Cloud 2 , ApJ, 312 , 837.

Lada, E.A., Bally, J. and Stark, A.A. 1991a, An Unbiased Survey for Dense Cores in the Lynds 1630
Molecular Cloud , ApJ, 368, 432-444.

Lada, E.A., DePoy, D.L.,  Evans, N.J., II and Gatley, I. 1991b, A 2.2 micron Survey in the L1630
Molecular Cloud , ApJ, 371, 171-182.

Lada, E.A. 1992, Global Star Formation in the L1630 Molecular Cloud , ApJL , 393, L25-L28.

Ladd, E.F., Myers, P.C. and Goodman, A.A. 1994, Dense cores in Dark clouds. X: Ammonia Emission
in the Perseus Molecular Cloud Complex, ApJ, 433 , 117-130.

Langer, W.D., Wilson, R.W. and Anderson, C.H. 1993, Hierarchical Structure Analysis of Interstellar
Clouds Using Nonorthogonal Wavelets, ApJL , 408 , L45-L48.

Larson, R.B. 1981, Turbulence and Star Formation in Molecular Clouds, MNRAS , 194 , 809-826.

Lazarian, A., Goodman, A.A. and Myers, P.C. 1997, On the Efficiency of Grain Alignment in the L1755
Dark Cloud , ApJ, in press.

Lis, D.C., Pety, J., Phillips, T.G. and Falgarone, E. 1996, Statistical Properties of Line Centroid
Velocities and Centroid Velocity Increments in Compressible Turbulence, 463 , 623.

McKee, C.F., Zweibel, E.G., Goodman, A.A. and Heiles, C. 1993, Magnetic Fields in Star-Forming
Regions. II. Theory , in Protostars and Planets III,  ed. E. H. Levy and J. I. Lunine (Tucson:
University of Arizona Press), p. 327-366.

Miesch, M.S. and Bally, J. 1994, Statistical Analysis of Turbulence in Molecular Clouds, ApJ, 429 , 645-
671.

Myers, P.C. and Goodman, A.A. 1988, Evidence for Magnetic and Virial Equilibrium in Molecular
Clouds, ApJL , 326 , L27.



Goodman D-3

Myers, P.C. and Goodman, A.A. 1991, On the Dispersion in Direction of Interstellar Polarization ,
ApJ, 373 , 509-524.

Myers, P.C., Goodman, A.A., Güsten, R. and Heiles, C. 1995, Observations of Magnetic Fields in
Diffuse Clouds, ApJ, 442 , 177-185.

Myers, P.C. and Khersonsky, V.K. 1995, On magnetic turbulence in interstellar clouds, The ApJ, 442 ,
186-196.

Ostriker, E., Gammie, C.F. and Stone, J.M. 1996, Magnetohydrodynamic Models of the Cold
Interstellar Medium , NASA ATP Grant NRA-96-04-GSFC-063 .7

Passot, T., Vazquez-Semadeni, E. and Pouquet, A. 1995, A Turbulent Model for the Interstellar
Medium. II. Magnetic Fields and Rotation, ApJ, 455 , 536.

Porter, D.H., Pouquet, A. and Woodward, P.R. 1994, Phys. Fluids, 6, 2133.

Pound, M.W. and Goodman, A.A. 1997, Kinematics of the Ursa Major Molecular Clouds, ApJ, 482 ,
334.

Rosolowsky, E. 1997, Analysis of Molecular Clouds Using the Spectral Correlation Function, SAO
Summer Intern Program Research Papers,  2, 1. (full text at http://cfa-
www.harvard.edu/~agoodman/scf/velocity_methods.html)

Scalo, J.M. 1984, Turbulent velocity structure in interstellar clouds, ApJ, 277 , 556-561.

Stutzki, J. and Güsten, R. 1990, High spatial resolution isotopic CO and CS observations of M17 SW:
the clumpy structure of the molecular cloud core, ApJ, 356 , 513-515.

Troland, T.H., Crutcher, R.M., Goodman, A.A., Heiles, C., Kazès, I. and Myers, P.C. 1996, The
Magnetic Field in the Ophiuchus and Taurus Molecular Clouds, ApJ, 471 , 302.

Vazquez-Semadeni, E., Passot, T. and Pouquet, A. 1995, A turbulent model for the interstellar medium.
1: Threshold star formation and self-gravity, ApJ, 441 , 702-725.

Vazquez-Semadeni, E., Passot, T. and Pouquet, A. 1996, Influence of Cooling-induced Compressibility
on the Structure of Turbulent Flows and Gravitational Collapse , ApJ, 473 , 881.

Williams, J., de Geus, E. and Blitz, L. 1994, Determining Structure in Molecular Clouds, ApJ, 428 , 693-
712.

Williams, J.P. and Blitz, L. 1993, The internal mass distribution of a giant molecular cloud without star
formation , ApJL , 405 , L75-L78.

Wiseman, J.J. and Adams, F.C. 1994, A quantitative analysis of IRAS maps of molecular clouds, ApJ,
435 , 708-721.

                                                                        
7 Note that the MHD simulations of Ostriker, Gammie & Stone are referred  to in the text as “Ostriker

et al. 1996,” as a convenience.  This reference, which technically is to their NASA ATP proposal, in actuality
refers to “personal communications” of the early results from that proposal, most notably by Charles Gammie,
to whom we are very grateful.



Goodman E-1

BIOGRAPHICAL SKETCH FOR ALYSSA A. GOODMAN

EDUCATION

Sc.B. in Physics, MIT, 1984; A.M. in Physics, Harvard, 1986; Ph.D. in Physics, Harvard, 1989

RECENT ACADEMIC EXPERIENCE

1996- Associate Professor, Harvard University Astronomy Department
1992-1996 Assistant Professor, Harvard University Astronomy Department
1995-1997 Head Tutor, Harvard University Astronomy Department
1995- Research Associate, Smithsonian Astrophysical Observatory
1989-1992 President’s Fellow, University of California, Berkeley

RECENT HONORS AND AWARDS

1997 Newton Lacy Pierce Prize, American Astronomical Society
1994- National Science Foundation Young Investigator
1994 Pedagogical Innovation Award, Harvard University
1993-1995 Alfred P. Sloan Fellow

SOCIETY MEMBERSHIPS

AAS; IAU; URSI Commission J (Radio Astronomy); AAAS; AAUP

RECENT ADVISORY & REVIEW COMMITTEE WORK

NASA-ISO Key Projects Review (1992);  Scientific Working Group for NRAO Green Bank Telescope
(1992-); Arecibo Users and Scientific Advisory Committee (1993-96); NSF Site Review for Center for
Particle Astrophysics (1994); NASA-ADP Review (1995); Smithsonian Astrophysical Observatory Time
Allocation Committee (1995-); NSF-Caltech Submillimeter Observatory Review (1996); M4 Satellite
Science Advisory Group, Chair (1997); AAS Publications Board (1998-2001)

SELECTED PUBLICATIONS (*= “MOST CLOSELY RELATED”):

*Barranco, J.A. and Goodman, A.A. 1997, Velocity Coherence in Dense Cores. I. NH3 Observations,
ApJ, submitted 4/97.

*Goodman, A.A., Barranco, J.A., Wilner, D.J. and Heyer, M.H. 1996, Velocity Coherence in Dense
Cores. II. The Transition to Coherence , ApJ, submitted 6/97.

*Goodman, A.A., Benson, P.J., Fuller, G.A. and Myers, P.C. 1993,  Dense Cores in Dark Clouds VIII.
Velocity Gradients , ApJ, 406, 528-547.

Goodman, A.A. and Heiles, C. 1994, The Magnetic Field in the Ophiuchus Dark Cloud Complex,
ApJ, 424, 208-221.

Goodman, A.A., Jones, T.J., Lada, E.A. and Myers, P.C. 1995,  Does Near-Infrared Polarimetry Reveal
the Magnetic Field in Cold Dark Clouds?, ApJ, 448, 748-765.

Heiles, C., Goodman, A.A., McKee, C.F. and Zweibel, E.G. 1993, Magnetic Fields in Star-Forming
Regions. I. Observations, in Protostars and Planets III,  ed. E. H. Levy and J. I. Lunine (Tucson:
University of Arizona Press), p. 279-326.

*McKee, C.F., Zweibel, E.G., Goodman, A.A. and Heiles, C. 1993, Magnetic Fields in Star-Forming
Regions. II. Theory , in Protostars and Planets III,  ed. E. H. Levy and J. I. Lunine (Tucson:
University of Arizona Press), p. 327-366.

Myers, P.C., Goodman, A.A., Güsten, R. and Heiles, C. 1995,  Observations of Magnetic Fields in
Diffuse Clouds , ApJ, 442, 177-185.

*Pound, M.W. and Goodman, A.A. 1997, Kinematics of the Ursa Major Molecular Clouds , ApJ, 482,
334.



Goodman E-2

Troland, T.H., Crutcher, R.M., Goodman, A.A., Heiles, C., Kazès, I. and Myers, P.C. 1996, The
Magnetic Field in the Ophiuchus and Taurus Molecular Clouds, ApJ, 471, 302.

COLLABORATORS WITHIN PAST 48 MONTHS:

• Héctor Arce, Harvard-Smithsonian Center for Astrophysics
• Joseph Barranco, UC Berkeley
• Richard Crutcher, University of Illinois
• Rolf Güsten, MPIfR, Bonn, Germany
• Carl Heiles, UC Berkeley
• Mark Heyer, FCRAO/UMASS
• Terry Jones, University of Minnesota
• Alexander Lazarian, Princeton University
• Sheila Kannappan, Harvard-Smithsonian Center for Astrophysics
• Ilya Kazès, Observatoire de Paris-Meudon
• Scott Kenyon, Harvard-Smithsonian Center for Astrophysics
• Elizabeth Lada, University of Florida
• Philip Myers, Harvard-Smithsonian Center for Astrophysics
• Marc Pound, University of Maryland
• Erik Rosolowsky, Swarthmore
• Thomas Troland, University of Kentucky
• Jonathan Williams, Harvard-Smithsonian Center for Astrophysics
• David Wilner, Harvard-Smithsonian Center for Astrophysics
• Douglas Whittet, RPI

GRADUATE ADVISOR:

• Philip Myers, Harvard-Smithsonian Center for Astrophysics

STUDENTS ADVISED (WITH CURRENT AFFILIATION):

• Héctor Arce, Harvard-Smithsonian Center for Astrophysics
• Joseph Barranco, UC Berkeley
• Sheila Kannappan, Harvard-Smithsonian Center for Astrophysics
• Subu Mohanty, UC Berkeley
• Matthew (Chip) Sumner, Caltech



Goodman F-1

BUDGET JUSTIFICATION

The vast majority of the funding requested in this proposal will be used to support a postdoctoral
fellow  who will be specifically selected to work on this project.   Understanding the structure of the ISM
has always been an interesting topic, but in the past decade or so, the availability of new large data sets and
simulations has produced a drastic increase in both results and interest in this field.  Therefore, it should not
be difficult to find a well-qualified postdoc who will dedicate him or herself to this project.

The NYI grant currently held by the P.I. does not provide enough funds to hire a postdoc.  However,
the workload necessary to systematically see this project through to completion is too great to be carried by
the P.I. alone, without an experienced, dedicated, full-time collaborator (i.e. a postdoc). The P.I. is, of
course, nonetheless committed to making a substantial contribution to this project herself, and she. will
spend at least one month of each of the next three summers working on it.

 The computer requested will be used to run the SCF code described earlier in the proposal on both
large data sets and on simulated data sets.  As described in the budget notes on Year 1, the P.I.’s current
computers are not up to the task, and the purchase of a new, faster, machine is very necessary.  (For
reference, it takes about one hour for the current SCF code to run--once-- on an 80  by 40  pixel map, and
the maps we plan to use contain of order at least 512 by 512 pixels.  That would take about 3 days on our
current machine, which is impractical.)

As is hopefully evident from the proposal, thanks in large part to the hard work of my collaborators
on this project to date (Erik Rosolowsky, David Wilner & Jonathan Williams), we are close to an initial
publication of our SCF method as of this writing.  Under this proposal, my current collaborators, the new
postdoc, and the P.I. will not only refine the SCF method, but also explore other methods (e.g. ACF, PCA,
wavelets, CLUMPFIND, etc.) , and apply both the SCF and the other techniques to large data cubes--
simulated and real.  No doubt this should make for many unprecedented results, which we plan to present
by traveling to meetings and publishing (at least 15 pages/year) in astrophysical journals.  We have also
included a request to fund a small number of “observing/consultation” trips (2/year), which will facilitate
both travel for any (small amount) of new observations necessary, and travel to other institutions to confer
with the authors of the simulations to be used in our project.

Following each yearly Budget Summary in the next section, we give a Budget Breakdown for each
year, with additional Justification for items specific to that year.



Goodman I-1

ANNOTED VERSION OF CURRENT AND PENDING FEDERAL SUPPORT

Current Support

Grant P.I. Award Period

Amount
Awarded to

Date

Amount
Expected in

Future

NSF Young Investigator :
“Structure of the Interstellar
Medium” (AST-9457456)

A. Goodman

(percentage of
AG’s research
funded by this

grant: 90%)

8/1/94-7/31/998 $103,509

($25K/yr base
grant+

matching
funds)

$25,000

(for FY98-99)

NASA-ISO: “Mapping
Magnetic Fields in the
Interstellar Medium:
Polarimetry at 100 Microns”
(NAG5-3564)

A. Goodman

(percentage of
AG’s research
funded by this

grant: 10%)

1/15/97-1/14/98 $30,0009 $010

Pending Support, exclusive of this proposal

Grant P.I. Award Period Total
Amount

Requested

Amount to A.
Goodman

NASA Small Explorer:
“The Milky Way Magnetic
Field Mapping Mission”11

submitted 6/16/97

Dan Clemens
(AG is co-I)

1998- $66,363,000 TBD

                                                                        
8 The NSFYI award period quoted is for the base grant.  Matching funds can be awarded though 7/31/00.

9 The total amount of NAG5-3564 is $48K.  Only $30K goes to AG, with the other $18K going to Jane
Luu.  This accounting was created by NASA so that all ISO funds to Harvard could be combined.  The actual
amount of AG’s grant is $30K.

10 The $30K awarded to date on the NASA-ISO grant was a preliminary award, to fund team our
assisting the ISOPHOT team in evaluating the polarimetry capabilities of ISO.  So far, these evaluations have
indicated that ISOPHOT will not be able to measure 100-micron polarization accurately enough to be useful
for our scientific goals.  If this situation changes, we are owed 22 hours of ISOPHOT time, which we have
been told would come with ~$200K of additional NASA funds.  However, ISO is going to run out of coolant
soon, and the ISOPHOT team is very pessimistic that any polarimetry will ever be done.  This means $0 is a
good estimate of how much additional funding we can expect from the NASA-ISO program.

11 The “Milky Way Magnetic Field Mapping Mission” or “M4” has been proposed as a SMEX mission
to NASA.  Prof. Dan Clemens of Boston University is the P.I., and AG is one of several co-I’s.  Since the fate
of this proposal is very uncertain, no specific level of funding to the co-I’s institutions has yet been specified.
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APPENDIX: LETTERS FROM COLLABORATORS NOT ON THE PROPOSAL

Included below are two groups of letters, the first  from Charles Gammie (CfA) , Tom Phillips
(Caltech), and Enrique Vazquez-Semadeni  (UNAM), who are representatives of three of the largest
groups currently carrying out sophisticated simulations of the ISM.  The letter from Vazquez-Semadeni
proposes the new collaboration, to begin in March 1998, mentioned in the budget explanation.  The second
group of letters is from current collaborators, Mark Heyer (FCRAO), Erik Rosolowsky  (Swarthmore),
Jonathan Williams (CfA), and David Wilner (CfA), whose respective contributions to this work are
described in the proposal.

Gammie

Sender: gammie@cfa.harvard.edu
Date: Thu, 18 Sep 1997 14:01:29 -0400
From: "Charles F. Gammie" <gammie@cfa.harvard.edu>
Organization: Center for Astrophysics
MIME-Version: 1.0
To: Alyssa Goodman <agoodman@cfa.harvard.edu>
CC: jstone@astro.umd.edu, ostriker@astro.umd.edu
Subject: NSF

Dear Alyssa,

I have read your proposal with great interest.  As you know, E. Ostriker, J. Stone, and I are developing
numerical models of  molecular clouds.  J. Stone, in particular, is developing cutting edge numerical
techniques for parallel computers that should make  possible simulations with heretofore unreachable
numerical resolution.  We are very interested in collaborating  with you and your group in developing
techniques to compare our simulations with observations.   

best wishes,

Charles F. Gammie

Phillips

From: PHILLIPS@tacos.caltech.edu
Date: Thu, 18 Sep 1997 17:54:33 -0700 (PDT)
To: agoodman@cfa.harvard.edu
Subject: for NSF

Dear Alyssa,

Thank you for the copy of your proposal. It seems to me to be a timely contribution to an interesting,
important and active field.  The attempt to probe the underlying physics of the interstellar medium, by
analysis of the spectroscopic properties of the gas emission fits very well with the aims of my group over
the past few years and I look forward to either collaborating with you or using the results of your analysis
in our continuing work.  I am also happy to provide the digital output of the Porter, Pouquet and
Woodward simulation, integrated through one dimension of the cube, for your analysis.

Best wishes for success with your proposal,
Tom Phillips
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Vazquez-Semadeni

The following message was sent in response to the P.I. making a copy of the NASA version of this
proposal (submitted 9/10/97) available on the Web (at http://cfa-
www.harvard.edu/~agoodman/scf/aag_atp.pdf).  The boldfaced portions refer to the planned
collaboration between Vazquez-Semadeni, his student, Javier Ballesteros-Paredes, and the P.I.
These collaborations will begin in March of 1998

Date:  Thu, 11 Sep 1997 11:33:54 -0600
From: enro@astroscu.unam.mx (Enrique Vazquez Semadeni)
To:  agoodman@cfa.harvard.edu
Subject : Re: proposal you might be interested in...
Cc:  enro@astroscu.unam.mx, gazol@obs-nice.fr, javier@astroscu.unam.mx,
        passot@obs-nice.fr

Dear Alyssa:

I have downloaded and read your NASA grant proposal. I find it extremely interesting and motivating.
Indeed, me and my graduate student Javier Ballesteros-Paredes would be very interested in joining
efforts with you to  compare our simulations to real data. As a matter of fact, we had recently been
toying with the idea of getting you interested in receiving Javier for a few months, in order to 1) assess the
feasibility of using his Virial-measuring  algorithm in your observational data, and 2) mimicking
observations with the numerical data.

We have just recently started doing 3D simulations, although for now we are limited to a resolution of
100^3. However, with UNAM's new parallel Origin 2000 computer, we should be able to improve on that.
We are currently working on  exporting the code to that architecture. Also, we are in talks with NEC
computer, and it is likely that UNAM will purchase a powerful vector supercomputer, which would allow
us to seriously improve our resolution limits. In fact, our code (developed by Thierry Passot) is included in
the set of  benchmarks to be used in the decision-making process.

Also, my collaborator Thierry Passot and his student Adriana Gazol have plans to include ambipolar
diffusion in the near future. Also, Adriana has modified the code in order to do "2.5D" simulations (2D
spatial dependence, but 3D component information for the velocity and magnetic fields).

So I believe the future looks bright concerning the simulation capabilities we will have available, and it is
indeed very tempting to try to compare them with observations in detail...

 Let's stay in touch, and, if you're interested, we can discuss the possible visit of Javier to the CFA. I have a
CRAY grant that can help with the funding.

Best regards,

Enrique

In response to this message, the P.I. agreed to host Ballesteros-Paredes for a few months this Spring.
Vazquez-Semadeni will also visit the CfA, for ~2 weeks at the beginning of the student’s stay.
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Heyer

Date: Wed, 17 Sep 1997 20:32:12 -0400
From: heyer@fermat.phast.umass.edu (Mark Heyer)
To: agoodman@cfa.harvard.edu

Alyssa,

The proposal sounds great ...   I am  obviously interested in helping out with  1) supplying data 2) to place
the fundamental SCF output parameters (tau and S)  into physical context, and 3) making comparisons
with other methods and PCA in  particular.  Statistical-like tools are essential in making full use of the high
spatial dynamic range, spectroscopic data. Also, these are the ONLY way to  properly compare the
observations with the simulations.
          

 Good luck,
 -- Mark

Rosolowsky

Date: Thu, 18 Sep 1997 16:33:29 -0400 (EDT)
From: "erik r." <eros1@condor.sccs.swarthmore.edu>
Reply-To: "erik r." <eros1@condor.sccs.swarthmore.edu>
To: Alyssa Goodman <agoodman@cfa.harvard.edu>
Subject: Re: NSF

Alyssa,

My interest in SCF project has extended well beyond the requirement for thesis work and the NSF/REU
program from which the project originally stemmed.  In continuing the project with my advisor at school
as well as the group at the Center for Astrophysics, I find continually that the project is indeed valid
scientific research in developing what looks to be a useful tool for analysis.

In the work in the future, I hope to help find answers to the following questions:  
1) Is the SCF function a discriminant between ISM models?
2) Can the results of the SCF be compiled into an "atlas" of molecular cloud observations?  
3) From this, can we deduce more trends that are only obvious after thorough analysis of the clouds?
4) With various SCFs, can large data sets be analyzed and have physical meaning attributed easily to the
results?  I.e. can we develop a SCF or combinations of the SCF such that simply looking at the results will
tell us about the physical structure of cloud.

I look forward to continuing with the SCF project and using it to understand the ISM.

sincerely,
erik rosolowsky
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Williams

Date: Wed, 17 Sep 1997 16:56:50 -0400
From: jpw@infall.harvard.edu (Jonathan P. Williams)
To: agoodman@cfa.harvard.edu
Subject: NSF

Hi Alyssa -

The proposal, "How the Interstellar Medium Moves", has the potential to provide an important bridge
between observations and simulations of molecular clouds. The structure of the interstellar medium is very
complex and not well understood, but within it lies the key to understanding the formation and evolution of
molecular clouds and the initial conditions of star formation (with implications for the stellar mass scale
and IMF). Its observational study has interested me for many years now and continues to be the focus of
much of my current research. The most recent simulations are now giving theoretical insight into such
fundamental issues of cloud support and core formation. A program to compare observations and
simulations, as laid out here, is most timely. I am very interested in seeing this project funded and taking
part in its development and implementation. Work of this nature will benefit theories of the interstellar
medium by specifying which forces are most relevant to structure formation, will improve the
observational interpretation of cloud maps, and will lead to advances in our understanding of many issues
concerning the interstellar medium and star formation, in turn leading to new directions for future study.

Jonathan

Wilner

Date: Fri, 19 Sep 1997 11:18:23 -0400
From: dwilner@cyclops.harvard.edu (David Wilner)
To: agoodman@cfa.harvard.edu
Subject: NSF proposal

Alyssa,

I am happy to help with your work developing techniques to characterize  the physical state of interstellar
clouds. I believe that a statistical approach such as the Spectral Correlation Function you propose has much
potential. It is clear that the latest spectral line maps of large fields with high velocity resolution cannot be
described simply, and it is important to find ways to identify the structure in a quantitative way.  I am
particularly interested in the application to the small scale features that emerge in interferometer maps of
nearby clouds, and I will provide the data cubes needed to extend your study to these very small spatial
scales.

David Wilner


