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Abstract

In the summers of 1997, 1998, and 1999, we gave atte(ddee44) at a workshop called Teaching

Astronomy Conceptually a cognitive task: to rank 200 concepts often taught in "Astronomy 101." Prior to
these workshops, we asked an expert p@hel 18) of Astronomy 101 teachers to also rank these

concepts. Among the workshop participants, the electromagnetic spectrum ranked the highest; among the
expert panel, mass held the top spot. We then requested the expert panel to perform a cognitive task of
judging the relatedness of pairs of terms, and ranked the results based on concepts that were most
frequently chosen. We conclude that there is reasonable consensus about essential topics in Astro101 that
can be reached using ranking and relatedness tasks.

1. INTRODUCTION

What do "Astronomy 101" (hereafter, Astro 101) instructors teach in their one-semester courses that
"cover the Universe"? Clearly, such a cosmic goal is impossible. The implicit sense in the community is
that a consensus cannot be reached because each instructor has his or her "pet” topics. This attitude has
resulted in little guidance for faculty, especially because most Astro 101 instructors do not have a degree
in astronomy, and many are teaching the class for the first time (Fraknoi 2001188tk

Astronomy textbook publishers would be overjoyed to have such a list; their market research reinforces
the notion that the books include many topics that any one instructor may not choose to teach. The
marketing goal is to offer a range so that instructors may make selections for their courses, and no crucial



topic isleft out that might result in the loss of alarge adoption. Nothing gets the attention of an editor
more than a sales representative calling about alarge adoption and asking if Zeilik’s book (Astronomy:
The Evolving Universe) includes orbital resonancesin the asteroid belt (it does not). Then the author is
under extreme pressure to add that topic just for that one adoption! My experience since 1975 is that peer
reviewers are quick to add topics but extremely reluctant to cut them out. This dynamic again resultsin
books with pretty exhaustive (and similar) topical coverage, but does not converge on a core set of
concepts.

This article presents an innovative process, based on cognitive ranking and rel atedness ratings tasks, to
reach a consensus from two different sample populations. This method can be applied to larger
populations to reach a much-needed community consensus.

2. PRIOR EFFORTS

We searched three areas for research into the issue of what is taught or what should be taught in Astro
101:

1. Grades 9-12 curriculum content standards in the United States
2. Groups of individua instructors of Astro 101
3. Efforts by professional organizations

The 1996 National Science Education Standards (NSES) proposed by the National Research Council
aggressively outline the rules for effective classroom instruction, age-appropriate guidelines for
curriculum materials devel opment, authentic assessment procedures, and professional development
programs for teachers (National Research Council 1996). These goals were articulated in Science for All
Americans (1989, 1990), the Benchmarks for Science Literacy (1993), and Atlas of Science Literacy
(2001) for Project 2061 of the American Association for the Advancement of Science.

In addition to the emphasis on describing science through unifying concepts and processes, the NSES
provide specific learning content objectives. For K-12 astronomy, the NSES suggests 11 major astronomy
objectives. These objectivesinclude (1) describing the objects and motions of the sky (grades K-4), (2) the
characteristics of gravity and the Solar System (grades 5-8), and (3) the origin and evolution of stars,
gaaxies, and the Universe (grades 9-12). These objectives are found in both the Earth/space science
content strand and in the themes of unifying concepts and processes (Adams & Slater 2000; Slater 2000).
The connections among these concepts were "back mapped" in the Atlas of Science Literacy (2001). Table
1in Slater (2000) summarizes these for each grade grouping; grades 9-12 are most relevant to Astro 101.
However, to the best of our knowledge, Astro 101 instructors have not inspected these topics. Our sense is
that the college instructors are largely ignorant of these recommendations.

Slater et al. (2001) took another approach in two phases. First, they asked faculty preregistered for a
workshop on teaching introductory astronomy to provide three main goals. Second, they examined 37
course syllabi and compared their content with 67 topics extracted from popular textbooks. In their Figure
2, Slater et a. gave the topics most commonly taught; we include these in Appendix A. We note that these
are not very fine grained, but give a global indication of conceptual content.



The American Astronomical Society (AAS) took a different method (Partridge & Greenstein 2003). It
convened two workshops for chairs and other department leaders from selected major research
universities. Their rationale for this choice was that if any departments play a leadership role in the
astronomical community, it is these research institutions. If their teaching practices are systemically
reviewed and improved, it is more likely that those in two- and four-year colleges will follow. In addition,
writers and publishers of textbooks are more likely to pay attention to systemic reforms at such large and
influential institutions. (This assumption may not be true. For example, Arrny, Zeilik, Chaisson, Seeds,
Pasachoff, Fix, Moche, and Fraknoi do not teach at prestigious Research | institutions.) The workshops
involved three dozen participants from 30 institutions. The content goals are even less fine grained than
those found by Slater et al. (2001); see AppeBdix

Lippert & Partridge (2004) adopted 13 of the AAS goals verbatim (see their Table 1) for \sman)

Astro 101 class at Haverford College. At the end of the course, they asked the students to rate the 13 goals
on a Likert scale from (not important or effective) to 5(very important or effective). The class mean was

3.3 £ 0.2, just above midpoint. The students ranked goals that focused on the broad understanding of
astronomy and on building a positive self-image as scientists. They also were requested to rank how well
the course met these goals, and generally rated the effectiveness in meeting these goals higher than their
interest in the goals. The #1 importance of a "cosmic perspective" matched its success, an indication that
overall, the course matched student expectations. However, we find it hard to generalize from such a
small, selecsample.

3. PROCEDURE AND PROCESS

As a key part of the Conceptual Astronomy Project at the University of New Mexico (Zeilik et al. 1997;
Zeilik, Schau, and Mattern 1998, 1999), we wanted to design the course around community-based core
concepts. The following list outlines what we did to uncover theseepts.

1. We extracted concepts from Zeilik’s textbodistronomy: The Evolving Universe (6e), using the
glossary (roughly 400 concepts; about 20 per chapter).

2. We used three astronomy colleagues at the University of New Mexico, and Hirsch, Kett, & Trefil
(1993) to reduce these concepts to about 200. Specifically excluded was astronomical technology
(e.g., telescopes). Most of the reduction came from subsuming concepts under broader ones.

3. These 200 concepts were sent to an expert panel of 18 Astro 101 instructors to ranghighihy 1

essential) to 5(not at all essential).

From these were extracted 120 concepts that had the lowest means and standard deviations.

5. The expert panel then appraised the relatedness of pairs from the 120 concepts, and we then ranked
the concepts by how often each was related to others on the list.

»

The expert panel work was started in summer 1994 and completed in fall 1995. We then took the 200
concepts (Appendix C) and requested that participants in an American Association of Physics Teachers
(AAPT) workshop on teaching astronomy conceptually also complete the ranking task during AAPT

summer meetings in 1997, 1998, and 1999. Of these attendees, 44 completed the task on a volunteer basis.
Appendix D gives the complete results. We summarize them in Tables 1 and 2, which give the workshop
participants’ ratings of the top 10 and bottoncb@cepts.



For comparison, we present in Tables 3 and 4 the top 10 and bottom 10 concepts ranked by the Astro 101
expert panel. We note that these results are much more fine grained than in any previous survey. Keep in
mind that these two samples were very different; the expert panel consisted exclusively of people who
identified themselves as astronomers and had extensive experience teaching Astro 101. In contrast, the
AAPT workshop sample had a 50-50 mix of novice and expert instructors, with only one quarter
identifying themselves asstronomers.

The overall mean for the AAPT workshop participants was 2.42 (839 which is about a half step

higher than thenoderately essential midscale judgment. For the expert panel, the mean was 2.19 + 0.62
(SD), an indication that the experts judged more of the concepts to fall on the more positive end of the
scale. Note that the spreads in the means are almost the same for the two very different groups. Also note
from the standard deviations that more consensus occurred foghheessential end of the scale.

Table 1. Top 10 Concepts Ranked by AAPT Workshop Particip@ts 44).

Concept Mean = SD
Electromagnetic spectrum 1.20£0.46
H-R diagram 1.30+0.61
Newton’s law ofgravitation 1.32+£0.47
Distances 1.35+0.53
Spectra 1.42 + 0.64
Mass 1.43+0.78
AstronomicalUnit 1.45+0.73
Wavelength 1.47 + 0.65
Atom 1.49+0.88
Newton’s laws ofmotion 1.50+0.71
Scale is from Xhighly essential) to 5(not at all essential). SD = standard deviation of the mearm

Table 2. Bottom 10 Concepts Ranked by AAPT Workshop Particip@nts 44).



Concept Mean = SD
Voids 3.66 +0.78
Spiraltracers 3.65+£0.82
Irregulargalaxies 3.60+£1.01
Rotationcurves 3.57+1.04
Volcanism(planets) 3.53+0.89
Synchrotrorradiation 3.53+0.92
Nebularmodel 3.48+1.04
Magnetosphere 3.45+0.85
GUTs 3.45+1.15
Quantumphysics 3.40£0.98

Scale is from Xhighly essential) to 5(not at all essential). SD = standard deviation of the mear1.

Table 3. Top 10 Essential Concepts Rated by the Astro 101 Expert @anel8) for the UNM
Conceptual Astronomy Project.



Concept Mean = SD
Mass 1.06 £ 0.23
H-R diagram 1.11+0.31
Redshift 1.17 £ 0.37
Radiation 1.22+0.42
Stellarevolution 1.22 +0.22
E&M spectrum 1.28 £ 0.65
Distances 1.28 + 0.56
Atom 1.28 £0.73
Main sequence 1.28 £ 0.56
Terrestrialplanets 1.28 £ 0.56

Scale is from Xhighly essential) to 5(not at all essential). SD = standard deviation of the mear1.

Table 4. Bottom 10 Essential Concepts Rated by the Astro 101 Expert (Ranel8) for the UNM
Conceptual Astronomy Project.



Concept Mean £ SD
Antimatter 4.00 +0.74
GUTs 3.78+1.03
Black dwarf 3.67 £0.94
Quantumphysics 3.56+1.34
Protogalaxies 3.50 £ 0.96
Inflationary universenodel 3.50 £ 0.96
Intergalactionedium 3.50+0.76
Magnetosphere 3.33+£1.05
Natural motion 3.33+1.33

Scale is from Xhighly essential) to 5(not at all essential). SD = standard deviation of the mear1.

Note that in both groups, no concept had a rating below 4.0. Survey participants were unwilling to give a
rating of 5(not at all essential). We expect that 5 would be a reluctant choice given the origins of the list,
and this result indirectly supports its validity. Also note that the standard deviation of each group was
equivalent, indicating that the overall spread in the responses was pretty much the same for each sample.
Comparing the top 10 concepts from each group, we find a 50% overlap, with the following concepts in
common: electromagnetic spectrum, H-R diagram, distances, masgparsd

A commonly computed standard error is ghtedard error of the mean, (SE), defined as (population

standard deviation)/SQRT(N), whexds the sample size. We note that 8efor the workshop results is

0.09, and for the expert panel, 0.15. We useShigalue to compare rankings from different populations,
here the AAPT participants and the experts. For two concept rankings to be statistically different at a 95%
confidence level, they must differ by two standard errors, or 0.18 for AAPT and 0.30 for experts.

From the expert panel, we sorted the responses by the lowest means and the smallest standard deviations.
This sort resulted in 120 essential concepts, which are given in Appendix E and listed by mean (highest to
lowest) from the expert panel data. The expert panel included recipients of teaching awards, members of
AAS education committees, and people known to the first author to be dedicated instructors of Astro 101.

Are theseconcepts? One panel member complained that these terms are just vocabulary words. In
isolation, that is correct. What counts, in a cognitive sciences sense, @glatibaships among the
terms—their connections. This statement is the underlying structural principle: that to be knowledgeable
in a field entails understanding relationships among important concepts (see Hirschfeld & Gelman 1994



for ageneral description, and Chi, Feltovich, & Glaser 1981, for the pioneering study in physics).

Asdtated in Zeilik et al. (1997), the key question is, How do we represent and assess knowledge in a
particular domain? The cognitive sciences have attacked thisissue directly in the past two decades. From
semantic memory, artificial intelligence, and expert-novice research, we know that knowledge has
structure. The crucial issue, then, is how to elicit and represent structural knowledge, asitiscalledin
coghitive psychology (see Jonassen, Beissner, & Yacci 1993, esp. chapter 7). Structureisthe
organizational property of knowledge; similarity among concepts defines that structure. These conceptual
rel ationshi ps become more structured with expertise, and a community consensus can be discovered by an
idealized representation. These ideas imply that a novice's knowledge structure will be simple and contain
mi sconceptions (Goldsmith, Johnson, & Acton 1991), and that as novices become more knowledgeable
during a course, their representations will become more structured overall and more similar to the expert
consensus.

We did the following assessment of the concepts' relatedness, following well-known proceduresin
cognitive psychology (Acton, Johnson, & Goldsmith 1994; Johnson, Goldsmith, & Teague 1995). We
divided the conceptsin Appendix E into two equal groups (N = 60) from an alphabetical list. Asthe
second step in the process, we asked the expert panel to assess the relatedness of pairs of terms within
each of the two groups. A computer program presented pairs of terms on the screen and asked the
participants to judge their relatedness on a scale from 1 (unrelated) to 7 (highly related). We define the
scope of any term as the number of times it was associated with any other term, summing the expert panel
resultsfor all terms. The higher the scope score, the greater the number of expert associationsin this task.
This quantifies the generality of a concept.

Asfar aswe know, thisresult isthe first study of its kind that sorts and prunes the data through three
sieves. importance, scope, and generality. The end result of these filters are the key concepts, then, that
can form of the core of an Astro 101 course, based on the responses of a panel of expert teachers. See
Table 5 for the top 10 concepts based on scope scores alone. Appendix F gives the complete results.

Table 5. Top 10 Concepts Based on Expert Panel Relatedness Ratings Sorted by Scope Score (number of
times paired with any other concept).



Term Mean | SD | Scope
Physics 2.28 141 | 398
Mass 1.06 0.23 | 383
Stellar evolution 122 0.82 | 339
Orbits 144 0.60 | 319
Temperature 161 0.85 | 315
Luminosity 1.44 0.60 | 296
Observations 1.50 0.76 | 294
Star model 2.28 0.76 | 294
Density 161 0.76 | 283
Law of gravitation (Newton) | 1.44 0.83 | 282

4. DISCUSSION

Theresultsin Appendixes D, E, and F should provide reliable and valid guides to core concepts for Astro
101. In fact, the expert ratings and relatedness pretty much defined the content in the Conceptual
Astronomy Project at UNM, especially the concepts with scope scores greater than 200. We intentionally
included these 32 terms in instructor-constructed concept maps (see Zeilik 2002 for examples of these
maps in atextbook).

We then took the work one additional step. To quantify the relatedness of pairs of concepts, each pair was
given an association score that was the number of times across all experts that those two concepts were
associated as a pair. We define the concept relatedness as the pair scores from the association task. The
concept relatedness results are proximity datain that they show the closeness of pair connections. This
kind of association task is awell-developed tool in cognitive psychology (Acton et a. 1994).

We then transformed the experts' similarity ratings into a conceptual map, using atool developed in
cognitive psychology. The algorithm, called Pathfinder, constructs a network map (Figure 1) in which
related concepts are in near vicinity, and concepts with high scope scores have the greatest number of
links (seefhttp://interlinkinc.net/index.html)). From this analysis, we found that 60 concepts with highest
scope scores cluster around four nodes: electromagnetic spectrum/phaotons, stars, mass, and cosmology.
We interpreted this result as a community consensus on the overall concepts, and used these results as
global guidesin course development at UNM.



http://interlinkinc.net/index.html

Figure 1. Pathfinder network map constructed from responses by the exper{l[dan&8) to the
association task that resulted in pair relatedness ratings. See Appendix D for the abbreviations of the
concepts.

Note that the result 1ot a concept map! A concept map ideally has a hierarchy of concepts, usually from
top to bottom, and their links have a direction and are named by verbs (see Novak & Gowin 1984).

From my own (MZ) experience, | sense that about 100 concepts sufficiently define a core for Astro 101. |
have accomplished the pruning by dropping the "planets as places"—yes, the Solar System!—from my
course and placing more emphasis on stars, stellar evolution, galaxies, and cosmology. The planets only
serve as "test masses" for Newton’s and Kepler's laws. | also do not cover astronomical technology as
such, but do examine results (many of the cooperative learning team activities are based on real data). | do
not include tools and telescopes, the Solar System, and stellar magnitudes (compare with Appendix A); |
use fluxes instead. | am moving away from stellar spectral classification as such, and focusing on physical
properties such as color and luminosity. Of course, students still complain on their UNM course
evaluations that the course covers "oach”!

In this work, we used the expert panel to define the core concepts and obtain a concept relatedness score
among pairs of these concepts. These data are proximity judgments, and a number of valid analyses can be
applied to these results. We chose to use the Pathfinder algorithm (Schvaneveldt 1990), which transforms
the proximity matrix into a network in which each concept is represented by a node, and the proximities

are represented by how closely the concepts are linked. We used the Pathfinder analysis to discover that
the structural network has four maindes.
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Appendix A—Most Frequent Topics from Slater et al.(2001)

Nature of light and the electromagnetic spectrum

Techniquesin astronomy

Cosmology and the Big Bang

Tools and telescopes

The Solar System

Our Sun

Motionsin the Solar System

Moon phases

Stellar evolution

Characteristics of the Milky Way

Naked-eye astronomy

Stellar magnitudes

Stellar spectral classification

Appendix B—From the AAS "GOALS FOR ‘ASTRO 101™ Content



where the Earth and Solar System fit in

A cosmic perspective—A broad understanding of the nature, scope, and evolution of the Univer

se, and

An understanding of a limited number of crucial astronomical quantities, together with some
knowledge of appropriate physical laws

The notion that physical laws and processes are universal

The notion that the world is knowable, and that we are coming to know it through observations,
experiments, and theory (the nature of progress in science)

Exposure to the types, roles, and degrees of uncertainty in science

An understanding of the evolution of physical systems

Some knowledge of related subjects (e.g., gravity and spectra from physics) and a set of useful
from related subjects such as mathematics

"tools"

cultural process)

An acquaintance with the history of astronomy and the evolution of scientific ideas (science as §

Familiarity with the night sky and how its appearance changes with time and position on Earth

Appendix C—Essential Conceptsfor IntroductoryAstronomy

Please mark on this paper your judgments of the degree to which a student’s understanding of each of the
following concepts is essential by the end of a one-semester introductory course in astronomy for

non-sciencenajors.

Highly Moder ately Not at all

Essential Essential Essential
acceleration 1 2 3 4 5
activegalaxies 1 2 3 4 5
aesthetics 1 2 3 4 5
age 1 2 3 4 5




angular diameter

angular momentum

angular separation

angular speed

antimatter

aphelion

asteroid

astronomical unit

atom

Balmer series

Big Bang model

binary stars

black dwarf

black hole

blackbody radiation

blue shift

brown dwarf

center of mass

centripetal acceleration

centripetal force

chemical composition




clusters (galaxies)

colors

comets

comparative planetology

condensation sequence

conduction

conjunction

conservation of angular momentum

conservation of energy

constellations

convection

cosmic microwave
blackbody radiation

cosmology

COSMOos

cratering

critical density (cosmas)

dark matter

degenerate gas

density

distances

differentiated (planets, stars)




disk (galaxy)

Doppler shift

dynamo model (magnetic field)

eccentricity (orbit)

eclipse (lunar, solar)

ecliptic

electromagnetic spectrum

electrons

elements

elongations

ellipse

eliptical galaxy

energy

energy levels

equinoxes

escape speed

excitation

flux

focus (ellipse)

force

freefall




frequency

galactic (open) clusters

galaxies

general relativity

geocentric model

geometry (flat, open, closed)

globular clusters

grand unified theories

gravitational contraction

halo (galaxy)

heat

heliocentric model

heliocentric parallax

Hertzsprung-Russell diagram

homogeneous

horizon

Hubbl€e's law

Hubbl €' s constant

inertia

inflationary universe model

intergalactic medium




interstellar medium

inverse-square law for light

irregular galaxies

isotropic

Jovian planets

Kepler'slaws

kinetic energy

Kirchhoff’'srules

law of gravitation (Newton)

laws of motion (Newton)

luminosity

luminosity classes (stars)

magnetic fields

magnetosphere

main sequence

mass

mass-luminosity ratio (galaxies)

mass-luminosity ratio (stars)

meteorite

Milky Way Galaxy

molecular cloud




natural motion

nebular models

neutrino

neutron star

neutrons

noon

nova

nuclear fission

nuclear fusion

nucleosynthesis

nucleus (atom)

nucleus (galaxy)

observations

opacity

opposition

orbits

perihelion

period-luminosity relationship

photon

physical universe

physics




Planck curve

planetary nebula

planetary systems

planetesimals

planets (models)

potential energy

pre-main-sequence star

pressure

proton-proton chain

protons

protogal axies

protoplanets

protostars

pul sar

guantum physics

quasar

radial velocity

radiation

radiative energy

radioactive dating

radius




red shift

retrograde motion

ring systems

rotation curve (galaxy)

Schwarzschild radius

scientific model

semimajor axis

singularity

solar day

solar nebula

solstice

spacetime

spectral line

spectra

spectroscopic distances

spectroscopy

Speed

spira arm

spiral galaxy

spiral tracers

star model




starbirth

states of matter

stellar colors

stellar corpses

stellar evolution

stellar lifetimes

stellar heliocentric parallax

stellar spectral classes

Sun (model)

superclusters (galaxies)

supergiant (star)

supernova

supernova remnant

synchrotron radiation

tectonics

temperature

terrestrial planets

thermal energy

tidal forces

universality of physical laws

velocity




voids 1 2 3 4 5
volcanism 1 2 3 4 5
wavelength 1 2 3 4 5
weight 1 2 3 4 5
white dwarf 1 2 3 4 5
young stellar objects 1 2 3 4 5
zodiac 1 2 3 4 5

We invite you to add below any additional concepts you feel are highly essential to an understanding
of introductory level astronomy for non-science mgjors.

APPENDIX D—AAPT WorkshopResults

We performed the data analysis with SPSS version 6.1 for the Macintosh and SPSS version 10.2 for
Windows. This table gives the variable name as coded in SPSS, the full concept name, the mean of the
ratings, and the standard deviation of the mean. The number of ratings per item ranged from 37 to 44 (not
every participant rated each item).

Variable Concept Mean | SD

EANDMAG electromagnetic spectrum 1.20 0.46
HRDIA Hertzsprung-Russell diagram 1.30 0.61
LAWGRAV law of gravitation (Newton) 133 0.47
DISTANCE distances 1.35 0.53
SPECTRA spectra 1.42 0.64
MASS mass 143 0.78
AU astronomical unit 1.45 0.73
WAVEL wavelength 147 0.65




ATOM atom 1.49 0.88
OBSERVE observations 1.50 0.72
TEMP temperature 1.50 113
DOPPLER Doppler shift 1.53 0.78
REDSHIFT red shift 1.53 0.64
SPECLINE spectral line 1.53 0.73
UPHYSLAW | universality of physical laws 153 0.80
ELECTRON electron 155 0.71
KLAWS Kepler'slaws 1.55 0.55
VELOCITY velocity 1.55 0.65
ECLIPSE eclipse 1.58 0.75
MAINSEQ main seguence 1.58 0.75
RADIATIO radiation 1.60 0.74
FORCE force 1.65 0.66
SEVOLVE stellar evolution 1.66 0.85
SPECTROS spectroscopy 1.66 0.75
INVSQUAR inverse-square law for light 1.73 0.88
SUN Sun 1.74 0.86
PHOTON photon 1.75 0.67
SCOLORS stellar colors 1.76 0.85
SCIMODEL scientific model 177 1.03




RADIUS radius 1.78 0.89
FREQ frequency 1.79 0.73
BSHIFT blue shift 1.80 0.70
HELIOMOD heliocentric model 1.80 0.79
LUMINOS luminosity 1.80 0.85
NUCLEUSA | nucleus (atom) 1.80 0.85
SPEED speed 1.82 0.93
AGE age 1.84 0.87
NUCFUS nuclear fusion 1.85 0.89
BIGBANG Big Bang model 1.86 1.03
ORBITS orbits 187 114
SLIFE stellar lifetimes 1.89 0.95
ASTEROID asteroid 1.90 0.91
ENERGY energy 1.90 0.90
COLORS colors 191 1.07
WEIGHT weight 192 1.10
BRAD blackbody radiation 194 091
INERTIA inertia 1.95 0.96
STARMOD star model 1.95 0.97
SN supernova 197 0.85
ELEMENT element 1.98 0.86




BHOLE black hole 1.99 0.80
DIFFEREN differentiated (planets, stars) 2.00 1.08
RETROGRA | retrograde motion 2.00 0.91
ANGDIA angular diameter 2.02 1.06
GALAXIES galaxies 2.03 1.05
MILKYWAY | Milky Way Galaxy 2.03 0.86
SPECTRAL spectral line 2.03 1.10
GRAVCON gravitational contraction 2.05 0.99
MASSLUM2 | massluminosity ratio (stars) 2.05 0.78
STARBIRT starbirth 2.05 0.96
HUBBLAW Hubble' s law 2.08 0.97
PHYSICS physics 2.08 1.02
BINARIES binary stars 2.09 101
ECCENTRI eccentricity 2.10 0.93
STATES states of matter 211 1.01
DENSITY density 212 0.82
LUMCLASS | luminosity classes (stars) 212 0.97
PROTONS protons 2.13 0.94
NOVA nova 2.15 0.74
PRESSURE pressure 215 0.70
TPLANETS terrestrial planets 2.16 133




ELEVELS energy levels 217 0.81
PHY SUNIV physical universe 217 122
CONSENGY | conservation of energy 2.18 1.19
HEAT heat 2.18 0.90
ANGSEP angular separation 219 0.98
COSMOLOG | cosmology 2.20 1.09
SOLARDAY solar day 221 114
THERMAL thermal energy 221 0.78
CHEMCOMP | chemical composition 2.23 0.91
EQUINOX equinox 2.23 117
SPECDIST spectroscopic distances 2.24 0.95
SUPERGIA supergiant (star) 2.24 0.82
COMETS comets 2.25 1.16
FREEFALL freefall 2.25 1.10
PERLUM period-luminosity relation 2.25 0.81
RENERGY radiative energy 2.25 0.84
KE kinetic energy 2.27 0.99
ELLIPSE ellipse 2.28 101
GEOMODEL | geocentric model 2.29 101
WDWARF white dwarf 2.29 0.69
SNR supernova remnant 2.32 0.99




SOLSTICE solstice 2.32 1.23
ESCSPEED | escape speed 233 | 092
NUCSYN nucleosynthesis 2.35 1.03
PLANETS planets (models) 2.36 1.20
PULSAR pulsar 2.37 0.77
METORITE meteorite 2.38 1.10
HUBBCON Hubble's constant 2.40 0.87
NEUTSTAR neutron star 240 0.63
NOON noon 243 1.45
PE potential energy 243 0.84
CLUSGAL clusters (galaxies) 245 1.09
CMBR cosmic microwave background radiation | 2.45 1.19
JPLANETS Jovian planets 245 115
NEUTRON neutrons 2.45 0.78
HORIZON horizon 2.46 117
PMSSTAR pre-main-sequence star 247 0.85
COSMOS COSmMos 2.52 111
CRATERIN cratering 252 1.15
PERIHEL perihelion 253 113
PLANETSY planetary systems 2.53 1.18
ACEL acceleration 2.55 117




MASSLUM1 | massluminosity ratio (galaxies) 2.55 0.88
PROTOSTA protostars 255 0.90
RADVEL radial velocity 255 0.90
CONSANGM | conservation of angular momentum 2.56 1.03
CENMASS center of mass 2.57 1.09
COMPLAN comparative planetology 2.57 1.26
FOCUS focus (ellipse) 2.58 122
TIDAL tidal forces 2.58 113
CONSTELL constellations 2.59 1.44
HELIOPAR heliocentric parallax 2.60 0.93
SPACETIM spacetime 2.61 1.39
OPPOSITI opposition 2.63 137
EXCITE excitation 2.66 0.91
SCORPSE stellar corpses 2.66 1.02
SPARALLA stellar heliocentric parallax 2.66 112
ZODIAC zodiac 2.66 1.36
PLANETNE planetary nebula 2.68 0.97
CENFORCE centripetal force 2.70 1.09
SEMMAJAX | semimajor axis 2.70 0.97
CONVEC convection 2.71 0.97
DISK disk (galaxy) 2.73 1.06




PLANCK Planck curve 2.73 0.82
BALMER Balmer series 2.75 114
SPIRGAL spiral galaxy 2.76 | 0.82
Y SO young stellar objects 2.76 0.88
CENACC centripetal acceleration 2.77 1.08
DARKMATT | dark matter 2.77 0.73
APHELION aphelion 2.79 112
GLOBCLUS | globular cluster 2.80 0.88
BDWARF black dwarf 2.82 0.95
QUASAR quasar 2.82 0.96
INFLATE inflationary universe model 2.83 1.03
MAGFIELD magnetic fields 2.83 0.71
NATMOT natural motion 2.85 1.29
ANGSPEED angular speed 2.88 114
GCLUSTER galactic (open) clusters 2.88 111
GENREL general relativity 2.88 1.16
ANGMOM angular momentum 291 1.07
PPCHAIN proton-proton chain 2.92 107
ISM interstellar medium 2.93 0.80
RADDATE radioactive dating 2.93 107
CRITDEN critical density (cosmaos) 2.95 0.96




NUCLEUSG | nucleus (galaxy) 2.95 1.01
SINGULAR singularity 2.95 114
SOLARNEB solar nebula 2.95 1.20
GEOMETRY | geometry 2.97 1.00
ELONG elongation 2.98 114
PROTOPLA protoplanets 2.98 0.89
EGALAXY elliptical galaxy 3.00 1.04
NEUTRINO neutrino 3.00 0.85
SPIRARM spiral arm 3.00 0.93
SUPERCLU superclusters (gal axies) 3.00 0.93
NUCFISS nuclear fission 3.02 0.95
HALO halo (galaxy) 3.03 1.00
HOMOGEN homogeneous 3.08 121
KRULES Kirchhoff’srules 3.08 1.16
CONJUNC conjunction 3.09 1.25
PLANETES planetesimals 3.10 1.15
RINGS ring systems 3.13 1.04
SCRADIUS Schwarzschild radius 3.13 1.07
AESTH aesthetics 3.18 133
MOLCLOUD | molecular cloud 3.20 0.99
CONDUC conduction 3.23 1.08




IGM intergal actic medium 3.25 1.08
ISOTROP isotropic 3.25 0.78
TECTONIC tectonics 3.26 1.08
CONSEQ condensation sequence 3.27 1.19
ANTIMAT antimatter 3.28 1.18
PROTOGAL | protogalaxies 3.28 1.06
DYNAMO dynamo model (magnetic field) 3.30 0.91
OPACITY opacity 330 | 114
DEGENGAS | degenerate gas 3.33 0.69
AGN active galaxies 3.36 1.16
FLUX flux 3.39 1.05
QUANTPHY | quantum physics 3.40 0.98
GUTS grand unified theories (GUTS) 3.45 115
MAGSPHER | magnetosphere 3.45 0.85
NEBMOD nebular models 3.48 1.04
SYNCH synchrotron radiation 3.53 0.92
VOLCAN volcanism 353 0.89
ROTATCUR | rotation curve (galaxies) 3.58 1.03
IRRGAL irregular galaxies 3.60 101
SPIRTRAC spiral tracers 3.65 0.82
VOIDS voids 3.66 0.78




APPENDIX E—200 Top Concepts Rated by Expert Pandll (= 18)

Thislist isranked by mean, with 1 = highly essential, 5 = not at all essential.

Concept Mean | SD

mass 1.06 0.23
Hertzsprung-Russell diagram 111 0.31
red shift 117 1.05
radiation 122 0.42
stellar evolution 1.22 0.82
atom 1.28 0.73
distances 1.28 0.56
Doppler shift 1.28 0.56
€lectromagnetic spectrum 1.28 0.65
main sequence 1.28 0.56
terrestrial planets 1.28 1.20
Hubble's law 1.33 0.67
Jovian planets 133 0.58
Kepler'slaws 133 0.58
spectra 1.33 1.38
wavelength 1.33 1.15
blackbody radiation 1.39 0.76
Milky Way Galaxy 1.39 | 049




Big Bang model 144 0.30
inverse-square law for light 144 0.60
law of gravitation (Newton) 144 0.83
[uminosity 144 0.60
orbits 1.44 0.60
spectral line 1.44 127
energy 1.50 0.76
galaxies 1.50 0.76
heliocentric model 1.50 0.76
observations 1.50 0.76
radial velocity 1.50 0.60
stellar lifetimes 1.50 111
age 156 | 0.76
astronomical unit 1.56 0.69
nucleosynthesis 1.56 0.90
spectroscopy 1.56 1.13
speed 1.56 1.00
stellar colors 1.56 0.60
Sun (model) 1.56 0.97
velocity 1.56 0.90
blue shift 161 0.89




cosmic microwave blackbody radiation | 1.61 0.68
density 161 | 0.76
elements 161 1.06
supernova 161 0.96
temperature 161 0.85
universality of physical laws 161 0.78
white dwarf 161 0.42
black hole 1.67 0.67
laws of motion (Newton) 1.67 1.05
nuclear fusion 1.67 1.00
photon 1.67 111
radius 1.67 1.17
scientific model 1.67 1.20
spira galaxy 1.67 124
angular diameter 172 0.80
elipse 172 0.73
energy levels 172 0.80
globular clusters 172 0.73
pul sar 172 0.87
stellar spectral classes 172 141
binary stars 1.78 0.79




eclipse (lunar, solar) 1.78 0.92
ecliptic 1.78 1.03
electrons 1.78 1.18
supernova remnant 1.78 0.94
cosmology 1.83 0.90
force 1.83 0.90
Kirchhoff’srules 1.83 1.01
protons 1.83 1.26
cratering 1.89 0.74
nucleus (atom) 1.89 124
quasar 1.89 115
radiative energy 1.89 0.81
spiral arm 1.89 0.90
asteroid 1.94 1.03
colors 1.94 0.97
comets 194 0.91
galactic (open) clusters 194 0.91
neutron star 194 091
pressure 194 0.85
solstice 1.94 1.34
conservation of energy 2.00 1.05




disk (galaxy) 2.00 0.75
meteorite 2.00 1.20
period-luminosity relationship 2.00 0.82
planetary systems 2.00 111
starbirth 2.00 0.94
comparative planetology 2.06 1.18
equinoxes 2.06 0.91
heat 2.06 0.97
neutrons 2.06 127
Planck curve 2.06 0.97
angular separation 211 0.88
chemical composition 211 0.81
distances 211 1.05
frequency 211 1.15
planetary nebula 211 0.99
planets (models) 211 0.94
escape speed 217 0.90
geocentric model 217 1.30
mass-luminosity relation (stars) 217 112
nova 217 117
solar day 217 1.33




stellar heliocentric parallax 217 1.24
tidal forces 217 0.96
excitation 222 0.92
inertia 222 1.08
perihelion 2.22 1.08
superclusters (galaxies) 2.22 0.99
supergiant (star) 2.22 1.06
thermal energy 2.22 1.26
Bamer series 2.28 0.87
critical density (cosmas) 2.28 0.99
dark matter 2.28 0.93
heliocentric parallax 2.28 1.28
physical universe 2.28 124
physics 2.28 141
retrograde motion 2.28 0.56
semimajor axis 2.28 0.49
star model 2.28 0.76
weight 228 | 060
focus (ellipse) 2.33 0.82
Kinetic energy 2.33 1.16
potential energy 2.33 1.25




proton-proton chain 2.33 1.20
Schwarzschild radius 2.33 112
stellar corpses 233 1.08
differentiated (planets, stars) 2.39 1.01
halo (galaxy) 2.39 1.06
nucleus (galaxy) 2.39 0.89
pre-main-sequence star 2.39 1.01
states of matter 2.39 101
clusters (galaxies) 244 0.96
conservation of angular momentum 244 112
COSMOS 244 1.38
irregular galaxies 244 0.90
opposition 2.44 101
radioactive dating 244 112
acceleration 2.50 1.26
aphelion 2.50 112
center of mass 2.50 1.07
eliptical galaxy 2.50 0.83
interstellar medium 2.50 101
constellations 2.56 1.42
magnetic fields 2.56 117




molecular cloud 2.56 1.07
planetesimals 2.56 0.96
zodiac 2.56 112
noon 261 1.38
angular momentum 2.67 1.05
luminosity classes (stars) 2.67 1.16
conjunction 2.72 0.92
solar nebula 272 1.32
tectonics 2.72 101
horizon 2.78 1.08
isotropic 2.78 1.03
nebular models 2.78 131
nuclear fission 2.78 1.13
spectroscopic distances 2.78 117
centripetal force 2.83 1.01
flux 2.83 1.34
neutrino 2.83 134
protostars 2.83 0.90
degenerate gas 2.89 115
centripetal acceleration 294 0.91
elongations 294 1.03




homogeneous 2.94 1.18
protoplanets 294 0.78
singularity 294 1.07
synchrotron radiation 294 125
active galaxies 3.00 111
condensation sequence 3.00 1.05
geometry (flat, open, closed) 3.00 1.16
mass-luminosity ratio (galaxies) 3.00 1.16
opacity 3.00 0.94
ring systems 3.00 0.23
spiral tracers 3.00 0.89
volcanism 3.00 134
brown dwarf 3.06 0.71
convection 3.06 0.91
rotation curve (galaxy) 3.06 1.16
spacetime 3.06 0.91
voids 3.06 0.87
young stellar objects 3.06 0.81
angular speed 311 1.29
freefall 311 0.99
general relativity 311 1.29




aesthetics 3.17 1.26
conduction 3.22 0.92
dynamo model (magnetic field) 3.22 113
magnetosphere 3.33 1.05
natural motion 3.33 1.33
inflationary universe model 3.50 0.96
intergalactic medium 3.50 0.76
protogal axies 3.50 0.96
guantum physics 3.56 134
black dwarf 3.67 0.94
grand unified theories 3.78 1.03
antimatter 4.00 0.75

APPENDI X F—Top 120 Concepts Rated by Expert Panel (N = 18)

These are sorted by scope score (highest to lowest).

Concept Mean | SD Scope
physics 228 | 141 | 398
mass 1.06 0.23 | 383
stellar evolution 122 0.82 | 339
orbits 1.44 0.60 | 319
temperature 161 0.85 | 315
luminosity 144 0.60 | 296




observations 1.50 0.76 | 294
star model 2.28 0.76 | 294
density 161 0.76 | 283
law of gravitation (Newton) 144 0.83 | 282
photon 167 111 | 267
spectra 133 1.38 | 266
distances 1.28 0.56 | 263
chemical composition 211 0.81 | 259
black hole 1.67 0.67 | 249
COSMOS 244 1.38 | 248
binary stars 1.78 0.79 | 244
energy 1.50 0.76 | 241
Doppler shift 1.28 0.56 | 240
electromagnetic spectrum 1.28 0.65 | 240
Hertzsprung-Russell diagram 111 0.31 | 236
red shift 117 1.05 | 232
Balmer series 2.28 0.87 | 226
Hubble's law 133 0.67 | 226
planets (models) 211 0.94 | 223
conservation of energy 2.00 1.05 | 220
Sun (model) 1.56 0.97 | 220




colors 194 0.97 | 216
Big Bang model 144 0.30 | 212
acceleration 2.50 126 | 210
atom 1.28 0.73 | 207
gaaxies 1.50 0.76 | 203
white dwarf 161 042 | 192
cosmic microwave blackbody radiation | 1.61 0.68 | 191
laws of motion (Newton) 1.67 1.05 | 190
dark matter 2.28 0.93 | 183
protostars 2.83 0.90 | 182
blackbody radiation 1.39 0.76 | 180
thermal energy 222 1.26 | 180
scientific model 1.67 120 | 179
Planck curve 2.06 097 | 178
gravitational contraction 172 0.73 | 177
interstellar medium 2.50 101 | 177
Kepler'slaws 133 0.58 | 177
energy levels 172 0.80 | 174
excitation 2.22 092 | 174
age 1.56 0.76 | 171
general relativity 311 129 | 171




radius 1.67 117 | 169
protogal axies 3.50 0.96 | 167
radial velocity 1.50 0.60 | 165
heliocentric model 1.50 0.76 | 164
freefall 311 0.99 | 162
Milky Way Galaxy 1.39 0.49 | 160
stellar spectral classes 172 141 | 159
nuclear fusion 1.67 1.00 | 158
nucleosynthesis 1.56 0.90 | 158
opacity 3.00 0.94 | 158
starbirth 2.00 0.94 | 157
geometry (flat, open, closed) 3.00 1.16 | 155
kinetic energy 2.33 116 | 155
rotation curve (galaxy) 3.06 116 | 152
superclusters (galaxies) 2.22 0.99 | 150
supernova 161 0.96 | 150
comparative planetology 2.06 1.18 | 148
ellipse 172 0.73 | 148
universality of physical laws 161 0.78 | 148
astronomical unit 1.56 0.69 | 147
stellar corpses 2.33 1.08 | 144




Kirchhoff’srules 1.83 101 | 143
magnetic fields 2.56 117 | 143
neutron star 194 091 | 143
radiative energy 1.89 0.81 | 143
flux 2.83 134 | 142
speed 156 | 1.00 | 140
critical density (cosmas) 2.28 0.99 | 138
potential energy 2.33 125 | 138
blue shift 161 0.89 | 137
quasar 1.89 115 | 135
synchrotron radiation 294 125 | 134
conservation of angular momentum 244 112 | 131
Hubble's constant 194 0.78 | 131
inflationary universe model 3.50 0.96 | 130
states of matter 2.39 1.01 | 129
nova 217 117 | 127
escape speed 217 0.90 | 124
planetary systems 2.00 111 | 121
mass-luminosity relation (stars) 217 112 | 120
clusters (galaxies) 244 0.96 | 115
spectroscopic distances 2.78 117 | 115




active galaxies 3.00 111 | 113
angular separation 211 0.88 | 112
tidal forces 217 096 | 112
conduction 3.22 0.92 | 109
protoplanets 294 0.78 | 109
weight 2.28 0.60 | 109
angular diameter 172 0.80 | 106
aesthetics 3.17 126 | 104
inverse-square law for light 144 0.60 | 104
isotropic 2.78 1.03 | 103
luminosity classes (stars) 2.67 1.16 | 103
spacetime 3.06 0.91 | 101
convection 3.06 091 | 96
geocentric model 217 130 | 95
brown dwarf 3.06 071 | 93
angular speed 311 129 | 88
intergal actic medium 3.50 0.76 | 88
homogeneous 294 118 | 81
angular momentum 2.67 105 | 77
elongations 294 103 | 77
heliocentric parallax 2.28 128 | 77




black dwarf 3.67 094 | 74
opposition 244 101 | 71
retrograde motion 2.28 0.56 | 68
radioactive dating 244 112 | 66
dynamo model (magnetic field) 3.22 113 | 59
tectonics 272 101 | 58
magnetosphere 3.33 105 | 54
period-luminosity relationship 2.00 0.82 | 52
stellar heliocentric parallax 217 124 | 49
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