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Advances in cosmology over the last several decades have radically changed our 

understanding of the Universe. These discoveries offer a unique opportunity to connect 

and deeply engage students with authentic, rigorous scientific experiences and learning. 

We examine a curriculum designed around this premise, the Big Ideas in Cosmology, 

to assess its effectiveness in helping students understand core cosmological concepts, and 

what influences it has on their attitudes toward science. Over two semesters, we field- 

tested the curriculum in upper division, general education cosmology courses at a state 

university in California [N ~ 80]. Pre- and post-instruction surveys (multiple-choice and 

open-ended) were administered, aimed at examining student’s content understanding, and 

how that understanding had shifted by the conclusion of the semester. Topics addressed 

included the structure, composition, and evolution of the universe, particularly examining 

students’ reasoning and their understanding of “how we know” the details in question. An 

assessment o f students’ attitudes and beliefs about physics (CLASS) was also 

administered pre and post. We find after completing a course using these Big Idea 

modules, students’ responses to questions about fundamental cosmology topics are more 

correct and complete than at the beginning of the semester, especially in topics such as 

dark matter and dark energy. We also find that students’ attitudes align more with experts 

in the categories o f problem solving sophistication and applied conceptual understanding 

after using Big Ideas.
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I. INTRODUCTION

A. Motivation

Astronomy holds a particularly special place amongst the sciences; it is deeply rooted in 
societies far into ancient history all across the globe, it commands a strong presence in 
television, film, literature, and modem popular culture in general, and is readily available 
to explore and experience with nothing more than a view o f the night sky. This ubiquity 
means nearly everyone has at least some passing familiarity or interest in astronomy, 
making it one o f the most highly accessible gateways into exploration o f science.

As found by Fraknoi (2001). approximately one quarter million students take an 
introductory astronomy course per year. As noted by Prather et al. (2009), Zeilik et al. 
(1997), and others, many of the students attending these courses choose Astronomy to 
fulfill their general education requirements, and for those that come from outside STEM 
fields, may never take another course in a scientific discipline again. These introductory 
courses may be the last opportunity students have to deeply and meaningfully explore 
important scientific concepts and ideas, as well as examine and understand broader 
scientific practices. While these students may not necessarily continue on in the field 
directly, it’s not only astronomers that influence the future o f astronomy; educators, 
lawmakers, voters, and everyone in our greater society take part in deciding the direction 
astronomy, and science in general, takes. It is crucial that students attending these courses 
develop a high degree o f scientific literacy, and go forward with a deep understanding 
and appreciation of science and its importance.

One of the aims of astronomy education research is to systematically evaluate the 
methods we use to teach these ideas, identifying best practices and areas of potential 
improvement. One of those areas identified has been lecture; it is well documented in the 
field o f physics (e.g. Hake et al. 1998) and more recently in introductory astronomy 
courses by Prather et al. (2009), that courses that choose to instruct only through lecture 
have significantly worse outcomes than those that include interactive-engagement 
elements. These interactive-engagements can cover a broad range o f activities from 
straightforward, easily implemented exercises like Think - Pair - Share or cooperative 
group problem solving, to more sophisticated and complex methods such as Lecture- 
Tutorials, as outlined by Wallace et al. (2018). As noted by Zeilik et al. (1997), Prather et 
al. (2009) and many others, the goal o f these engagements should be to help students
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integrate new ideas with their existing cognitive structures, rather than to present the 
material as completely new and distinct from the students’ experience.

As noted previously, due to astronomy’s broad appeal this should be an especially 
important consideration for when building curriculum for an astronomy course. Not only 
do students have a plethora o f experience and conceptions to build upon, but the general 
interest that pervades astronomy is an ideal opportunity to generate excitement and 
curiosity, and give students an opportunity to interact with science in a deep and 
meaningful way. With this in mind, we focus on a particularly exciting field o f  
astronomy: Cosmology.

As noted by McLin et, al. (2012), Coble e t  al. (2012) and many others, the study of  
cosmology has advanced rapidly over the past several decades and as a result, our 
understanding and conception o f the Universe has been largely revolutionized. These 
discoveries are not just interesting from a scientific perspective, but also capture the 
minds and imaginations o f the general public. Leveraging this cosmic curiosity has the 
potential for great gains in student engagement, and as such, merits educational research 
to determine the best approach.

In a series o f previous works (Bailey, Coble et. al. 2012, Coble, et. al. 2013, Cobleet. al. 
2013, Trouille et. al. 2013, Conlon, Coble et. al. 2017, Coble et. al. 2018) Coble and 
collaborators examined students ideas about key topics in cosmology, including the 
structure, composition, age, evolution, fate, and curvature o f the Universe. These 
investigations identified and codified several core principles, as mentioned previously, 
that could greatly help foster student interest and understanding:

• Connect new ideas to the experiences and concepts students are already familiar 
with

• Allow students to engage with real data astronomical to have an authentic 
experience o f '‘doing scientific work’, and allow them to ‘see the data for 
themselves’

• Create instructive visuals for complex topics that are difficult to conceptualize

B. Curriculum

Applying these principles, Coble and collaborators developed a new curriculum (Coble et 
al. 2014), coining it the Big ideas in Cosmology (BIC). BIC is designed to function as an 
interactive multimedia resource with all learning components designed to flow naturally 
together, rather than a traditional static text with auxiliary supplements. It is built around
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a core text detailing fundamental astronomy topics, namely the scale and composition o f  
the Universe and the observation techniques used to observe it, while also focusing on 
key cosmology concepts such as Dark Matter, Dark Energy, and the evolution o f the 
Universe. Woven into that base text are dialogs that require students to assess different 
viewpoints and conceptions o f the topics at hand, guided questioning that checks 
students’ understanding o f key points, interactive visualizations to help conceptualize 
complex processes, as well as guided activities that allow students to manipulate and 
analyze real astronomical data, giving them an authentic experience o f “how science is 
done."

Each chapter in BIC is designed with a particular flow meant to ease students into the 
topic at hand by naturally shifting between text, activity, and data in a single unbroken 
experience. Stated generally, each chapter begins with warm-up dialogs that give students 
the opportunity to consider some ideas involved in the topic, then the text describes that 
topic in more detail and illustrates important points, students complete follow up 
activities to support their understanding, and then are presented with real astronomical 
data and tasked with applying what they’ve learned in an authentic scientific context. As 
outlined in MeLin et, al. (2012), and Coble et, al. (2012), this approach works to present 
the material in a way that builds from students’ ideas and previous understanding, rather 
than separately from it.

Screenshots o f several example interactive activities from BIC are shown below in 
Figures 1, 2, and 3:



Figure 1. Interactive applet in Big Ideas in Cosmology allows students to explore objects’ 
relative sizes from as small as the sub-atomic scale all the way out to the cosmic horizon.

Figure 2. Applet within ‘Big Ideas in Cosmology’ visualizes expansion o f the universe 
over time as well as the observed motion of galaxies. Blue galaxies show original
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positions, red galaxies show expansion away, while the crosshairs show the observer’s 
home galaxy. The slider at the bottom allows students to manipulate the flow o f time and 
observe the expansion. Students are asked guided questions in the activity as they use the 
applets.

Angular Size: 
1.012 milliradians

Figure 3. Interactive applet allows students to manipulate and interpret real spectroscopy 
data, allowing them to make authentic examinations o f astronomical phenomena and 
develop a clear sense of the experience o f scientific work. Students use the data shown 
here to create a Hubble diagram. Guiding questions engage students in sensemaking as 
they work with the data.

Gaiailat

NGC 2276 

NGC 2803 

NGC 3627 

NGC 4775 

NGC 61 St 
NGC 6843 

NGC 1832 
NGC 5248

Imaga
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C. Present Study

This study aims to explore the effectiveness of the Big Ideas in Cosmology. We examine 
responses to both open-ended and multiple-choice surveys by students using the BIC 
modules in a general education cosmology course, evaluating their understanding of key 
astronomy and cosmology topics as well as their attitudes before and after instruction.
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Our goals were to examine student responses to content and attitude assessments, to find 
where student learning and comprehension is strongest, and identifying areas o f potential 
improvement. Our intent is that this study will provide evidence for the case o f applying 
the Big Ideas modules more broadly, and identify what learning outcomes could be 
gained by doing so.

In section II we detail the methods of this study, including the methodological 
framework, participating students, and a description of the data collection and analysis, as 
well as discussion on the validity of the data. In section III we detail the survey results for 
each content category, and in section IV we discuss the most significant results, their 
broader context, and our overall conclusions.

II. METHODS

A. Methodological framework

We take a methodological approach based on constructivism (e.g. Vygotsky 1978, Piaget 
1964) and conceptual change theory (e.g. Dole and Sinatra 1998, Posner et al. 1982). 
These frameworks put forth the idea that students do not enter a classroom as blank 
slates, but rather they have their own lifetime of experience and ideas, some o f which 
align with expert thinking, while others differ. Constructivism assumes that students 
build new knowledge by integrating new information with their own prior experience, 
ideas, and cognitive structures. Conceptual change research tries to understand how 
students take in this new knowledge and inform ways we can build our curricula to 
coincide with those structures.

B. Participants and setting

Survey results were gathered from students at Sonoma State University taking a second 
semester astronomy course, Astro 350. Sonoma State, along with other California State 
University campuses, requires an upper division general education (GE) component to its 
degree program, encouraging students to dive deeper into their breadth education. Astro 
350 is one o f these upper division GE courses, aimed at non-science majors with a focus 
on allowing students to gain a deeper understanding of concepts they encountered in their
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introductory astronomy course, and building from that to develop and explore more 
advanced topics in cosmology.

Individual demographics o f surveyed courses were not recorded, but likely match closely 
with Sonoma State’s overall student population due to it fulfilling GE requirements. 
Sonoma State enrolls approximately 9,200 undergraduate students, with 61% female, and 
more than 30% Hispanic; a majority o f students come from Northern California (Sonoma 
State website).

C. Data collection

Surveys were administered to students at the beginning and end o f the semester (Pre and 
Post). Two semesters worth o f data (Fall 2014 and Spring 2017) were gathered.

The survey material gathered comprised three distinct parts:
1. Open ended questions prompting students to describe their understanding o f  

several topics in cosmology.
2. Multiple choice questions probing students' understanding o f astronomy concepts.
3. The Colorado Learning Attitudes about Science Survey (CLASSXAdams et. al., 

2006), aimed at examining students beliefs and attitudes about physics.
Full questions are provided in Appendices I, II, and III.

1. Open-ended conceptual questions

The open-ended survey questions focused on major conceptual topics in Cosmology, 
including: scales and makeup of different structures within the Universe, the Big Bang 
theory, composition of the Universe, Dark Matter, as well as Dark Energy and the fate of 
the Universe.

Open-ended topics were binned into several categories as outlined in Table 1. A full 
listing o f questions are given in Appendix I.

Table 1. Topics for open-response questions. 

Topic Examples
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Hierarchy Solar System, Galaxy, Universe, and the relationships 
among them.

Composition Where and how the chemical elements were formed. 
Something in the universe that isn’t made o f chemical 
elements; how we know it exists

History of the Universe Big bang theory; evidence for it
Three important events in the history of the Universe

Dark Matter Rotation curves of spiral galaxies; why they are evidence 
for dark matter.

Age Whether or not the Universe has an age 
Evidence and value for the Universe’s age

Dark Energy / Fate o f the 
Universe

Why scientists think there is dark energy in the Universe 
What is the long term fate of the Universe; how we know

Student’s responses to the open ended questions were collected via three forms each 
containing 3 questions, which were further divided into several parts. To reduce survey 
fatigue, each student received only one o f the three open-ended survey forms, which were 
randomly distributed amongst the class. For the 2014 semester, 42 pre-instruction survey 
forms and 80 post-instruction survey forms were collected. For the 2017 semester 38 pre, 
41 post survey forms were collected. The variance in pre and post survey totals is likely 
due to variable class attendance by students, along with attrition as the semester went on.

Due to this variance and the random distribution of surveys, only a handful of students 
received the same open-ended form on both their pre and post surveys (roughly 2 
matches per form), so analysis focused on overall class trends rather than learning gains 
of individual students.

2. Multiple choice conceptual questions

The multiple choice concept questions focused primarily on fundamental astronomy 
concepts, including the relative sizes of astronomical objects, the nature and properties of 
light, as well as the distinguishing features of stars and observations of them. Several 
questions asked students to exhibit numerical reasoning, modifying a key variable in an 
astronomical relationship and having the student determine the effect. Some questions



9

were taken from the Astronomy Diagnostic Test (ADT) Version 2.0 (Brogt et. al. 2007), 
Light and Spectroscopy Concept Inventory (LSCI) (Bardar et. al. 2006). Multiple choice 
content questions were binned into several categories as outlined in Table 2. A full listing 
of questions are given in Appendix II.

Table 2. Topics for multiple choice questions.

Topic Examples

Ranking scales Rank the following by size, from smallest to largest: Galaxy, 
Solar System, Universe, Earth

Properties of light Which of the following kinds o f light travels slowest through 
space?
Which of the following kinds o f light has the shortest 
wavelength?

Astronomical
distances

Which of the following descriptions best describes a “light-year”? 
If you were in a spaceship that could travel at half the speed of 
light, how long would it take to traverse 25 lightyears?

Properties and 
observations o f stars

What is a star?
Comparing images with differing parallax, which star is further 
away?

Numerical reasoning Stars X and Y are the same type of star, but X is three times 
farther away than Y. How will the brightness o f X compare to Y? 
If the Moon were located four times farther from Earth as it is 
now, the gravitational force between Earth and the Moon would 
become
If the Sun shrank in size but its mass remained the same so that it 
was compacted much more densely, the gravitational force 
between Earth and the Sun would

Geometry of the 
Universe

Which of the following descriptions best describes the 
“geometry” or “curvature” of space (the universe)?

Students completed another form, via scantron, with 53 multiple choice questions, 11 of 
which were the astronomy concept questions and the remaining 42 comprised o f the 
CLASS survey described next. These forms were the same for each student. For the 2014 
semester, 38 pre-instruction surveys were collected, and 21 post, 10 o f which could be 
matched to the same student. For the 2017 semester, 41 pre surveys were collected, and
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37 post, with 28 matched. These data were examined both as overall trends within the 
classes, as well as for individual matched students.

Thel question about the geometry of the universe was unfortunately was mistakenly left 
out from the 2017 pre survey, so it was only possible to analyze the post data of that 
semester.

3. CLASS survey

While the open-ended and multiple choice questions are aimed at assessing student’s 
content understanding, the CLASS questions are designed to gauge students' attitudes and 
beliefs towards science and problem solving. The CLASS survey presents students with 
42 Likert-scale questions, asking them to think about how they approach physics in a 
classroom, their strategies for working on and solving physics problems, and how broadly 
they perceive physics extending beyond the classroom. Per the standard CLASS 
implementation guide (Adams et al. 2006,), these questions are broken up into 8 different 
themed categories: Personal interest, Real world connection, Problem solving (general), 
Problem solving confidence, Problem solving sophistication, Sensemaking / effort, 
Conceptual understanding, and Applied conceptual understanding, as shown on Table 3.

As outlined in Adams et al. 2006, these categories are emergent; they were defined only 
after examining previous responses to questions and identifying notable trends: as a result 
many of the CLASS questions belong to several of these groups simultaneously (a full 
list o f the CLASS questions is given in Appendix III). Students are asked to rank each 
question 1 - 5 ,  with a response of 1 signifying that they strongly disagree with a 
statement, and 5 signifying that they strongly agree with it. The students’ responses are 
then weighted against ‘expert’ responses (gathered from 16 experienced physicists) to 
determine how closely their views align with expert opinions, being evaluated as holding 
either more ‘expert like opinions’ or more ‘novice like opinions’.

Table 3. CLASS categories and example questions.

CLASS question 
categories

Selcet example questions

Personal Interest
11 .1 am not satisfied until I understand why something works the 
way it does.
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30. Reasoning skills used to understand physics can be helpful to me 
in my everyday life.

Real World 
Connection

28. Learning physics changes my ideas about how the world works.

35. The subject of physics has little relation to what I experience in 
the real world.

Problem Solving 
(General)

26. In physics, mathematical formulas express meaningful 
relationships among measurable quantities.

42. When studying physics, I relate the important information to what 
I already know rather than just memorizing it the way it is presented.

Problem Solving 
(Confidence)

16. Nearly everyone is capable of understanding physics if they work 
at it.

40. If I get stuck on a physics problem, there is no chance I'll figure it 
out on my own.

Problem Solving 
(Sophistication)

5. After I study a topic in physics and feel that I understand it, I have 
difficulty solving problems on the same topic.

22. If I want to apply a method used for solving one physics problem 
to another problem, the problems must involve very similar 
situations.

Sensemaking / Effort

23. In doing a physics problem, if my calculation gives a result very 
different from what I'd expect, I'd trust the calculation rather than 
going back through the problem.

32. Spending a lot of time understanding where formulas come from 
is a waste o f time.

Conceptual
Understanding

1. A significant problem in learning physics is being able to 
memorize all the information I need to know.



12

6. Knowledge in physics consists of many disconnected topics.

Applied Conceptual 
Understanding

8. When I solve a physics problem, I locate an equation that uses the 
variables given in the problem and plug in the values.

22. If I want to apply a method used for solving one physics problem 
to another problem, the problems must involve very similar 
situations.

D. Data analysis

1. Open-ended conceptual questions

Interpreting and analyzing results from student responses to open-ended questions is a 
complex problem; while some students responses will show a strong and satisfactorily 
complete understanding of a topic in their response, others will show only a partial 
understanding, while others still mix correct statements with incorrect ideas and 
misconceptions. Delineating only ‘correct’ or ‘incorrect’ misses many of these subtleties 
and disregards real and important takeaways from the curriculum in question. To that 
end, for this analysis we use a CIPW approach.

The CIPW rating approach codifies each response with a specific code, ranging from 
‘Correct’ (C), to ‘Incorrect’ (I), ‘Partial’ (P), or ‘Wrong’ (\V), as well as several other 
auxiliary codes as outlined in Table 4.

Before analysis, the researchers discussed expected responses to the given questions and 
agreed upon a rubric for what specific details would be required for a ‘Correct’ response, 
as well as common mistakes, misconceptions, or omissions that would qualify as ‘Partial’ 
or ‘Incomplete’, and other specific coding guidelines. An example rubric is provided in 
Table 5. Full rubrics for all open-ended questions are provided in Appendix I. Examples 
of coded responses are provided in Table 6.
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The authors then evaluated the students’ responses independently, assigning a code for 
each question segment. Afterward, these codes were compared; for any disagreements in 
coding, the authors discussed the students’ response and choose an agreed upon code. In 
cases where the authors found they had more than one or two codes that did not match on 
a single question, the rubric was revised to be more explicit and the responses were re
coded, again independently. This process was iterated until all responses had well agreed 
upon codes.

When coding, special attention was given to statements that denied the possibility of 
scientific understanding or measurement of certain cosmological parameters or concepts.
. For example, when prompted to describe “what is the long term fate of the universe, and 
how we know?” some responses contained phrases such as “We can’t know” or “We 
won’t ever be able to know,” which are explicitly incorrect, in contrast to phrases such as 
“I don’t know” or “we don’t know yet”.

Table 4. General coding rubric

Given Code Code description

Complete (C) Correct and complete response.

Incomplete 
(I /1+  / 1-)

Response was factual, but incomplete. For certain questions, 1+ and I- 
were used to further differentiate responses that were largely complete 
but missing an expected element and those responses that were were 
largely incomplete but not incorrect.

Partial (P) Response makes true and relevant statements about the problem, but also 
includes information that is incorrect.

Wrong (W) Response given is entirely incorrect.

True, but 
irrelevant (T)

Response has true information, but is irrelevant to the question asked.

Not Scientific 
(NS)

Response does not contain any relevant scientific statement. Generally 
assigned to non-serious answers, or those discussing non-scientific 
beliefs.

No Response 
(NR)

No Response. Student left the question blank or responded “I don’t 
know.”
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Table 5. Sample rubric for the question “Explain where and how the chemical elements 
were formed.” Correct answers to code student responses against are given, followed by 
specific coding g u i d e l i n e s .______________________________________________________

• Big bang (nucleosynthesis): The lightest elements (e.g. hydrogen, helium, lithium) 
were made when the universe was a few minutes old and a few million degrees in 
temperature.

• Stars: Heavier elements (e.g. carbon, oxygen, and iron) were made in the cores of 
massive stars through nuclear fusion in the death stages o f the star’s life cycle.The 
heaviest elements (e.g. gold, uranium) were made in supernovas when a star explodes.

C if they describe big bang plus one thing from stars, plus some details

1+ if  they list one thing and describe it or if they list big bang plus one thing from stars

I- if they just list one thing

W if they say elements are made from molecules

P if they say Big Bang and list elements heavier than He without specifying in STARS 

Fusion for creation of hydrogen is ok 

Singularity: vague what they mean, so incomplete

Table 6. Select responses to the question “Explain where and how the chemical elements
were formed", along with their eva uated coding and comments.

Response Code
assigned

Comments

“lighter elements released in Big 
Bang, elements up to iron 
produced in nuclear fusion within 
stars, everything else comes from 
supernova”

C Student listed correct responses that were 
complete with respect to expectations outlined 
in the rubric.
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“Formed inside stars through 
fusion which can produce 
elements up to iron. Heavier 
elements come from supernova”

1+ Student gave full description of the evolution 
of elements inside stars, but neglected to 
comment on Big Bang nucleosynthesis.

“In the heart of a sun, -> nuclear 
fusion”

I- Student identifies fusion inside stars as a 
source o f elements, but gives no details and 
does not include any mention of Big Bang 
nucleosynthesis.

“Many chemicals were created 
due to the creation of stars 
outgassing, or during the death of 
stars, or during outgassing of 
planets.”

P Student mentions ‘outgassing’ o f stars and 
planets, which have no relationship to the 
formation of chemical elements, while also 
correctly identifying that elements are formed 
in dying stars.

“I have no idea how chemical 
elements were formed”

NR Student reports they do not know how the 
elements are formed, unique from “Scientists 
aren’t sure” or “We can’t know” which would 
be coded as wrong (W).

2. Multiple choice conceptual questions

Multiple choice questions on astronomical concepts were processed by tallying the total 
number of correct responses for each question. Pre and post data from 2014 and 2017 
were examined separately. One question was missing on the 2017 pre-instruction form, 
so only the post data could be analyzed for that question.

3. CLASS survey

The CLASS survey data were compiled and processed with the standardized CLASS 
scoring tool, scoring each response and compiling them into categories as outlined in 
Table 3. Pre-instruction data and post are compared to examine how student’s attitudes 
changed over the course of the semester. Somewhat surprisingly, there is a well 
documented nation-wide trend from administration of the CLASS for students to show 
less expert like attitudes at the end o f the semester, compared to the beginning. For this 
reason, trends showing an increase in expert-like attitudes are notable and imply a 
particularly effective aspect o f the course’s instruction.
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E. Validity

As with any measurement instrument, a consistent, reliable and valid interpretation of 
student responses is critical. This is especially important in the case o f our open response 
questions, in which students’ answers varied widely in clarity and content.

We established validity primarily by multiple reviewers independently assessing the 
responses, and performed an inter-rater reliability test to examine their consistency. 
Cohen’s kappa, a numerical measure o f inter-rater reliability between 0 and 1 (1 showing 
complete agreement), was calculated for each question to gauge the agreement between 
raters.For the first round of coding, kappa ranged from .378 to .813 (average of .603), and 
improved as the rubric was refined. After all rubric changes had been made, final codes 
were discussed and agreed upon, resolving any discrepancies for 100% of the data, 
resulting in complete agreement.

Because data was gathered over two separate semesters, it can not simply be assumed 
that the student populations were identical. A statistical test was performed to assess 
whether these groups were both representations of the same overarching population, and 
therefore whether or not they could be compiled together. For responses such as ours that 
are binned into discrete categories, and that don’t necessarily adhere to a normal 
distribution, a Mann-Whitney test (designed to measure non-continuous and non- 
parametric data) is appropriate. Calculating the Mann-Whitney parameters and p-values 
for each individual question, all p-values were found to be greater than .05, and therefore 
suggest that both semesters do indeed represent the same population. Noting this, the data 
from 2014 and 2017 were combined.

III. RESULTS

A. Open-ended surveys

After students responses to each question were coded according to the rubrics, 
frequencies o f codes were tallied for each. For each topic, we present pre-instruction 
results as well as learning gains, which were obtained by comparing pre and post data. 
These gains were computed for each question by subtracting the overall percentage of 
each code from pre-instruction surveys, from the corresponding post percentage. Ideally, 
these gains would show a positive change in codes corresponding to greater
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understanding (i.e. an increase in C and I+), and a reduction in codes corresponding to 
lesser understanding (i.e. a decrease in I-, P, NR). More simply put, we hope to see trends 
towards positive values for codes on the left side of the chart, and negative values for 
those on the right.

Note all charts marked Pre’ show students responses before instruction, and charts 
marked ‘Gain’ showing a positive value denote an increase in a particular code when 
comparing pre to post, while negative values show a decrease in that given code.

1. Hierarchy
These questions focused on students describing the nature o f solar systems and galaxies, 
as well as the relationships between them. Questions are provided in Table 7.

Pre-instruction, 15 responses were gathered in Spring 2014, and 13 in Spring 2017, for a 
total of N = 28. Post instruction, 27 responses were gathered in Spring 2014, and 14 in 
Spring 2017, for a total of N = 41.

As seen in the top portion of Figure 4, pre-instruction, nearly all students showed at least 
partial understanding of topics in this category. While most correctly identified that solar 
systems had planets orbiting a star and galaxies contained stars, many students failed to 
mention any other major components of these systems, such as moons, asteroids, and 
comets for solar systems, and dark matter and dust for galaxies. Many were able to 
correctly describe the relationship between them, most stating some variant o f “solar 
systems lie within galaxies”. Comparing the gains between post and pre-instruction, there 
is a gentle trend towards a more complete understanding.

Table 7. Questions binned under Hierarchy.

Relationship Describe any relationship tnat may exist between galaxies, solar systems, 
and the universe.

Solar
System

Describe a solar system

Galaxy Describe a galaxy



Re
sp

on
se

 
Co

un
t

18

150,00%

Relationship ■  Solar System ■  Galaxy



Relationship ■  Solar System ■  Galaxy

Figure 4. Student responses for questions on the nature of Solar systems, galaxies, and 
the relationships between them (N = 41) [Top] Frequency o f students’ responses pre
instruction [Bottom] Gains across the semester. Students’ responses trended toward more 
complete and correct from beginning to end of the semester.

2. Composition

These questions focused on students describing the astrophysical origin of elements, as 
well as the non-elemental composition of the universe. Questions are provided in Table 8.

For Element Origins, pre-instruction, 13 responses were gathered in Spring 2014, and 13 
in Spring 2017, for a total of N = 26. Post instruction, 26 responses were gathered in 
Spring 2014, and 13 in Spring 2017, for a total of N = 39. For Non-Elements, pre
instruction, 15 responses were gathered in Spring 2014, and 13 in Spring 2017, for a total 
of N = 28. Post instruction, 27 responses were gathered in Spring 2014, and 14 in Spring 
2017, for a total of N = 41.
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As seen in the top of Figure 5, pre-instruction most students show some degree of 
comprehension, accompanied by a notable fraction o f No responses. Looking at 
responses to the question on the origin of elements, several students were able to recall 
some chemical properties o f elements, namely that they could fuse together, but were 
vague on the conditions that would lead to this. Other students were able to give good 
detail for either nucleosynthesis from the Big Bang, or stars, but only a single student 
gave both. For the non-elements question, most students answered either black holes, 
dark matter, or dark energy, but few were able to give details.

In the bottom portion o f Figure 5, the most significant changes are a large increase in C 
codes for the non-element question, and a decrease in NR codes for both. Students were 
generally able to give much more complete descriptions o f non-elemental material 
compared to pre-instruction, and the vast majority of students were able to make some 
statement about both questions. While many students were able to make at least some 
correct statements when describing the origin o f elements, a notable number of them also 
mixed in misconceptions, resulting in the bump in P codes. The increase in I codes could 
also correspond to the decrease in NR codes.

Table 8. Questions binned under Composition.

Element
Origins

Explain where and how the chemical elements were formed

Non-
Elements

Give one example of something in the Universe that is not made of any 
chemical elements and explain how we know it exists
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Figure 5. Student responses for questions asking about the astronomical origin of 
chemical elements (N = 39), and asking to name something in the universe, that is not 
composed of chemical elements(N = 41). [Top] Frequency o f students’ responses pre
instruction [Bottom] Gains across the semester. By the end o f the semester there was a 
significant increase in C codes for the non-element question, and a decrease in NR for 
both.

3. History o f  the Universe

These questions focused on students describing the Big Bang Theory and the evidence 
for it, as well as three major events in the history of the universe. Questions are provided 
in Table 9.

For the Big Bang and its evidence, pre-instruction, 14 responses were gathered in Spring 
2014, and 12 in Spring 2017, for a total o f N = 26. Post instruction, 27 responses were 
gathered in Spring 2014, and 14 in Spring 2017, for a total of N = 41. For 3 Major events: 
Pre-instruction, 15 responses were gathered in Spring 2014, and 13 in Spring 2017, for a 
total of N = 28. Post instruction, 27 responses were gathered in Spring 2014, and 14 in 
Spring 2017, for a total of N = 41.

As seen in the top o f Figure 6, pre-instruction understanding across all three questions 
was fairly poor. For both Big Bang questions especially, the majority o f students 
answered with common misconceptions, most o f the form “an explosion from a 
singularity”. Interestingly, students had slightly better results describing the evidence for 
the Big Bang, over the event itself. For the 3 major events question, many students said 
Big Bang, but few were able to think of any other events, again many o f them including 
misconceptions.

Looking at gains in the bottom of the figure, there is a general trend toward more correct 
responses by the semester’s end. Significant drops can be found for NR and W codes for 
both Big Bang questions; these are accompanied by a notable increase in /-, and /+  
codes. Many student responses were able to shed the misconceptions found at the 
beginning of the semester, but still struggled to give specific key details. For the 3 events 
question, students were able to point to a much wider array o f events beyond a “Big 
Bang,” but sometimes struggled to remember when those events happened.

Table 9. Questions binned under History o f  the Universe.
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Big Bang 
Evidence

Describe what evidence supports the Big Bang theory

Big Bang Briefly explain the Big Bang theory

3 Major 
events

Briefly describe 3 important events in the history o f the Universe. For each 
event give the approximate age o f the Universe and what conditions were 
like then (Do NOT include events specific only to Earth, such as the 
appearance o f dinosaurs or humans)
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Figure 6. Student responses for questions asking to describe the Big Bang and the 
evidence that supports it (N = 41), as well as major events in the timeline of the universe 
( N = 41). [Top] Frequency of students’ responses pre-instruction [Bottom] Gains across 
the semester. There were significant decreases in W and NR codes by the end of the 
semester, and a trend towards a more complete understanding.

4. Dark Matter

The questions about dark matter centered on students interpretations o f rotation curves 
and the evidence for dark matter, as shown in Table 10. Pre-instruction, 13 responses 
were gathered in Spring 2014, and 13 in Spring 2017, for a total of N = 26. Post 
instruction, 26 responses were gathered in Spring 2014, and 13 in Spring 2017, for a total 
of N = 39.

As seen in the top of Figure 7, pre-instruction many students were able to correctly assess 
the rotation curve diagram (provided in Appendix IV), but when examining the responses 
only a handful mentioned any of the physical properties of the system. Alongside the 
overwhelming NR codes when asked about the rotation curve’s relationship to dark
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matter, it would seem that students didn’t understand the physical significance behind the 
curve.

In the bottom of the Figure, we see a dramatic drop in NR codes for the evidence question 
at the end of the semester. Examining the responses, students are able to give much more 
detail about the relationship to dark matter several of them even distinguishing it from 
the baryonic matter. Answers across both questions tended to be more sophisticated at the 
end of the semester, which resulted in some students mixing misconceptions in with 
correct responses, potentially explaining the decrease in C  codes.

Table 10. Questions about Dark Matter.

Dark Matter 
Evidence

Explain why rotation curves o f spiral galaxies are evidence for dark 
matter.

Rotation
Curve

What does the figure tell you about the relative speeds of stars close to the 
center of the galaxy, a little farther from the center, and much farther from 
the center of the galaxy?. [Figure provided in Appendix IV]

25

20
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Figure 7. Student responses to questions asking what evidence we have that supports the 
existence of dark matter, as well as analysis of a rotation curve diagram, provided in 
Appendix IV.(N = 39) [Top] Frequency of students’ responses pre-instruction. [Bottom]
Gains across the semester. There is a drastic decrease in NR codes for students’ responses 
to the evidence question by semester's end.

5. Age o f  the Universe

For questions on the age of the universe (Table 11) we asked not only what students 
thought the age is, but also how we know. Pre-instruction, 14 responses were gathered in 
Spring 2014, and 12 in Spring 2017, for a total o f N = 26. Post instruction, 27 responses 
were gathered in Spring 2014, and 14 in Spring 2017, for a total of N = 41.

As seen in the top o f Figure 8, pre-instruction, many students were able to correctly 
answer both whether the universe had an age, and what that age is. They had much 
greater difficulty explaining how we can determine that age though, most giving some 
variant of vaguely stating “measuring light”. By the semesters end, the lion's share of 
responses for the age questions are correct, and many students can point to the CMB or 
hubble’s law for evidence, though most don’t give much detail beyond that.
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Table 11. Questions binned under Age o f the Universe.

Age Value If you think the Universe has an age, what is its age?

Age
Evidence

How do we know the age of the Universe? i.e. Describe the measurements 
and calculations you would use to determine this

Has Age Does the Universe have an age or has it always existed?

c  !+ I- P w  T  NS NR

Age Value ■  AgeEvidense ■  Has Age
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Figure 8. Student responses to questions asking whether the universe has an age, what 
that age is, and what evidence we have to support it. (N = 41) [Top] Frequency of 
students’ responses pre-instruction [Bottom] Gains across the semester. Student 
understanding o f both age questions rises even higher by semesters end, and responses to 
the evidence question tend towards more correct.

6. Dark Energy and the Fate o f  the Universe

Questions about dark energy, which is related to the fate o f the universe, again asked for 
how we know. The questions are given in Table 12.

For Dark Energy, Pre-instruction, 14 responses were gathered in Spring 2014, and 12 in 
Spring 2017, for a total o f N = 26. Post instruction, 27 responses were gathered in Spring 
2014, and 14 in Spring 2017, for a total o f N = 41. For Fate o f the Universe, Pre
instruction, 13 responses were gathered in Spring 2014, and 13 in Spring 2017, for a total 
of N = 26. Post instruction, 26 responses were gathered in Spring 2014, and 13 in Spring 
2017, for a total o f N = 39.
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As seen in the top o f Figure 9, pre-instruction, for the fate o f the universe question there 
is a fairly even spread between students that respond correctly, those that can state the 
fate but don’t tell how we know it, as well as alternate conceptions (several refer to the 
Big Crunch), and no responses. For the dark energy question, only a few are able to 
correctly respond. Some give incorrect or partially correct explanations, but most do not 
respond.
By the end o f the semester, the biggest change is the decrease in NR codes, especially for 
the dark energy question. While there were only a small increase in C and /  codes, many 
students make many mentions of expansion and galaxies, but a notable number o f them 
incorrectly point towards rotation curves o f galaxies as evidence o f dark energy.

Table 12. Questions binned under Dark Energy and the Fate o f  the Universe.

Dark Energy Why do scientists think there is dark energy in the Universe?

Fate o f the Universe What is the long-term fate of the Universe? How do we know?

25
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Figure 9. Student responses to questions asking why scientists think Dark Energy (N = 
41) exists, and what the eventual final fate of the universe will be (N= 39). [Top] 
Frequency of students’ responses pre-instruction. [Bottom] Gains across the semester. A 
major decrease in NR codes by the end of the semester.

B. Multiple choice

Responses to multiple choice questions were evaluated for correctness, and plotted 
individually per question and per year. Unlike the open response questions, a significant 
portion o f these multiple choice responses could be matched to each student from 
beginning to end o f the semester. The data shown in Figure 10 are these matched results, 
both the overall percentage of correct responses, and the gains from pre to post
instruction (N = 28). Note that in the top of Figure 10, question titles have been 
compacted for readability. These match with the longer titles in bottom of the figure, with 
the full questions also provided in Appendix II.

As seen in the Top of Figure 10, pre-instruction, total correct responses per question 
ranged as low as ~26%, and as high as ~96%, with the most difficult problems involving 
light and the inverse square law, and the least difficult question involving ranking
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astronomical scales. Focusing on the bottom of the figure to examine the gains, we see 
the most significant increase in correct responses in questions that require numerical 
reasoning such as those that inquire about how gravity changes with shifting parameters.

■ 2014 ■ 2017
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02. Travel speed for different lands of light 

03. Shortest wavelength for different kinds of light 

04. W hat is a "Ught Year"? 

05. How long to Vega m oving at the speed of light?

06. W hat Is a star? 

Q7. Parallax; Which stars are further away? 

OS. How does brightness change w ith  distance? 

09. How does the moon's gravity scale w ith distance? 

Q10. How does the Sun's gravity change if it shrinks? 

O i l .  W hat is the geom etry of the universe?
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Figure 10. Results from multiple choice questions (N = 28), [Top] Overall correct 
percentages from 2014 and 2017 [Bottom] gains show changes from pre-instruction 
compared to post, solid bars show an increase in correct answers, transparent bars show a 
decrease.

C. Attitudes
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After processing, CLASS data was compiled and plotted as shown in Figure 11. As noted 
previously, favorable results show students attitudes and beliefs are aligned with experts, 
and unfavorable finds them in disagreement.

Examining the first two categories, Overall and All Categories, it seems to be a wash, 
with nearly equal favorable and unfavorable outcomes. Looking to the categories Real 
World Connection, and Sense Making/Effort, we can see a trend towards non-expert 
opinions. As outlined previously, this is a well documented trend nation-wide when using 
this diagnostic tool across categories. On the other hand, there is a drastically favorable 
outcome for both Problem Solving Sophistication and Applied Conceptual 
Understanding, with a moderately favorable outcome for Conceptual Understanding.

1 4 0

4.0

Figure 11. Results from 2017 CLASS survey (N = 28). Favorable results corresponds to 
students displaying more expert-like opinion and attitudes at the end of the semester 
compared to the beginning, while unfavorable corresponds to less-expert like by 
semester’s end. Problem Solving Sophistication and Applied Conceptual Understanding 
are exceptionally favorable.

IV. DISCUSSION AND CONCLUSIONS

Looking overall at pre-instruction results, students have a rough but highly incomplete 
understanding of the astronomy topics examined, with the most common codes being 
either I- or NR. Notable exceptions are found within the Hierarchy and Age categories. 
While students struggled to produce complete descriptions of solar systems and galaxies, 
many were able to correctly identify the relationships between them, most giving some
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variant o f “solar systems lie within galaxies”. In the Age category, many students were 
able to correctly answer both whether the universe had a definite age, and what that age 
was. When asked about the evidence that points towards how we know the age o f the 
Universe, codes were much more frequently P  or NR. This suggests that while many 
students entering Astro 350 remember the age o f the Universe, they have a much harder 
time recalling how we know what that age is.

Notably, for the major cosmology concepts probed in this study: Dark Matter, Dark 
Energy, and the Big Bang, the most common codes were NR pre-instruction. While the 
Big Bang questions had slightly fewer NR codes, this difference was closed with 
responses coded W or P. This suggests students entering the course either don’t know, or 
aren’t confident enough to describe these concepts, and while potentially slightly more 
familiar with the Big Bang in the abstract, weren’t able to satisfactorily describe it.

After examining the post-instruction data, we observe a general trend towards a more 
complete understanding of the topics presented post-instruction. Most notable are the 
significant reduction in ‘No Response’ (NR) codes between the pre and post surveys. 
Looking at 2014 surveys, students had 47 NR coded responses out o f 211 total pre
instruction responses, compared to 25 NR responses out of a total of 400 for post
instruction. For 2017 those metrics were 23 NR in pre-instruction out of 191 total, and 6 
NR post-instruction out of 205 total. The stand out improvements are the questions which 
focus on dark matter and dark energy/fate of the universe. Both of these topics initially 
had large swaths o f responses coded NR, and showed incredible gains after instruction. 
This suggests that even after an a first semester astronomy course, students struggle to 
have any meaningful feedback about these topics, but after finishing Astro 350 using Big 
Ideas, they have at least a partial understanding o f the subject matter.

Examining the multiple choice results, the strong gains in problems dealing with 
numerical literacy (questions asking students to evaluate gravity with changing physics 
parameters) imply that students improved critical mathematical and analytical skills. This 
is further backed up by the CLASS results, showing large gains in students attitudes and 
beliefs around the Problem Solving Sophistication and Applied Conceptual 
Understanding, suggesting that students are understanding concepts more deeply, and 
building problem solving skills.

Together, these results imply that Big Ideas was in fact an effective instructional tool, and 
has great potential for improving learning outcomes in astronomy classrooms. To 
determine how significant the potential learning gains from Big Ideas outlined in this
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study could be, future work will be needed to compare the Big Idea modules directly to 
that o f traditional astronomy curriculum and lectures.

Several areas for future improvement could be found in the multiple choice and CLASS 
questions: Questions like “What is a light-year” and “How long would it take to get to 
Vega moving at half-light speed?” build from key astronomical concepts. The students in 
this study struggled to provide answers at the beginning o f the semester, and showed 
negligible, if  any, gain. This alongside the CLASS trends towards students having less 
expert like attitudes in the categories o f real world connection, as well as general problem 
solving and problem solving confidence, implies that students still need more support 
mastering fundamental astronomy topics, and integrating what they learn into a broader 
understanding o f the world,
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APPENDICES

Appendix I. Open ended questions and coding rubrics (Note question 1. c. on Form D 
was not evaluated)

Form D

1. Describe each of the following terms: A galaxy contains many (millions,

https://web.sonoma.edu/aa/ra/students/studentbody/ssustudentbodv.html
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a. Galaxy:

billions, or trillions) of stars (solar 
systems), gas/dust, and dark matter.

C if all 3,1+ if 2 of these, I- if  one 
of these.

If they say something correct and 
significant that’s not listed bump 
them up one point (e.g. types of 
galaxies are spiral, elliptical, 
irregular; OR bulge, halo, disk).

Ok if they say gravity, black 
hole,Milky Way but don't bump 
up.

If they only say Milky Way, code 
as I-.

Solar systems or stars plus planets, 
moons, asteroids, etc. just counts as 
stars here.

b. Solar System:

A solar system consists of a star, its 
planets, their moons, and other 
small debris.

C if 4things, 1+ if 3 of these, I- if 2 
or 1 o f these.

c. *Universe: The universe is all o f time, space, 
and its contents.

[ignore this part, it’s too weak]

d. Describe any relationships that may exist The universe contains galaxies,
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among any of these three things. which contain solar systems.

Ok to discuss orbits or some other 
indication that solar systems and 
galaxies are gravitationally bound 
systems.

I- if  they say something like: all are 
part o f the universe 
1+ if they give one specific 
relationship
P if  they the wrong order: e.g. 
galaxy is in solar system is in 
universe
W if  they say something like: all 
are part of each other 
T if  they say something like: they 
all have to do with stars/astronomy

2. Give one example of something in the Universe 
that is not made of any chemical elements and explain 
how we know it exists.

I- if they just list the thing.
1+ if  they list the thing and give 
weak reasoning
C if  they list the thing and give full 
reasoning

Any one o f the following:
• Dark matter. Reasoning can 

include any of the 
following: from the rotation 
curves o f spiral galaxies, 
from the motions o f galaxies 
in clusters, from 
gravitational lensing. Mark 
as 1+ if they just say gravity 
or interactions with matter 
that we can observe

• Dark energy. Reasoning: 
observations that the 
expansion of the universe is
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speeding up/accelerating.
• Particles (e.g. photons, 

muons, etc). Includes light. 
Reasoning: detected by 
(particle physicists). Don’t 
have to say how

• Black holes. Reasoning: 
we've observed the things 
that move around them (e.g. 
specify emission from gas 
or tracking orbits o f stars) 
and explain mechanism for 
why it has to be black hole 
(e.g. model/understand their 
properties). Mark as partial 
if  the describe black holes 
as a funnel or as something 
that “sucks.”

• I- if  they say “space”

3. Briefly describe 3 important events in the history 
of the Universe. For each event give the approximate 
age o f the Universe and what conditions were like then. 
(Do NOT include events specific only to Earth, such as 
the appearance of dinosaurs or humans.)

Any 3 events and corresponding 
ages o f the following to be correct 
(6 for C, 3-5 for I+, 1-2 for I-):

• About 10A-43 seconds was 
the Planck time: “creation” 
of the universe, including 
space and time. Our current 
physics is inadequate to 
describe what happened 
before this time.

• Up to a few seconds old the 
universe was a hot, dense 
soup of sub-atomic 
particles.

• At about a few minutes old 
big bang nucleosynthesis 
(BBN) occurred: formation 
of the light elements such as 
hydrogen, helium, 
lithium,and deuterium.
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• At about 400,000 years old 
the universe went from 
being opaque to being 
transparent. Left the CMB 
as a signature o f the 
transition.

• At about 400 million years 
the first stars and galaxies 
began forming.

• When the universe was 
about 9 billion yrs old (5 
billion yrs ago), our solar 
system formed.

• About 14 billion years: the 
universe today is 
transparent, cold, and 
lumpy.

Ignore things specific to earth that 
are correct (e.g. I-)
PAV if irrelevant and wrong 
W if they say just big bang 
THEORY

Form E

1. Explain where and how the chemical elements 
were formed.

Big bang (nucleosynthesis):
• The lightest elements (e.g. 

hydrogen, helium, lithium) 
were made when the 
universe was a few minutes 
old and a few million 
degrees in temperature.

Stars:
• Heavier elements (e.g. 

carbon, oxygen, and iron) 
were made in the cores of 
massive stars through
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nuclear fusion in the death 
stages of the star’s lifecycle.

• The heaviest elements (e.g. 
gold, uranium) were made 
in supernovas when a star 
explodes.

C if they describe big bang plus one 
thing from stars plus some details 
1+ if they list one thing and 
describe it or if they list big bang 
plus one thing from stars 
I- if  they just list one thing

W if they say elements are made 
from molecules
P if they say BB and list elements 
heavier than He without specifying 
in STARS

Fusion for creation of hydrogen is 
ok
Singularity: vague what they mean 
incomplete

2. The following figure is a rotation curve for a 
spiral galaxy:

. A<B=C 
OR

• Near the center o f the 
galaxy, the velocities of 
stars increase, but farther 
out, the velocities remain 
constant.
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distance (r)
a. What does this figure tell you about the relative 
speeds of stars close to the center of the galaxy (A), a 
little further from the center (B), and much farther from 
the center of the galaxy (C)?

b. Explain why the rotation curves of spiral 
galaxies are evidence for dark matter.

The gravity from just the visible 
parts o f the galaxies is a small 
fraction of the total gravitational 
mass. Therefore there must be dark 
matter providing mass also in order 
to cause the observed rotation 
curves. We measure the total 
gravitational mass from the rotation 
curves: the faster something is 
moving, the greater the mass 
encircled. We measure the 
luminous mass from a plot of 
brightness vs. radius.

I-: Objects near the center o f the 
galaxy move slower, whereas 
object move faster further away. 
P: Objects near the center o f the 
galaxy move slower, and then the 
speed is constant further away



43

3. What is the long term fate o f the Universe? 
How do we know?

The universe will continue to 
expand increasingly quickly 
because of dark energy. The 
Universe ends in a “big chill” or 
“bigrip.” We know from 
observations of the CMB and a 
Hubble diagram (redshift 
measurements) of Type la 
supernovae

C for expansion and CMB / 
Supernova
I for only one of those

1. Think about how long the Universe has existed 
and answer the following: 

a. Does the Universe have an age, or has it always 
existed?

C: Has an age OR something like 
“yes, 14 billion years”
I- if  they give an age that’s 
vague/not correct

b. How do we know? I.e. Describe the 
measurements and calculations you 
would use to determine this.

We know this because age is 
inversely proportional to the 
expansion rate o f the universe the 
Hubble constant. To measure the 
expansion rate (HO), we find the 
distances to a set of galaxies and 
the velocities of the galaxies by 
measuring their doppler shifts. On a 
graph of velocity vs. distance, the 
expansion rate is the slope of the 
best fit line.

I- if they say the CMB.
P if they say get approximate ages 
of objects in the universe (e.g. stars) 
P lookback time 
W/P if they explicitly say
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planets/stars getting farther apart 
T if they say from the book/lecture. 
T if they say “science”“light”

c. If you think the Universe has an age, 
what is its age?

C: 13-15  billion years.
I+: billions
I-: some specific number of billions 
but not the right one 
I-: really old
W: some number of millions or 
trillions

2. Think about the Big Bang theory and answer the 
following:
a. Briefly explain the Big Bang theory.

The Universe was once hotter and 
denser in the past, and is expanding 
and cooling.

C = temp, dense, evolution of both 
1+ = 2
I- = 1 (e.g. just expansion or just 
once hot)

Singularity: vague what they mean 
incomplete
Singularity: infinite density ok (we 
want them to say extremely high 
density)
W: explosion, small point, central 
point

b. Describe what evidence supports the Big 
Bang theory.

Evidence for the big bang model: 
(1) The universe is expanding, (2) 
the observed amounts of light 
chemical elements, such as 
deuterium, helium, and lithium, 
could not have formed in stars. 
These elements were created in the 
first few minutes, when the entire 
universe was hot enough for 
nuclear fusion to occur, (3) the 
cosmic microwave background
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(CMB), a nearly uniform glow of 
microwaves in all directions, with a 
temperature of 2.73 K.(4) 
Something really specific about 
structure formation/large-scale- 
structure

C = 3-4 
I+ = 2 
I -=  1

Here are some common 
misconceptions: explosion, center, 
point, (small)

3. Why do scientists think there is dark energy in 
the Universe?

Accelerating expansion, from 
measurements ofS N el and/or 
CMB, BAO

*The question asking students to give a description of the universe was included on the 
forms, but was not included in the analysis.

Appendix II. Multiple choice questions

Prompt Question Answer choices

Question 1: Rank the following by size, from smallest to 
largest:

Galaxy, Solar System, Universe, Earth

a. Earth, Galaxy, Solar 
System, Universe
b. Earth, Solar System, 
Galaxy, Universe
c. Earth, Universe, 
Galaxy, Solar System
d. Solar System,Earth, 
Galaxy, Universe

Question 2: Which of the following travels slowest through 
space?

a. Radio Waves
b. Visible Light
c. X-rays
d. • Infrared Photons
e. They all travel at the
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same speed

Question 3: Which of the following has the shortest 
wavelength?

a. A photon of 
ultraviolet light
b. Blue
electromagnetic radiation
c. An X-ray
d. A radio wave
e. Infrared radiation

Question 4: Which of the following best describes a light 
year?

a. A unit to describe 
astronomical distances
b. A unit to describe 
astronomical time scales
c. The speed of light
d. Both A and B
e. All of the above

Question 5: The star Vega is 25 light-years away. If you were in 
a spaceship that could travel at half the speed of light, the 
amount of time it would take you reach Vega is

a. 25 light-years
b. 25 years
c. 12.5 light-years
d. 12.5 years
e. 50 years

Question 6: What is a star?

a. A ball o f gas that 
reflects light from another 
energy source
b. A bright point of 
light visible in Earth’s 
atmosphere
c. A hot ball o f gas 
that produces energy by 
burning gases
d. A hot ball of gas 
that produces energy by 
combining atoms into 
heavier atoms
e. A hot ball of gas 
that produces energy by • 
breaking apart atoms into
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light atoms

Question 7: Parallax. The following two pictures were taken 
six months apart. Which star is farther away?

a. A
b. B
c. They are at the same 
distance
d. Not enough 
information

•
•
1*

•  t l  •
•

•
•a *

*

Question 8: Stars X and Y are the same type of star, but X is 
three times farther away than Y. How will the brightness of X 
compare to Y?

a. Star X will look 3 
times brighter than Y
b. Star X will look 3 
times dimmer than Y
c.. Star x will look 9 
times brighter than Y
d. Star X will look 9 
times dimmer than Y

Question 9: If the Moon were located four times farther from 
Earth as it is now, the gravitation force between the Earth and 
the Moon would become...

a. Two times weaker
b. Four times weaker
c. Eight times weaker
d. Sixteen times 
weaker

Question 10: If the Sun shrank in size but its mass remained the 
same so that it was compacted much more densely, the 
gravitational force between Earth and the Sun would...

a. become weaker
b. remain the same
c. become stronger

Question 11: Which of the following best describes the 
“geometry” or “curvature” of space (the universe)?

a. Round (the universe 
overall is spherically curved 
or close to it)
b. Flat (the universe 
overall is not curved but flat 
in all three dimensions)
c. Hyperbolic (the 
universe overall is saddle 
shaped)
d. Some other 
curvature
e. There is no way to 
know
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Appendix III. CLASS survey questions

1. A significant problem in learning physics is being able to memorize all the information I 
need to know.

2. When I am solving a physics problem, I try to decide what would be a reasonable value for 
the answer.

3 .1 think about the physics I experience in everyday life.

4. It is useful for me to do lots and lots of problems when learning physics.

5. After I study a topic in physics and feel that I understand it, I have difficulty solving 
problems on the same topic.

6. Knowledge in physics consists o f many disconnected topics.

7. As physicists learn more, most physics ideas we use today are likely to be proven wrong.

8. When I solve a physics problem, I locate an equation that uses the variables given in the 
problem and plug in the values.

9 .1 find that reading the text in detail is a good way for me to learn physics.

10. There is usually only one correct approach to solving a physics problem.

11.1 am not satisfied until I understand why something works the way it does.
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12.1 cannot learn physics if the teacher does not explain things well in class.

13.1 do not expect physics equations to help my understanding o f the ideas; they are just for 
doing calculations.

14.1 study physics to learn knowledge that will be useful in my life outside of school.

15. If I get stuck on a physics problem on my first try, I usually try to figure out a different 
way that works.

16. Nearly everyone is capable of understanding physics if  they work at it.

17. Understanding physics basically means being able to recall something you've read or been 
shown.

18. There could be two different correct values for the answer to a physics problem if I use two 
different approaches.

19. To understand physics I discuss it with friends and other students.

20 . 1 do not spend more than five minutes stuck on a physics problem before giving up or 
seeking help from someone else.

21. If I don't remember a particular equation needed to solve a problem on an exam, there's 
nothing much I can do (legally!) to come up with it.

22. If I want to apply a method used for solving one physics problem to another problem, the 
problems must involve very similar situations.

23. In doing a physics problem, if my calculation gives a result veiy different from what I'd
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expect, I'd trust the calculation rather than going back through the problem.

24. In physics, it is important for me to make sense out o f formulas before I can use them 
correctly.

25 . 1 enjoy solving physics problems.

26. In physics, mathematical formulas express meaningful relationships among measurable 
quantities.

27. It is important for the government to approve new scientific ideas before they can be 
widely accepted.

28. Learning physics changes my ideas about how the world works.

29. To learn physics, I only need to memorize solutions to sample problems.

30. Reasoning skills used to understand physics can be helpful to me in my everyday life.

31. We use this statement to discard the survey of people who are not reading the 
questions. Please select agree (not strongly agree) for this question to preserve your answers.

32. Spending a lot o f time understanding where formulas come from is a waste o f time.

33.1 find carefully analyzing only a few problems in detail is a good way for me to learn 
physics.

34 .1 can usually figure out a way to solve physics problems.

35. The subject of physics has little relation to what I experience in the real world.
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36. There are times I solve a physics problem more than one way to help my understanding.

37. To understand physics, I sometimes think about my personal experiences and relate them 
to the topic being analyzed.

38. It is possible to explain physics ideas without mathematical formulas.

39. When I solve a physics problem, I explicitly think about which physics ideas apply to the 
problem.

40. If I get stuck on a physics problem, there is no chance I'll figure it out on my own.

41. It is possible for physicists to carefully perform the same experiment and get two very 
different results that are both correct.

42. When studying physics, I relate the important information to what I already know rather 
than just memorizing it the way it is presented.

Appendix IV. Diagram of a galactic rotation curve, as referenced in open ended questions
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