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Astronomy Labs at Williams College

Williamstown, Massachusetts

Global Relay of Observatories Watching Transients Happen




Stuart Vogel (Williams College ‘75)
at the 1973 total solar eclipse in Kenya

Observational labs: we have always involved our students in contemporary research projects




Astronomy Survey Courses

 ASTR 101: From Suns to Black Holes (yearly)

 ASTR 102: Our Solar System and Others
(alternate years)

 ASTR 104: The Milky Way Galaxy and the
Universe Beyond (alternate years)

taught by Jay Pasachoff



Astronomy Survey Courses

 ASTR 101: From Suns to Black Holes (yearly)

 ASTR 102: Our Solar System and Others
(alternate years)

 ASTR 104: The Milky Way Galaxy and the
Universe Beyond (alternate years)

textbook: The Cosmos: Astronomy in the New Millennium, 4t ed.
by Jay Pasachoff and Alex Filippenko, http://thecosmos4.com




ASTR 101 labs

Lab| Optics and Spectra TW 9/29, 30
Lab Il The Virtual Sky TW 10/6, 7
Lab Ill Spectral Classification TW 10/27, 28
Lab IV Binary Stars TW 11/3, 4
LabV After the Supernova TW 12/1, 2

taught by Dr. Steven Souza
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ASTR 102 labs

The Virtual Sky

(Starry Night software)

Lab Il
Lab IlI

Lunar Samples
Transit of Venus

Lab IV Moons of Jupiter

Lab V

Comets & Asteroids

2/25, 26

3/10, 12
3/18, 19
4/15, 16
5/6,7



ASTR 102 lab

Comets and Asteroids

You will explore the effect of kinetic energy on the size of an impact crater caused by an asteroid
or comet, and find asteroids on Sloan Digital Sky Survey (SDSS) images.

I. Background

Besides the 8 major planets, our solar system contains thousands of comets, asteroids, Kuiper
Belt Objects), and other small objects. These bodies, though small, can have a significant impact
(!) on the major planets. Figure 1 shows some short-lived wounds in Jupiter's atmosphere (the
dark spots near the bottom) caused by the explosive 1994 collision of fragments of comet
Shoemaker-Levy 9, which was torn into picces by a close encounter with Jupiter in 1992,

- Lo

Figure 1. (Credit: Hubble Space Telescope Figure 2. (Crcdit:- Soviet Academy of Science)
Jupiter Imaging Team)

When a fragment of a comet or asteroid hits the Earth, we call is a meteorite. Such impacts
brought water to a young Earth, and killed off many species on Earth 65 million years ago. It is
likely that a much smaller event leveled part of a forest near Tunguska, Siberia in 1908 (Figure
2). When a fast-moving object strikes a solid surface without bouncing off, it deposits all of its
kinetic energy E into the surface, creating an explosion and usually leaving a crater.

E="“MP?

labs are written and administered by Dr Steven Souza, Senior Lecturer



ASTR 102 lab

II. Procedure
A. How Big is the Crater?
You would expect that the size of the crater would increase with energy, and that is true.

However, the diameter DD of the crater may or may not be directly (linearly) proportional to
energy £. We would like to know the actual relationship. One way to check this is to assume that
the relationship is a power law with constants n and m (not to be confused with mass M):

D=mE"

and fit this to data. If we find that the power n = 1, the crater diameter is linearly proportional to
energy. If n is significantly lower than I, we say that D is a weak function of E, and if n is
significantly larger than 1, then [ is a strong function of E.

1. To get the data, open Safari or Firefox, and go to
http://janus.astro.umd.edw/astro/impact/ (bookmarked as "Solar System Collisions")

which is an applet that models the effects of impacts on solar system bodies. Set Target to the
Moon (to eliminate the effects of an atmosphere), Projectile Composition to Iron, Projectile
Diameter to 1 meter, and Projectile Velocity to 8 km-s"'. Click KABOOM! (or press the
Return key) and record the Crater Diameter, in meters, in the table below. The energy of the
impact, in equivalent tons of TNT, has been entered for you.

Velocity (km-s™) Energy (tons) Crater Diameter (m)
8 31
11 59
16 125
23 258
32 500
45 988

2. Complete the table by going back a page and re-running the applet with each of the velocity
values in the table. Use all the significant figures given to you by the applet.

labs are written and administered by Dr Steven Souza, Senior Lecturer



ASTR 104 labs

Lab | Distances in Astronomy TW 2/17, 18

Lab Il The Virtual Sky TW 2/24, 25
Lab Il Hubble's Law and the Expansion of the
Universe TW 3/17, 18

Lab IV Galaxies, Active Galaxies and Quasars
TW 4/14, 15

Lab V Exploring Dark Matter TW 5/5, 5/6



ASTR 104 lab

Exploring Dark Matter

Dark matter is material in the Universe that has mass, but is invisible - not only optically but at
all electromagnetic wavelengths. Dark matter is important in understanding galaxy clusters and
the fate of the Universe, but it's even present in our own Milky Way Galaxy. This exercise
explores one way in which we know that it's there, even though we can't directly observe it.

I. Background

The optical image of a spiral galaxy like the Milky Way is usually dominated by a nuclear bulge
at its center. You might reasonably conclude that the mass of the galaxy is highly concentrated in
the center, and that the galaxy ends at the edge of the visible disk. By observing in the infrared or
at radio wavelengths, you might find more material, but your basic conclusion would not change.

Kepler's 3™ law states that when one body orbits a much more massive one,
M=a P

where M is the mass of the central body in solar masses, a is the radius of the (assumed circular)

orbit in AU (the average Earth-Sun distance), and P is the orbital period, in Earth years. This can

be used to caleulate the mass around which any object is orbiting, and to determine how fast the

orbiting object is moving. The distance traveled in one orbit is the circumference of the circle,
2ma. The time needed to go this distance is P, so the velocity v of an object in its orbit is

27 M

a

Voo —— =2 AU per vear.
p \ pery

For a galaxy, a plot of the velocity of stars or gas as a function of radius is called its rotation
curve. A rotation curve that obeys the equations above, as if nearly all the mass is at the center, is
called Keplerian, Below is the actual, measured rotation curve for the Milky Way, determined
from the Doppler shifts of radio spectral lines of neutral hydrogen (HI) and the CO molecule.
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ASTR 104 lab

II. Procedure
Safari will already be running, with a window named RotCurve Applet already loaded and
minified onto the Dock at the bottom of the screen. Do not quit Safari, or dismiss this window.

All URLs are available in Safari through Bookmarks —> DarkMatter.

1. First, we will look at a purely Keplerian rotation curve. Open a new Safari window and go to
the Planetary Orbit Simulator at:
http://astro.unl.edu/naap/pos/animations/kepler.html

which simulates one object orbiting another using Kepler's 3™ law. We'll look at a familiar orbit
— that of the Earth around the Sun. In the box to the right of semimajor axis (AU) enter 1.0 and
press Return. Similarly, enter the value 0 (zero) for eccentricity to make the orbit circular (not
exactly right, but it makes what follows simpler). Click the tab Newtonian Features to see the
resulting orbital velocity v in km/s. Plot a point for this radius-velocity pair on the graph below.

labs are written and administered by Dr Steven Souza, Senior Lecturer



For ASTR 101, 102, 104

* Observing sessions will include use of the 24-inch
telescope and other telescopes for nighttime
observations of stars, star clusters, planets and their
moons, nebulae, and galaxies, as well as use of other
telescopes for daytime observations of the Sun.



For ASTR 101, 102, 104




Observing-Lab Facilities at Williams College

a 24-inch Cassegrain telescope (manufactured by DFM Engineering,
Inc.) equipped with a 3056 x 3056 pixel CCD main imaging camera
(Apogee, Inc.) and a wide range of optical filters

a recently-overhauled Optomechanics Model 10 spectrograph with
a 120 x 2048 pixel CCD camera (Apogee, Inc.)

a remotely-operated 4-inch Stellarvue apochromatic refractor and
color CCD camera for wide-field imaging

a 6-inch Meade apochromatic refractor for visual observing and
planetary imaging.

Additional instruments include a Lunt LS60T H-alpha telescope for
viewing the Sun, 3- and 8-inch aperture Celestron telescopes, and a
direct-view solar spectroscope. We also maintain a network of
Apple computers to support observing, and other instructional and
research needs.



Evening observing program

The Observing Program

ASTRI101 & 111 students must do § observing projects from among the categories:
Constellation, Binocular, Telescopic, CCD Imaging, Remote CCD Imaging, Solar,
and Special, but no more than 2 from any category. You should complete at least 2
by Fall Reading Period. Late in the semester we will offer a Cloudy Night
project; only one such project can count toward the requirement. Projects typically
take 15-30 minutes; most involve observing 2 objects. Each requires completion of
a project sheet, which must be initialed by a TA and placed in either the
"Completed Projects” tray in the Observatory, or in Dr. Souza's mailbox at the TPL
front door. The work that you turn in must be entirely your own. All observing
must be done, and all project sheets turned in, by 5SPM on 12/11 (the last day of
classes). ASTR211 requirements will be discussed in lecture.

Where and When to Observe

The Observatory is located on the 4th floor of the Thompson Physical Laboratory,
at the top of the south staircase. Nighttime observing is Monday through Thursday,
8:30-11:30PM from 9/21 through 10/8, and 7:30-10:30PM from 10/14 through
12/10. There is no observing during Fall Reading Period (10/12-13) or
Thanksgiving Recess (11/24-29). Observing is done only on evenings with
sufficiently clear skies, but the Observatory Control Room will generally be open
and TAs on duty for the first half of each night, regardless of the weather. You are
encouraged to use this time to consult with the TAs and get assistance with
concepts you may have difficulty with. Solar observing times will be announced in
class, or via email. There are computers on the South and East counters in the
control room for Web access, but no downloading of any kind is permitted.

labs are written and administered by Dr Steven Souza, Senior Lecturer



Pre-major course
ASTR 111 Introduction to Astrophysics

How do stars work? This course answers that question from start to finish! In
this course we undertake a survey of some of the main ideas in modern
astrophysics, with an emphasis on the observed properties and evolution of
stars; ASTR 111 is the first course in the Astrophysics and Astronomy major
sequences. It is also appropriate for students planning to major in one of the
other sciences or mathematics, and for others who would like a quantitative
introduction that emphasizes the relationship of contemporary physics to
astronomy.

Topics include radiation laws and stellar spectra, astronomical
instrumentation, physical characteristics of the Sun and other stars, star
formation and evolution, nucleosynthesis, white dwarfs and planetary
nebulae, pulsars and neutron stars, supernovae, relativity, and black holes
(including a discussion of the first reported detection of gravitational waves,
generated during the merging of two massive stellar black holes more than a
billion light-years away).

taught by Prof. Karen Kwitter



Pre-major course
ASTR 111 Introduction to Astrophysics

How do stars work? This course answers that question from start to finish! In
this course we undertake a survey of some of the main ideas in modern
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stars; ASTR 111 is the first course in the Astrophysics and Astronomy major
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introduction that emphasizes the relationship of contemporary physics to
astronomy.

Topics include radiation laws and stellar spectra, astronomical
instrumentation, physical characteristics of the Sun and other stars, star
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generated during the merging of two massive stellar black holes more than a
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taught by Prof. Karen Kwitter



ASTR 211 Astronomical Observing and Data Analysis

* This course will introduce techniques for obtaining and
analyzing astronomical data. We will begin by learning
about practical observation planning and move on to
discussion of CCD detectors, signal statistics, digital data
reduction, and image processing. We will make use of data
we obtain with our 24-inch telescope, as well as data from
other optical ground-based observatories and archives. We
also learn about and work with data from space-based non-
optical observatories such as the Chandra X-Ray
Observatory and the Spitzer Space Telescope (infrared).

taught by Karen Kwitter


http://catalog.williams.edu/catalog.php?strm=1161&subj=ASTR&cn=211&sctn= &crsid=010589

ASTR 211 Astronomical Observing and Data Analysis

Selected ASTR211 Projects

» Obtain high-quality 3-filter images of 3 different types of nebulae (H II region, PN, SNR).
The filters may be broadband, narrowband, or a mix, chosen to highlight astrophysically
significant features.

» Using your own two-color photometry, make an H-R diagram of an open cluster. You must
include at least 100 stars. Select a cluster that other observers have found to have a well-
defined main sequence and turnoff point.

* Do time-series photometry, possibly over several nights, of a short-period variable star.
Determine its light curve and calculate its period.

» Generate an atlas of stellar spectra (at least 6 spectral types and 2 luminosity classes). Spectra
should be wavelength-calibrated and corrected for instrumental response.

» Spectroscopically determine the gas temperature and density in two planetary nebulae.

» Obtain wavelength-calibrated spectra of Uranus and Neptune, corrected for the Solar
illumination spectrum. Identify one or more molecular gases, and contrast the two planets.

» Obtain an image showing gravitational lensing (i.e., arcs) in a galaxy cluster.


http://catalog.williams.edu/catalog.php?strm=1161&subj=ASTR&cn=211&sctn= &crsid=010589

Keck Northeast Astronomy Consortium

virtual department with about 25 faculty members
summer research for students at each other’s colleges
fall student research symposium

Keck Foundation funds superseded by current NSF RUI

/

Williams, Wesleyan, Middlebury, Colgate, Vassar, Wellesley, Haverford/Bryn Mawr, Swarthmore



Keck Northeast Astronomy Consortium

a distinguished alumna of our summer-research program
at Williams College on the KNAC exchange:
Mansi Kasliwal
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Williams, Wesleyan, Middlebury, Colgate, Vassar, Wellesley, Haverford/Bryn Mawr, Swarthmore
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KNAC

Keck Northeast Astronomy Corsortium

REU =

Research Experiences for Undergraduates

Williams

Spend your summer doing
astronomy research at a
northeast liberal arts college!
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https://sites.williams.edu/scientephic/news/williams-hosts-
astronomy-symposium/ - more-420

Williams students presented on the following topics:

Tim Nagle-McNaughton and MeiLu McDermott: “Photoionization Models of
Planetary Nebula in Outer Regions of M31”

Marcus Hughes: “Searching for Circumbinary Planets in K2 Data”

Tina Seeger: “Developing a Methodology to Classify lo’s Mountains by
Morphology”

Hallee Wong: “Short Term Variability in the Open Cluster NGC 1960”

Allison Carter: “Precise Measurement of the Stark Shift in the Indium 6P,, State
Using Two-Step Laser Spectroscopy”

Becky Durst: “Observation of the 2015 Occultation of Pluto”

Anneliese Rilinger: “It’s A Tight Squeeze: Reducing Noise Levels of Quantum
Correlated Squeezed Light”

Sarah Stevenson : “Second Harmonic Generation and Magnetic Contrast versus
Laser Intensity for Materials of interest in Spin Hall Effect Spin Current
Generation”

Emily Stump: “Infrared SED Decomposition of Active Galactic Nuclei”


https://sites.williams.edu/scientephic/news/williams-hosts-astronomy-symposium/#more-420

Sky & Telescope Labs

Laboratory Exercises in Astronomy--Cepheid Variables
and the Cosmic Distance Scale, Jay M. Pasachoff
and Ronald W. Goebel, 57: 241.

Laboratory Exercises in Astronomy--The Crab Nebula,
Owen Gingerich, 54: 378.

Laboratory Exercises in Astronomy--How Far Is the
Galactic Center? Alan Hirshfeld, §8: 498.

Laboratory Exercises in Astronomy--Hubble's Law,
Aneurin Evans, §5: 299.

Laboratory Exercises in Astronomy--The Moon's Orbit,
Owen Gingerich, 27: 220.

Laboratory Exercises in Astronomy--The Orbit of a
Visual Binary, Aneurin Evans, 60: 195.

Laboratory Exercises in Astronomy--The Orbit of
Mars, Owen Gingerich, 66: 300.

Laboratory Exercises in Astronomy--Proper Motion,
Owen Gingerich, 49: 96.

Laboratory Exercises in Astronomy--Pulsars, Kurtiss J.
Gordon, 53: 178.

Laboratory Exercises in Astronomy--Quasars, Darrel B.
Hoff, 63: 20.



Sky & Telescope Labs

Laboratory Exercises in Astronomy--The Rotation of
Mercury, Darrel B. Hoff and Gary Schmidt, $8:
219. ;

Laboratory Exercises in Astronomy--The Rotation of
Saturn and Its Rings, Owen Gingerich, 28: 278.

Laboratory Exercises in Astronomy--The Rotation of
the Sun, Owen Gingerich and Richard Tresch-
Fienberg, 64: 433 (correction, 64: 533).

Laboratory Exercises in Astronomy--Spectral
Classification, Owen Gingerich, 28: 80.

Laboratory Exercises in Astronomy--Spectral
Classification, Owen Gingerich, 40: 75.

Laboratory Exercises in Astronomy--Variable Stars in
M15, Owen Gingerich, 34: 239.

Laboratory Exercises in Astronomy--The Wilson-Bappu
Effect, Donald J. Bord and V. Marye Ogle, 68: 20.



1ab Exercises in Astronomy

These exz.cises are suitable for introductory classes in astromomy and
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Sky & Telescope Lab LE-10

Jay M. Pasachoff and Ronald Goebel
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Laboratory Exercises in Astronomy —

Cepheid Variables and the Cosmic Distance Scale

Jay M. Pasacuory and Rowaso W, Gosssa, Willems College
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Sky & Telescope Lab LE-10
Jay M. Pasachoff and Ronald Goebel

Laboratory Exercises in Astronomy —

Cepheid Variables and the Cosmic Distance Scale

Jay M. PasacuorrF and RoNALp W. GoeBeL, Williams College

HE MOST ACCURATE means of

determining the distances to the near-
est stars is known as the method of trig-
onometric parallax. This involves measur-
ing the angular shift of a star with regard
to much more remote objects, as seen
from different positions in the earth’s
orbit. The distance of a star in parsecs (1
parsec = 3.26 light-years) is equal to the
reciprocal of its parallax in seconds of arc.
Every parallax determination has a
probable error of about 0.005 second, as a
rule. Heoce, as astronomers try to deter-
mine the distances of increasingly remote
stars, the trigonometric parallax method
gives less and less accurate results. At a
distance of 200 parsecs, the probable error
is about as large as the parallax itself.
Despite the success of modern astronomers
in decreasing the errors of parallax deter-
minations, this method of determining star
distances is reliable only for objects in the
sun’s own “‘backyard.”

Other methods are needed for objects
more distant than a few hundred parsecs.
In this exercise we will use Cepheid vari-
able stars, those that change in brightness
with periods from 1 to 100 days in the

manner of the 5.4-day varation of 4
Cephei. Some of these supergiant stars
are more than 10,000 times as luminous as
our sun and thus can be seen at great dis-
tances, being recognizable in the nearer
galaxies. The Cepheids played a key role,
in the early years of this century, in pro-
viding proof that there are other galaxies
than our own. Although today we readily
acknowledge that other galaxics exist be-
sides the Milky Way, it wasn’t until the
1920's that this idea became commonly
accepted.

CEPHEID VARIABLES

The first known Cepheid was & Cephei,
discovered in 1784 by an English amateur
astronomer, John Goodricke. About 1879,
A. Ritter theorized that the light variations
of these stars are due to pulsations, the
star alternately expanding and contracting.
Later astronomers verified this idea by
spectroscopic observations. In this exer-
cise, we are not concerned with why the
stars pulsate but rather how they are used
as distance indicators,

At the beginning of this century the
distance of the Small Magellanic Cloud

(today recognized as a neighbor galaxy)
was unknown. On Harvard Observatory
photographs of it, Henrietta S. Leavitt had
discovered many faint Cepheids. In 1912
she showed, in a detailed study of about
two dozen of these Cepheids, that there
was a clear-cut correlation between the
apparent magnitudes and the periods of
these stars, in the sense that the longer-
period stars are the brighter.

Since all the stars in the Small Mag-
ellanic Cloud are basically at the same dis-
tance from the sun, it follows that the
apparently brighter Cepheids in it are in
fact intrinsically more luminous. In other
words, the period of a Cepheid is an in-
dicator of its intrinsic luminosity, and in
the following problem we shall use this
property to determine the distance of the
Small Magellanic Cloud.

STEP 1

Shown on the page that follows are
light curves of four Cepheid variables in
the Small Magellanic Cloud, based on
photographic observations by H. C. Arp in
yellow light. For each star, read off the
apparent magnitudes at maximum and at



Sky & Telescope Lab LE-10
Jay M. Pasachoff and Ronald Goebel
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Sky & Telescope Lab LE-10
Jay M. Pasachoff and Ronald Goebel

minimum to the nearest 0.1 magnitude;
then take the average of these two values.
Also, find for each star its period in days,
from the interval between successive maxi-
ma. Take the logarithm of the period, to
two decimal places.

On the graph on the facing page, plot
for each star the mean apparent magni-
tude as the ordinate against the logarithm
of the period. To increase the number of
points, plot the data from Table I, which
are also for Small Cloud Cepheids ob-

BEREEREHES

TABLE I
Cepheids in the Small Cloud

kgP m, BV kgt
021 168 200 101
0% 167 151 L
035 163 19 1.2
041 160 M7 L4
045 161 0 182
050 160 UK 1.8
063 156 187 1.6
071 156 1577 1%
o8 152

-
143
147
138

134
13.6

i1

served in yellow light by Arp. Next, draw
a straight line to fit the data points as well
as possible.

This plot gives us the relation between
apparent magnitude and period for the
Cepheids in that galaxy. Since all the
stars in the Small Cloud are at essentially

the same distance from us, the plot can
also be as a period-luminosity
(P-L) relation which is as yet uncalibrated.
We now proceed to calibrate it, as de-
scribed on the next page.
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SHAPLEY'S CALIBRATION

If two stars have the same intrinsic
luminosity, their apparent brightnesses are
inversely proportional to the squares of
their distances. This straightforward fact
can be restated as a formula connecting
the apparent magnitude m of a star and
its distance d in parsecs with the same
star’s absolute magnitude M (defined as
the magnitude it would have if seen from
a standard distance of 10 parsecs).

This formula is

M=m+35—5logd. (1)
Thus, if the absolute and apparent magni-
tudes of any star are known, we can calcu-
late its distance from this formula. Sim-
ilarly, if the P-L relation can be calibrated
in terms of absolute magnitude (instead of
apparent magnitude as used by Miss
Leavitt in 1912), then knowledge of a
Cepheid’s period would yield its distance,
since the only other quantity needed is the
apparent magnitude and this is easily
observed

In 1918 Harlow Shapicy provided a cali-
bration, later slightly revised by him,
which became widely accepted by astrono-
mers. Table II shows Shapley's P-L rela-

tion, with absolute visual magnitudes for
some values of the logarithm of the period.

It should be emphasized that any such
calibration is very difficult to make. Even
the nearest Cepheid in our galaxy is too
remote for its distance to be determined
by the trigonometric parallax method.
However, statistical information about the
distances of the brighter Cepheids can be
derived from their observed motions.
Most of the Cepheids used by Shapley
were in globular clusters in the Milky Way.

STEP 2

Plot Shapley’s data on the same graph
as Arp's, but using the right-hand scale
on the ordinate (y) axis, this time in terms
of absolute magnitude M. Draw a straight
line to fit the points. This is the cali-
brated P-L relation that for many years

TABLE 11
Shapley’s Period - Luminosity Curve
logP M, IlgP M, kgP M,
00 ~04 408 -22 +14 —44

-0.8
-1.2
- 1.6

+02
+04
+0.6

+10 —29 +16 ~S1
+12 =346 +18 —358

was used in determining the distances to
objects containing Cepheids. The line
through Shapley's data should be nearly
parallel to that through Arp's.

Determine the vertical difference m —
M between the two curves at several places
(to reduce the effect of any small dif-
ference in slope) and take the average.
From this difference m — M, known as
the distance modulus, use equation (1) to
calculate the distance to the Small Magel-
lanic Cloud.

BAADE'S CALIBRATION

In 1923, Edwin Hubble at Mount Wil-
son Observatory was able to find 12
Cepheids in the Andromeda nebula (M31)
and 22 in the great Triangulum nebula
(M33). By using essentially the same
method that you have just applied, Hubble
was able to announce the distance of M31
as about 285,000 parsecs. So great a dis-
tance made it clear that the Andromeda
nebula and similar systems were great
aggregations of stars, comparable to our
Milky Way in their own right.

A few years later, astronomers realized
that interstellar dust in our Milky Way
dimmed galaxies other than our own,
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Since he could find no Cepheids in the
globular clusters of M31 but many in the
spiral arms, he deduced that the Cepheids
in the globulars must be Population II and
that the spiral-arm Cepheids are Popula-
tion 1. Along with this came the realiza-
i the globular-cluster Cepheids,

£

STEP 3

Calculate the revised distance to the
Small ic Cloud which results if
the distance modulus is changed by —1.5
magnitudes.

AN ALTERNATIVE CALIBRATION

Even after Baade's contribution, addi-
tional revision may be needed to the P-L
relation. The fundamental problem re-
mains, as in Shapley’s day, determining
the zero point of the P-L relation. There
is still uncertainty about the accuracy of
the statistical methods Shapley used to
infer Cepheids’ distances from their mo-
tions. Therefore, modern astronomers
have sought other observational means of
establishing the zero point.

In 1961, Robert Kraft at Lick Observa-
tory deduced the absolute magnitudes of
six Population I Cepheids that were mem-
bers of open clusters, which are also of
Population I and whose distances can be
found in other ways. By themselves, these
six stars are insufficient to define com-
pletely the zero point and the slope of the
curve. But, by determining the intrinsic
colors of these six stars, Kraft was able to
extend his list to include 26 other Cepheids
not associated with any cluster. A selec-
tion of the 32 Cepheids is given in
Table III with an asterisk affixed to the
six in open clusters.

TABLE II
Kraft's Peniod Luminosity Curve
Star logP M, Siar g P M,
SUCas 029 —1.7 ®SUSgr 083 —35
*EV Sct 049 —24 EtaAgl 086 —35
SSSct 0.5 —24 RXCam 090 —37
SUCsyg 058 —2.8 *DLCas 090 —17
YLlac 064 —28 *SNor 0.9 —37
FFAql 065 —3.1 Zlac 104 —41
*CFCas 069 —34 RWCas 117 —45
V3S0 Sgr 0.71 —3.0 YOph 1.23 —-53
*CVMon 0.73 =30 TMom 134 —-56
RRiac 081 —34 SVVul 165 —64

galaxy, the slopes of the P-L relations for
the two populations of stars may not be
the same.

Therefore, even though the distance
scale is more accurately known today than
it was during Shapley's time, we must
await additional observations and theoret-
ical models of Cepheid variables before
astronomers can estimate just how accu-
rate it really is.

NOTES FOR TEACHERS

Reviews of the P-L relationship for
Cepheids can be found in an article by
Walter Baade (Publications of the Astro-
nomical Society of the Pacific, 68, 5,
1956); O. Struve and V. Zebergs, Astron-
omy of the 20th Century (Macmillan,
1962); R. Berendzen, R. Hart, and D.
Seeley, Man Discovers the Galaxies (Neale
Watson, 1976); and J. Pasachoff, Conzem-
porary Astronomy (Saunders, 1977).

The data by H. Arp are cited from
Astronomical Journal, 65, 404, 1960; those
by R. P. Kraft are from Astrophysical
Journal, 133, 39, 1961.

To include more historical flavor in the
exercise, you might consider having the
students plot H. Shapley’s original data
(Astrophysical Journal, 48, 107, 1918).

The best current estimates for the dis-
tance to the Small Magelianic Cloud are
between 53,000 and 60,000 parsecs. G. de
Vaucouleurs (Astrophysical Journal, 223,
730, 1978) got 53,000 parsecs, using five
different kinds of distance indicators —
novae, Cepheids, RR Lyrae variables and
horizontal branch stars, supergiants, and
eclipsing binaries. Recent work by S. van
den Bergh agrees with his result. A,
Sandage and G. Tammann (Astrophysi-
cal Journal, 167, 293, 1971) deduced a
distance which after adjustment by de
Vaucouleurs is still 15 percent larger.
The values differ chiefly because of
different treatment of interstellar red-

Aanin
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Karen B. Kwitter & Richard B.C. Henry
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£ Spectra, Atlas Data, and Image Links for
165 Galactic (Milky Way) Planetary Nebulae

Planetary Nebula Gallery HST « WFPC:

Spectra and Atlas Data for 16 M31
Planetary Nebulae (more coming)

Student Exercises Using This Database

e Exercise 1: Emission Lines and Central Star Temperature
o Exercise 2: Interstellar Reddening

» Exercise 3: Determining the Gas Density in Planetary
Nebulae

About Planetary Nebulae

http://web.williams.edu/Astronomy/research/PN/nebulae/
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oldest extant astronomical observatory in the United States;
built by Prof. Albert Hopkins and his students, 1836-8
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Zeiss ZKP3/B Planetarium, installed 2006
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shows are given by undergraduate teaching assistants: weekly + school and other groups



Alvan Clark’s first telescope (1851)
7” refractor




Repsold Meridian Transit
brought from London by Prof. Hopkins in 1834




Junior/Senior Independent/Thesis Work

 Often done in the field
* Prof Kwitter: planetary nebula spectra

interstellar medium course: [O lll], Ho, other filters

https://sites.williams.edu/scientephic/research/the-space-between-the-
stars-astronomy-students-study-interstellar-medium/ - more-595

* Prof Pasachoff: solar eclipses, transits of Venus and
Mercury, occultations by Pluto

http://totalsolareclipse.org, transitofvenus.info, stellaroccultations.info

* Dr Souza: variable stars and clusters
 Visiting Prof Demianski: cosmology
e Geosciences colleague Prof Ronadh Cox: Mars, lo



https://sites.williams.edu/scientephic/research/the-space-between-the-stars-astronomy-students-study-interstellar-medium/#more-595
http://totalsolareclipse.org

2013 total solar eclipse, observed from Gabon

© Jay Pasachoff, Allen Davis, Vojtech Rusin © 2014 Miloslav Druckmuller



2012 annular solar eclipse from the VLA

Including all the students from my Solar Physics course
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transit of Mercury, May 9, 2016

Questar images by Jay Pasachoff and Glenn Schneider; reprocessed by GS
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Big Bear Solar Obéervatory

1.6-m New Solar Telescope



transit of Mercury, May 9, 2016
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BBSO/NIJIT, Jay Pasachoff, Glenn Schneider, Dale Gary, Bin Chen




For The Physics Teacher

Using the 2016 transit of Mercury to find the distance to the Sun
Jay M. Pasachoff, Williams College and Caltech, Pasadena, CA
Bernd Gdihrken, Bavarian Public Observatory, Munich, Germany
Glenn Schneider, Steward Observatory, The University of Arizona, Tucson, AZ
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We are happy to collaborate with ZTF’s educational program
through Bryan Penprase.
Here is the group at Big Bear Solar Observatory in June.




Astronomy Labs at Williams College

Jay Pasachoff
eclipse@williams.edu

jmp@-caltech.edu

Global Relay of Observatories Watching Transients Happen
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