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1 Some words about third year labs

These notes don’t contain all the information vou need - thevre here to define the terms for
wvou, and o give vou an ides of the direction vou should be taking. You'll fined that vou need
bor o boraging for more detailed information in other places - often in the references, and even
maore often in the rubble of your demonstrators” minds. You're going to leam a Lot while vou're
doing that, so don’t waste the effort - share all the work vou're doing with vus in vour repoet!
Remember that wour report has to be selFeontained. It doesn’t have to be beautiful, bt it
should be clear and detailed. Perhaps the most important thing to remember is that when wou
write vour report vou're trving to teach vour reader what vou did, why vou did it, and what
vou learned. That way, we get to learn something too! Enjoy!

By the way, these notes have recenlty undergone a major revision, and may be littered with ty-
pos [and possibly more serions errors). We in partd would love it if vou could bring any mistakes
tor bhe attention of vour demonstrators, or email suggestions to part3@p hysics.onimelb.edu.an



2 CCD Reduction and Analysis

2.1 Background

I this experinent you will analyse data taken at Siding Spring Observatory, near Coon-
abarabran in NSW. You will measure the brizhtness and colours of the stars in an open cluster,
and henee produce your own Hertzsprung-Russell (HR diagram). Using this information, you
can wark out the size, lhoninosity and temperature of the stas in this cluster.

I the process, you will learn the technigques of CCD data reduction in professional optical
astronomy. You will know more about what’™s involved in olservational astronomy than many
professors of theoretical astronomy.

2.1.1 CCDs

Astronommers don't look through telescoopes any more. In fact, it is anatomically impossi ble
b look through most large telescopes! Starting about 1880, photosraphic plates replaced the
human eve as the most common sstronomical instrument. The ressons for this are the same as
for using any camera: a permanent record is created and long exposures mean that objects too
faint to see with the eve can be recorded in detail. Starting about 1975, electronie detectors
besan replacing the photographic plate.

The reason for the change is effwiency. A high quality astronomical photographic plate will
record about 2% of the photons fmlling on it. The latest research-grade electronic detectors
record morve than W5 of the photons. They have other advantages too; sinee they generabe
digital data wou ean subtract off badiground light (a big advantage in a site like central Mel-
bowrne), amd use all sorts of techniques to sharpen up sour mage,  Most important of all,
electronic detectors allow vou to quanti tatively measure the radiation coming from sources be-

canse they are linear devices— the mumber vou get out of a COD is directly proportional to the
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number of incident photons.? At their most basie, CCDs are simply photon counting deviees.
It vour know how many photons an object has emitted, then vou know how nmch energy it has
emitbed and you are on wour way to understanding what it is/how it works.

CCDs are basically silicon chips, with a very special civeuit pattern etched on their surfaces,
When photons hit the surface they generate electron-hole pairs. The electrons are attracted to
a erid of electrodes etehed into the chip. Each of these electrodes formms a potential well, and it
traps and stores all the electrons produced in its part of the chip. So a8 time goes on, a pattem
of charge builds up near these eloctrodes, The more light falls on s given part of the chip, the
more electrons will accumulate near the electrodes there, The pattern of electrons building up
on the chip is thus an image of whatever the CCD is looking at.

When the olservations are fnishexd, the pattern of electrons on the grid of electrodes has to
be measured amd stored on computer. To do this, one end of the chip is connectad to a set
of wires, Under computer control, the voltages on the electrodes are set oscillating, so that
a sel of ripples of potential move across the chip, All the electrons are swept along by the
ripples, moving to the edge of the chip where they are ‘ecounted” (the potential they generate is
measured) and the result is sent to the computer.

CCDs are now the dominant tedinology used in astronomy.  The same technology is now
widespread in devices such & video recorders and digital cameras. They are relatively cheap
and relinble. It won't hurt them it vou expose them o light accidentally. And they can be very
efficient; most astranomy grade CODs can collect and store an ineredible 99% of the photons
that fall on them. With a CCD attached, a little telescope on the roof of the School of Physices
i5 a5 powerful s the biggest telescope in the world would be using naked eve obserwtions.

2.1.2 The Hertzsprung-Russell Diagram

Stars, like people, come in many shapes and sizes. Massive blue stars burn furiously and die
voung (like pop singers). Boring stars like our sun dng along for billions of vears emitting
vellow light before they ron out of Twel, swell up into cool blosted supergiants and finally
splutter to an end as piddling lictle white dwarfs. Most stars are quite well understood (almost
anyvthing looks easy to understand when it is as distant as a typieal star!), but people keep

finding bizarre stars that break the rules,

In this exercise vou will look at a cluster of stars, and measure their properties. You will nse
the available observations to figire out how bright theyv are. how hot, how large and more
In particular, yvou will plot your own Hertasprung-Ruossell diagram, the famous plot of colour
against brightness that allows vou to classity stars into their mvriad diferent types.

2.2 A Brief Summary of What You Should Do

l. Familiarise voursell with the obserwational data provided on the linx compuoter and
process it using the IRAF (Image Reduction and Analysis Facility ) package.

EHewee, the raw OUD owtpint is usually expressad in units of ‘comnts’. Typically, tlhis is just an jnteger
betweai 0 aml 25=65536 becanse the electromo: on the chips utilise amalog-to-digital comverters with 16-hit
pesscal v e,



2. Messure the brightness of all the stars in vour procesed data at several different wave-
lengt hes.

3. Plot the HR diagram and work out the properties of vour stars.

2.3 The Telescope

This data was taken by Dr Alicia Oshlack (a former PhD. student in the astro group ) using the
40 inch telescope owned by Mount Stromle and Siding Spring (lservatories. This telesscope is
able to be usaed by anyone, provided they submit a proposal detailing their proposed olserva-
Lions and giving a scientific justification for the use. This is esentially the same process wsed
For all major astronomical telescopes across the world.

2.4 The Data

If vou look at a random uneh of stars, you get a very mesy HR diagram. The reason is the
stars are all at different distances. Faint red nearby stars may appear brighter than bright blue
background stars, just because they are closer. For this resson, we will look at a closter of
stars. This ensures that nearly evervthing we see is at roughly the same distance (though we
might accidentally get an occasional star in the foreground or background). All the stas in a
cluster form at onee, so evervthing we olserve will have the same age. There is also a thivd
advantage; because stars are crowded together in a eluster, we can get images of lobs of stars
at onee.

Clusters comse in two types, open clusters (relatively nearby, and containing up to a few hundred
stars) and globular clusters (morve distant, and containing perhaps a million stars). Unfortu-
nately globular clisters are so distant that with our telescope all the stars will seem o blur
together. We will therefore olserve open clusters,

Table 1 lists several bright open clusters that can be seen from southern Australia around
antumn. However, we have multi-colour images of only one of these clusters — M3 - and so

Lhis will be the one vou will analyse.

2.4.1 Ilmmages to Analyse

You will nead following images to do the analysis:

& lmages of the cluster, in the Glters B (blue), V (green), B (red) and T (infraved).
o A Cfat field” image, to go with each Alter used.

o A bias frame.

The last two images are deseribed below,



Name Right Ascension  Declination  Distance Comments

NGO 2447 07:44:36 -23:52 11pe fith magnitude, also called W93

NGC 2287 06:44:54 -20:42 Tpe Sth magnitude, also ealled M4l

NGO 2422 07:34:18 -14:22 520pe bright, alsao called M4T

NGO 2437 07:30:18 -14:42 1530pe  6Gth magnitude, also called M46

NGO 2477 07:50:30 -38:25 1200pe 6th magnitude, lies in the Milky Way
NG 2516 07:59:42 -fil):44 1320pe 3.8th magnitude, very large

NG 3293 10:31:30 -57:58 43:pe also called the Gem cluster

Table 1: Southermn hemisphere open clusters visible during evenings in antumn.

2.4.2 Bias frames

Sinee CCDs are photon counters, ane would expect that if an image was taken of nothing
(L just bladkness) then the readout would be zero in all pixels. But this is not the case. In
order to trap electrons in the pixels of the COD, a voltage (or "bias’) must be applied acros
the pixels. This bias generates some additional eoumts in each pixel when read out. IF this
bias is known, then it can be subtracted from the real exposurs so that only counts from
real photons remain. Astronony grade CCDs are designed so that this biss varies as little as
possibile betweoen exposures 2o it can be accurately subtracted.

Thus, the biss frame is simply the readout from a zero-second exposure. You will notice when
vou examine the bias image that it is not perfectly uniforne there are random variations of
a few counts between pixels. This is the “readout noise™ of the CCD and is an unavoidable
part of making measurements with CCDs. Astronomical CODs are usually cooled with ligquid
nitragen to minimise this readont noise,

Sinee the same CCOID was wsed for all four exposures, only a single bias frame is necessary for
all of the images.

2.4.3 Flat Helds

Nowr, our telscope + CCD system, while very good, s not perfect. One faolt is that the
response tooa uniform illumination will not be a wmiform response aeross the CCD. Instead,
there will differences in the response between different regions, and these differences will persist

inte observations of real sources. Typieally, the throughput at the centre of the feld is slightly
higher than the throughpot at the edges,

To secount for these variations, so-called “flat field” images are taken. These images are of a
uniformly illuminated source — such as a lit sereen inside the telseope dome, or, as was used
for these mages, the sky at twilight (howewer, vou have to be careful with twilight flats not to
et boo many stars appearing).



2.5 Reducing the Data

This section describes how to get vour data into a suitable state o measure the magnitudes,
This proces is known in astro-speak as reduction (although sometines it might create more
images in the proces!).

First, log in to the line computer as partd (the pasword will be awailable in the lab), You
will end up with & sereen with an xterm in the middle, The xterm runs on the UNDEX operating
svatem, and vour friendly demonstrators will be able to belp vou should vou get stuck with
using it. If you type 1a vou will get a listing of the current divectory. You should see a directory
called eriginals — this is where all the relevant images are kept. Please do not alter these!
Instend create your own directory (Pve used the name bob, but vou can be more ereativel) and
copy thern into it:

» mkdir bob
> cp originals/+._fits bob/

Boowe vou want to start IRAF. This stands tor fmage Refuction and Analypsis Fecility, and is one
of the most common tools used for reduction and analvsis of astronomical images, partioularly
optical and infraved ones. Bring up a new window (of a slightly different type) by tyvping

> xgterm &

in your first window. Now tvpe cl in the new window to start IRAF. You will notice that
the prompt will change, and vou will get a brief weloome message. You also want to start the
image display tool, called da®. At the IRAF prompt, type:

> Ids9 &

lmages can be displayed in da® by using the commmand display — vou will need to put in a
frame number for ds® to display it in, and von have 8 choioe of four. Move into the directory
where your images are (eg. cd bob), and display one of vour images. For example:

» display MB3_B.fits 1

2.5.1 A Quick and Dirty Look

imexam is an interactive tool tor analvsing astronomical data, It allows vou to take s guick,
dirty leok at the properties of vour images. To start it, just type impexam. If vou haven't
already got an image in the display, vou can tyvpe the image file name after imexam to display
automatically (eg. imexam K93 _B)

Cmee vou have the rng-shaped mexam cursor on vour lmage, there are a number of kevs that
can be pressed o examine i

e 1 produces a plot of the intensity of the line the cumsor is currently on.



o ¢ — as for 1, but for the current column.
e 5 — produces a 3-D surface plot of the region surroumeding the cursor.
e g — proddoces a contour plot of the regon surrounding the cursor.

e a — prints out the curvent position of the cursor, and results from the photometry cal-
culations. Ask vour demonstrator to translate this output for vou.

o r— produces a radial plob of the souree the cursor is currently over, as well as the output
of a.

& g — quils imexam.

Play aroumnd with imexam for a bit to get a feel for what your raw data looks like, In the next
section we'll use imexam bo see how your data changes through the reduction prooss.

At this point it is worthwhile considering exactly what you are looking at. When an image is
displaved, some stars appear to have a larger diameter than others. What is gping on? Is the
size of the image of each star different?™ You can move the cumsor over the display window
and the count value for pixels will be displaved. Is there are difference between “large” stars
and “small” stars? Make some radial profile plots of different stars. What do sou notice? Is
Lhe radius over which light is spread for a “large” star actually any different than for a “small”
star?

2.5.2 Processing the Data

To understand how CCD mage reduction works, you nesd to understand that a CCD lmage
is simply an array of values, where the value indicates the number of counts in that partienlar
pizel. Sinee the images are just numbers, vou can perform simple arthmetic operations on
thern, such as adding two images, or subtracting them and so on. This is simply what [RAF
doves — manipulates images arithimetically to improwe the signal-to-noise, remoee instromental
effects, show features not readily apparent in single images ete.

All vou nesd to do to your images is to remove the effects of both the bias and the fat feld
The total number of counts ina particular pixel (x, ) is given by

Cla,y) = Sle.y) = Fle.y)+ Ble.y),

where 5 s the signal (the interesting part), F is the Hat feld contribution amd B is the biss.
As you go through this procedure, use imexam to make a note of how the backgroumd noise
changes as vou frst aceount for the bias, and then the Hat feld.

The way vou will be removing the bias and Hat Beld effects is by using the IRAF procedure
cedproc. Before we do anvthing, we nead to set the parameters of codproe, so that it will
do what we want. To do this, type epar cedproe (epar = ‘adit parameters’). You will see a
sereen with a lot of options (most of which we are not interested in here!) The one of relevance

TEach pixel on this OUD has an angular size of approsdmately 12 avesecond. Assmning these stars are tle
s mlze as tle S amd DUMpe away, wliat s theilr apgular size? So what B eausing tlelr inages to be larger
tlaan this o the OO0
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at the moment is the zero (or bias) correction. Seroll dewn with the arrow kevs and make
the zerocor parameter “vwes", amd the obthers in that section *no”. Then go down further and
change the zere parameter to the name of the bias file (which should be bias fits). To exit,
tvpe 1q. To run codproe on an image (say bob fits), type cedproc bob.fits.

Do this for all the cluster images. The Hat helds have already been bias subtracted, so it is not
mecessary bo process them in this way.

Moowe vou can remowe the flat felds. Tyvpe epar cedproc again, amd make the flateor param-
eter “ves” . Seroll down amd make the flat parameter equal to the relevant flat feld image.
This should be the same flter & the mage vou are about to run cedproe on (as the fat feld
is different in different filters). Then run cedproe on the cluster and standard images again.

To make sure which filter the image has been taken with, vou can look in the “header”™ - this
i5 bhe part of the Ale that contains all the technieal junk about what the telescope was, what
(and where) it was looking at, how long it looked for, ete. To read the header of the lmage
bob.fits, use the command imhead bob.fits. (IF vou get just asingle line, use epar to change
the longhead parameter of imhead to ws. |

Is there any noticeable difference between mage before and after bias/fatheld correction?
What about the background levels (e, blank spaces between stars), are they zero now? Is the
background the same for all filters? Yoo will probably find the background is least for the B
filter and most For the Roand 1 filters. This is due to sky brighiness. During the day, the Sun
excites molecules in the atmosphers, which re-rmdiate at night. Most of the re-radiation is at
specific (gquantised) wavelengths in the Roand 1 bands and the near-1R. Henee, the counts in
vour CODY measurenments of stars also contain counts from the night sky. Lockily, the night
sky uniformly illuminates the CCI just like a fat feld, Your fat Beld corrections should make

thiz backeround uniform across the COCD, henee it too can be oompensated for.

2.6 Measuring the Brightness of your Stars

2.6.1 Aperture Photometry and the Point Spread Function

Cmee vour images are fully redoced, vou can go about measuring the brightness of the stars in
the cluster. We will use the task phot in the digiphot (apphet package for this purpose. phot

performs aperture photometry on an input list of coordinates. For each coordinate in the list
it automatically performs the following steps:

Determines the centre of the star

Addds up the total Hux within a cireular aperture around this point

Adds up the Hux within a surrounding annulus to determine the inderlving sky brightness

Subtracts the sky brightness from the aperture sum to determine the brightness of the
star

The basic idea of aperture photometry is shown in Fig. 1. We nead to determine three
parameters before we can run phot: the aperture radius, the inner rading of the sky anmulus,



Sky annulus inner radius

Aperture radius

All starlight

15 within this

i‘.l.dl 5 - .

radis Photometry Sky anmulus
aperture

Figure 1: Parameters for aperture photometry

and the width of the sky anmlus. To be able to set these, we frst need to take a closer look
ab the shape of the light distribution in our stars.

Use imexam to make radial profiles and surface plots of some of your stars (the © key ), and take
note of the shapes vou see. Although each star has a distinet peak, they're far from point-lilke
(e would be expected if we had perfect resolution). Light is spread out over a wider area due
Lo seattering by the atmosphere (mostly} and diffrsction by the teleseope optics (a little). The
patterm produced by a point-like source on the focal plane of & telescope is called the Point
Spread Funetion (or PSF).

For the first phot parameter, we nesd to choose an aperture radivs which ineludes most of the
light fronm each star, while exeluding the light from surounding stars, From the radial profile
plots, find the radivs at which the PSF begins to level off. Examine radial profiles for the image
i each flber bo see whether this radius s consistent ; because the inages were taken at different
Limes of the night, the atmospherie conditions, and henee the width of the PSF, may well hawe
changad. Record the aperture vadivs /radii.

For the inner rading of the sky annolus, find the point at which there’s esentially no stellar
light in the profle, fe the radius st which the profle becomes Hat, Record this as the inner
radius of vour sky annulus.

In determining the width of this anmulus vou need to ensure that wou include enough pisels
tor et A gooed statistical median of the local sky badiground, while not including too many
neighbouring stars (don’t worry if a couple of stars sneak in here amd there they shouldn™t
affect the median too much). Record this annulus width. If you can find one set of parameters
which is suitable for all filbers, vou will make the task a little easier for voursall

Mow, load up the phot padiage by tvping digiphot amd then apphot and edit the phot pa-
rameter file (epar phot ). Within phot there are sub-parameter files called “psets”. Go down
Ler the “Sky fitting parameters™ pset amd tvpe e, Set the parameter annulus to vour inner
rading and dannulos to wour annulus width, Also, make sure that the parameter slogvalue is
set to INDEF: this ensures that phot does the sky caleulation tor vou.

Exit this pset with g, and go down to the “Photametry parameters” pset. Here we want to
enter a single aperture radius for the parameter aperture. Exit back to the main parameter

12



Figure 2: Open eluster M3, the arvow points to the standard star.

file again and save vour entries with sw. Now exit the parameter file al together with :gq. We're
nob quite ready to run phot yet wa still need to tell phot where the stars are.

2.6.2 Choosing Our Stars

To fimed the coordinates of the stars we'll use rimcurs. Start the task by typing rimcurs >
coord . lat. This will divect the output to ble coord.lsat. Place the cursor over the centre of
Lhe star and hit the space bar to register the coordinates. Start with the star indicated by the
arrow in the image above (this will be yvour standard star maore on that later ), and then try
Lo wiork systernatically across the feld. Leave out the wery faintest stars (a lot of these might be
background stars), but otherwise try to get a good selection of stars at all brightnesses, Don't
worty too much about finding the centres of the stars too accurately — phot has an algorithm
which does that for vou. Just get it to within a few pixels. When vou're done, hit Ctrl-z to
enit the task. The coordinate file vou just generated should be good for all the eluster images,
a5 the offsets between the different images are small.

WNeowr it7s time time actually ron phet. Get badk into the phet parameter file again and enter the
name of the frst input image, the coordinate list and the results file. Get yvour demonstrator

tocheck your parameter files (this may save tears later on), and then run it by typing g Do

this for each of the reduced images, (making sure you change the results file name eadh tine, |

You should hawe four files full of photometric information. All we really want is the summed.
skyv-subtracted pixel values for each star. Ask vour demonstrator how to extract the column
containing the pixel values, and transfer them across to the Exeel on a Windows PC.

13



2.7 The Nature of the Stars
2.7.1 The Magnitwle System

The magnitwde system is a holdover from the ancient Greek method for categorising stars. In
this svstem the brightest star in the northern sky, Vega, was classed “magnitude 07, Fainter
stars had higher magnitudes, with each inerement in magnitude roughly corresponding to a
Factor of two reduction in brightness. With the advent of electronie detectors it was found
that the ancient Greeks weren't all that good determining “a factor of two in brightness”.
Howvever it turmed out that they were very good at being consistent in their inaccuracies —
each magnitude corvesponded very closely to a factor of 2.51 difference in brightness.  (Move
precisely, 5 magnitudes tumed out to be factor of 100 in brightness, and 100" = 10™ = 2.51).
In other words, the magnitude m of an object is related to its brightness [ by

f =251 (1)

where ¢ is a constant which we're going to determine. For two sourees, the difference in their
magnitudes is proportional to the ratio of their Huxes:

MAin =y =y = 2.5log ( fa/ i) (2)

2.7.2 The Standard Stars

To figure out the magnitudes of our stars we nead to calibrate the arbitrary fux units we've
measured into something move physical. In esence, we nead “¢” o the above equation. This
constant depends on the size of the telescope (big telescopes collect more light, so vou get more
counts |, the efficiency of the CCD (more efficient detectors get more counts), the flter (even the
best filters loose some of the light), and the atmosphere (haze or dust absorbs or scatters the
starlight before it reaches the telescope). Astronomers use images of standard stars to perform
this calibration. These are stars of known brightness, whose magitudes and locations on the
sky are catalogned in long lists.

In our case we don't need a separate stamdard star image, because we know the exact brightness
of one of the stars in M93. This is the star indicated in the image in the previous section, which,
hopefully, you placed at the top of your list. The apparent magnitudes for this star in our four
bands are: B = 10.23 mag, V' = 10.14 mag, £ = 1015 mag and T = 10.18 mag.

Use vour measured Auxes for this star, along with these apparent magnitudes, to determine
the calibration constant for each image. Each constant is valid for all the other stars in that

image. Now caleulate the apparent magnitudes of all vour stars in eadh image. You can use
the calibration constants and Equation (1) to caleulate the apparent magnitudes of all of your

stars, or you can just take the ratio of Huxes and use Equation (2).

From apparent magnitude we can caleulate alsolute magnitude (M), Absolute magnitude is
defined as the magnitude a source would have if it were at s distance of 10 parses. You can
find absolute magnitudes using this egquation:

J.I'.f = 'i‘i"]+-5-—5|.0g“|{f |:-3}

where d is the distance to the star in pamses. This, of course, relies on the asumption that all
the stars are at the same (known) distanee. Can vou figure out how this relation is derived?
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Sinee magnitudes are logarithmie, the distance scaling factor ([ (d/ 10pe)?) beeomes an additive
constant (5 + 5log,, ) between apparent and alsolute magnitudes. This factor is called the
“distance modulus™. Using the known distance (1104 pe) to the cluster, caleulate the absolute
magnitudes of yvour stars for all filbers.

2.7.3 The Hertzsprung-Russell Diagram

You now have magnitwles for a group of stars, using two or more filters. You can use them to
ereate a Hertzsprung-Russell diagram, a plot of ‘colour” against brightness.

Clolour” in astronomy is not colour like the colours of the rainbow. It is defined as the miio
af how bright o dar is when viewed through fweo differenid filters. Remember that ratio of
brightnesses is the same as the difference in magnitudes (just Fom the wsual logarithm laws).
If. for example, the magnitude of a star observed through the green filter is 1V, and its magnitude
when observed through a blue filter s B, then its colour could be measured as 8-V, T 8-V
i large, the object is relatively brighter in green light, compared to blue light.  Astrononsrs
wonld say it had a “red” colour, even though it is actually the blue and green light which is
being considerad. If B — V' was negative, it would have a “blue™ eolour.

For all the objects in your COD frames, compute colours, aml plot these colours against one of
the absolute magnitudes (eg My against 8 — V). This is an HR diagran!

Can you see a line of stars; a main sequence” IF vou see a main sequence, do you see stars
in any other regions in the diagram? Compare your diagram to a colour-magnitude diagram
in one of the text books amd see if you can figure out what types of stars are present in this
cluster. Note that the HR diggrans in the textbooks will probably cover a wider range of als
magnitide and colour than your plot, so be careful when identifving stars which are off the
ITIAITE SOUene,

Eudra gquestion: Do vou get the same or similar H-R diagram if you use a different set of
magnitudes? (e, B amd instead of 8 and V) IF there is any diserepancy, can yvou explain
why? You will nead to think carefully about this: what exactly does colour measure? IF stars
are just black-bodies, when would you expect colours to be the same or different?

2.7.4 How Luminous are the Stars?

T work out how bright our stars really are, we must first convert from magnitudes into energles,
The star Vega is magnitude zero in all flters (by definition}, so we can use its known brightness
at different wavelengths (Table 2} to calibrate our magnitwdes to SI units, These brighinesses
are in units of Hux per unit wavelength; ie. the energy hitting a square metre every seoomd
with wavelengths in a lun range. The feminosifty of a star is just in energy per secomd per unit
wavelength; e it is the total energy the star radiates at this wavelength, not just the amount
that hits a square metre area at the Earth.

Using Table 2 and the definition of magnitudes discussed in the preceding section, work out the
Aux vour stars are producing at the different wavelengths. This tells you how mmch radiation
From the stars are reaching the Earth. Using the distances to the clusters listed in Table 1 and
the inverse square law, work out the total luminesity of the stars. How do they eompare with

15



Fil ter Central Wavelength Brightness of Vega  Luminosity of the Sun

B (deep blue) A40mm 6.3 % 10~ Win~ 4~ 6 104 W,/nm
W (green) 55(um 3.6 % 107" Win~ %~ f ¢ 10 W nm
R (dark red) TOmm 2.2 = 10" Wm*mmn ! 4.5 » 104 W/nm
I {infrared) 880 L1 107" Win™ *m "

Table 2: The four standard filters, and the brightnes per unit wavelength of Vega when
olserved through esach.

the sun’s huninosity? Are these glant stars, or ave we seeing things like the Sun? Or are we
seeing things fainver still, like brown dwarks, red dwarfs or white dwarfs?

The very brightest stars known may have lumindgities as much as a few thousand times that
of the Sun. These are the rare supergiants; some red (very old stars bloating out in their dying

o ts ) and some blue (very yvoung, wery hot violent stars). Do you have any of these? I so,
are they red or blue?

2.7.5 Stellar Temperatures

The radiation from most stars can be approximated as black body radiation. We can use this
Fact, along with measurements of the stars lnminosity through two different filbers, to measure
he ternperature of the stars.

The black body radiation law (Planck function} is

2reth o
e £ IaT |:-1}

where Fy is the flux per unit wavelength emitted by a unit area, f is Plandd’s constant, o the
spead of light, & the Boltzmann constant and T the temperature.

.F_h=

Use this equation to derive the ratio in Hux at two different wavelengths as a funetion of 77
Henee, with this equation, take the magnitudes measured through two different filters and use
this to derive the temperatures of yvour stars,

Haowr ot arve they ? The Sun has a surface temperature of about GO00K. How do the temperatures
compare to that of the Sun? Do they all have similar temperatures or is there a range? Is there
a correlation between brightnes and temperature”?

Use the Planck function to derive the surface area of vour stars and henee their radii (be careful
converting units!}. For comparison, the Sun has a radius of 7« 107 m. How do they compare?

2.8  Advanced Exercises

I you've got this far and still have time and energy left, consider a few of the following,
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If the sun were taken away and replaced by one of your stars, how hot would the Earth
get? (the Sun is roughly 8 light-minutes away). How far away would a planet have to be
fronn this sun to sustain liguid oceans? (Hint: assume planets are black bodies and use
the Stefan-Boltzmann equation ).

Sonme of vour stars are very luminous, The luminosity of a star goes as roughly their mass
Lo the power 2.5 (e, L o M*7) for main sequence stars like the sun and blue supergiants.
How massive are these things comparaed to the Sun? The Sun has an expectad lifetime of
M years: how long will these ones last?

How near would one of these stars nesd to be, to be visible in the daylight” (Hint: the
ot is only just visible in dayvlight ).

Precisely how bright is the night sky ower Siding Spring Olservatory?  (Express this in
magnitudes per aresee®)
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3 Galaxy Clusters and Cosmology

RN TTRATL. PUtr T e

Figure 3: The centre of the Vieeo cluster of salaxies. age courtesy of Jean-Charles Cuil land ve

[CFHT ), Hawaiian Starlight, CFHT

3.1 Aims

To use olservations of salaxies and clusters of zalaxies to estimate Hubble's constant and the

ase of the universe,

3.2 DBackground

Closmoloesy s the branch of Astrophysics concerned with stbudving the universe as a8 whole, ey
gquestions includs: Where did the universe come from? Does it o on for ever?  Will it end
sotme dav? Many physicists are shocked by the poor guality of the data; if vou don't throw up
vour hamds in disgust and seream *vou can’t assume that!™ at least onee during this prac. you
wiott' b have undersbood what vou'rve doing. Yet the truly remarkable thing s that cosmology
is pessible at all; that the microscopic inhabitants of this insignificant speck of dust called the
Earth can dare to trv and understand the nature of the universe.

In this practical. vou will use olserwmbions of two calaxy clusters bo estimate several key oos-
mclogical parameters. The olservations were made with the Ul Schinidt Telescope at Siding

Spring Observatory in MSW; see the asteroid hunting exercise for details of the telescope amd
Ehe photosraphic plates it produoces photos of this telesscope are displaved in the lab,

MMost salaxies live in groups. Our own galaxy, the Ailky Wav, lives in a rather insignificant
cluster we call the Local Group. This cluster has two big galaxies, our own and the Andromeda
Coalaxy (M 31, in orbit around esch other. Each of these two big salaxies is a spiral salaxy,
with a radivg of about W kpe (kilo-parsecs, one parsec = 3.1 = 10" m). We live about 8 kpe
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from the centre of our galaxy, so we are right out near the edge. In addition to the two bigges,
Ehere are bwo mediom sized salaxies in our group, the Magellanie clowds, and another 100or 50
dwart salaxies, all in orbit around each other. The radius of our local sroup (s about 1 Mpe
[ Mega-parsec).

When astronomers fivst started mapping the sky, looking for galaxies, they discovered an enor-
mots mnnber of them in the constellation of Virgo, There were 50 many galacies that the whole
area of the sky was called “The Sea of Galaxies”. We have a photographic plate of the centre of
this area. the plate marked “Virgo Cluster’, and/or J2137 or 12:274+13:30. Find this plate and
put it on the light table. Use a magnitving lens and have a look at some of the galaxies. There
are well over a thousamd on this plate, though many are too faint to see without a microscope.

The Virge cluster is a big cluster of zalaxies which happens to be gquite close to us, which is
why it appears so large and spectacular. In fact, it heas recently been discovered that our whole
Local Group is probably falling inte the Viego Cluster, sucked in by its gravity.

(By the way, Virgo is by no means the biggest galaxy oluster known. In fact, it is a bit of a
runt; it only looks spectacular because it s very close to us. I vou look hard at the Virgo
cluster plate, vou will see lots of tiny galacies in the background trv it. These are part of
an alsolutely colossal supercluster of galaxies, known s the ‘Hydra-Centaurns Supercluster’,
of which Virgo is merely a tiny outlving part. And evidence coming in at the moment suggests
Ehat even this supercluster s just part of an even bigeer sheet of superclusters, known as the
Bupersalactic plane’, hundreds of Mpe acros.  Even this Supersalactic plane seens to be
Just one of many in the uiverse, torming a bubble-like network on the bigeest scales we can
currently obserwe |

The Vireo cluster is 5o close to us that it doesn’t all it even on a Schinidt plate this picture
only shows the centre. S0 in this exercizse we will concentrate on a different eluster, Hydra |
(also known as Abell 1060, being the 1060th cluster in Abell’s catalogue of clusters). We hawe
a plate of this, called Abell 1060, or J7442 or W:34-27:22.0 Get it out on the light table and
have a Lok, The cluster of zalaxies s obvious in the centre

Hydra I is a eluster very similar to Virgo, [t is about the same sizge, same mass, and hes a
similar mumber of galaxies. However, it is much further away, s is obvious from the plate. This
means the whole cluster fits comfortably on one Schmide plate.

3.3 Distance to Hydra 1

I the first half of this exercise, we will estimate the distance to the Hydra [ eluster. Getting
distances is alwavs the most diffenlt ecercise in astronomy: in many wavs it ressanbles a black
art more than ascience. We can’t take aruler to anvthing outside our Solar Svstem (our rodets
are mch too slow ), and triangulating only works to distances of about 20 parsecs, so we hawe
to use guesswork. The method is this: we assume that we know some property of a distant
object as it really 5. For example, we might assame that we know how bright a particular
distant star is. Then we measure how bright it appears from the Earth, The ratioof the two
sives us the distance to the star,

The method we will use in this exercise is galawy diameters. 1T we knew how big a galao really
i, and could measure how big it appears, by simple trigonometry we could work out how far
away it is. We can measure the apparent size of the galaxies in Hyvdra [ using the magnifving
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eveplece with & measuring scale. Try measuring the size of a few. The plate scale of all the
plates is 1.12 aremin per mm. So if you measure a galaxy as being 2omm long, its apparent size
will be the angle 2.24 arcmin.

S0 we can messure the apparent size of galaxies in the cluster. But what is their real size?
Heoww big is a galaxy? We only really know the size of one galaxy at all well, our own, the Milky
Way. Here's where we make our first whopping great assumption. Why don’t we assume that
Lhe onee galaxy we know anything about, the Milky Way, is perfectly typical? So let us assume
that all the galaxies in Hydra [ are just like ours; they have radii of 10 kpe.

S0 pick a bunch of galaxies in Hydra L Measure their diameters. Some of them will be nearly
edge-on, but that shouldn’t stop you measuring them. Multiply by the plate scale to get their
angular size. Now work out how far away they arel You can get an answer for every galaxy
vou messure, and they won't all be the same. Throw out any ludierously discrepant values,
and average the rest bo get vour best guess of the distance to Hydra L

Ohie big problem is measuring the galaoy sizes. After all, galaxies don’t have sharp edges, they
just fade gently out. Where then do yvou measure the edge? There isn't really a good answer,
The most yvou can do is be self-consistent.

What distance do you get? Current best estimates lie in the range 35 — 80 Mpe, but don't
worry iF vour answer is outside this, it is a very difficult measurement (1 got 30 Mpe when |
tried it} How might vou go sbout improving your estimate?

By far the worst feature of this caleulation is the msumption that these galaxies out in a distant
cluster are just like our own galaxy., There are all sorts of reasons why this may not be troe
For one, this cluster is a lot bigeger than owr loeal group, Thus just by chanee, vou might expect
it to include a few rather large galaxies. Also, nobody understands how and why galaxies form,
and it is guite possible that they form differently in big clusters. 5o these galaxies may be
nothing like our galaxy, How can we get around this problem?

Ome way is to be selective in our choice of galaxies to measure. We know that our galaxy, the
Milky Way, is a spiral galaxy. So try measuring a distance using only spiral galaxies in Hydra
[; s0e the appendix for a deseription of different galaxy types. Has vour answer changed? We
also know that the Milky Way is the largest spiral in our local galaxy cluster. So perhaps it is
similar to the largest spiral galacies in Hydrea I Try getting a distance just from them.

Even this dosn't necesarily help us very mmch: we've no god resson to believe that even
large spiral galaxies in Hydra Ishould be like the Milky Way, A much better assomption would
be that the galaxies in Hydra [ are just like the galaxies in Viego, ARter all, both elsters are
about the same size, mass and density. [t sesms very plansible that the galaxies in Viego should
at least resemble those in Hydra 1

Here is a better method (nsing Virgoe) to try amd messure the distancs to Hydra I
1. Pick the ten biggest spivals and ten biggest ellipticals in each eluster. Throw out any that
Lok too bizarre — wou want to eompare the two clusters, so if in one you find, say, some
serionsly warped colliding galaxies which aren’t in the other cluster, vou should theow

them out. If you can’t find ten good ones, choose eight or five - if you can find move
than ten, using them all will improve the seeuracy of this method.

2. Measure the sizes of all these galaxies, using the eyepiece with a scale. It doesn’t actually
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matter how vou do this, so long as vou do it the same way on each cluster. Try and think
of a consistent way of measuring the sizes,

3. Find the average apparent size (in arcmin} of the ten spivals and of the ten ellipticals in
each cluster, % (mean size of Viego spirals), o (mean size of Hydrea ellipticals) ete.

4. For an object of a given size v at a distance o, the angular size will be & = v/d where 8 is
mepstrad in radians (why?). This only applies if J is very mmch greater than v which is
certainly true here. Therefore, iF we assume the ten brightest of each type of galaxy are
the same size in each cluster, the ratio of the distance to Hydra [ (d),) to the distance to
Virgo (d,) is given by

dn _ 8

d, o
Fronm the spirals, and

dy _ 8,

d, B

fromn the ellipticals. These two numbers should be the same, to within the errors. Are
thev? IF wou think one is more accurate, use it (justify this decision in vour notes).
Ctherwise, average the two numbers. It is always worth measuring anything two ways to
have a check.

5. The distance to Viego is controwersial, but most current estimates arve around 15 Mpe
Use this, plus the ratios messured abowe, to fmnd the distance to Hydrea L

Heww dows this answer compare with the earlier one? If they are different, what is this telling us
about the relative sizes of galaxies in Hydra | and our galaxy? It could be that our distanoe to
Virgo is wrong, as this number is highly controsersial. Now that the Hubble Space Teleseope
has been fixed, an international team (including several Auvstralians) has been using it to spot
individual stars in Virgo galaxies, which will enable them to messure the distance to Viego
accurately at last — expect results in s vear or so.

3.4 Hubble's Constant

Reference: Zeilik, Gregory & Smith, Introductory Astronomy & Astrophysics, Chapter 22

The universe is expanding every galaxy is moving away from every other galaxy, amd the
further two galaxies are apart, the faster they are receding from each other. This is known
as Hubble's Law, after the famous American astronomer who disooverad the expansion of the
Universe hack in the 1920°s. It can be written as:

o= Hyd (5}

where v is the velocity at which something is moving away from us, J its distance from us, and
the constant Ay is known s Hubble's constant. This constant is basically a messure of how
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Glalaxy X Y magnitde v (kmns=')
mins from bottom left corner

NGO 32854 211 178 14.0 not known
NGO 3285 22 182 132 49
NGC 32858 190 171 14.00 2868
NGO 3305 171 198 14.0) 4549
NG 3307 1 178 16.0 3616
NGO 3308 169 183 13.4) J68Y
NGO 3300 166 179 127 Ja01
NGO 3311 165 178 13.4) L
IC 629 169 175 16.0) 2461
NG 3312 161 176 13.1 2512
NGO 3314 159 170 14.00 2635
NGO 3315 158 181 1510 4555
NGO 3316 1 174 15.4) Jra2
IC 2507 152 22 1310 2738
NG 3336 123 164 13.0 3680

Table 3: Galaxy Velocities for members of Hydra |

frst the Universe is expanding. IF it is large, the universe is growing like crazy. We are going
touse the distance we messured to the Hydra [ eluster to estimate Hy,

We have already measured the distance d to Hydrea I Now we need the wlocity at which it is
risshing away from us v, This is messured using the Doppler effect. The gas in most Hyvdra |
galaxies emits emission-lines of Oxygen, Hydrogen and other elements. With a spectrometer
on & beleseope, we can measure the Doppler shift in these lines, and henee the velocity v These
velorities are listed in Table 3, for several of the brightest galaxies in Hydra L.

Fimdd the average velocity with which Hydra [ is rumning away from us (why don't all the galaxies
in Hydra I have the same veloeity?) Use the Average '|.I'E|.v|'.|-|'_lt.'|.r to find Hubble's eonstant. What
value do vou get? Hy s traditionally expressed inunits of kilometres per second per Megaparsec,

The debate over the troe value of Hubble's constant is without a doubt the longest and bitterest
in the recent history of astronony. For a racy account of the “Hubble Wars” read ‘Lonely Hearts
of the Universe” by Dennis Overbye, and several recent articles in New Scientist and Scientific
Aaperican. One group of researchers, prominent amongst whom is Alan Sandage of California,
regularly find low values, one of their labest being Hy = 42 lns™ "MWpe™". Another group,
ineluding Jeremy Mould (until just recently divector of ME Stromlo Observatory near Canberra)
keep finding higher values, sround Hy = 80 kms 'Mpe™". The most recent Hubble Space
Telsmeope result wis Hy = 68 £ 6 lns™ 'Mpe™ . Who do vou agree with? IF your result is not
near any of these, take heart, Edwin Hubble's first measurement was Hy = 400 kms ™ Mpe™



3.5 Age of the Universe

Nowr vou've measured Hubble's constant, vou can estimate the age of the Universe. We see
evervthing rushing away from us, with a velocity proportional to its distance from us. This
means everything was closer together in the past. Let's say a galaxy is 100 Mpe away From us
today, and that Hy = 100 kms™'Mpe™ . 100 Mpe is

100 = 0% = 3.1 % 10%m = 3.1 » 10°kan

Because the galaxy is 10 Mpe away, Hubble's law tells us it is moving away from us with a
veloeity

o= Hy w d = 100 = 100 = 1 kms™"

Nowr extrapolate backwards (assume that the galacy has always mowed with the same spead ).
Heowe long ago was the galaxy right here? The answer ¢ is

3.1 = 104

T =30 1075 = 10" years

Try the caleulation for galaxies at different distanoess - they were always here the same time
ago (why'). So what wes this tiime in the past where all the uniwrse was piled on top of us?
The Big Bang! We've found out how long ago the Big Bang was. Do the caleulation for Hydra
[, using vour value of its distance and Hubble's constant. How old do vou make the universe?

This measurement of the age of the universe is very erwde, because it assumes that the universe
has been expanding at exactly the same rate ever sinee the Big Bang. If vou do a detailed
caleulation, solving Einstein's equations for the Universe, vou find that the universe was ex-
panding fester earlier. This means that the age vou calenlated is too big (why?). The correct
amgwer turns out to be 2/3 of the age vou caleulated. Multiply sour answer by 2/3 to get your
best estimate of the age of the universe,

Compare the age of the universe with various other ages. The age of the Earth is thought to be
about 4.6 » WY ywears. The age of the Sun and the rest of the solar svstem is probably similar.
The age of our galaxy is estimated s about W™ vears, bub some star elusters orbiting our
galaxy (globular elusters) are thought to be at least 1.5 = 10™ vears old (their age is estimated
by computer modelling the nuelear buming of their stars). Is this embarrassing for swour valoe
of the age of the universe? What is the age of the universe it Hy = 80 ks "Mpe™"? Anything
wrong with this?

3.6 Advanced problems

Make s map of Hydra 1. Get some overhead projector sheets and washable marker pens. Put
Lhe transparent sheet on top of the Sclunidt plate, amnd mark the positions of the galaxies. You
might like touse a colonr code, with different colours for spivals, ellipticals, and things just too
darn faint to decide. Don't bother mapping the edges of the plate — concentrate on the centre
where the cluster is.
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You can’t possibly map every galaxy on the plate mast are s0 small vou would need
a microseope o tell them apart from the stars. So only do the bigger ones, but try amd be
consistent; if vou include smaller galaxies in one part of the plate than another, it will introduee
spurious features into vour map.

How big is the eluster (in Mpe, using vour distance to the cluster)? How many galaxies does
it have? What fraction are spirals and ellipticals? Do both types of galaxies live equally in all
parts of the cluster? Is the cluster nice and round, or is 06 distorted? IF s cluster has distortions
and lomps, it tells vou that it s a newly formed cluster, that has not had time to settle down
i eguilibrivm,

3.7  Appendix 1: Galaxy types

Galaxies come in two main tvpes, spirals and ellipticals.  Nobody knows why,  Ellipticals
are fuzzy balls of stars, some spherical, others elongated like buns (oblate) or AFL footballs
(prolate). They don’t have any strocture, and no matter what angle vou look at them from,
Lhey just look like fuzzy elliptical blobs, Spirals, on the other hand, have much more structure,
They are dominated by a flat disk of gas, stars and dust, looking a bit like & gramaphone record.
I you look at this disk fee-on, you can see all sorts of pretty patterns. Many spirals (but not
all) show nice spiral patterns in this disk. Others show rings, o bars, or combinations of these.
Plenty of spectacular examples of all these tvpes can be found on the Viego plate. In the centre
of spiral galaxies, in addition to the disk you have something called the bulge, which is & lot
like A small elliptical galaxy sitting at the centre of the spiral. This bulge s hard to see in a
face-on spiral galmoy, but if vou look at an edge-on one it can be pretty obvious von have
the Hat disk, looking like a line, with a blob in the middle, the bulge. Ask wor demonstrator
ta show vou some nice examples.

The main theory for explaining these two tvpes of galaxies these davs is a violent one. The idea
is that if vou collide two spiral galaxies, all the stars get so mmddled around, ywou end up with
an elliptical. Can vou see any galaxies that look like they are colliding on the plates? However,
several very good astronomers don't believe this theory, The debate goes on. ..
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4 Asteroid Hunting

Figure 4: This image shows the asteroid Gaspra as well as the Martian moons Phobos and
Dreirnos on the same scale. Gasprais about 20km longe. Inages oourbesy of solarsvstem . nasa.sov

4.1 Aim

Ty fined Lots of uneatalogued asterods. To work out where the asteroid belt is, and rowzhly hoss
thick it is. To put a lower linit on the number of asteroids in the asteroid belt, You should
also learm a lot about measuring photographic plates.

4.2 Background

Most larse professional telescopes look at really tiny areas of sky in immense detail. This is
ereat for studving a particular planet or salaxy, but for certain problems s rather bad, One
such problem is Anding asteroids, Contrary to the impressions given by various seience-hetion
mowies, asteroids are quite spread out, so0 vou could spend vears waiting for an asteroid to

blunder past the particular tiny bit of sky vou arve staring at.

Luckily, some clever telescope designers have come up with a solution. They devised a special
bvpe of belescope called s Schimidt Telescope.  This has specially designed optics to take
pletures of wry wide areas of skv, allowing vou to look for rare or spresd-out objects.

Yo will be using data taken with the best Schmidt telescope in the world, which is jointly run
bv the Ul and Australia, and is sited at Siding Spring Observatory, near Coonabarabran in
MEW. Sinee it was completed in 1973, this telescope has been svstematically mapping the sky.
Each picture it takes covers about 6% = 6% (for reference, the dismeter of the moon s about
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(.57}, In collaboration with a northern telescope (at Mt Palomar in California) the whole sky
has now been photographed. The photographs are called plates, as they are thin glass sheets
conered on one side with photographic eomlsion.

In the lab, we have a collection of Glm copies of Schimidt plates. You should browse through
somne of them there are some amazing pictures of galaxies, nebulae, comets ete. See how
mch data is on each picture; there can be as many as 8 million stars recorded on one picture
of & bit of the Milky Way (nearly all those little dots really ave stars, not dirt!}. Note that
Ehese flm copies are research grade material, nob special tesching stuff a Lot of professional
astronomers spend their lives poring over these plates trving to fnd quasars, galaxies, comets,
Bhe tenth planet, sputniks amd 50 on.

Important oumber: the plate scale of pictures taken with this telescope is 1.12
arciin per .

4.3 Measurements

You will be using plate number J2137 (also known by the coordinates of its centre on the sky,
12:27+13:30). This plate was taken for a study of a glant cluster of galaxies, the Virgo Clster,
which vou can easily see in the middle. This picture was taken with a 70 minote exposura, and
objects & faint as about 22nd magnitude can be seen (if vou try veal hard). South is ab the
bottonm of the picture, amnd East is o the left. Positions on the plate should be guoted as the
nummber of mim right and up from the bottom left-hand (SE} oomer.

This plate was taken with the telsoope tracking i following the stars as they move across
the sky. This means that stars, galaxies, quesars ete appear as nice sharp images on the plate.
However, if something up in space moved appreciably during the exposure, it will appear not
a5 A dob but as o line.

This is how vou lnmt for asteroids; vou search for things on the plate which look like short lines
- about 1 mm long, Put the flm copy of the plate on the light table. Use a magnitving lens
and see if you can find any (hint - there are several dozen on the plate). If yvou hawe trouble,
ask vour demonstrator to point a few out to vou, These are not known asteroids only one
of the asteroids on this plate is in any catalog (asteroid Suleitka, 230mm right and 212mm up
From the bottom left-hand comer). So these asteroids you are finding have no names, not even
numbers, and nobody knows anypthing about them.

Cmeee vou'se fomd an asterold, make a note of where it is so vou can find it again. The best
way b do this is with an overhead projector transparency amnd a washable marker pen. Please
don’t write directly on the plate, or write on the overhead shoet with a pen or anvehing hard
as vou will damage it To get vour owrhead projector sheets aligned right, mark a tew really
bright stars or salaxies on them.

As vou will soon find out, there is a lob of erud on the light table and the filim eovers. (ften
things vou think might be asteroids will turn out to be dirt - try moving the plate around on
the light table and broshing both sides before vou decide an object is an asteroid. Other things
which may look like asteroids at first are edge-on spiral galaxies (there are some beauties in
the Virgo cluster] and random groups of stars that happen to line up. With practice vou will
st be spotting the real asteroids.
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4.4 Where are the Asteroids?

The first exercise with the plate is to work out where these asteroids are in the solar svstem.
The coordinates of the centre of the plate are 12 hours 27 min in right ascension, 13 desrees
and 30 minutes in declination (northern hemisphers). See where this is on vour planispheres,
and on the sky globe in elass (now vou know why it is called the Virgoe eluster). Is it near the
eclipbic plane? At what angle does the ecliptic plane lie, compared to the plate boundaries?

The plate was taken on 28th March 1976, Using the Skyglobe program on the PCs, work out
where the sun was at on this date (its right ascension and declination). Compare the position
of the Sun and of the plate on a globe of the sky. You will see they are almost at opposite
Lo ations.

Measure the direction of motion of a tew asteroids, using a protractor. Are they moving along
Lhe Ecliptic? Most of them will be; these are the asteroids in the steroid belt, amd like most of
the planets they are orbiting the Sun in the Ecliptic plane. You may however find a few maverick
asterouds that are mowing with guite different spesds or divections, These rogue asteroids are
mast likely nearer the Earth on highly eccentrie orbits. One much like this may well have been
responsible for eradicating the dinosaurs 60 million wears ago. Talke careful note of where they
are and tell your demonstrator the class should build up a collection of these.

S0, we now know that st of these asteroids are moving along the ecliptic, amd & they are in
Lhe gpposite direction from the Sun, they must be further out that the Earth. Can we work out
howe far away thev are? The answer is wes, ot only if we make a couple of key assumptions.
Firstly, we must assume that they are in roughly cirealar orbits nob too ecoentric. This
is brue of all known belt asteroids, though not of the maverick near-Earth ones. We will also
agsume that they are orbiting along the plane of the Ecliptic, in the same direction as the Earth
{aned all the other planets). To simplify the maths, we assume that they are exactly opposite
the Sun from us and that both the asteroids and the Earth are moving along the Ecliptic in
perfectly circular orbits.

The motion of the asteroid as seen from the Earth will have two canses, Firstly, the asteroids
will be moving slowly around their orbits. Secondly, the Earth is spesding around its orbit, so
fronm the Earth, the asterouds will tend to mowve backwards, As the Earth is moving Faster than
the asteroids, this latter effect is the biggest one, so they will appear to move badowards.

Measure how tast they are moving., You do this by measuring the length of the little line on the
plate. As vou know the plate scale (1,12 aremin per mm) and the exposure time (70 minutes),
vou can work out the angular speed at which the images mowe. You should do this for a few
asteroids the more vou measure, the more accurate your answer will be when vou average
bl all.

Mowe, using Newton's law of gravity, vou can work out how fast the Earth is moving round the
Sun (you will nesd to know the mass of the Sun, 200 = W™ kg, and the distance from the Earth
to the Sun, 1.5 100" m). If the asteroid were a distance v from the Sun, how fast would it be
mowing? And what would its badoward angular spesd be when viewed from the Earth? Using
the observed backward angular speed. solve the equation and Bingo! You have r, the distance
of the asteroids from the Sun (The equation in a cubie, amd 0 not trivial to solve. However,
wie don't need a precise solotion, s vou can solwe it numerically or just plot it as a graph).

S0 where are they? Yoo now know how far their orbits are from the Sun, compare this with the

2



orbits of the planets. Which planets will they pass closest to? Anvthing unusual about these
planets which might explain why the asteroids are near them?

4.5 The Asteroid Belt

[ the Arat exercise, you discovered that the asteroids were orbiting the Sun, and measured
their distance from the Sun. Now, we will work out how thide the asteroid belt is. To do this,
vou should try and measure every asteroid on the plate. Search for them systematically; fgive
out some methodical way of working vour way scross the plate to make sure you don’t miss
any. The really faint ones will always be hard to find, so you might want to keep a separate
list of possible asteroids which vou are not sure of.

The first thing to check, onee you've measured positions and angular speads for all the ssteroids,
it whether they are concentrated near the ecliptic plane. You hawe already worked out where
the plate lies compared to this plane. Divide the plate in half; the half nearest and furthest
From the Ecliptie. Count the munber of asterolds per unit area in each hall, Are there more
near the plane? Further from it? Is the mumber constant? What does this tell yvou about the
shape of the asteroid belt?

The next thing to check is the spresd in distances from the Sun. For each asterold, measure its
angular spesd, and hence its distance o the Sun. Tey plotting a histogram of these wlues,
How spread out are they? Are there any ssteroids well outside the normal belt?

As you will be finding out, spotting things on these plates is no slouch. Yoo might want to
think about the following biases and how to avold them A lot of your marks will depend on
how clever wou are at this, But don't feel alone and vietimised by these problens; a lot of
profesional astronomers (including the author) have spent a lot of their lives worrving sbout
these biases. It really is the mark of a good strophysicist to know what is good and bad sbout
vour data, to anticipate things that could go wrong and Bgure out ways of solving them.

o If vou just wander around the plate spotting things, vou will inevitably pay more attention
ter some aress than others. Be syvstematic!

& As von get tived and bored, vou will probably start missing asteroids. IF vou started From
the top of the plate and worked down (for example), this might mean that you found
a whole lot more asteroids at the top than at the bottom. This might mean you see
numbers of asteroids inereasing towards or away from the Ecliptic where no such effect
really existed. A possible way out it to search the plate in a more random way than just
starting at one end and moving through.

s The opposite of the above; as time goes on you get more experienced and spot more
asteroids,

e You don't have tomeasure the whole plate yoursell; share yvour results. But this introduees
a new bias, Not evervone will be equally thorough in finding ssteroids. You should cross
check results. Perhaps vou should all do a few overlapping regions, and dheck that you
finel the same number of asteroids.
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o Fainter asteroids are harder to spot than bright ones, and more easily confused with dust.
Make sure vou aren’t ignoring faint ones or bright ones: they might be in different parts
of the belt.

e Short and long asteroid trails may be easier or harder to find. IF vou are bilased in length,
what effect will this have on the histogram of distances from the Sun vou are measuring?

4.6 Advanced Exercises

You have measured the radial thicknes of the asteroid belt. Using vour counts of asteroids
per square degree, work out the density (asteroids per square kin) of the belt. How does this
compare with asteroid belts in Sei-Fi movies? IF each asteroid has a diameter of Tan and is &
perbect sphere, what are the odds of 8 rodet hitting an asteroid as it shoots through the belt
at high spead? Note that this is a lower limit; there could be lots of small dark asteroids too
faint to see on this plate.

The apparent magnitude of the asteroid Suleika (230 mn right and 212 up fram the botbom
left-haned corner) can be measured from this plate wsing a microdensitometer. It is 133 Using
this, combined with the distance of Suleika from the Sun (which vou can measure from its
mation}, vou should be able to work out how big Suleika is. You will nesd to msume it is
a sphere. and that it reflects 6% of the light that fmlls on it. It will be helpful to know that
the apparent magnitude of the Sun is -26.1. If the density of Suleika is typical of meteor rock
(3.5 = 107} what is the mass of Suleika? I all asteroids have the same mass, what is the density
of the asteroid belt? Estimate a thickness for the asteroid belt (how high it extends above and
below the ecliptic), and work out the total mass of the asteroid belt. How does this compare
with the mass of & planet? Is this good news for the theory that the asteroids were formed
when a planet exploded?
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