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PREFACE

In the past hall centursy astronomers have provided mankind with a new view of (he
mverse, with glimpses of the nature of infinits and eternity that beggar the imagination,
Particularly, in the past decade, NASA'S orbiting spaceeratt as well as ground-hased
astronomy have brought o man’s attention heavenly bodies, sources of energy . stellar and
galactic phenomerza, about e nature of which the world’s seientists can only surniise,

Faoteric s these new discoverios may beyastionamers ook to the anticipated Space
Telescope to provide improved understanding ol these phenomena as well oy of the rew
seerets o the cosmos which they expeet it to unveil, This instrument, winich cin obseive
objects up to 30 to 100 times Frinter than those siccessible 1o the most powerful Farth-hased
telescopes using stmilar techivdgques, will extend the use of various astronomical methods to
much greater distinces. [tis not impossible that observations with this telescope will provide
glimpses of sorme of the carbiest palaxics which were formed, and there s o renester
possibility that it will tell us samething about the edpe of tie universe,

The rescarches of the past 10 years, plus the possibility of even more lundamental
discoveries in the nest decade, wre tascinating liymen and firing the imaginadion of you .
NASA™ inquiries into public interestin the space program show that a major source of such
interest is stellar and galaetic astronomy. NASA s enabling Act, the Space Act of 1958, lists
a primary purpose ol NASA, “the expansion of human knowledge of phenomena in the
atmosphere and space™: the Act requires of NASA that it provide for the widest
practicable and appropriate dissemination ol infornmation concerning its activities and the
results of those activities.™

In the light of the above, NASA is publishing for science teachers, particularly teachers
ol secondary school chemistry, physics, and Earth science, the following four booklets
prepared by the American Astronomical Society (AAS) with the cooperation of NASA:

The Supernova, A Siellar Speceacle, by Dr. W, C, Straka, Department of Physics,
Jackson State University, Juckson, Mississippi

Extragalactic Astroporny, The Universe Bevond owr Galixy by Dr. Kenneth C,
Jacobs,  Department of Aslronomy, University of Virginia, Charlottesville,
Virginia

Chemisiry Between the Swrs. by Dr, Richard H. Gammon, National Radio
Astronomy Observatory, Charlottesville, Virginia

Atoms I Asirenomy, by Do Paul Ao Blanchard, Theoretical Studies Group,
NASA Goddard Space Flight Center, Greenbelt, Mary land

The National Science Foundation has cooperated in this project by funding for the
AAS a High School Astronomy Education Workshop in June 1974 at the University of
Richmond in order to give the manuscripts a thorough pedagogic review in terms of
curricular relevance and clissroom use. The resulting publications provide exciting accounts
of recent discoveries in the cosmos, and of the mature of the scientific thought and
techniques by which scientists are try ing to understand these discoveries,
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NMASA exprose it appreciabion 1o the smthors and fo the miembers of the AAS Task
Group on Fducation e Astionomy CFGEA ) whose enthusiasin and energy carvied (e
propet too conmipletion, paticolarly 1o Des Gerrit L, Versehunr, Hivector of the Fiske
Planctariam, University of Colorado, who served as Director of the project: De. Donat G
Wtz Astronomy Proyanny, University of Neyland. initintor of the project: De. Paul 1,
Neveopenbereer, dro Director, the Seience Museuim of Vigeinia and Cliairman of the TGEA,
who served as Workshop Divector saned Flerman ML Gurin, Fxecutive Ottieer of the American
Astrononneal Secicty, To those whe were enrolled in the Workshop and (o others whose
welpementand suppestions: hiebped pive e manuseripts the necessary scientific and
anrrcihir v dabity O NARA bograietall

Apprecrtion as alsosesprossed to the Natonal Science Fomdation Tor its stupport of
the Workshop, (o the University of Richmond Por wts cordisl nd e Ficient serviee as host to
the Workshopoand to the NASA Goddard Space Plight Center Tor its assistiunee in nking
possible the publicietion of this project.

Fectimical Monor for the project was D Naoes W, Boggess, Still Astronomer,
Astrophysics Division, OfTice ol Space Scienee, NASA, Coordinalors of the project were Dr,
Naney Go Roman, Chiels Astronomy/Relativity, Office of Space Scienee, NASA, and D,
Fredersek B, Tutile, Director, Fducational Programis Division, Office of Public Affairs,
NASAC Assisting until bis retirement in June 1974, was Mec Myl T Alrend i, Instructional
Materials Officer, Fducationdd Provranys Division,

Septentber 9760 National Acronautios and Spuace Administration
Washington, .0,
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INTRODUCTION

We live on the third planct (of nine) orbiting our Sun in the solar system. The Sun is o
rather ordinary star residing near the periphery of a gigantic system of 100 billion sturs
whicl we call our Milky War Galaxy. Outside our Galaxy lies the rest of the universe,
populated with multitudes of galaxies and other strange denizens: this is the arena with
which the young field of extragalactic astronemy concerns itself.

This single-topic brochure is for high school teachers of **physical science.” Using it,
they muy introduce their students to a vital area of modern astronomy, Our goal is 1o
provide a sense of “what has been found out there” by extragalactic astronomers. The
material is presented in three parts. Section I provides the fundamental content of
extragaluctic astronomy. In Section I, modern discoveries are delineated in greater detail,
while Section IV summarizes the carlier discussions within the structure of the Big-Bang
Lheory of evolution, Each of the three sections is followed by Student Exercises (activities,
laboratory projects, and questions-and-answers).

The unit closes with a Glossary which explains unfamiliar terms used in the text and
collection of Teacher Aids (literature references and audiovisual materials for utilization in
further study).

Kenneth Charles James
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FUNDAMENTALS OF EXTRAGALACTIC ASTRONOMY ‘

A.  The Milky Way Galaxy

Extragalactic ustronomy is the study of everything outside our own Milky Way Galuxy.
Before going beyond i, however, we should first prepare ourselves by understanding
thoroughly our own Galaxy. [t may surprise vou to learn that it was not “discovered ™ until
abowp 1230 AL,

Ina dark, clear, night sky, three items are always evident to rhe unaided human ey
(L) several unblinking plariets of our solar system (and often our Moon, but never Neptune
nor Pluto): (2) about 3000 twinkling stwrs; and (3) a dJim, irregular band of light arching
from horizon to horizon called the Milky Way. Around 425 B.C., the Greek philosopher
Democritus conjectured that the Milky Way consisted of multitudes of faint stars so densely
crowded together as to appear as a Juminous band. It was not until 1609 A.D., however,
that this guess was veritied by the Ttatian, Galileo Galilel, using one of the carliest optical
telescopes, His telescope revealed millions upon millions ol stars surrounding our Sun, with
the greatest concentration in the direction of the Milky Way.

In the centuries that followed. men speculated upon the physical nature of the Milky
Way. Some astronomers cven used telescopes to count the numbers of stars visible in
different directions in the night sky, By 1922, it was belicved that our Sun resided at the
center of a tremendous, fattened (disk-like) system of stars which appeared on the sky as
the band of the Milky Way. Some scientists even believed that this star system filled the
entire universe!

Soon thereafter, however, this conception of the Milky Way Galuxy was shown to be
crroneous: the Sun is not at the center of the Galaxy. and the Galaxy does not fill all space.
Already in 1917 it had been demonstrated that globudar clusters (cach a1 dense cluster of
about 500 000 stars) are scattered throughout a spherical volume, with the Sun near one
edge and the center of the Galaxy about 30 000 light-years distant toward the constellation
Smitturius (Dne light -yedr i§ tl'u, di%tuncn tr.x’v’elcd hy i lig,ht my in one yudr 41 a spu.d of

,\mrs ll]LlILdLL‘Ll Hmt our Cnllaxy of hLth mtatu.s dbuut thg sume ;gntu in Sdg,lttarmg. And,, n
1930. it was further determined that interstellar dust pervades the galactic plane, obscuring
distant stars and parts ol the Milky Way such that the galactic center is hidden from view
and the erroneous impression is created that the Earth lics at the center of the star system.

Wiile the detailed structure of our Galaxy continues to be deciphered today (especially
at radio warvelengths), it is possible to present a general picture, as shown in figure 1. About
100 globular clusters (G) are in the Aalo (H) spanning 100 000 light-years. Most of the 100
billion stars of the Galaxy define the rotating galactic disk (D) and the bulge (B), with the
dense stellar yueclews (N) at the galactic center. Bright, young stars are found in the spirval
arms (SA) in the central plune of the disk, and our Sun (®) lies 30 000 light-years from the
center near d spiral arm.

10
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SIDE VIEW TOP VIEW

Figure 1

An analogy will assist us in understanding the extent of our Galaxy. Imagine that the
Sun is reduced to the size of a basketbull, On this scale, the Earth is a BB pellet 30 meters
from the busketball, and the solar system has a dimmeter of 3 km. The nearest star is another
basketball 8000 km away. Finally, imagine 100 billion basketballs scattered at similar
separations in a disk 200 million km 1. 1oss, and you lrave a model of our Galaxy reduced in
scale by 5 billion times!

B. The Nebulae Are Galaxies

The universe outside our Milky Way Gulaxy is populated by many billions of gal: - s,
Each galaxy is a well defined system of billions of stars, held together (like our Galaxy) by
the attractive gravitational forces ol all the component stars, The typical distance separating
neighboring, lurge galaxies is about 3 million light-yvears, so that today we “see” these
galaxies by light which actually left them millions of years ago. To visualize the rather
crowded distribution of galaxics in space, consider this: large galaxies are spaced by about
30 times their own diameters, so a useful scale model is to imagine billions of dinner plates
strewn 10 meters apart in all three dimensions. The mind-boggling picture, showing our
enormous Galaxy to be but one of many similur systeims, became clear only alter December
30, 1924, Oun that date (which many consider the birthdate of modern extragalactic
astronomy), the American astronomer, Edwin P. Hubble, announced the first proof that the
nehulae are actually other galaxies beyond the confines of our Galaxy. Let us recount the
story of the events leading to Hubble’s discovery.

11
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To deseribe o ditn, Py pate s of ight o tre niglit sky, astronemers tse the sword
stcDda Clating o refond ™ abe plurad is nebulacor As carly as 127 RO the Greek
astronomer, Hipparchus, recorded o few nakedsoyve observations ol nebulae among e
Clixed stars”™ With the invention o the oplical telescope (16000 AL, Taree numbers of
nebukae begim o be discovered aind catadopad . By 1735, so many had been found (hat { e
German phitosopher, Immnunel Kante Boldly speculated that they were “ishand universes”
tike ourown Gakisy) seattered Ureoug hoo Cintinite space, CEla U Rant's stiess was essential Iy
correch was net known for alnrest 200 vears')

Then came the well-known catalogs of the nebabae. 0 aaplily Teis search Tor conie s,
the Prenclhman, Charles Messier, in 1781 published o Tist of 103 “Messior objects™ (For
example, the nearby bidrened cafavy is called M3 D Thereatier, the lists of nebudie vrew
vapidbvand.in INSod the General Cataleg e of Nebedae appeared, containing 5079 objeets.
Anather fumous List, the Nesw Gepeped Catedogere, i lpted 7840 nebulae in 1858 (G0 il
M3 s denoted as NGO 22400 By 1908, more than 13000 nebulue appeared in the fzdey
Cotrelogres Ginowhich v pical ve hodi is designated. Tor example. as 10 3100,

By the 20th century, e optical Celesco pes had revealed that sonte of the nebwilae are
srar chesters tincluding globufae clisters) inour Calaxy. The scicnee ot specrroscap showed
1 lew to be clouds of glowing gas within the Galaxy, (Spectroscopy first developed in the
9t century. Tt consists of (1) separating the lieht from an object into its compotent
colors €2) noting the relative intensities ol the dilfferent colors: and (3) deciphering (e
intensity pattern in terms of the phvsical properties of the light-emit ting objee ) Towever,
the nature of most ol the nebulae remained wnknown and as mysterious as ever,

The breakthrongh cime slowly, FFrom the Tast decades of the 19th century, norae
(plural of the Latin word nerad meaning “new star™) were observed in some of (e
mysterious nebulae. Since several of these “exploding™ stars are seen each year in our
Galaxy, it was argued that the nebulae are star systemslike our Galaxy, By 1918, the great
[52=crand 254-cm optical telescopes had been erected on Mount Wilson in Californiz, and
Bdwin P lubble used them to tike high-resohtion photographs of (he pebulae M3 1 and
M33 - photographs which proved these nebulie to be immense star systems, The puzzle,
however, stll Tacked one piece  the distunces te the nehulae: it was a question of whether
the nebulae lie within our Galaxy or far beyond il, [Tubble resolved the problem in 1924 by
photographically identifying Cophieid varéable stars (see below)in M31 and showing that the
wilixy in Andromeda resides millions of lightyears beyond our Galaxy. In addition,
between 1924 and 1936, Hubble used the 154-cm telescope to count the numbers of
nebulae in different parts of the sky, The nebulie occurred every where excepst aloizg the
haned of the Milky Way, as would be expected for distant galixics beyond the dusty
obscurity of our galactic disk. He termed this arva “the Zone o faroidanice, ™

A Cepheid variable star is o very bright, giant star which rhy thmically pulsates in both
size and brightness. The nime derives from the Cirst of its type found  Delta Cepliei. The
brightness variations are cyclic, with the pattern repeating itself in o time called the period.
While the period may have any vilue froma few days (o about | 00 days, cach Cepheid hus 2
well-delined period and average brightness, [enrietta Leavitt ot the Harvard  College
Observatory studied the Cepheids in the Spwfl Magellwzic Clrud € osmall salellite galaxy

12
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only 150 000 light-years fiopm otr Galixy), and, i 1912, she discowred the feriod-
Luaninessiey law: “The Jonger the pulsation period of a4 Cepheil viriable, the groater is its
werige (intrinsic) Urightnes,™ The absolute brightmess scale was then cglibratd by
observing ncarby Cepleidsinowrown Galixy.

The nebulae becarne “gadixies™ in 1924 when Hubble foursd Cepheicls jn M3, He
measured the fluctuation in their periods of brightness and  their wemige apardant
brigghtn esses. (The Periol-Lum hosity law tolit hirn their avenge aPofute bright nesses,)
Recallimg  that o light source appeirs dirmmer as the iwvere sqare of it distance twriy,
Hubble fimilly deduced the ditance to M3E (milions of [gght-years — far beyonl our
Galaxy by co mparing the ppparen t tnd absolute brightnesses of the- Ce phezils in M31 .

€. Classifying Galaxies

Just as every snowfhike (o £ finmgerprint) isuniquie, 1o t wo galascies are e eitical inforn.
Hovwever, by the beginpaing of the 20Mh cen tury, severit broed types of falaxy strauctures
were re coglized such that itheame wseful to clissily then geording to 1 sinprle scherme,
Henee, o chssificition sheme — knowm as the Zizing Fork Diegrmr - (fig. 2), wais
cevelped by Fcwin Flbble in 1925 wsing phologmphs ¢ akern af (1 largest opti cl
eleseo pos.

At thelelt of the figure are ellipticd gulaies which appar on fhe sky ys smuoothly

fumidnous ovals (that is, llipses); we assign them the letter §, follo wed by a rupaber whiich
ilereises from 0 o 7as the form appeirsmore and more elopgiatec ), ( Elli plicaly rangze from

Sa [ ] Sc
e, %‘1 ) :2
| ;
5‘@! Q- Al
@ @
EO Ed 30 e - Dol
A = 'iﬁ ot . ‘.i‘ ;i'.
; 6@?\ Kk g P
SBa SBd SKq

FFigure 2
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gianes with 10 tritlioa stars to chvarfs with only 1 billion, Proceeding toward the right, we
Find the Zenticulars, or SO galaxies, which look like very flat ellipticals with pointed edges
(or, perhaps, spirals seen edge-on), The next broad class is the spiral galuics: they appear as
giant pinwheels of ligh sually with aluminous central region and spéralarms trailing away
to both sides of the center. Normal spirals are designa ted by the Letter §, followed by a, b,
or ¢ as the central region becomes less conspicious with respect to the arms, (Our Galaxy is
believed to be an Sb spiral galaxy: see fig, 1.) If the central region appears as an clongated
har of light, we call the galaxy a barred spiral; here the symbol used is SB, followed by a, b,
or ¢ as the arms become less circular and more patchy. (A spiral galaxy is a very flat star
system so that its visual uppearance changes drastically when we rotate it from a face-on
view, seen from above, to an edge-on view, seen from the side,) F inally, o the far right ure

- the dirreguedars (with the symbol Irr); these consist of galaxies which appear too chaotic to be

included inany of” the preceding categories. (We will learn subsequently im this publication
that unusual and violent events are taking plice in some galaxies. When a palaxy shows
visible signs of such peculiarities as optical jets, a super-bright nucleus, luminous *“tail,”
evidenee ofan explosion, ete., it is termed pecaliar and given the symbal Pec,)

[tis 2 common mistake to regard the Hubble Tuning Fork Diagram (fig. 2) as an “age
progresion” or “evolutionary sequence,” Some renowned astronomers have stiggested that
galaxies age and evolve through the sequence E = SO S - Irr, while others have proposcd
just the opposite ordering, Today, we are only certain that we do ot kaow: henee, the
safest path for the reader is to regard figure 2 only us a memory aid.

Figure 3 presents i montage of four photographs of typical galaxics. It should assist you
in recognizing the different classes of galaxies. Photograph A (Yerkes Observatory, upper
lef't) is the ES clliptical galaxy NGC 4621, which is also a Messier object (M39), Photograph
B (llale Observatories, upper right) contains an edge-on view of the Sb (7 spiral NGC 891;C
(Hale Observatories, lower left), a face-on view of the Sc spiral NGC 628 (M74): and D (Hale
Observatories, lower right), the SBb barred spiral NGC 1300.

D. Clusters of Galaxies in Space

- Already in the Jatter half of the 19th century, it was known that the nebulie outside
the band of the Milky Way appeared clunped on the sky. Today, we recognize that galexics
are notunijormly scattered in space s instead they tend to reside in groups and huge clusters,
some containing as many as 10 000 member galixies. The term, field galaxy, is used to
describea galaxy which docs nor seem to belong to any recognizable cluster.

Since the arerqge separation between galaxies in the universe is 3 million light-ycars,
the galixies in o cluster must be more densely packed together - with spacings of only
about 500 000 light-years (or even less). Inour “din nerplate model,” the crowded situation
in a cluster of galuxies may be represented by u three-dimensional grouping of dinner-plates
scatlered 2 mapart.

Ouwr Galaxy belongs to a small group of about 20 ga laxies called the Local (rroup. Most
of the members are dwarl galaxies, with the three dominant glant spiral members: (1) our
Galaxy, (2) the Sb Andromeda galaxy (NGC 224 or M31, about 2.2 million light-yeurs
clistant), and (3) the Sc spiral (NGC 598 = M33 in the constellation Triangulun and slightly

7
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smuller than the Sb Andromeda galaxy). The nearest large cluster of galaxies is the
[000-member Virgo Cluster (in the constellation Virgo, about 40 million light-ycars awuay),
Other well-known rich clusters are Coma. Corona Borealis, and the Hereules Cluster whose
center is shown in figure 4 (Hale Observatories, 508-cm telescope photograph),

It has recently been conjectured that clusters of palixies muy aggregate into
tremendous superclusiers - that is, clusters of clusters, This idea is still unproven: indeed,
the clusters appear to be waiformly scattered on the sky, On the other hand, the most recent
results seem to indicate clustering o every seale, from two-galaxy associations (o the entire
untiverse of galaxics! We still await the final verdict. -
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Figure <

E. Hubble's Law of the Redshifts

Torhis point, the reader will have pereeived the entire unive e of wrlaxies as vast in
size and content, but vather static, This picture of a motionless universe was shattered in
FO20 when Edwin Tlubble announced his Law of the Redshifie: = The dimmer a st
galasy appears, the greater s ity redshif't™ The simplest consistent interpretation of
Flubbie™s Baw Teads us to the statement: Al galasios are moving away from our Galuxy al
speads which are directly proportional to their distanees from us,™ Thus, we live i

expuding universe of salaxjes!

Hubbles remarkable discovery merits closer semting, tor, in understanding it, we
achiese imporzant insight into the arena of maodern extragalactic astronomy, These hice
Fundamen tal theories underlic Huhble's iws () the redhZiit e, (2 the Doppler Etect . and 13

stindard-candladistiunices .

Mo see abicets by the light which comes to us Trom thenn, Lisht of 4 given color may
bo thought ol as o wave-tike distuebance o electrie and mugnetic Ciclls traveling through
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vacuam at the speed of light (¢ = 300000 km per s). The color is equivalent to the
wavelength, A, which is the distance between suceessive “crests” of the wave. In general, the
light emitted with wavelength }\e w DY aluminous body (such as a galixy) will be observed
on Earth to have the different wavelength, A b UpOn arrival, When ?\ b is grearer than ?\ "

the observer regards the light to be redder ‘Ilmn wils enitted, and hc dc fines the rcd\}u/r.ﬂ

as:
A

When N is fess than X, we say that the light is dueshifred, The redshift and blueshift

are zero when 3\ = A,
em

==y, - A

¢m ¢m

At first glancci it would scem difficult to shift the color (wavelength) of light.
However, in 1342, the Austrian mathematician, Christian Doppler, noted that wavelengths
are altered when a wave source and an observer are in relotive motion along the line joining:
them, Today, we call this the Doppler Effect. When alight source recedes trom the observer
at the speed v, the light waves appear “stretched out”™ to the observer, and the light is
Doppler redshifted by the amount:

=Epfe

(This formula is accurate only when v is ek smaller than ) For example, spectroscopic
studies of the light from a nearby star might indicate = = 0,001, we then say - bised upon
the Doppler interpretation of this redshift - that the star is moving away from us at
1/1000th the speed of light, or 300 km per s.

The third ingredient in Hubble’s law is the extragalactic distarice scale. How can one
accurately and couwvincingly determine distances of millions and billions of light-yeuars?
Extragalactic astronomers utilize  standard-candle distarces which — disregarding the
practicak complexities and uncertainties involved — are conceptually rather simple. Suppose
that all Sb galaxies have the sume inivinsic brighmess — thatis, they are “standard candles”
(like 100-watt light bulbs). Then, the dimmer an Sb galaxy appears on the sky, the farther
away it is. In fact. the apparent brightness is inversely proportional 10 the square of the
distance. Once we have calibrated the actual distance to one Sb galuxy (as Hubble did for
the Andromeda galaxy using Cepheid variables, as shown above), the distance to every other
recognizable Sb galaxy follows immediately from its relative apparent brightness. (For
example, an Sb which appears nine times dimmer than M31 would be three times more
distant, or a distance of 6.6 million light-ycars)) We cin now appreciate the historical
development of Hubble's law.

Between 1912 and 1925, spectroscopic studies at the Lowell Qbservatory revealed 40
nearby galaxies whose light exhibited redshifts; these could be interpreted as motions away
from us. Hubble observed these galaxies, compared the apparent brightnesses of their
brightest observable stars, and deduced distances te them, By 1929, he had shown that the
redshifts were proportional to the distances, announced his Law of the Redshifts, and
praclaimed the concept of the expanding universe, The measurements were then pushed to
ever greater distances (where individual stars could not be seen and entire galaxies became
standard candles), so that, by 1936, Hubble's law had been verified ont fo a distance of
one-half billion light-years, Further progress had to await the completion of the 508-cm

10
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optical telescope it Mount Palomar in California, and the redshift program resumed in 1951,
Today, we know that Hubble's Taw holds to the Targest galactic redshift measured, @ = 0,461
(for the radio galaxy 3C 2935, see Subsection HL A, below), corresponding to recession at
about hatf the speed of light at a distince of approximately 6 billion lght-years,

A useful computational formokition of Hubble's law muay be written as:
= Ald

where v s the recessional speed (K per ) and « is the distance (million light-years) of a
wilixy. The symbol relating them is the fumous [fubbfe consrarne, H, which has the vatue: /1
= 20 (km per ) per (million tight-y cars). For example, o galuixy at the distance of the center
of the Virgo Cluster - o = 40 million light-years  is moving away from us at the speed 1 =
20X 40= 800 km per s

F. Modern Discovaries Summarized

The First hall of the 20th century saw the birth of ox tragalactic astronomy and the
realization that its are na is the expanding universe of muthiitudes of clusters of galaxies. This
wis accomplished by observintions of visible light arriving at the Farth’s surlice, The maodern
eriac of extragalactie astronomy may be dated from the end of World War 11, when advanced
technology opened new observing “windows™ to the universe: (1) the ifrared and wdio
windows throwgh e Earth's atmosphere, and (2) the w/oraviofer and X-ray windows tfrom
spacecraft above the atmosphere,

The varivties of elecrronmagnctic radiation should be clearly understood before we
procecd. The wavelengthy X, of light was mentioned in Subsection HLE. Fisible light is one
example ol electromagnetic rdiation, with characteristic wavelengths in the range N =
4000 A (blue) to 7000 A (red), (A is the abbreviation for Angsrrim, o unit of length
equalling 1 100 000 000th e, There are 20 000 wavelengths of green light in one om.)
Longer wavelengths or elec tromagnetic radiation are termed: (V) infrared for X = 7000 A to
0.01 em, and (1) radio (or aricroveare) Tor longer than 0.01 om. Shorter wavelengths
correspond to: (1 wdtraviolet for X = 100 A to 4000 A, () Xray for A =1A to 100 A, and
(3) ganuna ray for A shorter than 1 A, Astronomical observations from the surface of the
Earth are severely limited by our atmosphere which is opaque to all clectromagnetic
radiations exeept visible light, someinfrared (A = 7000 A to 0,001 cm), and radio waves (A=
0.1 ¢m to about 50 m).

With new tools and “windows™ available, the way was paved for several signilicant
discoveries during the fast quarter century, Tet us briclly discuss the following: (1)
extragalactic radio sources, (2) exploding galaxies, (3 the quasars, (4) cosmic microwave
background radiation, and (§) extragalactic Xeray sources,

The American, Karl G. Jansky, opened our “radio window™ on the universe in 19312
when he detected madio waves corning to the Farlh from the Milky Way. He did this with a
large antenna and very sensitive rudio receiver  u sophisticated version of your own home
radio set, Large radio telescopes were constructed alter World War L and, in 1940, the [irst
extragalactic radio source was discovered - Cyprnus A in the constellation Cygnus, A radio
sowree is a localized region ot the sky fronmy which radio waves are observed to come, By the
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kate 19507, muany such radio sources were known, and some were found to be caused by
gtant clliptical galaxies  the so-called radio wilaxies. I the 1960%s, others were associated
with exploding galaxivs and quasars (see below), (Rudio sourees are considered Turther in

Subsection THLAL)

From our presentation so i, you might think that all galaxies are majestic star
svstems, with some gas and dust in them, quictly pursuing their existences in space. Indeed.
most astronomers thought the same until quite recently. Tn 1943, however, Carl K, Seylert
(pronounced see-turt™) discovered some spiral galaxies  the Sevferr galaxies — with small,
bright nuclei (centers) from which gas clouds stream at expansion speeds around 1000 km
per s Additional evidence for galictic “violence™ came in 1961, when the irregular walaxy
MS2 was telescopically photographed and its core was found to have undergone a titanic
explosion a million years ago! The enormous energy output of the numerous radio galaxies
and quasars (see below) also attests to the fact that “activity™ and “violence™ characterize
our universe. (For additional details, see Subsection HILB.)

Perhaps the strangest discovery was that of the quasi=stellar objects (popularly termed
quaasars; pronounced “Kway-zars’) in the carly 1960%. On photographs taken at telescopes
quasars Took Tike stars, but their light is incredibly redshifted. Hencee, if they abide by
Hubble's faw, quasars must be billions of light-years distunt and much brighter than the
brightest known galuxy. Moreover, many ol them fluctuate iz brightness with time-scales
less than a year, so that their intrinsic size is fess than o light-vear (as shown in Subsection
IHECY). Quasars are the most controversial extragalactic objects in astronomy today, but
many astronomers are beginning to believe that they may represent the overwhelmingly
active nuelei of giant elliptical galaxies.

A less strange, but no less speetacular, abservation occurred in 1965 when weak
microwave rudiation (at eon wavelengths) was detected and found (0 be impinging upon the
Earth uniformly from all dircetions, Today, many careful observations later, it is generally
agreed  that this cosmic wmicroware background radietion s the feeble remnant ol the
primeval fireball, the tiery holocaust which marked the beginning of our universe, This i
not surprising, based upon the observed expansion of the universe (Hubble’s law). In the
past, galaxies were closer toge ther and the universe was denser, and, in the ultimate past, the

“firehall.™ (See Subsection HILID.)

Finally, we tecall that Xerays cannot penctrate the Earth's atmosphere, so that Xeray
astronomy s dependent upon spacecratt, Exrragalictic sources of XN-radiation were irs
detected i the carly 1970°% by orbiting NASA satellites, Such X-ray sources were soon
determined 1o be of two kinds: (1) point sources associated with “energetic” objects such s
radio galaxies, Seyfert galaxies, and quasars, and (2) distribured senrces oceurring in large,
rich clusters of galaxics, The latter have diameters of several million light-years, and the
Xeradiation appears to come from extremely hot gas {illing the Clusters, It is not yet known
whether this gas is heated by “erapting” galaxies in the clusters or simply “stirred ap™ by
the orbital motions of the galixies composing the clusters, (See Subsection HILE.)

We see then that the contents of our universe are complex both in terms of spatial
structure and temporal evolution, Indeed, the universe itsell is an active and dynamic entity.

|2

-
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BASIC EXERCISES FOR STUDENTS

The fundamentals of extragilactic ustronomy lrave been spelled out in Section 1L The

following cliss activities and exereises may be used by the teacher to augment and verify

student grasp of the muaterial,

Class Activities:

1.

On a dark, clear night, locate and study the Miky Way with your eyes, ldentify the
center of our Galaxy in the constellation Sagittarius, (The Milky Way passes overhead in
summer and winter. In northern latitudes, Sagittariu$ is visible only in June, near the
southern horizon.)

In mid-winter, those i northern latitudes can visually find the Andromeda wlaxy in the
constellation Andromedi. Study this galaxy with a good pair of binoculars, If you live in
the southern hemisphiere, do the same for the Magellanic Clouds. (Prepare yourself
betorehand by learning the configurations of the constellations near each object;
consult, tor example, The Norton Star Atlis)

Refer to several astronomy texts to learn about the Lo Group of the galaxics. Then,
with cardboard or styrofoam, construct a three-dimensional model of the Local Group
on aseale where T em represents 10 000 light-years,

Do some outside reading on spectrascopy, and write a report on *“The Astronomical
Applications of’ Spectroscopy.”™ (One or more students might also give presentations to
the class on this important topic.)

Students can learn to classifv gafexics with the aid of a small magnifying glass and
Palomar Sky Survey photographs of the constellation Virgo (or even figure 4). Record
the relative numbers of elliptical and spiral galaxies identificed on cach print, (You might
borrow the prints, or purchase them from the Caltech Bookstore, Pasadena, Californin
91109, Sec “All-Weather Observing: Student Use of Palomar Sky Survey Prints” by
Donat G. Wentzel in Mercurv, No. 2, pp. 13, January/February 1973))

Teuch the students to graph linear equutions, and, then, sct them the task of graphing

Cubbles taw v = 1d, with suitably labelled axes.

Verify the “‘inverse square law” of brightness in a darkened room with a movable light
bulb, From a fixed point, measure the distance to the light with a meter stick and the
brightness with a light meter (such as is used in photography). The quantity (brightness)
X (distance)® should remain constant for all positions of the light bulb.

Demonstrate the Doppler Effeer with an automobile and a portable tape recorder,
Record the sound of the auto horn as the car approaches und passes the lape recorder at
several different speeds, Since shorter wavelengths sound higher-pitched in frequency,
your students should be able to recognize the car approaching, passing, and receding -
as well as its relative speed. Determine also it they can identify the horn “redshifted”™?

“hlueshifted™?
20
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Questions With Answers:

Q1:
Al:

Q2
A2

Q4.
Ad.

Qs

Ab:

Q6:
AB:
Qz.

A7:

Why was extragalactic astronomy impossible before 1600 A.D.?

Telescopes were not invented until then. The naked human eye can barely discern the
Andromeda galaxy and the Magellanic Clouds, but no other extragalactic objects.

[salight-vear a year with only 364 days?

No, it is the distance light travels in a vacuum in one'year.

¢ Describe the structure of the Andromeda galaxy.

A3:

Simply consult figure 1, as the Sb Andromeda galaxy is very simitar to our own
Galaxy.

Where and what is the “zone of avoidance?”

[t is the band of the Milky Way on the sky. Galuxies seem to “‘avoid” this band, since
the dust in our galactic plane obscures distant galaxies.

Who was the most fammous extragalactic astronomer of the early 20th century — the
“father of extragulactic astronomy’?

Edwin P. Hubble,

Draw the Hubble Tuning Fork Diagram and name at least five ditferent types of
galaxies; do all of this from memory.

See figure 2 and Subsection I.C. Some types are: giant i‘“lpthdlS dwarl clhptlgd]q
lenticulars (SO), normal spirals, barred spirals, irregulars, and peculiars,

What practical impediment is there to carrying on two-way radio communications with
intelligent beings living in the Andromeda galaxy?

Lach two-way conversation requires 4.4 million years to complete!* (Also, there may
be no intelligent beings residing in that galaxy!)

: How would you recognize a quasar?

AB:

It is star-like on a photograph and is enormously redshifted. Its apparent brightness
might also vary within a year,

*Note: Radio waves travel at the speed of light, and the Andromeda galaxy is a distance of

2.2 million light-years from our Galaxy.
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MODERN DISCOVERIES IN GREATER DEPTH

In Subsection ILF., the exciting discoveries of modern extragalactic astronomy were
introduced. However, to fully appreciate the fact that our universe is not merely empty
space through which galaxies are quictly promenading in accordance with Hubble's law of

is the intent of Section UL The student will find that significantly more effort is required to
understand this new material.

A. Extragalactic Radio Sources

Radio astronony is the study of our universe through the “radio window” of the
atmosphere.  This window permits extraterrestrial electromagnetic radiation in  the
wavelength range A = 0.1 ¢cm to 50 m to reach the Earth’s surface unimpeded. Because the
radio signals are very weak, large metallic *dishes” (hundrecds of m across) are used to
collect and focus them (by reflection) upon exceedingly sensitive radio receivers, We call
this combination a rudio telescope.

T large aperture (diameter) is also necessary if the radio telescope is to uchieve good
angular resolution — that is, the ability to distinguish accurate direction and fine detail on
the sky. (We did not say “night sky,” since radio telescopes operate both day and night.)
The wave-like nature of electromagnetic radiation places the Following intrinsic limitation
upon the angular resolution, @, of an electromagnetic detector of aperture ¢ when the
radiation detected has wavelength A:

0 = 3500 (A/a) arc-minutes

(The Glossury explains the meaning of the units of angular measure: arc-degree, arc-minute,
and arc-second.) The human eye is one such detector, with an angular resolution in visible
light of 1 arc-minute (the upparent size of an apple 350 m distant; 1/30th the angular
diameter of the Mooul To attain this same resolving power with a radio telescope operating
at A = 10 ¢cm, however, requires an aperture of 350 m!

In the decades since its humble beginning with Karl G, Jansky in 1931-2, radio
astronomy has provided a wealth of knowledge concerning our Sun, the solar system, and
the structure and content of our Galaxy. However, since .this brochure addresses the more
distant extragalactic realm, this subject matter is not included.

The first extragalactic radio source — Cygnus A — was discovered in 1946 as a localized
region of radio emission in the constellation Cygnus. By the carly 1950%, many such radio
sources had been found using single radio telescopes. In 1933, the Magellanic Clouds (two
small companion galaxies to our Galaxy 170 000 light-years distant) were identified as weak
radio sources by scientists in Australia: soon thereafter the nearby Andromeda galuxy was
“seen” at the wavelength A = 21 cm.,

22
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Further understinding depended critically upon the identification of the apilicad
counterpart of each radio source. Single radio telescopes, however, provided radio source
positions accurate to only several arc-minutes. Identification was sufficiently easy when a
large angular-diameter object — such as M31 — occurred at the position of the radio source,
but, in most cases, there were many optical candidates for each radio source. It wis clearly
necessary to increase the radio angular resolution, and the solution came in the form of the
radio interferometer, In simple terms, this device mimicks 2 huge radio telescope by utilizing
two (or more) widely separated “single-dish™ radio telescopes joined together electrically,
The effective aperture of the resulting instrument is the distance between the two radio
telescopes so connected. Hence, un angular resolution (and positional accuracy) or 1
are-second can be obtained for a separation of about 10 km.

Using such radio interferometers during the 1950%, radio astronomers accumulated
enormous catalogs of precisely positioned radio sources. (A good example is the Third
Cumnbridge (England) Catalogue, wherein the 273rd source listed is designated 3C 273.) The
optical identifications which followed produced staggering results, Most “ordinary” galaxies
emit some radio radiation (like our own Galaxy), and, among large elliptical galuxies, abowt
one in 100 000 is an ultra-powerful radio galaxy (see below). In addition, large numbers of
weak (perhaps, very distant) radio sources were found to have no associated optical object.
In the 1960%s, many of the “exploding” galaxies and quusars were discovered to be strong
radio sources (see the next two subsections).

Radio galaxies resemble giant elliptical galaxies optically, but the radio radiation
associated with them is dbDth 10 000 times stronger than the radio power of our Galaxy.
Many exhibit a “bright core” of radio emission centered on the nucleus of the galaxy, In
most cases, the radio sources are doubles ~ as illustrated in figure 5 below for Fornax A
(Hale Observatories photograph) — with the bulk of the radiation coming trom i region on
either side of the optical galaxy and separated by about 300 000 light-years. It is currently
thought that the nucleus of a radio galaxy is u region of extraordinary violence, which — in
some unknown way ~ powers its radio sources for periods of around 100 000 yeurs. Beyond
this, we are only confident that the radio emission itself is synchrotron radiation, that is,
radio waves emitted by electrons which are spiraling about in magnetic fields at relativistic
speeds (essentially the speed of light ¢). Finally, the largest radio source known is the double
source associated with the radio galaxy 3C 236, Whth in late 1974, was found to spun a
separation of 19 million light-years.

B. Violent Activity in Galaxies

Strong radio galaxies provided early indications that guluctic nuclei can be regions 0f
violent activity. Optical support for this idea was obtained from the giant elliptical glld}(y
M87 (NGC 4486), a strong radio source in the nearby Virgo cluster of galaxies. For
example, a short-exposure, telescopic photograph revealed a luminous ‘Get™ emerging rom
the nucleus of the galaxy (see Figure 7). :

Such “nuclear violence™ is not restricted to elliptical galaxies. Thirty years ago, Carl
Seyfert discovered and classificd a dozen Seyfert gulaxies — spiral galaxies with bright,
active, star-like nuclei. Spectroscopy (and the Doppler Fﬂe;t) reveals that hot gas is

expelled from Seyfert nuclei at speeds up to 1500 km per s; radio telescopes show many
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FORNAX A
NGC 1316

Figure 5

Seyferts to be strong radio sources, In addition, we now know that Seyfert nuclei (a) are
ultra-strong emitters of infrared radiation, (b) vary in optical and radio brightness within a
nmonth, and (¢) can be responsible for vast explosions — such as figure 6A shows in a recent
photograph (Kitt Peak National Observatory) of the Seyfert NGC 1275. Most important,
Seyfert galaxies are fur from rare: [ percent of all spirals are Seyferts!

Historically, the first clear evidence for an “exploding galaxy™ came in 1961, when
studies at the National Radio Astronomy Observatory identified the irregular galaxy M82
(NGC 3034) as a weak radio source. Figure 6B is an optical photograph (Hale Observatories)
of this nearby (10 million light-years) galaxy, wherein we sce the traces of a gigantic
explosion which occurred in the nucleus 1.5 million years ago — massive filaments of
excited hydrogen gas streaming out to 12 000 light-years from the galixy’s center at speeds
around 800 km per s! Today, it is thought by some extragalactic astronomers that M82
might be an active Seyfert galaxy scen almost edge-on (notice how similar the “explosions”
appear in figures 6A and 6B).
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Figure 6

It is even possible that our Galaxy is *‘violent.” Radio observations of the saluctic
center disclose large clouds of hydrogen gas moving away rom the nucleus at about 100 km
per s, This would imply a rather “*weak™ explosion, but is also possible that the Galaxy is
becoming a Seyfert, ‘

C. The Quasars »

By 1960, extragalactic astronomers thought they basically understood the expanding
universe ol galaxies. Only the detailed mechanisms for producing active galactic nuclei and
radio sources remained to be spelled out, However, in late 1960, the strong radjo source
3C 48 was identified with a “star” on telescopic photographs. Since this appeared 1o be the
first radlio star ever discovered, its light was quickly analyzed spectroscopically, The result
was completely indecipherable - nothing like it had ever been seen before! The object was
designated a quasi-stellar radio source (abbreviated QSRS), since it looked “star-like.”” Later,
the popularized term “quasar™ became fashionable. A quasur with no detectable radio
emission is called a quasi-stellar object (QSO).

Early in 1963, a second radio source, 3C 273, was found to be a quusar. But now, the
American astronomer, Maarten Schmidt, uncovered a vital clue: the light emitted by 3C 273
was redshifted by z = 0.16. In the normal context of Hubble’s law (Subsection 11,E.), this
object would be receding from us at 16 percent of the speed of light and would be 2 billion
light-years distant. Astronomers might easily have accepted this finding but for one fact: the
stellar image of 3C 273 appeared rather bright — at the cosmological distance implied by
Hubble's law, this quasar would have to have been 100 times brighter than the brightest
galaxy ever observed. In addition, an opticel “jet” was emerging from 3C 273, as indicated
in the (Hale Observatorices) photograph shown us ligure 7,
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e
Dy
1]
Figure 7
For awhile, 3C 273 simply was regarded as an extremely bright version of the radio

galaxy M87. However, the quasar was read ily identified on old photographs spanning several
decades of time, and careful analysis soon disclosed that it veried drarmatically in optical
brightness in less than 10 years. This immediately implied that most of the light came from
a region smaller than 10 light-years in diameter, since the far side of a larger object could
not possibly coordinate its activity with the near side within 10 years (even at the speed of
light). Now extragalactic astronomers face a tremendous dilernma . .. how can a violently
fluctuating “‘object™ only 10 ligh t-years in size be emitting the light of 100 large galaxies?

Today, more than 1000 quasars are known, and redshifts have been measured for
several hundred of them. We have good evidence of the existence of a quasar when a
Star-like optical image is associnted with a redio source, but we are certain it is a quasar
when the “star’s” light is highlv redshéfted. If quasar redshifts indicate cosmological
distances (via Hubble’s law), quasars have the [ollowing chiractersitics :

(1) They are brighter optically (han the brightest galaxies.

(2) They are even stronger infrared c¢mitters than Sey fert galaxies.

(3) Asradio sources, they are indis tinguishable from strong radio galaxies.

(4) They are ejecting hot gas at thousind s of km per s,

(5) They can vary in brightness on time scales from years down to months. Hence,
the “smallest” quasar emits the bulk of its rudiation From a regjon only a
light-month across (less than 100 times the size of the solar system), )

Quasars tend to exhibit large redshifts, 2. As of mid-1974, the largest redshift known
was 7 = 3.53 for the quasar OQ 172 (in the constellation Bootes), For this object, light
emitted in the far ultraviolet Ay = 1500A) is observed on Earth as red light (A, =
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0800 A). But the Doppler Elteet Tormula of Subsection 11LE, (== r/v) is clearly
inupplicable at such enormous redshifts, as it would imply that this quasar is receding from
us faster than tht speed of light - a physical impossibility, Whenever 2 s not small
compared to 1 it is necessary to use the relativistic Doppler formula:

ple= 2z )2+ 2zt
We recover the old Doppler formula as = becomes smaller, and in no case does 1 ever exceed
¢ Forexample, the quasar OQ 172 is receding from our Galaxy at about 91 percent of the

speed of fight,

Our briet discussion has only touched on the principal properties of quasars, Evidently
they are very strange and wondrous objects. In Taet, since the discovery of the quasars, sonie
astronomers have seriously questioned whether Hubble's Taw applies to them at all! Thus
arose the redshift controversy of the past decade, Most extragalactic astronomers supported
the “standard™ interpretation: that the redshifts arise from recession speeds which imply
cosmological distances. A vocal minority subscribed to “wonstandard” redshifts, which

properties.

An carly “nonstandard™ suggestion was that quusars are compact, luminous objects
cjeeted explosively from our Galaxy (or another nearby galaxy) at relativistic speeds.

‘Another such school of thought maintained that quasars are physically associated with

nearby, large, spiral galaxies, To others it appeared that (a) there seem to be too many
quasars with redshifts very near 2= 1.95, and (b) quasars appear randomly scattered on g
plot of redshift versus apparent brightness -~ not at all in line with Hubble's luw. Additional
evidence came in late 1973, when two quasars near the radio source 4C 11,50 (in the
constellation Serpens) were found with very different redshifts - = = 0.436 and z = 1,90 -
but separated by only 5 are-seconds on the sky.

The points raised by the “nonstandard school™ were very valuable in stimulating the
interpretation. That is. the reader can now (reasonably) safely assume that quasars are at
cosmological distanices, As more and more quasars were observed, it became energetically
unfeasible to eject them from ordinary galuxies, and the carlier apparent overabundance of
quasars near 2 = 1,95 disappeared. Also, no blueshifted quasar has ever been seen:in 1973,
the most promising candidate -~ the variable object BL Lacertae — was shown to be a
redshifted quasar. Many of the “strange associations’ are readily interpreted as mere
coincidences in position on the sky. The year 1973 ended with the Tollowing four very
strong indications of the correctness of the cosmological (standard) interpretation:

(1) Several quasars were observed in clusters of galuvies, with precisely the same
redshitt as the cluster zalaxics.

(2) It became apparent that all quasars are nor “standard candles.” However, it was
tound that the most heminous quasars have the same intrinsic brightness and de
conform to Hubble's law.,

(3) Long-exposure photographs at the 508-cm Palomar telescope revealed intrinsically

Sweak quasars to be the very bright nuclei of giant elliptical galuxics,
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o Optically variable quasiars were seen (o look “star-like™ af their brivhitest, but like
bright spots at the centers ol active walaxies af their dinmmest,

By combining all of these clues, we now believe that o glrasar is simply the wltra=vinfent
phase tasting about a million years) of the nuclens of a massive calaxy - the point at which
tiat nucleus completely outshines the parent galaxy, cjects vast quantities of particles and
gas, and creates strong radio sources (in many cases). That s, quasars are the brightest
members of a cluss of objects such as radio galaxies and Seylerts, In none of these cases do
weovet completely understand Zow the nuckeus operates, Fxtragilactic astronomers of tho
future must untangle that mystery.

D. The Primeval Fireball?

When matter is rapidly squeezed into a smaller volume, it gels hotter, [T our universe is
presently expanding in accordance with Hubble's Taw, it must hiave been smaller and denser
in the past, Carrying this idea back about 12 billion yeirs, we would find that the universe
wils so compressed and ot that it was dominated by a holocaust of intense radiation  the
priverval firebafl much like the fireball of a hydrogen bomb, Decades ugo, scientists
predicted that from such a fiery beginning the universe would expand, the fireball radiation
would cool, and, by today, the weak remanent radiation should be observed streaming
towuard the Earth from all sides,

Nevertheless, Arno A, Penzias and Robert W, Wilson of the Bell Telephone Lubora-
tories, while studying weak radio static in 1965, were completely surprised when they
accidentally discovered  miicrowarve radiation bombarding the Earth uniformly from all
directions. By the end of the 1960, this “cosmic microwave background radiation™ was
determined to be uniform in direction to better than 3 parts in 10 000, and its intensity had

been measured at wavelengths from 1 mm to 21 ¢m.

Since obscrvations at mm  wavelengths  were extremely difficult to carry out,
high-altitude balloons and rockets were used to get above the Farth's obscuring atmosphere,
Uncertainties prevailed for a time, and a variety of different theories were advanced to
explain the “cosmic radiation.” Today, the discrepancies are resolved, and we know that we
are “seeing” blackbody radiation at o temperature of 2.7 degrees Absolute (that is, 2.7°
Centigrade above absolute zero, or -455° Fahrenheit). This is in perfect agreement with the
properties expected of the remmnant radiation coming to us from the primeval fireball. How
awesome it is to realize that we have such a direet view of the beginning of our universe!
{See Section IV))

E. X-Ray Sources Beyond Qur Galaxy

An X-ray is electromagnetic radiation with a short wavelength, from A =1 A to 100 A.
Since there is no “X-ray window”’ through the Earth's atmosphere, X-ray astronomy could
begin only around 1960 when sounding rockets and spacecraft first carried X-ray detectors
far above the atmosphere. From the start, our Sun was found to be u bright and complex
Xeray source. After 1962, several point sources of X-rays, such as Sco X-1 (in the
constellation Scorpius) and the Crab Nebula (in Taurus), were discerned in our Galaxy.
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Howas not until December 1970 that NASA launched the first N-ray satellite, UHTURU
(pronounced “oo-hoo-roo”), for the express purpose of mapping the “X-ray sky.” As a
result, we presently know of maore than 100 X-ray sources, and many of them are identified
with optical objects, Many of these sources reside nearby, in the disk of our Galaxy (sec
Subscction LA, and they are associated with objects such as the hot remnants of exploded
stars (supernovae) and the weird *Xeray stars.” The remainder are extragalactic.

lxtragalactic N-ray astronony is only about five vears old, Already, NASA satellites
have “seen” quasars, active galaxies, clusters of galaxies, and our universe. The observed
Xeray sources beyond our Galaxy are ol three types:

(1) Strong point sources associated with active objects, such as quasars (3C 273),
Seyfert galaxies (NGC 1275), and radio galaxies (M87).

(2) Distributed sources identified with the centers of nearby large clusters of galaxies,
and they are generally believed to consist of extremely hot gas (around 10 million degrees).
The gas is excited and heated cither by a few “violent” galaxies in the clusters or by the
rapid orbital motions of all the cluster galaxies (see Subsection HILG.).

(3) The low-intensity X-ray background from the universe, which comes toward the
Earth uniformly from all directions. (This “cosmic X-radiation” is a complicated subject,
and we lack space to discuss it properly here.)

F. Faster Than the Speed of Light?

During the 1960%s, many active extragalactic objects — such as quasars, Seyfert
galaxies, and radio galaxies - were found to vary in both optical and radio brightness. These
regions about 1 light-year in size. To improve their understanding, extragalactic astronomers
wanted to “see” these tiny structures directly, but the task was extremely difficult since 1
light-year at a distance of | billion light-ycars spans an angular diameter of only 0.001
arc-second (the apparent size of an apple 100000 km away). Optical telescopes were
useless, since their best angular resolution is about 1 arc-second. Consequently, astrononiers
turned to radio astronomy for the solution.

The problem was solved with very-long-baseline radio interferometry (VLBI). Radio
interferometers (see Subsection T1LA.) with huge aperatures were constructed by recording
the radio signals at two independent radio telescopes — cach with its own atomic clock
(stable to one part in a trillion). The two separate records were then synchronized and
processed in an electronic computer which became, in effect, an “intercontinental radio
interferometer.” Beginning in 1967 with an aperture of 10 km (angular resolution of 3
arc-seconds), such VLBI “‘devices” by the early 1970’s had been improved to span the
diameter of the Earth giving angular resolutions of 0.0005 arc-second).

13

With such instruments, extragalactic astronomers verified the the “action’ in violent
galactic nuclei was indeed occurring in volumes about one light-year in size. But a much
more spectacular discovery occurred in early 1971, when the quasar 3C 279 was scrutinized
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aressecond in size was tound in the heart of the quasar, and, witlin 120 days, the two radio
components were “seen” to move apart by about 0.00014 arce-second. At the distance
implied by the redshift of 3C 279, this observation seemed to imply that the radio
components were separated at 10 times the speed of light. Since then, other quasars
(3C 273), Seyfert galaxies, and radio galaxies have been observed to exhibit similarly
“impossible™ behavior - nuclear radio sources separating fuster than twice the speed of light
(us “seen™ on the plane of the sky) or 2¢. (According to the theory of relutivity, material
objects cannot move faster than light  speed = ¢ - so two bodies cannot appear to separale
faster than 2¢.)

Scientists were able to develop only two simple solutions to the “‘unthinkable
dilemma” caused by these findings. The first was to bring the radio sources much closer to
us than the distances indicated by the observed redshifts of the parent objects. However, if
implemented, this solution would have reintroduced “intrinsic” redshifts — not only for the
quasars (which many people might have accepted), but also for rather *“normal” galaxies —

radio sources in it flickering on and off independently like the lights of a Christmas trec.
Since VLBI gives us only a “fuzzy” view of the galactic nucleus, we might believe that we
were “‘seeing” a double radio source expanding flaster than the speed of light when this
“flickering” occurred in the sequence illustrated in figure 8 below. (Sources | and 2 are
“on” at first, then 2 dims, and 3 comes “on” slowly.) The straightforward model can also
accommodate contracting and rotating *double sources” which seem to move at arbitrary
speeds. We presently believe that this theory adequately explains the observations.

Figure 8

b
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G. Galaxies With "“Radio Tails"”

Let us end Section THE with a rdio astronomical “‘short story,” which ties together
active (radio) galaxies, large clusters of galaxies, and the gas permeating such clusters. (See
Subsection HILIEL)

To map out the radio structure of a4 portion of the sky, we may observe it for several
days with a radio interierometer, changing the effective aperture {spacing) cach day, This
procedure, called aperture svathesis, “synthesizes the full dish of o lurge radio telescope™
and can produce the equivalent of a radio photograph of the region surveyed.

Using this technique, British radio astronomers in 1968 studicd the Perseus cluster of
galuxics. They discovered two galaxies - NGC 1265 and 1C 310 - with “radio tails”
pointing away from the nearby, active Scyfert galaxy, NGC 1275, By 1971, such radio tails
had' been observed in two other clusters of galaxics. An carly explanation of this
phenomenon was that the most active galaxy in cach cluster was exciring the gas in other
galuxies to radiate at radio wavelengths and hlowing this gas out to form the radio tails. (An
excellent optical anaiogue is this: Qur Sun causes comets to glow and produces their fails.)

This theory proved untenable, however, when, in mid-1972, radio astronomers in
Holland reobserved the Perseus cluster using aperture synthesis techniques. With greater
sensitivity and better angular resolution (30 arc-seconds), they found a galuxy whose rudio
tail pointed toward NGC 1275! In addition, they produced a radio photograph of the radio
source 3C 129, showing a galaxy with a helical (corkserew) radio tail extending a million
light-years behind — and the “tail™ consisted of pairs of radio sources (similar to beads on
two strings)!

Today, we believe that the following picture consistently explains all of these results:
the interior of a large cluster of galaxies contains much gas and galuxies orbiting around at
speeds approaching 1500 km per s. Suppose that one of these galuxies were to develop an
active nucleus and “eject” double radio sources, These radio-emitting “‘clouds” would lag
behind the galuxy, since they are slowed by the intracluster gas, A sequence of active phases
would result in a radio tail of “glowing™ radio sources behind the galaxy, tracing out the
galaxy’s orbital path through the cluster.

ADVANCED EXERCISES FOR STUDENTS

Class Activities:

1. Most major universitics have radio telescopes nearby, Take a field trip to a radio
telescope installation and view as much of the instrumentation as possible, Talk with the

local “radio astronomers” and learn about the output of their observations.

2. If you can, arrange to visit one of the sites of NASA — the National Aeronautics and
Space Administration. Become familiur with its spacecraft and the types of instruments
which are sent above the Earth’s atmosphere to detect various forms of electromagnetic
radiation, (If this is unfeasible, you can learn of the Administration’s activities and
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sitellites stich as OAQ, the Orbiting Astrononmical Observitlory by writing for
information to: Federal Clearing House for Scientific and ‘Fechnical fnformation, 5285
Port Roval Road, Springticld, Virginia 22151,

Review with vour class how the “Christmas Tree Model” ol figure 8 works, Then, give
students the sk of drawing such o Christmas Tree Model™ for each of the tollowing
three ndio sotree behaviors: GO A double™ source contracts™ to half its previous
wepatation, () Sdonble™ souree Crotates™ clockwise through an anple of 30
dfe-degrees, (0 A Udouble™ source “expands.” then “rotates™ through 15 are-degrees
wlite continuine to expand, and finally rotates (15 are<degrees more while contracting

sienificintiy.,

Questions With Answers:

Q1:

At

Q2

D\
P.J‘

A3:

Q4.

A4

Why would udio astronomiers be upset il the government permitted  comniercial
*radio™ (ranstoisyjons in the centimeter-wavelength band?
Radio telescopes operate at these wavelengths, and they are so funtastically sensitive
that sueh commerctul transmissions would overwhelm them.
Name at least three different types of vinfent extragalactic events,
Radio galaxies (3C 295), jets from galactic nuclei (M87), exploding galaxics (M&2),
Seyfert galaxies (NGC 1275), und quasars (3C 273).
If the light emitted by i certain quasar at a given wavelength is observed to urrive at
nwice that wavelengil, what is the quasar’s redshift and how fast is it receding from us
(on the Doppler interpretation)?
Redshift = 2 = (2v - x)/v = L0 v/e=(2+ D)/(2+ 23+ 1)=3/5 - 0.6, The redshift is
one, and the recession speed is A0 pereent of ¢, or 180 000 km per s,
How would you interpret a “radio tail”” appearing as two long streams of radio sources,
wound around in corkserew fashion, and gently curving into space?
A rotating radio galaxy has periodically ejected double radio sources while plowing
through the intracluster gas of a cluster of galuxies on a curved trajectory. {(Visualize a
stunt airplane, emitting synchronized puffs of smoke Irom its wingtips while
performing an arching “barrel roll!™)
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THE “CONVENTIONAL” STORY OF COSMOLOGY

In preceding pages we have related the historical development of extragalactic
astronomy, and we have briefly described the important, recent findings of this young
scicncee. So that the reader may understand the broad context within which the “pieces” of
extragalactic astronomy fit, let us here summarize our discussion in two ways® (1) we plaey
the contents ol the universe in their proper locations in space, and (2) we describe the
evolution of our universe in time - from its “beginning” to the present day.,

Our tiny Earth orbits the nearby Sun, a star typical of the 100 billion stars which
comprise our spiral Galaxy. The Andromeda galaxy, about 2 million light-years away, is the
nearest large galuxy. This pair of spiral galaxies dominates our Local Group of about two
dozen galaxies. The Local Group lics near one edge of the rich Virgo Cluster of galaxjes,
whose center is 40 million light-years distant (in the constellation Virgo). Space is rather
uniformly filled with such clusters of gulaxics, out to at least 5 billion light-years — the
farthest that ordinary galaxies can be seen with optical telescopes. Approximately 10 billion
galaxies are visible to us. And the entire universe of clusters of galaxies is expanding in
accordance with Hubble’s law., ‘

The basic “building blocks™ of the universe are galaxies and clusters thereof. In some
nearby clusters, hot gas hus been detected at radio and Xeray wavelengths, Galaxies are
cnormous, and so, tend to change slowly - on time-scales of hundreds of millions of yeurs

many galaxics. Symptoms of this behavior are evident in “exploding” galaxies, Seyfert
galaxies, radio galaxies, and the quasars. Quasars are the brightest objects in the universe, and
they are visible almost out to the “edge” — about 12 hillion light-years distant — where
some are seen receding at nearly the speed of light.

Since we view the universe with “light” (electromagnetic radiation), space and time are
inextricably linked together by the speed of light. Today, we see the Andromeda galaxy as it
was 2 million years ago, for its light takes that-long to travel the 2 million light-years
separating us. The farther out we peer, the further into the past we are bound to see. A
quasar redshifted by z =1 is seen as it was when the light left it 8 billion years ago. The
furthest that we can possibly sce - the *‘edge” — corresponds to the beginning of the
universe.

By tracing the Hubble expansion of our universe backward in time, we deduce that the
universe “began” around 12 billion ycas azo, The Big-Bung Theory, which follows, provides

insist that this theory is valid, but it is the best model we have today and is generally
accepted by extragalactic astronomers.)

Starting as an incredibly small, dense, and hot primeval fircball of radiation, the
universe rapidly expanded and cooled. About half a million years after the beginning, this
radiation weakened sufficiently that protons and electrons could bind together to form

[ 2]
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neutral hydorgen. This “decoupling™ marked the beginning of zafaxy formation, as the gis
began to clump out into dense clouds due o self-gravitation, & or about hatf o billion years,
the clouds continued to collapse, and multitudes of stars formed  the galaxies were born!
The remnant radiation from the primeval fireball cooled down to become the 2, 7-degree-
Absolute blackbody radiation which we detect today at cm wavelengths, Soon after large
galaxies formed, activity (somehow) ignited in their nuclet; strong quasars and radio sources
began to appear. Today, the closest evidence of this cataclysmic violence is provided by the
nearby Cffeehle™) Seyfert galuxies, Time passed, stars died, and new stars formed (rom the

wis and dust in the galaxies.

A eritically tmportant event took place in our Galiuxy 4.6 billion years ago. The Sun
formed. and with it, the Earth, Life arose in the warm waters of (he Earth about 3.5 billion
years ago, and the steady workings of evolittion led inexorably to Man a few million years
ago. The recorded history of civilization spans about 5000 years, while seience. a5 we know
it, is 400 vears old. Extragalactic astronomy appeared on the scene only within the last
century, and the story which we have related in this unit was hardly dreamt of at the
beginning ol the 20th century. Our knowledge of the universe beyond our Galaxy has come
within a single lifetime. How fortunate we are to live at this time in history. . .

FINAL EXERCISES FOR STUDENTS

Class Activities:

1. IF you are near an optical telescope observatory, arrange for your class to visit it one
night. View the telescopes and their accessory equipment. Talk with the “astronomers”
there. A talk and/or stide show on extragalactic astronomy might also be arranged. (If
this is not possible, or in addition, visit your local planetariun to view the exhibits and
hear a lecture on some aspect of extragalactic astronomy.)

2. Obtain a spherical “weather” balloon (maximum expanded diameter about 2 meters)
and paste or paint “dots” on the surface when it is half expanded. The “dots” represent
galaxies, so do not crowd them too much. When the “dots’ are uniformly scattered on
the surface (which represents space), the balloon will represent a model of the universe.
Mark long pieces of string, so that they can be used as “‘flexible meter sticks” on the
balloon’s surface. Distinguish one “dot’ as our Galaxy (paint it red?). When the balloon
15 small, have the students measure (and record) the “distance” from our Galaxy to
several (all?) other “galaxies.” Then, expand the balloon significantly and repeat the
experiment. The students should then compute the increase in distances to each
“galaxy” caused by the expansion and plot each result versus the average distance on a
linear graph. A straight line — Hubble’s law — should result. (Some students might also
measure all of the “distances” between all of the “galaxies” eich time in order to prove
that all “dots™ recede from each other when the balloon expands.)

[
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Questions with Answers:

Q1:

A1l:

Knowing that Hubble's constant is /7= 20 (km per s) per (million light-years), what is
the value of 7= | /H in years?

T'=1/20 (km per s) per (million light-years)
"= (300 000 km per s) x (1 million light-years)/20 km per s
= 15 000 000 000 years = 15 billion years.
Henee, T (the “Hubble time”) is approximately the age of our universe!

¢ If we model the distance to the Andromeda galaxy as one m, how lar from our Galaxy

would we find (a) the quasar 3C 273, (b) the most distant galaxy known (3C 295, with
2 =0.46), and (c) the “edge” of the Universe?

2: (a) | km, (b) about 2.5 km, and (c) about 7 km.

3: If the “visible edge”” of the universe corresponds to its beginning, what would you

113

expect to “see” beyond the “edge’?
I J E

: Those events preceding the beginning of the universe, if there were any!

}: Using Hubble’s law, v=Hd, calculate the general distance to the “edge” of the

universe,

}: Nothing travels faster than light, so let us set v = ¢. Then we find: d = ¢/l =c¢ X (1/H)

= ¢T = 15 billion light-years, from Problem 1 above.



GLOSSARY

Angstrém Unit— a small unit of length equal to 1/100 000 000 or 108 ¢m, used to measure
wavelengths of optical light and X-rays.

angular resolution— the smallest angle on the sky that can be discerned as it structured by a
detector of electromagnetic radiation,

aperture-- the diameter of the collecting surface of a telescope.

aperture synthesis— the use of variable-aperture radio interferometer to mimick the “‘full
dish™ of a huge equivalent radio telescope.

arc-degree~ a unit of angle equal to 1/360th of a complete circle.

arc-minute— a unit of angle equal to 1,1 600th of g complete circle (also 1/60th
arc-degree),

arcsecend— a unit of angle equal to 1/60th arc-minute.

big-bang— the “explosion” which began our universe; also, the name of the standard theory
of the evolution of our expanding universe.

blackbody - a perfect, thermal (“hot”) radiator of electromagnetic radiation.

blueshift— when a given emitted wavelength of radiation is observed as a shorter wavelength;
generally caused by relative motion of source and observer.

centi— a prefix meaning one hundredth; 1 cm equals | /100th m.
Cepheid variable-- u giant star which pulsates periodically in brightness.

Christmas tree model— the theory of nuclear radio sources whereby independent varjable
sources produce “apparent motions’ in active galactic nuclei.

cluster.of galaxies— two to 10 000 galaxies physically grouped in space.
color— the human eye’s response to different wavelengths of visible light.

comet— a dirty-ice “‘rock™ orbiting in the solar system which the Sun causes to vaporize,
glow visibly, and stream out a long, luminous tail.

constellation— the easily identifiable configuration of the brightest visible stars in a
moderately small region of the night sky.

cosmological interpretation— the viewpoint that a redshift implies a distance according to
Hubble’s law; the redshift is not “intrinsic” to the source,

cosmology— the study of the content, struéture, and evolution of the universe.

degree absolute— a “Centigrade” temperature scale beginning at absolute zero; water freezes
at 273 degrees Absolute and boils at 373 degrees Absolute.
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Doppler effect- whereby radiation of a given emitted wavelength is caused to be observed
at a different wavelength due to the relative motion of the source and the observer
along the line joining them.

electromagnetic radiation— a mutugl disturbance of electric and magnetic ficlds which
travels through a vacuum at the speed of light,

extragalactic-- farther than 100 000 light-years; beyond our galaxy.
extraterrestria]— beyond the top of the Earth’s atmosphere.

galaxy— 4 stellar system of from | 000 000 to 1 000 000 000 000 stars: our own such
system is capitalized (Galaxy) and all others arce lower-case (galaxy).

gamma ray— energetic electromagnetic radiation of very short wavelength (less than |
Angstrém),

globular cluster— a compact cluster of about one million stars orbiting a galaxy.

Hubble’s law— the statement that the redshifts ut extragalactic objects are directly
proportional to their distances from us.

infrared— optical clectromagnetic radiation in the wavelength range from 7000 A to 0.01
el we call part of this range “heat.”

lenticular— refers to the 50 galaxies, which look like a “‘lens’ seen edge-on.
light— the common term for visible electromagnetic radiation.
light-month— the distance light travels in one month; [ 000 000 000 000 km.

light-year— the distance light travels in one Earth-year (abbreviated 1 yr): approximately
10 000 000 000 000 km.

local group— the small grouping of about 20 galaxies, of which our Galaxy and the
Andromeda galaxy are the dominant members,

Magellanic clouds— trhe two dwarf galaxies closest to our Galaxy (170 000 light-years);
easily visible to the naked eye from the southern hemisphere.

Microwave— an alternate term for radio waves of cm wavelength.

Milky Way~ a diffuse band of light circling the heavens; the plane of our Galaxy as seen
from Earth; another name or our Galaxy. :

nebula— Latin for “‘cloud” (plural is nebulae); any of the thousands of diffuse patches of
light seen telescopically on the night sky; a luminous cloud of gas or dust in our
Galaxy; a galaxy before about 1925 A.D.

Nova— sztin for “new” (plural is novae); usually applied to a star which *“*éxplodes™ and
suddenly becomes readily visible in the night sky.

Nucleus— the very compact center of a galaxy, where “activity™ can occur.
‘, . : ]
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optical telescope - a device for collecting and focusing optical light, using glass lenses and for
curved mirrors,

primeval fireball - the holocaust of radiation dominating the carly stages of the expansion of
our universe; seen today as “cosmic microwave radiation”.

quasar— a star-like optical object (in appearance), whose light is very highly redshifted;
believed to be a super-violent galactic nucleus.

quasi-stellar-- Titerally, “appearing star-like™; another name f'or quasar,
radio - weak clectromagnetic radiation with long wavelengths (greater than 0,01 ¢m).

radio galaxy— an optical galaxy (usually elliptical) producing strong radio sources in its
vicinity.

radio interferometer— two or more individual radio telescopes joined electrically to mimick
the angular resolution of a larger *“‘radio telescope.”

radio source— a localized region of the sky from which radio waves are detected.
radio tail—- the long ““tail-like” radio source trailing some radio gulaxies.

radio telescope— a large, metallic device which collects and focuses radio waves onto a
sensitive radio receiver; the **dish” is usually “‘steerable.”

redshift— when a given, emitted wavelength of radiation is observed as a longer wavelength,

redshift controversy— the recent debate concerning the interpretation of the meaning of
extragalactic redshifts; whether redshifts indicate cosmological distances via Hubble’s
law or are “intrinsic” to their sources.

relativistic— moving at speeds approaching the speed of light.

Seyfert galaxy— a “spiral” galaxy whose nucleus is active, star-like, and very bright, and
from which spectroscopy indicates rapid gas outflow,

speed of light— the pr@pagﬁticm speed of electromagnetic radiation in a vacuum; ¢ =
300 000 km per s.

spectroscopy— the physical science whereby the “colors™ of light are separated, their
relative intensities measured, and the result interpreted in terms of the physical
properties of the sources of light.

standard-candle— denoting a class of objects, all with the same intrinsic brightness.
star— a massive “ball” of hot, luminous gas; similar to our Sun.

supercluster— a larger grouping of clusters of galaxies.

supernova— the brightest and most violent exploding stars (plural is supernovae).

synchrotron radiation— the electromagnetic radiation emitted by relativistic charged
particles (usually electrons) spiraling in a magnetic field.
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ultraviolet— moderately energetic clectromagnetic radiation with wavelengths from 100 A
to 4000 A.

universe— everything that was, is, or will be in space and time.

VLBI- means “very-long-baseline radio interferometry’”; when an enormous radio inter-

ferometer is created by separately recording radio waves at two radio telescopes and
bringing the records together at a computer for analysis.

wavelength— the distance between successive crests or valleys of a travelling wave
phenomenon.

window— those wavelength bands at which the Earth’; atmosphere is essentially transparent
to electromagnetic radiation — optical and radio.

X-ray - energetic electromagnetic radiation with wavelengths from | A to 100 A.
X-ray source— a localized region of the sky from which X-rays are detected.

zone of avoidance— essentially the band of the Milky Way on the sky: where our Galaxy
obscures extragalactic objects due to the gas and dust in its plane.
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.) The light from quasars suffers a large red _
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. Radiation with wavelengths just shorter than those of visible light.
. Qur Galaxy is thaught to he a
. The generally accepted theory of our expanding universe,
. A radio galaxy is optically an_____(oval) galaxy.

galaxy,

The universe of galaxies expands in accordance with Hubble's .

. Our Sun resides in the Milky Way__.___.
. The nearest large cluster of galaxies is in the eonstellation -
. Abbreviation for “intercontinental” radio interferometry,

A

. The “"window'’ opened by Jansky in 1931-2,

. M101.is one of the '
. Everything in space and time.

. Common name for QSRS or QSO.

. Unit of length for describing light waves and atems,

. He showed the “nebulae” to be galaxies in extragalactic space.

objects,

DOWN:

In some clusters a radio galaxy is followed by a radio__._,
The nearest galaxies in the Local Group are the_____ Clouds.
From M87 and 3C 273 there emerges a strange optical __

The distance between adjacent “'crests’’ of a travelling wave,

A light ray goes this far in vacuum in ane Earth-year,

Dué to relative motion, the___Effect changes wavelengths of light.
The UHURU satellite found many_.— sources,

He discovered the expansion of our universe,

A galaxy is held together by the_ of its stars.

M31 is commonly known as the_____galaxy.

Abbreviation for galaxies in the New General Catalogue.

The standard abbreviation for an irregular galaxy, like M82
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The Christmas—_Model accounts for “faster than light” radio sources.




