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NGC 1532

he two galaxies NGC 1631 and NGC 1532 are so close together that they exert RIMUXG
strong gravitational forces on each other. Both galaxies are about 17 milion pe
(585 million ly) from us in the constellation Eridanus. (Gemini Observatory/Travis Rectar,

University of Alaska, Anchorage)

Galaxies

century ago, MOSt astrONOMers thought that the entire
universe was only a few thousand light-years across and
that nothing lay beyond our Milky Way Galaxy. One of the
most important discoveries of the twentieth century was that this

3y reading the sections of this chapter, you will learn

23-1 How astronomers first observed other galaxies conception was utterly wrong. We now understand that the Milky
J tal P
23-2 How astronomers determined the distances to other \T( ay 1S just one of bl“lOﬂS‘ of .glll.\les strewn across billions of
galaxies light-years. The accompanying image shows two of them, denoted
by rather mundane catalog numbers (NGC 1531 and NGC 1532)

23-3 The basic types of galaxies that give no hint to these galaxies’ magnificence.
23-4 What techniques astronomers use 1o determine Some galaxies are spirals like NGC 1532 or the Milky Way,
distances to remote galaxies with arching spiral arms that are active sites of star formation. (The

bright pink bands in NGC 1532 are H 1I regions, clouds of excited
hydrogen that are set aglow by ultraviolet radiation from freshly

&

formed massive stars.) Others, like NGC 1531, are featureless,

23-5 How the velocities of remote galaxies tell us that the
universe is expanding

23-6 How galaxies are grouped into clusters and larger  cllipse-shaped agglomerations of stars, virtually devoid of interstel-
structures lar gas and dust. Some galaxies are only one one-hundredch the
\ ten- S » mass of the Milky Way. Others are
23-7 Wh laxi i ‘ size and one ten-thousandth the mass of the Milky Way. C

axies collide : s . s 5 ) :
at happens when g2 [l giants, with 5 times the size and S0 times the mass of the Milky
23-8 What observations indicate the presence of ark . Way. Only about 10% of a typical galaxy's mass emits radiation of
matter in other galaxies and olusters any kind; the remainder is made up of the mysterious dark matter.

S : st stars are four ichin galaxies st galaxies ¢
23-9 How galaxies formed and evolved u Just as most stars are fou \d within galaxies, most galaxies are

located in groups and clusters. These clusters of galaxies stretch
across the universe, forming huge, lacy patterns. Remarkably,
remote clusters of galaxies are receding from us; the greater their
distance, the more rapidly they are moving away. This relationship
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668 Chapter 23

between distance and recessional velocity, called the Hubble law,
reveals that our immense universe is expanding. In Chapters 25 and
26 we will learn what this implies about the distant past and remote
future of the universe.

23-1 When galaxies were first discovered,
it was not clear that they lie far beyond the
Milky Way

As early as 1755, the German philosopher Immanuel Kant sug-
gested that vast collections of stars lie outside the confines of the
Milky Way. Less than a century later, an Irish astronomer observed
the structure of some of the “island universes” that Kant proposed.

William Parsons, the third Earl  pq jate as the 1920s it
of Rosse, was a \\'calth): amateur waq ynclear whether spiral
astronomer who used his fortun@ nebulae were very remote
to build immense telescopes. I—I.ls sisland universes” or simply
largest telescope, completed in earty narts of our Galaxy
February 1845, had an objective
mirror 1.8 meters (6 feet) in diameter (Figure 23-1). The mirror was
mounted at one end of a 60-foot tube controlled by cables, straps,
pulleys, and cranes (Figure 23-1a). For many years, this triumph
of nineteenth-century engineering was the largest telescope in the
world.

With this new telescope, Rosse examined many of the nebulae
that had been discovered and cataloged by William Herschel. He
observed that some of these nebulae have a distinct spiral struc-
ture. One of the best examples is M 51, also called NGC 5194. (The
“M” designations of galaxies and nebulae come from a catalog
compiled by the French astronomer Charles Messier between 1758
and 1782. The “NGC” designations come from the much more
extensive “New General Catalogue” of galaxies and nebulae pub-
lished in 1888 by J. L. E. Dreyer, a Danish astronomer who lived
and worked in Ireland.)

(a) Rosse’s “Leviathan of Parsonstown”

FIGURE 23-1 RIMIU X G

A Pioneering View of Another Galaxy (a) Bullt in 1845, this structure
housed the largest telescope of ite day. The telescope itself (the black cylinder
pointing at a 45° angle above the horizontal) was restored to its original state
during 1996-1998. (b) Using his telescope, Lord Rosse made this sketch of

M5 (NGC 5194)
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NGC 5195

FIGURE 23-2 RIMUXG

A Modern View of the Spiral Galaxy M51 Thi
5194, has spiral arms that are outlined by glowing H Il r
reveal the sites of star formation (see Section 18-2). On

toward the companion galaxy NGC 5195. (CFHT)

Lacking photographic equipment, Lord Rosse had to make
drawings of what he saw. Figure 23-1b shows a drawing he mads
of MS51, which compares favorably with modern photographs,
as shown in Figure 23-2. Views such as this inspired Lord Rosse
to echo Kant’s proposal that such nebulae are acrually “island
universes.”

Many astronomers of the nineteenth century disagreed with
this notion of island universes. A considerable number of nebulag
are in fact scattered throughout the Milky Way. (Figures 18-2%

(b) M51 as viewed through the “Leviathan”

spiral structure in M51, This galaxy, whose angular size is 8 x 11 arcminutes
(about a third the angular size of the full maoon), is today called the Whirlpool -
Galaxy because of its distinctive appearance. (a: Richard T. Nowitz/Corbis)




o 13-4 show "some examples.) The safes

spiral pebulac,” even though they are very differe

her sorts O neb.u_lae. could also be compones entin shape from
The asuonom_xcal community became ”:T}.““i our G

ver the nature of the spiral nebulae. In ‘\l‘l'ilL;t) :

qg ideas Were presented before the National Ac 1T“‘ S oanat

| Washington, D.C. On one side was 1"1‘11‘1(;\:“;““'\. of Sciences

fount Wilson Observatory, renowned for i :

aAssumption was that

: alaxy.
asingly  divided

apley from the

) ' 5 : - . recent determi
_:on of the size of the Milky Way Galaxy ‘ mi
1af10 ) ¢ 1Yy (.h\l.\\) (see Section 22 1)

hapley thought the spiral nebulae were relatively small ‘ .
biects scattered around our Galaxy like the gh'(;{wllll\‘ & T]u'.trlwy
¢ had studied. Opposing Shapley was Heber D (‘ud‘l' -k “Flm
University of California’s Lick Observatory. (\Iurr'iujcll-llLH S it
he island universe theory, arguing that each of t1w~;c S )‘ill-‘]:lmﬂ-ll“‘d
lae s 2 rotating system of stars much like our o\vn‘(}:\lllnx‘y i 4

The Shapley-Curtis “debate” generated much heat Ahl.ll' little
light. Nothing was decided, because no one could present c :
Jusive evidence to demonstrate exactly how far away ;'hc «;pi:-l-li
aebulae are. Astronomy desperately needed a definitive dt:l:crm(i»
qation of the distance to a spiral nebula. Such a measurement
hecame the first great achievement of a young man who studied
scronomy at the Yerkes Observatory, near Chicago. His name

was Edwin Hubble.

[y

CONCEPTCHECK 23-1

If you were observing one of the “spiral nebulae” and
determined that it was closer than some of the stars of

our Galaxy, would you be providing evidence in support of
Shapley’s argument or Curtis’s argument?

Answer appears at the end of the chapter.

23-2 Hubble proved that the spiral nebulae
are far beyond the Milky Way

After completing his studies, Edwin Hubble joined the staff of the
Mount Wilson Observatory in Pasadena, California. On October
6, 1923, he took an historic photograph of the Andromeda
“Nebula,” one of the spiral nebulae around Wh.lCh gontroversy
raged. (Figure 23-3 is a modern photograph of this object.)

Hubble carefully examined his
photographic plate and discov-
ered a mew bright spot—what
he at first thought to be a nova.
Referring to previous plates of
that region, he soon realized that
the object was actually a Cepheid
Vatiable star. Further scrutiny ©
additional plates over the next geveral mo
More Cepheids. Figure 23-% shows moder
Cepheid in another “spiral nebula” . bles help astrono-
e Asd we saw in Section 19 carefully Iﬂtcla—

rs determine distances. Al astr eid variable,
1 1ing the Vafiagglz in apparent brighmessl Ot sf%i?ghhtness yersus
"en recording the results in the form 0f 8 P2 raph gives the vari-
time, or fighs curve (see Figure 19-1 8a). Th(‘f. B ihe star's period:
Wle star’s period and average brightness: &1

Just as RR Lyrae variable
stars demonstrated the
extent of the Milky Way,
Gepheid yariables revealed
the immense distances to
other galaxies
e m——

nths revealed several
n observations of a

03933

FIGURE 23-3 RINMUXG

The Andromeda Galaxy Also known as M&1, fne Androrneda Calary

can be seen with a smell telescops, or even ine riaked eye on a ciear gt
Edwin Hubble was the first to dermonstraté ihat M31 is actually 2 gata
lies far beyond the Milky Way. M31 16 the largest galactic nelghioor near o
Milky Way. A collision between our Milky Way and the Andrormeds Cdary 16

expected in about 3.75 billion years. M32 and M110 are two sma
galaxies that orbit M31. (Sclence Source)

9%, pIGURE 23-4 R IflIU X G

Measuring Galaxy Distances with Cepheld Variables By
pbserving Cepheld variable stars i MA00, the galaxy shown here, astronomers
have found that it is about 17 Mpc (56 milion ly) fram Farth, The Insets show on
of the Cepheids in M100 at different stages in its brightness cyele, which lasts
geveral weeks, (Wandy L. Freedman, Carmagle Institution of Washington, anc NASA)
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BOX 23-1 TOOLS OF THE ASTRONOMER’S TRADE

Cepheids and Supernovae as Indicators of Distance

B ecause their periods are directly linked to their luminosi-
ties, Cepheid variables are one of the most reliable tools
astronomers have for determining the distances to galaxies. To
this day, astronomers use this link—much as Hubble did back
in the 1920s—to measure intergalactic distances. More recently,
they have begun to use Type la supernovae, which are far more
luminous and thus can be seen much farther away, to determine
the distances to very remote galaxies.

EXAMPLE: In 1992 a team of astronomers observed Cepheid
variables in a galaxy called IC 4182 to deduce this galaxy’s
distance from Earth. One such Cepheid has a period of

42.0 days and an average apparent magnitude () of +22.0.
(See Box 17-3 for an explanation of the apparent magnitude
scale.) By comparison, the dimmest star you can see with the
naked eye has 7 = +6; this Cepheid in IC 4182 appears less
than one one-millionth as bright.

According to the period-luminosity relation shown in
Figure 19-20, such a Cepheid with a period of 42.0 days has
an average luminosity of 33,000 L. An equivalent statement
is that this Cepheid has an average absolute magnitude (M)
of —6.5. (This compares to M = +4.8 for the Sun.) Use this
information to determine the distance to IC 4182.

Situation: We are given the apparent magnitude m = +22.0
and the absolute magnitude M = —6.5 of the Cepheid variable
star in IC 4182. Our goal is to calculate the distance to this star,
and hence the distance to the galaxy of which it is part.

Tools: We use the relationship between apparent magnitude,
absolute magnitude, and distance given in Box 17-3.

Answer: In Box 17-3, we saw that the apparent magnitude
of a star is related to its absolute magnitude and distance in
parsecs (d) by

m—M=5logd—S5

This equation can be rewritten as

d— 1ple= M+ 05 parsecs

We have m — M = (+22.0) — (—6.5) = 22.0 + 6.5 = 28.5.
(Recall from Box 17-3 that m — M is called the distance
modulus.) Hence, our equation becomes

d = 10255 7 55 parsecs = 1057 parsecs = 5 x 106 parsecs

the astronomer then uses the period-luminosity relation shown in
Figure 19-20 to find the Cepheid’s average luminosity. Knowing
both the apparent brightness and luminosity of the Cepheid, the
astronomer can then use the inverse-square law to calculate the

(A calculator is needed to calculate the quantity e

Review: Our result tells us that the galaxy is 5 million
parcsecs, or 5 Mpc, from Earth (1 Mpc = 10° pc). This
distance can also be expressed as 16 million light-years.

EXAMPLE: Astronomers are interested in IC 4182 because
a Type la supernova was observed there in 1937. All Type
Ia supernovae are exploding white dwarfs that reach nearly
the same maximum brightness at the peak of their outburst
(see Section 20-9). Once astronomers know the peak
absolute magnitude of Type Ia supernovae, they can use these
supernovae as distance indicators. Because the distance to IC
4182 is known from its Cepheids, the 1937 observations of the
supernova in that galaxy help us calibrate Type Ia supernovae
as distance indicators.

At maximum brightness, the 1937 supernova reached
an apparent magnitude of 72 = +8.6. What was its absolute
magnitude at maximum brightness?

Situation: We are given the supernova’s apparent magnitude 7z,
and we know its distance from the previous example. Our goal
is to calculate its absolute magnitude M.

Tools: We again use the relationship m — M = 5 log d — 3.

Answer: We could plug in the value of d found in the previous
example. But it is simpler to note that the distance modulus

m — M has the same value no matter whether it refers to a
Cepheid, a supernova, or any other object, just so it is at the
same distance d. From the Cepheid example we have m — M
= 28.5 for IC 4182, so

M=m— (m — M) =86 — (28.5) = —19.9

This absolute magnitude corresponds to a remarkable peak
luminosity of 1010 L.

Review: Whenever astronomers find a Type la supernova in a
remote galaxy, they can combine this absolute magnitude with
the observed maximum apparent magnitude to get the galaxy’s
distance modulus, from which the galaxy’s distance can be
easily calculated (just as we did above for the Cepheids in

IC 4182). This technique has been used to determine the
distances to galaxies hundreds of millions of parsecs away

(see Section 25-4).

distance to the star (see Box 17-2). Box 23-1 presents an examp
of this caleulation. This procedure is very similar to that use
by Harlow Shapley to measure the distances to the Milky Way
globular clusters using RR Lyrae variable stars (see Section 22-8
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epheid variables are intrinsically quite Jymin
inosities that can exceed 104 L., Hubbye yeq,
[uminous SEATs to appear as dim as they ._” red that for

hs of the {\ndmmcdn “Nebula,” they mvn\! ('l : 5

4 Sﬂaighttor\\-ard calculations using mode “ . \‘i Sxtremely far
\B1is some 750 kiloparsecs (2.* million lighe \{.;,“3,“,1.! b
'umjm\ s .1“89"‘" 0z, J\“ 31 has a diameter of 70 mii‘\m
gt than the diameter of our own Milky Way l'.\i,n\“

These results prove (h..n the Andromeda “Nebula® is

sus stellar system, tar bevond the confines m,mt \\; ',‘Lm"\ -

v, this system s properly called the Andromeda (ml;nl\ 41\\ T\;\ ‘
pod observing conditions, you can actually see this g,‘lhx\“‘; ((»,:::\
holge with the naked eve. 1t yuuxmuid see the entire Aﬁdrnmeda
Galaxy. it would cover an area nt‘thc sky roughly § times as large
sthe full moon.) G.ﬂast are so tar away that their distances fro?n
45 AT gsually given n milhons of parsecs, or megaparsecs (Mpe):
| M = 10® pe. For example, the distance to the galaxies in thé
gnage that opens this chapter is 17 Mpc. E :

Hubble's results, which were presented at a meeting of the
Amenican Astronomical Society on December 30, 1924, settled
de y-Curtis “debate” once and for all. The universe was
secognized tO be far larger and populated with far bigger objects
shan anyone had seriously imagined. Hubble had discovered the
sealm of the galaxies.

wWith

¢ on his ¢
ney

Farth

ATSCCS

3 In cveryday language, many people use the
s “galaxy” and «universe” interchangeably. It is true that
« Hubble’s discoveries our Milky Way Galaxy was thought
irate essentially the entire universe. But we now know
the universe contains literally billions of galaxies. A single
vast though it may be, is just a tiny part of the entire

ble universe.

CONCEPTCHECK 23-2
ould astronomers

nearby galaxy were discovered, why w
: look for Cepheids?
or appears at the end of the chapter:
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23-3 Galaxies are classified according

to their appearance
Millons of galaxies are vimble across every unabscured part of the
sky. Although all galaxies are made up of large numbers of stars,
they come in a vanety of shapes and swees 7
‘-;“‘NU; Hubble Cassified galaxies nto four broad mmbutd
© on their appearance. These categpries o the bams for
the Hubble classification, & scheme that is still used today. The four
classes of galaxies are the spirals, classified S barred M“S‘&
ellipticals, F; and wregulars, Irr. Table 13-1 summurizes some ey
properties of each class. These various types of galaxies differ not
only in their shapes but also in the kinds of processes takomg place
within them.

Spiral Galaxies: Stellar Birthplaces

22, M51 (Figure 23-2), M31 (Figure 23-3), and M100 (Figure

23-4) are examples of spiral galaxies. Figure 135 shows
that spiral galaxies are characterized by arched lanes of stars, past as
is our own Milky Way Galaxy (see Section 22-3). The spual arms
contain young, hot, blue stars and their assocrated H Il regpons,
indicating ongoing star formation.

Thermonuclear reactions within stars create metals, thas -, ce-
ments heavier than hydrogen or helium (see Section 17-5). These
metals are dispersed into space as the stars evolve and die. So, if new
stars are being formed from the interstellar matter m spural galax-
ies, they will incorporate these metals and be Populanon | stass (see
Section 19-5 and Section 22-2). Indeed, the visible-light spectrum of

iral gal metal absorpion lines. Sach 3
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(@) Sa(NGC 1357) (b) Sb (M81)

FIGURE 23-5 RIlU X G

Spiral Galaxies Edwin Hubble classified spiral galaxies according to the
texture of their spiral arms and the relative size of their central bulges. Sa
galaxies have smooth, broad spiral arms and the largest central bulges, while

Hubble further classified spiral galaxies according to the tex-
ture of the spiral arms and the relative size of the central bulge.
Spirals with smooth, broad spiral arms and a fat central bulge are
called Sa galaxies, for spiral type a (Figure 23-5a); those galaxies
with moderately well-defined spiral arms and a moderate-sized
central bulge, like M31 and M51, are Sb galaxies (Figure 23-5b);
and galaxies with narrow, well-defined spiral arms and a tiny cen-
tral bulge are Sc galaxies (Figure 23-5c).

The differences between Sa, Sb, and Sc galaxies may be related
to the relative amounts of gas and dust they contain. Observations
with infrared telescopes (which detect the emission from inter-
stellar dust) and radio telescopes (which detect radiation from
interstellar gases such as hydrogen and carbon monoxide) show
that about 4% of the mass of a Sa galaxy is in the form of gas
and dust. This percentage is 8% for Sb galaxies and 25% for Sc
galaxies.

(a) SBa (NGC 1291) (b) SBb (M83)

FIGURE 23-6 R | U X G

Barred Spiral Galaxies As with spiral galaxies, IHubble classified barrad
spirals according to the texture of their spiral arms (which correlates to the
sizes of their central bulges). SBa galaxies have the smoothest spiral arms and

ARETNY . W ey . — - _— . L Ly

(c) Sc (NGC 4321)

Sc galaxies have narrow, well-defined arms and the smallest central bul 168
(a: Adam Block/Steve Mandel/Jim Rada and Students/NOAO/AURA/NSE; b: Robert

Gendler/Science Source; ¢: FORS Team, 8.2-meter VLT, ESO)

Interstellar gas and dust is the material from which new stars
are formed, so an Sc galaxy has a greater proportion of its mass
involved in star formation than an Sb or Sa galaxy. Hence, a
Sc galaxy has a large disk (where star formation occurs) and a
small central bulge (where there is little or no star formation). By
comparison, a Sa galaxy, which has relatively little gas and dust, and
thus less material from which to form stars, has a large central bulge
and only a small star-forming disk.

The central bulge contains more than just stars: It is also
thought to contain a supermassive black hole at its center. The mass
of the black hole is about 1/1000 the mass of the central bulge,
which corresponds to black hole masses of millions to hundreds of
millions of solar masses. (The mass of the black hole at the center
of our Milky Way is just over 4 million solar masses.) Chapter 24
discusses how these black holes are the “central engines” of quasars
and active galaxies.

(c) SBe (NGC 1365)

the largest central bulges, while SBe galaxies have natrow, well-defined
arms and the smallest central bulges. (a: NASAAPL-Caltech/CTIO; by ot FORS
Toam, 8.2-moter VLT, ESO)
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hen making @ sketch of a spiral galaxy with cqp
oar T'\mmtmﬂ»‘Wh‘““ areas would you label \ww\;‘lhmwml““
::nmf‘”‘? Which areas would have less? L More stay
‘\\'ZS”“"V ‘I{»[u\l.'.\" at the end of the \‘,m/»[‘-,‘
‘i.m\‘d Spiral Galaxies: Spirals witl
. EXtra Twist
1y barred spil'd_l g.\l.\\ics. such as those shown in Figure 23
\1“.\1\1 arms originate at the ends of a bar ‘\h-‘l\‘\l lik“\'i:, . ‘ O, the
;{,wug_h the galaxy’s nucleus rather than from the nm.'l'm': : m‘;m“’"
with ordinary spirals, Hubble subdivided barred Shn'.lls\\l“‘\k |l :
« the relative size of thetr central bulge and the t‘ll‘\|~.1;‘1;-|~kt:‘)l&1”.\'3'“
(piral arms. A SBa galaxy has a large central bulge and thin 1‘il'lu‘l“
wound spiral arms (Figure 23-6a). Likewise, 8 SBb g;\h\\\-?ﬁi‘:}
harred spiral with a moderate central bulge and H\Udvr.{rcl; \.\'m\m‘:l
oiral arms (Figure 23-6b), while a SBc galaxy has lump\v' loosely
wound spiral arms and a tiny central bulge (l“\igurc l}-h&; f\g\ foe
ardinary spiral galaxies, the difference between SBa, SBb ‘.;m{ SBe
calaxies may be related to the amount of gas and dust in l‘im zml‘.‘m\'
" Bars appear Iokfm'm naturally in many spiral g;\l;\\ia‘;. llnx
conclusion comes from computer simulations of galaxies, which
«¢ hundreds of thousands of simulated “stars™ into orbit around a
common center. As the sgrars” orbit and exert gravitational forces
on one another, a bar structure forms in most cases. Indeed, barred
spiral galaxies outnumber ordinary spirals by about two to one.
As we saw in Section 22-2, there is evidence that the Milky Way
Galaxy is a barred spiral.)

Why don't all spiral galaxies have bars? According to cal-
cdlations by Jeremiah Ostriker and P. ]\ E. Reebles of Princeton
University, a bar will not develop if a galaxy is surrounded by a
sufficiently massive halo of nonluminous dark matter. (In Section
; Milky Way Galaxy is surrounded

79 : S
224 we saw evidence that our 3
arred spirals

by such a dark matter halo.) The difference between b s
and ordinary spirals may thus lie in the amount of dur?\' murt.(il the
galaxy possesses. In Section 23-8 we will see compelling evidence

for the existence of dark matter in spira galaxies.

(b) E3 (NGC 4406)
(8) EO (M105)

i alaxios according 1o how
L i8 Jabeled 8

(@ Karl Gab! argdt
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CONCEPTCHECK 23-4

e S

How are galaxies with loosely wrapped arms categorized using
Hubble's scheme?

Answer appears at the end of the chapter.

Eilimtinal ¢ ; i =
Elliptical Galaxies From Giants to Dwarfs

Elliptical galaxies, so named because of their distinctly elliptical
shapes, have no spiral arms. Hubble subdivided these galaxies
according to how round or flattened they look. The roundest
elliptical galaxies are called EO galaxies and the flattest, E7 galax-
ies. Elliptical galaxies with intermediate amounts of ﬂdttcnihg are
given designations between these extremes (Figure 23-7). :

'YYEACITE) Unlike the designations for spirals and barred
spirals, the classifications EO through E7 may not reflect the true
shape of elliptical galaxies. An E1 or E2 galaxy might actually be
a very flattened disk of stars that we just happen to view face-on,
and a cigar-shaped E7 galaxy might look spherical if seen end-
on. The Hubble scheme classifies galaxies entirely by how they
appear to us on Farth.

Elliptical galaxies look far less dramatic than their spiral and
barred spiral cousins. The reason, as shown by radio and infrared
observations, is that ellipticals are virtually devoid of interstellar
gas and dust. Consequently, there is little material from which
stars could have recently formed, and indeed there is no evidence
of young stars in most elliptical galaxies. For the most part, star
formation in elliptical galaxies ended long ago. Hence, these gal-
axies are composed of old, red, Population II stars with only
amounts of metals.

Elliptical galaxies come in a wide range of sizes and masses.
Both the largest and the smallest galaxies in the known universe
are elliptical. Figure 23-8 shows two giant elliptical galaxies that
are about 20 times larger than an average galaxy. These gian
ellipticals are located near the middle of a large cluster of galaxies
in the constellation Virgo. (We will discuss this and other clusters
of galaxies in Section 23-6.)

(c) E6 (NGC 3377)

{Univer sity of Michigal ), Tod Lauer (NOAQ), and NASA; b: Jean-Chartes Cuillandre,
Hawailan Starfight, CEMT; ¢ Kart Gebhardt (University of Michigan), Tod Lauer (NOAQ),

and NASA)
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The Virgo cluster is a rich, sprawling collection of

FIGURE 23-8

) 2000 galaxies about 17 Mpc (56 million ly) from Earth. Only the center

s in this photograph. The two largest members of this

al galaxies M84 and M86. These galaxies have angular

St 7 arc Jean-Charles Cuillandre, Hawaiian Starlight, CFHT)

20

icals are rather rare, but dwarf elliptical galaxies
mon. Dwarf ellipticals are only a fraction the size of
counterparts and contain so few stars—only a few
ympared to more than 100 billion (10!) stars in our
Vay Galaxy—that these galaxies are completely transpar-
ctually see straight through the center of a dwarf
the other side, as Figure 23-9 shows.
sht from a galaxy is emitted by its stars, so the vis-
ctrum of a galaxy has absorption lines. But because a
stars are in motion, with some approaching us and others
v, the Doppler effect smears out and broadens the
es. The average motions of stars in a galaxy can be
m the dertails of this broadening.
I galaxies, studies of this kind show that star
motions are quite random. In a very round (EO) elliptical galaxy,
this randomness is isotropic, meaning “equal in all directions.”
Because the stars are whizzing around equally in all directions, the
galaxy is genuinely spherical. In a flattened (E7) elliptical galaxy,
the randomness of the stellar motions is anisotropic, which means
thar the range of star speeds is different in different directions.
Hubble also identified galaxies that are midway in appearance
between c_lhpmals and the two kinds of spirals, These are denoted
as 50 and SBO galaxies, also called lenticular galaxies. Although
they look somewhat elliptical, lenticular (“lens shaped”) galaxies
have both a central bulge and a disk like spiral galaxies, but no
discernible spiral arms. They are therefore sometimes referred to
as “armless spirals.” Figure 23-10 shows an example of an SBO
lenticular galaxy.

&

Edwin Hubble summarized his classification scheme for spiral,
barred spiral, and elliptical galaxies in a diagram, now called the
tuning fork diagram for its shape (Figure 23-11).

FIGURE 23-9 RIMUXG

A Dwarf ipt This diffuse cloud of

elliptical called Leo 1. It actually orbits the Milky Way at a dist f 1§
kpc (600,000 ly). Leo | is about 1 kpe (3000 ly) in diameter but

few stars that you can see through the galaxy’s center

Heritage Tearn [STScl/AURAY)

(XX'RAL-TH When Hubble first drew his tuning fork dia-
gram, he had the idea that it represented an evolutionan
sequence. He thought that galaxies evolved over time from the
left to the right of the diagram, beginning as ellipticals and even-
tually becoming either spiral or barred spiral galaxies. We now
understand that this evolution of galaxies is not the case at all!
For one thing, elliptical galaxies have little or no o
tion, while spiral and barred spiral galaxies have a
amount of overall rotation. There is no wav 1
galaxy could suddenly start rotating, which me
not evolve into a spiral galaxy.

e

A more modern interpretation of the Hubble tuning fork dia-
gram is that it is an arrangement of galaxies according to their over-
all rotation. A rapidly rotating collection of matter in space tends
to form a disk, while a slowly rotating collection does not. Thus,
the elliptical galaxies at the far left of the tuning fork diagram have
little internal rotation and hence no disk. Sa and SBa galaxies have
enough overall rotation to form a disk, though their central bulges
are still dominant. The galaxies with the greatest amount of overall
rotation are Sc¢ and SBe galaxies, in which the central bulges are
small and most of the gas, dust, and stars are in the disk.

Irregular Galaxies: Deformed and Dynamic

Galaxies that do not fit into the scheme of spirals, barred spirals,
and ellipticals are usually referred to as irregular galaxies. They 3
are generally rich in interstellar gas and dust, and have both young =
and old stars, For lack of any better scheme, the irregular galaxies -
are sometimes placed between the ends of the tines of the Hubble
tuning fork diagram, as in Figure 23-11. 1
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FIGURE 23-10 R | MuXa Hubble’s Tuning Fork Diagram Edwir Hubble's classification of regular
P 5 (o alaxies is shown in his tuning fork diagram. An elliptical galaxy 16 Cias: fied

A Lenticular Gataxy NGC 2787 is classified a ' 8 » jalaxy

) o : o~ s a lenticular galaxy because by how flattened it appears A spiral or barred spiral 4 W
 has a disk but no discernible spiral arms. Its nucleus displays a faint bar i It f

+ apparent in this image), so NGC 2787 is denot texture of its spiral arms and the size of its central buige. A lentic jiar galaxy
not appa ) i P
fpoteppd s esealli iR ¢ o enoted as an SBO galaxy. It lies is intermediate between ellipticals and spirals. Irregular galaxies 4o No fit into
sbout 7.4 in i st b iy
about ‘L e constellation Ursa Major. (NASA this simple classification scheme. The ordering of galaxies does not represent
and The Hubble Heritage Team, STScl/AURA)

: an evolutionary sequence.

Hul?ble defined two types of irregulars. Irr I galaxies have only forces exerted on these irregular galaxies by the Milky Way hel
hints of organized structure, and have many OB associations and to compress the gas, which is why both of the Magellanic cloud
H II regions. The best-known examples of Irr I galaxies are the are sites of active star formation.

Large Magellanic Cloud (Figure 23-12) and the Small Magellanic The other type of irregulars, called Trr 11 galaxies, have asym
Cloud. Both are nearby companions of our Milky Way and can metrical, distorted shapes that scem to have been caused by coll
be seen with the naked eye from southern latitudes. Both these sions with other galaxies or by violent activity in their nuclei. M8

¢ interstellar gas. Tidal shown in Figure 21-16 and in the image that opens Chapter 6,15

galaxies contain substantial amounts O
example of an Irr IT galaxy.

CONCEPTCHECK 23-6

Which type of galaxy has almost no ongoing active star
formation?
Answer appears at the end of the chapter.

23-4 Astronomers use various techniques
to determine the distances to remote galaxies

A key question that astronomers
ask about galaxies is “How far
away are they?” Knowing the dis-
ic Cloud rances to galaxies is essential for
learning the structure and history
FIGURE 23-12 R MU G of the universe. .Unf()l‘tmmtcly, ‘
The Large Magellanic Cloud (LMC) Ata distance of only 69 kpe (179,000 many f’i th\;‘(/ ft‘tfll}llltlllcs Fhut a\r{‘ usgd to measure dnstmxce§ W
R i Irrgl ageiRIre,  somparion of our Miky Way Galaxy. our M:l‘<y‘ Ray (‘.:a laxy g".umot e L}%CL} for the far greater dist:
ﬁd galaxy is the third closest Know to other galaxies. The extremely accurate parallax method th:

o neross the sky, o about ‘ laxies. |
B e il ation Is ongoing In the described in Section 17-1 can be used only for stars within

The various methods of

distance determination are

interrelated because one is
used to calibrate another

}f E?Atlmes the size of the full moon. Ong sign thatfsztgg fg; (@00 Iy) and mass of 500 pe. Bc‘yond that d‘lStﬂnCC, parallax angles become too sm
/} - ><C is the Tarantula Nebula, whose dlame’ter‘o (Nvo/AUHA/NSF) measure, Spectroscopic par allase, in which the distancer ot
106 i wn H 1l region-

F M make it the largest kno

o
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star cluster is found with the help of the H-R diagram (see Section
17-8), is accurate only out to roughly 10 kpe from Earth; more
distant stars or clusters are too dim to give reliable results.

Standard C

Type |

andles: Variable Stars and
a Supernovae
To determine the distance to a remote galaxy, astronomers look
instead for a standard candle—an object, such as a star, that lies
within that galaxy and for which we know the luminosity (or,
equivalently, the absolute magnitude, described in Section 17-3).
By measuring how bright the standard candle appears, astrono-
mers can calculate its distance—and hence the distance to the
galaxy of which it 1s part—using the inverse-square law.

The challenge is to find standard candles that are luminous
enough to be seen across the tremendous distances to galaxies. To

be useful. standard candles should have four properties:

1. They should be luminous so that we can see them out to
great distances.

2. We should be fairly certain about their luminosities so that
we can be equally certain of any distance calculated from a
standard candle’s apparent brightness and luminosity.

3. They should be easily identifiable—for example, by the
shape of the light curve of a variable star.

4. They should be relatively common so that astronomers can use
them to determine the distances to many different galaxies.

For nearby galaxies, Cepheid variable stars make reliable standard
candles. These variables can be seen out to about 30 Mpc (100 mil-
lion ly) using the Hubble Space Telescope, and their luminosity can

RIMUXG

(a) M100 in March 2002

FIGURE 23-13

A Supernova in a Spiral Galaxy These images from the Very Large
Telescope show the spiral galaxy M100 (a) before and (b) after a Type la
supernova exploded within the galaxy in 2006. (The two images were made
with different color filters, which gives them different appearances.) Such
luminous supernovae, which can be seen at extrerme distances, are important

be determined from their period th rough the period-luminosity re[,-
tion depicted in Figure 19-20. Box 23-1 gives an example of using
Cepheid va riables to (lcltcrm]ng dismnccsj RR Lyrae stars, which A
Population I variable stars often found in globular clusters, can pe
used as standard candles in a similar way. (We saw in Section 22-1
how RR Lyrae variables helped determine the size of our Galaxy,)
Because they are less luminous than Cepheids, RR Lyrae variab]’es
can be seen only out to 100 kpc (300,000 ly).

Beyond about 30 Mpc even the brightest Cepheid variables,
which have luminosities of about 2 10* L, fade from view,
Astronomers have tried to use even more luminous stars such as
blue supergiants to serve as standard candles. However, this idea
is based on the assumption that there is a fixed upper limit on
the luminosities of stars, which may not be the case. Hence, these
standard candles are not very “standard,” and distances measured
in this way are somewhat uncertain.

One class of standard candles that astronomers have use
beyond 30 Mpc is Type Ia supernovae. As we described in Section
20-9, these supernovae occur when a white dwarf in a close binary
system accretes enough matter from its companion to blow itself
apart in a thermonuclear conflagration. A Type Ia supernova can
reach a maximum luminosity of about 3 x 10° Ly (Figure 23-13
If a Type Ia supernova is seen in a distant galaxy and its maximum
apparent brightness measured, the inverse-square law can be used
to find the galaxy’s distance (see Box 23-1).

One complication is that not all Type Ia supernovae ar
luminous. Fortunately, there is a simple relationship be
peak luminosity of a Type Ia supernova and the rate at v
luminosity decreases after the peak: The more slowly the br

decreases, the more luminous the supernova. Using this relao
astronomers have measured distances to supernovae more
1000 Mpc (3 billion ly) from Earth.

Supernova 2006\

rOMUY X !

(b) M100 in February 2006, showing Supernava 2006X

standard candles used to determine the distances to faraway galaxies. The
distance to M100 is also known from abservations of Cepheid variables
(see Figure 23-4), so this particular supernova can help calibrate Type &
supernovae as distance indicators. (European Southern Observatory)
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CONC[E.PT()HLQ K 23-6

imagine that a thin cloud of intergalactic dust reduced the

\-\b:“t‘l’\"t‘d prightness of a Type la supernova found in a distant

galaxy: Would astronomers who did not know the dust was
;htlic‘ mistakenly assume that the galaxy is farther or closer
than it actually is?

Answer appears at the end of the chapter.

Loy I Matormin
nistance Uetleiiiiiiic

ition without Standard Candles

Other methods for determining the distances to galaxies do not
make use of standard candles. One was discovered in the 1970s
by the astronomers Brent Tully and Richard Fisher. They found
that the width of the hydrogen 21-cm emission line of a spiral
galaxy (see Section 22-3) is related to the galaxy’s luminosity. This
correlation 1s the Tully-Fisher relation—the broader the line, the
more luminous the galaxy.

Such a relationship exists because radiation from the approach-
ing side of 2 rotating galaxy is blueshifted while that from the
galaxy’s receding side is redshifted. Thus, the 21-cm line is Doppler
broadened by an amount directly related to how fast a galaxy i
rorating. Rotation speed is related to the galaxy’s mass by Newton’s
form of Kepler’s third law. The more massive a galaxy, the more
stars it contains and thus the more luminous it is. Consequently, the
width of a galaxy’s 21-cm line is directly related to its luminosity-

Because line widths can be measured quite accurately, astrono-
mers can use the Tully-Fisher relation to determine the luminosity
of a distant spiral galaxy. By combining this information with
measurements of apparent brightness, they can calculate the

1pc 10 pc 100 pc 1 kpe 1: kpe
T 1 -
B 8w S g
- ¢ 5} = —
& & S 3

Parallax (Hipparcos)
out to 500 pc

Spectroscopic parallax
40 pe to 10 kpe

Large
Magellanic

Population II RR Lyrae variables
S to 100 kpe

Population | Cepheid variables
1 kpe to 30 Mpe

100 kpe

AR WP

A

Galaxies 677

distance to the galaxy. This technique can be used to measure
distances of 100 Mpc or more.

Elliptical galaxies do not rotate, $0 the Tully-Fisher relation can-
not be used to determine their distances. But in 1987 the American
Marc Davis and George Djorgov ski pointed out 2 ot

motions

astronomers
relation between the size of an elliptical galaxy, the average
of its stars, and how the galaxy’s brightness appears distributed over
its surface.

In geometry, three points define
among size, motion, and brightness is called the fundamental plane.
By measuring the last two quantities, an astronomer can use the
fundamental plane relationship to determine a galaxy’s actual size.
And by comparing this to the galaxy’s apparent size, the astrono-
mer can calculate the distance to the galaxy using the small-angle
formula (see Box 1-1). Ellipticals can be substantially larger and
more luminous than spirals, so the fundamental plane can be used
at somewhat greater distances than can the Tully-Fisher relation.

a plane, so the relationship

CONCEPTCHECK 23-7
has

|s a galaxy that appears to be quite bright, yet |
width for its emitted hydrogen light, relatively close
distant from our own Galaxy?

Answer appears at the end of the chapter.

The Distance Ladder

Figure 23-14 shows the ranges of applicability of several mmpor-
tant means of determining astronomical distances. Because these
ranges overlap, one technique can be used to calibrate another
an example, astronomers have studied Cepheids in nearby galax-
ies that have also been host to Type Ia supernovac. The Cepheic
provide the distances to these nearby galaxies, making it possibie
to determine the peak luminosity of each supernova using its
maximum apparent brightness and the inverse-square law. Once
the peak luminosity is known, it can be used to determine the

1 Mpc 10 Mpc

100 Mpe

M31—=

Type la supernovae
1 to over 1000 Mpe

Tully-Fisher, fundamental plane
700 kpe to 100 Mpe

FIGURE 23-14
The Distance Ladder Astronomers empioy @ variety
Setermining the distances to objects Peyon

of techniques for
d the solar system. Because ]

. i d to calibrate
their ranges of applicability overlap, oneé technigue can he Use!

another, The arrows indicate distances to several impartant objects. Note that
each division on the scale indicates a tenfold increase in distance, such as
from 1 to 10 Mpc.
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distance to Type la supernovae in more distant galaxies. Because
one measuring technique leads us to the next one like rungs on a
ladder, the techniques shown in Figure 23-14 (along with others)
are referred to collectively as the distance ladder.

XY [ you give a slight shake to the bottom of a tall

ladder, the top can wobble back and forth alarmingly. A change
in distance-measuring techniques used for nearby objects can
also have substantial effects on the distances to remote galax-
ies. For instance, if astronomers discovered that the distances to
nearby Cepheids were in error, distance measurements using any
technique that is calibrated by Cepheids would be affected as
well. (As an example, the distance to the galaxy M100 shown in
Figure 23-4 is determined using Cepheids. A Type Ia supernova
has been seen in M 100, as Figure 23-13 shows, and its luminos-
ity is determined using the Cepheid-derived distance to M100.
Any change in the calculated distance to M100 would change
the calculated luminosity of the Type Ia supernova, and so it
would have an effect on all distances derived from observations
of how bright these supernovae appear in other galaxies.) For
this reason, astronomers go to great lengths to check the accu-
racy and reliability of their standard candles.

One distance-measuring technique that has broken free of
the distance ladder uses observations of molecular clouds called
masers. (“Maser” is an acronym for “microwave amplification
by stumulated emission of radiation.”) Just as an electric current
stimulates a laser to emit an intense beam of visible light, nearby
luminous stars can stimulate water molecules in a maser to emit

1. As a distant galaxy rotates,
the maser shown by the red dots
recedes from us.

hmE
o0 VAVAVAVAV A
2l

intensely at microwave w avelengths. T]}IS radiation is so intenge
that masers can be detected millions of parsecs away.

During the 1990s, Jim Herrnstein and his collaborators s
the Very lknng; Baseline Array (see Section 6-6) to observe a number
of masers orbiting in a disk around the center of the spiral galayy
M106. They determined the orbital speed of the masers from the
Doppler shift of masers near the edges of the disk, where they
are moving most directly toward or away from Earth. They 3l
measured the apparent change in position of masers moving acrss
the face of M106. By relating this apparent speed to the true speed
determined from the Doppler shift, they calculated that ¢
and the galaxy of which they are part are 7.2 Mpc (23 million |y
from Earth (Figure 23-15).

The maser technique is still in its infancy. But because this
technique is independent of all other distance-measuring me
it is likely to play an important role in calibrating the rung
distance ladder.

CONCEPTCHECK 23-8

Which of the rungs on the distance ladder depends on an
accurate measurement of parallax?
Answer appears at the end of the chapter.

23-5 The Hubble law relates the redshifis
of remote galaxies to their distances from Earth

Whenever an astronomer finds an object in the sky thar can
be seen or photographed, the natural inclination is to artach 2

2. Microwaves from the receding maser are Doppler
shifted to longer wavelengths. The amount of Doppler
shift tells us the speed of this maser’s motion.

6. By relating the true speed of the masers shown in
'red and blue to the apparent speed of the maser shown
In green, we can calculate the distance to this galaxy
using the small-angle formula.

~—~ Earth

5. As the galaxy rotates, the maser shown by the
green dots appears to move through this angle.

Center of galaxy LTS T
2@
1@ ————————————————
8722
oo

\\_/

Approaching maser

VAVAVAVAVAVes

3, As the galaxy rotates, the maser shown
by the blue dots approaches us,

The redshift and blueshift of microwaves from the masers shown in red and blue tell us their orbital

6 through which the masers shown in green appear to move in a

specd, By relating this to the ang|

FIGURE 23-15
Measuring the Distance to a G
called masers (the colored dots)

4. 'chrowaves from the approaching maser are Doppler
shffted to shorter wavelengths: The amount of Doppler
shift tells us the speed of this maser’s motion,

alaxy Using Masers This drawing shows interstellar clouds
moving from position 1 to 2 to 3 as they orbit the center of a galaxy.

certain amount of time,

We can caleulate the distance to the galaxy.
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Jaw of our
redshift, Distance, and the Hubble Law
puring the 1920s, Edwin Hubble
and Milton  Humason photo- _
wraphed the spectra of many galax- @ distant galaxy, the farther

ics with the 100-inch (2.5-meter) away it is

welescope  on Mount Wilson in K
California. By observing the apparent brightnesses and pulsation
periods of Cepheid variables in these galaxies, they were also able
10 measure the distance to each galaxy (see Section 23-2). Hubble
and Humason found that most galaxies show a redshift in their

spectrum. They also found a direct correlation between the distance
10 a galaxy and its redshift:

The greater the redshift of

The more distant a galaxy, the greater its redshift and the more
rapidly it is receding from us.

In other words, nearby galaxies are moving away from us
slowly, and more distant galaxies are rushing away from us much
more rapidly. Figure 23-16 shows this relationship for five repre-
sentative elliptical galaxies. This universal recessional movement is
referred to as the Hubble flow.

Hubble estimated the distances to a number o
the redshifts of those galaxies. The redshift, denoted by tbe symbol
3,is found by taking the wavelength (A) observed.for a given SPCC};
tral line, subtracting from it the ordinary, unshifted wavelenﬁ;t
of that line () to get the wavelength difference (AN), and then

dividing that difference by No:

f galaxies and

Redshift of a receding object
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FIGURE 23-16 R IllU X G

Relating the Distances and Redshifts of Galaxies These five
galaxies are arranged, from top to bottom, in order of increasing distance
from us. All are shown at the same magnification. Each galaxy's spectrum

is a bright band with dark absorption lines; the bright lines above and below

it are a comparison spectrum of a light source at the observatory on Earth.
The horizontal red arrows show how much the H and K lines of singly ionized
calcium are redshifted in each galaxy’s spectrum. Below each spectrum is the
recessional velocity calculated from the redshift. The more distant a galaxy is,

the greater its redshift. (Carnegie Qbservatories)

straight line. Figure 23-17 is a modern version of Hubble’s graph

based on recent data. : .
This relationship between the distances to galaxies and their

redshifts was one of the most important astronomical discover-
ies of the cwentieth century. As we will see in Chapter 26, this
ationship tells us that we are living in an expanding universe.

rel
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s the distances and recessional velocities
line is the best fit to the data. This linear
recessional velocity is called the Hubble law.

In 1929, Hubble published this discovery, which is now known as
the Hubble law. The Hubble law is most easily stated as a formula:

The Hubble law
v = Hod
v = recessional velocity of a galaxy

Hubble constant

- :I:
I

= distance to the galaxy

This formula is the equation for the straight line displayed
in Figure 23-17, and the Hubble constant H, is the slope of this
straight line. From the data plotted on this graph we find that Hy =
73 km/s/Mpc (say “73 kilometers per second per megaparsec”). In
other words, for each million parsecs to a galaxy, the galaxy’s speed

way from us increases by 73 km/s. For example, a galaxy located
100 million parsecs from Earth should be rushing away from us
with a speed of 7300 kmJs. (In other books you may see the units
of the Hubble constant written with exponents: 73 km s-! M jore )

A common misconception about the Hubble
| law is that 4/l galaxies are moving away from the Milky Way. The
reality is that galaxies have their own neighbor-induced motions
relative to one another, due to their mutual gravitational attrac-
tion of neighboring galaxies. Astronomers call this neighbor-
induced motion intrinsic velocity, For nearby palaxies, the speed
of the Hubble flow is small compared to these intrinsic velocities,
Hence, some of the nearest galaxies, including the Andromeda
Galaxy (shown in Figure 23-3), are actually approaching us and
have blueshifts rather than redshifts, But for distant galaxies, the
Hubble speed v = Hyd is much greater than any intrinsic motion
that the galaxies might have. Even if the intrinsic velocity of such
a distant galaxy is toward the Milky Way, the fast-moving Hubble

flow sweeps that galaxy away from us,

CONCEPTCHI CK 23-9

In Figure 23-17 which follows Hubble's law, consider 08lexien
at 100 Mpe and 200 Mp¢ Which galaxy has the larger
redshift?

Answer appears at the end of the chapter.

Pinning Down the Hubble Constant

A precise value of the | h]l)l)l({ constant has been a topic of heateq
debate among astronomers for several decades. The problem is
that while redshifts are relatively easy to measure in a reliable
way, distances to galaxies (especially remote galaxies) are not, a8
we saw in Section 23-4, Hence, astronomers who use differen
methods of determining galactic distances have obtained different
values of Hy. To see why different values are measured, it is helpful
to rewrite the Hubble law as
v

Hy = o

This equation shows that if galaxies of a given recessional
velocity (v) are far away (so d is large), the Hubble constant H
must be relatively small. But if these galaxies are relatively close
(so d is small), then H, must have a larger value.

In the past, astronomers who used Type Ia supernovae for
determining galactic distances found galaxies to be farther away
than their colleagues who employed the Tully-Fisher relation.
Therefore, the supernova adherents found values of H, in the
range from about 40 to 65 km/s/Mpc, while the values from the
Tully-Fisher relation ranged from about 80 to 100 km/s/Mp.

In the past few years, the Hubble Space Telescope has been
used to observe Cepheid variables with unprecedented precision
and in galaxies as far away as 30 Mpc (100 million ly). These
observations and others suggest a value of the Hubble constant of
about 73 km/s/Mpc, with an uncertainty of no more than 10%. At
the same time, reanalysis of the supernova and Tully-Fisher results
have brought the values of H, from these techniques closer to the
Hubble Space Telescope Cepheid value. We will adopt the value
Hy = 73 km/s/Mpe in this book.

Determining the value of H, has been an important task of
astronomers for a very simple reason: The Hubble constant is
one of the most important numbers in all astronomy. [t expresses
the rate at which the universe is expanding and, as we will see 1
Chapter 25, even helps give the age of the universe. Furthermore,
the Hubble law can be used to determine the distances
extremely remote galaxies. If the redshift of a galaxy s known,
the Hubble law can be used to determine its distance from Earth.
Thus, the value of the Hubble constant helps determine the dis:
tances of the most remote objects in the universe that astronomers
can observe,

Because the value of H, remains somewhat uncertain, astrono-
mers often express the distance to a remore galaxy simply in erms
of its redshift 2 (which can be measured very accurately), Given
the redshift, the distance to this galaxy can be calculated from the
Hubble law, but the distance obtained in this way will depend on

the particular value of Hy adopted. Rather than going fh““‘*.‘" ]
these calculations, an astronomer might simply say that a certait

Balaxy is “at 2 = 0.128." From the Hubble law relating redshift
and distance, this redshife makes it clear that the galaxy in quess

tion is more distant than one ag ¢ 0.120 but not as distant as one.
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where H, is the Hubble constant. We can rewrite this equation

.
Hy

Given the value of Hy, we can find the distance d to the galaxy 401.8 nm — 393.3 nm 2
# we know how to determine the recessional velocity v from T 39333 i

o ichifr =
the reasniit 2.

This value is substantially less than 0.1, so we can sate

: the low-redshift relationship between rec:
), we can use the following D i i & P
g Doppler shift equation to redshift: v = zc. So NGC 4889 is moving

cessional speed:
3 v a speed

= (valid for low speeds only) y = zc = (0.0216)(3 x 10° km/s) = 6480 km/s
Using Hy = 73 km/s/Mpc in the Hubble law, the distance t

where ¢ is the speed of light. For example, a 5% shift in wave- : :
this galaxy is

length (z = 0.05) corresponds to a recessional velocity of 5%

of the speed of light (v = 0.05¢). ol 6480 km/s  _ ¢q Mpc

For larger redshifts (around z = 1 or greater), a more com- e~ T3 loliiee
rmine the recessional veloc- i

plicated equation is needed to dete R DT 3 s e o e
e y . Doppler shift as we Review: This galaxy is regedmg from us at 0.0216 (2.16%%
oA small redshift can be explained by theDgl of the speed of light, and it is 89 megaparsecs (290 million

have used here. However, as we will see in Chapter 25, larger
f space and cannot be

redshifts arise from a large expansion O i d-
described as a simple Doppler shift. In fact, for galaxies atdreh
shifts greater than about z > 1.5, recessional speeds exceed the

light-years) away. Thus the light we see from NGC 4889 roday
left the galaxy 290 million years ago, even before the first
dinosaurs appeared on Earth.

redshift to describe distance, CA.LCUVLAT'ONC—HEC K231

ey~ e :
t}: ez = 0.130.'When astronomers gsc’ P, What s the redshift z-value for a galaxy that has a galaxy
y are making use of the following & spectral line shifted to 725.6 nm when a stationary object

reater its S i ‘ 3 nm?
Tke greater the redshift Ofﬂ distant galaxy, the & would emit the line at 656
Istance,

o A CALCULATIONC HECK 23-2
W" e —— su able redshifts What is the distance to a galaxy that is observed to have a
hough nearly all distant galaxies have it recessional veloaity of 10,000 km/s?

: exhi
E relatively nearby Andromeda gty Androme a Galaxy® Answers appear at the end of the chapter.
leshift, What does this mean 4 e

Ovement?
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