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Two views of the Milky Way: a wide-angle infrared image (upper) and a close-up infrared image
(lower). (upper: Ohainaut/ESO/Handout/dpa/Corbis; lower: NASA/JPL-Caltech/S. Stolovy [SSC/Caltech])

Our Galaxy

n a clear, moonless night, away from the glare of city
lights, you can often see a hazy, luminous band stretch-
ing across the sky. This band, called the Milky Way,
extends all the way around the celestial sphere. The upper of
the two accompanying photographs is centered on the bright-
est part of the Milky Way, in the constellation Sagittarius.
Galileo, the first person to view the Milky Way with a
telescope, discovered that it is composed of countless dim stars.
Today, we realize that the Milky Way is actually a disk tens of
thousands of parsecs across containing hundreds of billions of
stars. (It is hard to picture hundreds of billions of stars, but it
is about the number of grains in a few trashcans full of beach
sand.) Between the stars, there are also large quantities of gas
{ dust. One of these stars is our Sun, and this vast assemblage
ter—our home galaxy—is collectively called the Milky

vealed aspects of the Milky Way
e onomers use telescopes
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18 an infrared image that shows hundreds of thousands of stars near
the center of the Galaxy. As we will see, radio, infrared, and X-ray
observations reveal that at the very center of the Galaxy lies a black
hole with a mass of 4.1 million Suns.

Modern astronomers have also discovered that most of the
Milky Way’s mass is not in its stars, gas, or dust, but in a halo of
dark matter that emits no measurable radiation. What the character
of this dark matter could be remains one of the greatest unanswered
questions in astronomy and physics.

The Milky Way is just one of myriad galaxies, or systems of
stars and interstellar matter, that are spread across the observable
universe. By studying our home galaxy, the Milky Way Galaxy, we
begin to explore the universe on a grand scale. Instead of focusing
on individual stars, we look at the overall arrangement and history
of a huge stellar community of which the Sun is a member. In this
way, we gain insights into galaxies in general and prepare ourselves
to ask fundamental questions about the cosmos.

22-1 The Sun is located in the disk of our
Galaxy, about 8000 parsecs from the galactic
center

"4, Eighteenth-century astronomers were the first to suspect
=™ - that because the Milky Way completely encircles us, all
the stars in the sky are part of an enormous disk of stars—the
Milky Way Galaxy. As we learned in Section 1-4, a galaxy is an
immense collection of stars—as well as gas and dust referred to as
interstellar matter.

Our Galaxy is both large and mostly empty. To put our Galaxy
into perspective, consider this scale model suggested by astronomer

@
FIGURE 22-1
Our View of the Milky Way (a) The Milky W

 the

Mark Whittle: Suppose that our Galaxy was shrunk doy
size of the continental United States. Then, the average
between the shrunken stars would be about the size of 5
field. But what about the stars themselves? The average sjze of th
shrunken stars would be about the size of human cells Clearle
the stars of the Milky Way are widely separated, and there are)’,
lot of them. 4

We are within our own Milky Way Galaxy, which makes §
hard to view. Our solar system is located inside the pancakeliklt
disk of our Galaxy, which is why the Milky Way appears as 4 s
around the sky (Figure 22-1).
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Locating the y y Attempts
But where within this disk is our own Sun? Until the tWentieth
century, the prevailing opinion was that the Sun and planets [je
at the Galaxy’s center. One of the first to come to this conclusion
was the eighteenth-century English astronomer William Herschel
who discovered the planet Uranus and was a pioneering Cataloge;
of binary star systems (see Section 17-9). Herschel’s approach tg
determining the Sun’s position within the Galaxy was to count the
number of stars in each of 683 regions of the sky. He reasoned that
he should see the greatest number of stars toward the Galaxy’s
center and a lesser number toward the Galaxy’s edge.

Herschel found approximately the same density of stars all
along the Milky Way. Therefore, he concluded that we are at the
center of our Galaxy (Figure 22-2). In the early 1900s, the Dutch
astronomer Jacobus Kapteyn came to essentially the same conclu-
sion by analyzing the brightness and proper motions of a large num-
ber of stars. According to Kapteyn, the Milky Way is about 17 kpe
(17 kiloparsecs = 17,000 parsecs or 55,000 light-years) in diametez,
with the Sun near its center.

View out of
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,rsohel’s Map of Our Galaxy In a paper published in 1785, the Englis
ypatier Witlam Herschel presented this mep of the Miky Way Galax :ﬂhbh

S ned the Galaxy's shape by counting the numbers of stars in vaknosﬁls e
it of the Sky: Herschel's conclusions were flawed because interstellar dust
wocked his view of distant stars, leading him to the erroneous idea that the Sun
; atthe center of the Galaxy. (Or. Jeremy Burgess/Science Source) :

sater

the Problem: Interstellar Extinction

Both Herschel and Kapteyn were wrong about the Sun being at
he center of our Galaxy. The reason for their mistake was bdis—
erned 10 1930 by Robert J. Trumpler of Lick Observatory. While
qudying star clusters, Trumpler discovered that the more remote
Justers appear unusually dim—more so than would be expected
7om their distances alone. As a result, Trumpler concluded that
nterstellar space must not be a perfect vacuum: It must contain
just that absorbs or scatters light from distant stars.

Like the stars themselves, interstellar dust is concentrated in
he plane of the Galaxy (see Section 18-2). As a result, it obscures
st view within the plane and makes distant objects appear dim,
n effect called interstellar extinction. Great patches of interstellar
k ly visible in wide-angle photographs such as the ones
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that open this chapter. Thanks to interstellar extinction, Herschel
and Kapteyn were actually seeing only the nearest stars in the
Galaxy. Hence, they had no idea of either the enormous size of
the Galaxy or of the vast number of stars concentrated around
the galactic center.

EXTYNXNA Herschel and Kapteyn faced much the same
dilemma as a lost motorist on a foggy night. Unable to see more
than a city block in any direction, the motorist would have a
hard time deciding what part of town he was in. If the fog layer
were relatively shallow, however, our motorist would be able to
see the lights from tall buildings that extend above the fog, and
in that way he could determine his location (Figure 22-3a).

The same principle applies to our Galaxy. While interstellar
dust in the plane of our Galaxy hides the sky covered by the
Milky Way, we have an almost unobscured view out of the i)lane
(that is, to either side of the Milky Way). To find our location in
the Galaxy, we need to locate bright objects that are part of the
Galaxy but lie outside its plane in unobscured regions of the sky.

The Breakt
and Vari
Fortunately, bright objects of the sort we need do in fact exist.
They are the globular clusters, a class of star clusters associated
with the Galaxy but which lie outside its plane (Figure 22-3b). As
we saw in Section 19-4, a typical globular cluster is a spherical
distribution of roughly 10° stars packed in a volume only a few
hundred light-years across (see Figure 19-12).

However, to use globular : :
: Observations of pulsating
clusters to determine our loca- ;
Lo - variable stars revealed the
tion in the Galaxy, we must first . 1 ;
. . ‘. immense size of the Milky
determine the distances from W
Earth to these clusters. (Think vy O e
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Interstellar dust makes it s
difficult to see very far within
the plane of the Galaxy, but
you can still see objects above
the galactic plane.
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(b) Determining your position in the Galaxy

the Galaxy but lie outside tf
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Cepheid variables:
o Found throughout the Galaxy
e Pulsation periods of 1 to SO days
o Average luminosity related to pulsation period
T 10,000 .
= 1000 - SN 8
= .
2 o0
é RR Lyrae variables:
= L0 RS e Found in globular clusters
o o Pulsation periods less than a day
§ o All have about the same luminosity
Z
| et | | | i
1 2B b 10 20 S0 100
Pulsation period (days) —
FIGURE 22-4
Period and Luminosity for Cepheid and RR Lyrae Variables This

graph shows the relationship between period and average luminosity for
Cepheid variables and RR Lyrae variables. Cepheids come in a broad range
of luminosities: The more luminous the Cepheid, the longer its pulsation
period. By contrast, RR Lyrae variables are horizontal branch stars that all
have roughly the same average luminosity of about 100 Le.

again of our lost motorist—glimpsing the lights of a skyscraper
through the fog may be useful to the motorist, but only if he can
tell how far away the skyscraper is.) Pulsating variable stars in
globular clusters provide the distances, giving astronomers the key
to the dimensions of our Galaxy.

In 1912, the American astronomer Henrietta Leavitt reported
her important discovery of the period-luminosity relation for
Cepheid variables. As we saw in Section 19-6, Cepheid variables are
pulsating stars that vary periodically in brightness (see Figure 19-18).
Leavitt studied numerous Cepheids in the Small Magellanic Cloud
(g small galaxy near the Milky Way) and found their periods to be
directly related to their average luminosities. Figure 22-4 shows that
the longer a Cepheid’s period, the greater its average luminosity.

The period-luminosity law is an important tool in astronomy
l;f)csiu;f,: fclz;ré bae ézedhtf) determine.distances. For examplc?, sup-

: ind pheid variable in the sky. By measuring its
penf)d and using a graph like Figure 22-4, you can determine the

star’s average luminosity. Knowing the
Zg;leii:dﬁ;fii ohutt l?ow far awa?f t}:c star must be m (?rder to give the
ghtness. (Box 17-2 explains how this is do

Shortly after Leavitt’s discovery of h i ﬂe~). i
law, Harlow Shapley, a young‘ astrozllo ).‘ e Perl"d'lummf)SltY
: xS mer at the Mount Wilson

Observatory in California, began studying a family of pulsati
stars closely related to Cepheid variables called RR L I;ae ‘v o
ables. The light curve of an RR Lyrae variable is similar);o tha?rl;
a Cepheid, but RR Lyrae variables have shorter pulsation peri g
and lower peak luminosities (sec Figure 22-4), o
The tremendous importance of RR Lyrae variables is that they
are con3monly 'foun_d in globular clusters (Figure 22-5 ). By using
the period-luminosity relationship for these stars, Shapley was

star’s average luminosity,

able to determine the (Iisl';lmfc‘»-l‘n the 93 globular clusters e
known. He found that some of them were m()rc'than 100,000
light-years from Earth. The large values of these distances imme.
diately suggested that the Galaxy was much larger than HEI'Sche]
or Kapteyn had thought. '

Another striking property of globular clusters is how they
are distributed across the sky. Ordinary stars are rather e
formly spread along the Milky Way. However, the majoriy of the
93 globular clusters that Shapley studied are located in one-half
of the sky, widely scattered around the portion of the Milky Way
that is in the constellation Sagittarius.

From the directions to the globular clusters and their distances
from us, Shapley mapped out the three-dimensional distribution
of these clusters in space. In 1920 he concluded that the globular
clusters form a huge spherical distribution centered not on Earh
but rather about a point in the Milky Way several kiloparsees
away in the direction of Sagittarius (see Figure 22-3b). This point,
reasoned Shapley, must coincide with the center of our Galaxy,
because of gravitational forces between the disk of the Galaxy and
the “halo” of globular clusters. Therefore, by locating the center of
the distribution of globular clusters, Shapley was in effect measur-
ing the location of the galactic center.

J Vo T ~ il
Modern-Day Mt

Since Shapley’s pioneering observations, many astronomers have
measured the distance from the Sun to the galactic nucleus, the
center of our Galaxy. Shapley’s estimate of this distance was too
large by about a factor of 2, because he did not take into account
the effects of interstellar extinction (which were not well under
stood at the time). Today, the generally accepted distance to the

RR Lyrae
variable : -

" %

RR Lyrae
: variable - .« :
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#¥ RR Lyrae Variables in a Globular Gluster The arows
point to three RR Lyrae variables in the ‘ 1R
constellation Sagittarius. From th
this photograph) and average Iu
these variable stars )
6500 pc (20,000 ly)
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to temperatures in the range of Lo
10 to 90 K; thus, in accordance with Wien’s |
the dust emits radiation predominately at wav
30 to 300 pm. These are called far-infrared wa
they lie in the part of the infrared spectrum m

\ssuMme about the location of our Sun and Earth in our Galaxy?
‘\ ser appears at the end of the chapter.
An

22_2 Observations at nonvisible wavelengths !cngth from visiblc.]ight (see Figure 5-7). At these wz
fth interstellar dust radiates more strongly than stars, s0 2
reveal the shape of the Galaxy

view of the sky is principally a view of where the dust is. In 1983
the Infrared Astronomical Satellite (IRAS) scanned t! with
60-cm reflecting telescope at far-infrared w the
panoramic view of the Milky Way’s dust shown in Figure 22-6a.

In 1990 an instrument on the Cosmic Backgre
(COBE) satellite scanned the sky at near-infrared w

A visible \\’let‘lt’}lgths, light §uffers so much interstellar extinction
chat the center of the galnjxy is tot.ally obscured from view. But the
amount of inters_tellar extinction is roughly inversely proportional
to wavelength of light. In ‘other words, the longer the wavelength :
of light, the farther that light can travel through interstellar dust that is, relatively short wavelengths closer to the
without being scattered or absorbed. As a result, we can see Figure 22-6b shows the respltmg near-infrared view
farther into the plane of the Milky Way at infrared wavelengths of the Milky Way. At near-infrared waveler

Dust lies mostly in the plane of the Galaxy (seen edge-on)

velengths of 25, 60, and 100 pm

Central bulge

-

he plane of the Galaxy and in the central bulge
1 (N I'v 1114

COBE data, allows us 10 €€ much farther throt
at visible wavelengths. Light in this wavele
the plane of the Galaxy and in the bt
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Globular clusters

FIGURE 22-7

Qur Galaxy (Schematic Edge-on View) There are three major
components of our Galaxy: a disk, a central bulge, and a halo. The disk
contains gas and dust along with metal-rich (Population |) stars. The halo
is composed almost exclusively of old, metal-poor (Population [l) stars. The
central bulge is a mixture of Population | and Population Il stars.

does not emit very much light. Hence, the light sources in Figure
22-6b are stars, which do emit strongly in the near-infrared
(especially the cool stars, such as red giants and supergiants).
Because interstellar dust causes little interstellar extinction in the

et

I arcmin 5 5
NG 331

Other, even
__~— more distant

/' oalaxies
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(@) Infrared emission from dust in NGC 7331 at 5.8 and 8.0 um

FIGURE 22-8 REEV U X G

NGC 7331: A Near-Twin of the Milky Way If we could view our Galaxy.
from a great distance, it would probably look like this galaxy in the constellation
Pegasus. As in Figure 22-6, the far-infrared image (a) reveals the presence

of dust in the galaxy's plane, while the near-infrared image (b) shows the

near-infrared, many of the stars whose light is recorded in
22-6b lie deep within the Milky Way.

Observations such as those shown in Figure 226, along i
the known distance to the center of the Galaxy, hays he‘lwh
astronomers establish the dimensions of the Galaxy. The diskped
our Galaxy is about 50 kpc (160,000 ly) in diameter ang abo()f
0.6 kpe (2000 ly) thick, as shown in Figure 22-7. The cenger Oft}L:t
Galaxy is surrounded by a distribution of stars, called the Ceﬂtr(;
bulge, which is about 2 kpc (6500 ly) in diameter. This central
bulge is clearly visible in Figure 22-6b. The spherical distributi:
of globular clusters traces the halo of the Galaxy. %

This structure is not unique to our Milky Way Gl
Figure 22-8 shows another galaxy whose dust and stars lie jn 3 dis’k‘
and that has a central bulge of stars, just like the Milky Way, Iy the
same way that our Sun is a rather ordinary member of the stellar
community that makes up the Milky Way, the Milky Way turps e
to be a rather common variety of galaxy.

Figure

CONCEPTCHECK 22-2

- BT 7R T ———
If an astronomer wanted to study the nature of cool stars
hiding inside dust clouds, which wavelength would be the best
choice, near-infrared (with shorter wavelengths that are nearer
to the visible spectrum) or far-infrared (with longer wavelengths
farther from the visible spectrum)?

CONCEPTCHECK 22-3

Would an imaginary space traveler have a better view of our Sun
and its planets by standing at the galactic center or in the halo?
Answers appear at the end of the chapter.

The Milky Way’s Distinct

It is estimated that our Galaxy contains about 200 billion (2 x 10
stars. Remarkably, different kinds of stars are found in the various

-

—

1 ar
aremin Stars in the central bulge

g

/ .

(b) Infrared emission from stars in NGC 7331 at 3.6 and 4.5 pm

distribution of stars, These images of NGG 7331, which is about 16 Mo P

(50 million ly) from Earth, w : (see
, , Were ma ‘ Telescope &
Section 6.7, de with the Spitzer Space

especially Figure 6- o ; sTcll
SINGS Toa, Y Figure 6-26). (NASA; JPL-Caltech; M. Regan [
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(IGURE 22-9 RIMUXa
gtar Orbits in 'Ei'}@li\fiiﬁi\'},' Way The different Populat
1“| ,ravel along dlff?rent sorts of orbits. The ”‘“‘Mt mﬂ; ;s of stars in oy
nage is the Milky \Afg;«s Vnear'-twln NGC 7331, the g Uwii\]\;n‘,\..hl(z light
,nfrared Wa\/e[eﬂgmb in Figure 22-8. (Russell Croman Scienc .L\‘(f o S‘I\MW” Al f
N : Stars in the Galaxy’s disk move in
orbits (shown in yellow) that remain
' 5 ' the disk
Componems‘of the Galaxy. The globular Bl tare 1o 4 e disk...
Compmx—‘d of old, metal-poor, Population 11 stars (\wu\\:‘”m\l;»‘)‘1\1;\

Although globular clusters are conspicuous, they congain |
19 of the total number of stars in the halo; most \ln‘ t g
2 st alo stars

1 stars 1n 1 i s s \ are single
population I stars in 1solation. These ancient st gle

: ; ars orbit the Gal:
long P‘“hs tilted at random angles to the disk of the Mill \({‘JIJ\)
ot Ky Way, as

do the globular clusters. By contrast, stars in the disk tray
orbits that remain in the disk (Figure 22-9), e vl long
Unlike the halo, the stars in the disk are mostly youne
cich, Population I stars like the Sun. The disk of a o.thl\l’]?,l_llicra]~
\lilky Way appears bluish because its light is donlilzr;a}l ,1 .Ldthe
son from hot O and B main-sequence stars. Such s;ars hjq)rlav m
short main-sequence lifetimes (see Section 19-1 e\specialclx\*eT\?]'\,
19-1), so they must be quite young by astron(;mical sm;ndaal.;(
Hence, their presence shows that there must be active sm} formas—.
son in the galactic disk. By contrast, no O or B stars are present in
the halo, which implies that star formation ceased there long ago. - . but hal 1d globula
The central bulge contains both Population I stars and lt]’](‘_‘ta]- : in :;J“"]fi 'O*gzj‘iﬁﬂdlr‘“idff ;3{):1
seor Population II stars. Since Population II stars are thought random angles to !
0 have formed early in the history of the universe, this suggests

that some of the stars in the bulge are quite ancient while others

Only Population I (metal-rich) stars are found vellowish or reddish

i . 1:cle. The presence of hot, blue, young ,
in the disk. rm presence of hot, ,young giants and red supergian
O and B stars indicates active star formation. g

Hence, there cannot be ongoing sta
the central bulge. The same 1s true for Other galaxic

whose structure is similar to that of the Milk
(Figure 22-10).

Why are there such different
stars in the halo, disk, and central Dulge
has star formation stopped in SOME gk
Galaxy but continues n ns? ]
to these questions are relat

1St from which stars

as well as the gas and dust fr¢
move within the Galaxy.

FIGURE 22-10 R | MuXxXaG

Stellar Populations: UISK
Bulge The disk and central bulge

rather different populations of stars The same is true
the galaxy NGC 1309, which has a similar ture t
Mitky Way Galaxy and happens 0 be oriented face-on to
us. NGC 1309 Is about 30 million pe (100 milion ly) from us
in the constellation Eridanus. (NASA. ESA, The Hubble Heritage

Team [STScVAURA] and A. Riess [STSel)
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CONCEPTCHECK 22-4

If you were looking to find the most recently formed stars in
the Galaxy, where would you most likely look?

Answer appears at the end of the chapter.

22-3 Observations of cold hydrogen clouds
and star-forming regions reveal that our Galaxy
has spiral arms

The galaxies shown in Figure 22-8 and Figure 22-10 both have
Spix‘.\i arms, spiral-shaped concentrations of gas and dust that
extend outward from the center in a shape reminiscent of a pin-
wheel. Assuming our Galaxy is similar to other galaxies, observa-
tions of spiral arms would lead us to suspect that our own Milky
Wav Galaxy has this feature. However, because interstellar dust
obscures our visible-light view in the pancakelike plane of our
Galaxy, a detailed understanding of the structure of our galac-
tic disk had to wait until the development of radio astronomy.
Thanks to their long wavelengths, radio waves can penetrate the
interstellar medium even more easily than infrared light and can
travel without being scattered or absorbed. As we shall see in
this section, both radio and optical observations reveal that our
Galaxy does indeed have spiral arms.

ng Hydrogen in the Milky Way

Hydrogen is by far the

NP ! Our Galaxy’s dust and

e most abundant eleme'nt N gtars—including the Sun— |

e the universe (see Figure [jg mogtly in a relatively thin |

8-4 in Section 8-2). Hence, by look- disk i
R |

ing for concentrations of hydrogen
gas, we should be able to detect important clues about the distribu-
tion of matter in our Galaxy. Unfortunately, ordinary visible-light
telescopes are of little use in this quest, because hydrogen atoms can
only emit visible light if they are first excited to high energy levels
(see Section 3-8, and especially Figure 5-24). This excitation is quite
unlikely to occur in the cold depths of interstellar space. Furthermore,
even if there are some hydrogen atoms that glow strongly at visible
wavelengths, interstellar extinction due to dust (see Section 22-1)
would make it impossible to see this glow from distant parts of
the Galaxy.

What makes it possible to map out the distribution of hydrogen
in our Galaxy is that even cold hydrogen clouds emit radio waves.
As we saw in Section 22-2, radio waves can easily penetrate the
interstellar medium, so we can detect the radio emission from such
cold clouds no matter where in the Galaxy they lie. The hydrogen in
these clouds is neutral—that is, not ionized—and is called H I (This
distinguishes it from ionized hydrogen, which is designated H II.) To
understand how H I clouds can emit radio waves, we must probe
a bit more deeply into the structure of protons and electrons, the
particles of which hydrogen atoms are made,

In addition to having mass and charge, particles such as pro-
tons and electrons possess a tiny amount of angular momentum
(that is, rotational motion) commonly called spin. Very roughly,
you can visualize a proton or electron as a tiny, electricali’g charged

 also be described in terms of magmetic energy
W0 Tans s of magnetic energy: The energy
| TV magnets is least when opposite poles are together and b

Like poles together: higher-encrgy configuration

(a) The magnetic energy of two bar magnets depends on their
relative orientation

Photon,
wavelength =21 cm

Opposite spins: lower-energy configuration

(b) The magnetic energy of a proton and electron depends on the
relative spin orientation

FIGURE 22-11
Magnetic Interactions in the Hydrogen Atom (a) The energy of @

of magnets is high when their north poles or their south poles &
other, and low when they have opposite poles near each oth
their spin, electrons and protons are both tiny magnets. When
from the higher-energy configuration (with its spin in the same direction s 1e
proton’s spin) to the lower-energy configuration (with its spin opposits ©© B8
proton’s spin), the atom loses a tiny amount of energy and emits & rade photon
with a wavelength of 21 cm.

sphere that spins on its axis. Because electric charges in mo#o® -
generate magnetic fields, a proton or electron behaves like @ v g
magnet with a north pole and a south pole (Figure 22-11.
If you have ever played with magnets, you know that two 1040 3
nets attract when the north pole of one magnet is next to the sout?
pole of the other and repel when two like poles (both north of
south) are next to each other (Figure 22-11a). This behavior €

ots
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2 . diff(‘ren 4
the spins of the proton and electron are t}dcpcndmg o
are in t

posite directions. (According to the | 1€ same direc-

: > aws of 3

are th , e of qua

hese e only two possibilities; the spins juantum
s cannot be
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L
sether
n or OP
hanicss T
random angles.)
If the spin Ot..the e.lectron changes its orientation f ;
cher-enerey configuration to the lower-energy one—call ,S(Jm I,hc
: u-ansition——a.photc?n is 'emitted. The energ\. differc‘:c%l a spin-
o TwWO SPID conflguratlong is very small, only about 105 ;’Ct\.vccn
ose berween .dlffEI"ent electron orbits (see Figure 5-24) Thim?t as
e photon emitted in a spin-flip transition between these' C()n;L s
ons has only a small energy, and thus its wavelength is a rel Pl
g 21 cm—2 radio \\'a\:elength. These spin-flip transitiorclsatl\?]'\,
sly in our t\hlk_\' Way’s diffuse hydrogen gas ();gu}r]
llows the possibility of mapping hydrogen thr‘Ough 2h mét}\:o(;c
The spin-flip transicion in neutral hydrogen was first predictled
1944 by the Dutch astronomer Hendrik van de Hulst. His cal-
:ulaﬁgpssuggested t}}at it should be possible to detect the 21-cm
emission from interstellar hydrogen, although a very sensi-
telescope would be rgquxred. In 1951, Harold Ewen and
1 l.at Harvard University first succeeded in detecting
emission from hydrogen between the stars.
212 shows the results of a more recent 21-cm survey
sky. Neutral hydrogen gas (H I) in the plane of the
stands out prominently as a bright band across the
image.
distribution of gas in the Milky Way is not uniform
s actually quite frothy. In fact, our Sun lies near the
£ an irregularly shaped region within which the
Sium is very thin but at very high temperatures
but so thin it would feel cold). This region, called
is several hundred parsecs across. The Local
been carved out by a supernova that exploded
000 years ago-
flip transitions are used no
p the internal structure o

¢ only to map
f the human

n shows that hydrogen g2 is
| “thc plane of the Galaxy
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body ¢ 22-1 disc |
y. an 22-1 discusses this application, called magnetic reso-
nance imaging.

CONCEPTCHECK 22-5

If a spin-flip transition released substantially more energy, such
that a photon was emitted in the far-infrared range ;,r,‘l-irc the
\ Way atre ifrared range, Woula tic
Milky Way stretching across the night sky appear brighter or

3 9 S (729} iw el {
dimmer? iy : <

CALCULATIONCHECK 22-1
If a 21-cm photon is observed when 2 single
undergoes a spin-flip transition, wnat wa /;"wf'*‘f s observed
’ aveio > ODSEIVeEU
IS Hir

when 10 hydrogen atoms undergo

hvdroaen atorr
yQ z},.dagﬂ

Answers appear at the end of the chapter.

The detection of 21-cm radio emission was 2 major |
that permitted astronomers to reveal the presen
in the galactic disk. Figure 22-13 shows how s
detected. Suppose that you aim a radio telescope alo
line of sight across the Galaxy. Your radio receiver, loc
position of the solar system), picks up 21-cm ¢
clouds at points 1,2, 3, and 4. However, the radio
various clouds are Doppler shifted by slightly dif
because the clouds are moving at different speeds as they &

the rotating Galaxy.
It is important to remember that the Dopp!

only motion along the line of si
22-13, cloud 2 has the highest speed along our
because it is moving directly toward us. Conseque
waves from cloud 2 exhibit 2 larger Doppler shift
the other three clouds along our line of sight. Bec
and 3 are at the same distance from the galactic ce
the same orbital speed. The fraction of their veloci
our line of sight is also the same, so their radio wa

BliVUXG

This image was made

ned to

FIGURE 22-12

The Sky at 21 Centimeters
py mapping the sky with radio telescopes W
the 21-cm wavelength emitted DY neutral interstellar
hydrogen (H1). The entire sky has been mapped onto
an oval, and the plane of the Galaxy extends horizontally
across the image as in Figure 22-6. Black and blue
represent the weakest emission, and red and white the

strongest. (Courtesy of C. Jones and W. Forman, Harvard-
Smith Center for Astrophysics)
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BOX 22-1 ASTRONO
Spin-Flip Transitions in Medicine

hanks to their spin, protons and electrons act like micro-
scopic bar magnets. In a hydrogen atom, the interaction
between the magnetism of the electron and that of the proton
: But these particles can
at produced
is behind

gives rise to the 21-cm radio emission.
also interact with outside magnetic fields, such as th
by a large electromagnet. This physical principle
magnetic'rcsommcc imaging, an important diagnostic tool of
modern medicine.
Much of the human body is made of water. Every water mol-
ecule has two hydrogen atoms, each of which has a nucleus made
of a single proton. If a person’s body is placed in a strong mag-
netic field, the spins of the protons in the hydrogen atoms of their
body can either be in the same direction as the field (“aligned”) or
in the direction opposite to the field (“opposed”). The aligned ori-
entation has lower energy, and therefore the majority of protons
end up with their spins in this orientation. But if a radio wave of
just the right wavelength is now sent through the person’s body,
an aligned proton can absorb a radio photon and flip its spin into
the higher-energy, opposed orientation. How much of the radio
wave is absorbed depends on the number of protons in the body,
which in turns depends on how much water (and, thus, how
much water-containing tissue) is in the body.

In magnetic resonance imaging, a magnetic field is used
whose strength varies from place to place. The difference in
energy between the opposed and aligned orientations of a proton
depends on the strength of the magnetic field, so radio waves
will only be absorbed at places where this energy difference is
equal to the energy of a radio photon. (This equality is called
resonance, which is how magnetic resonance imaging gets its
name.) By varying the magnetic field strength over the body and

MY DOWN TO EARTH

dio waves, and by measuring how
of the radio wave is absorbed by different parts of the body,
possible to map out the body’s tissues. Thc accompanying f
h a map of a patient’s head.

Unlike X-ray images, which show only the densest pargg
the body, such as bones and teeth, magnetic resonance imagg
can be used to view less dense (but water-containing) gw
sue. Just as the 21-cm radio emission has given astronomers 4
clear view of what were hidden regions of our Galaxy, magg
resonance imaging allows modern medicine to see otherwise
invisible parts of the human body. ;

the wavelength of the ra

color image shows suc

B IBVe UaE

(Scott Camazine/Science Source)

same Doppler shift, which is less than the D
2. Finally, cloud 4 is the same distance from
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You are |

MG NCre

beyond the Milky Way. Unlike the view from within our own
Galaxy, we can view other galaxies face-on to easily see their

distribution of stars, gas, and dust. As an example, the galaxy &

{ Yy 1 & ;
Figure 22-15a has prominent spiral arms outlined by

hot, lumi-

nous, blue main-sequence stars and the red em
regions) found near many such stars. Stars ¢
short-lived, so these features indicate that spi
of active, ongoing star formation. The 21-cm
same galaxy, shown in Figure 22-1 5b, shows

also regions where neutral hydrogen gas |
lar to the structures in our own Galaxy v
This similarity is a strong indication that
spiral arms. v i

CAUTION! Photographs such as
the impression that there are very few stars vee
arms of a galaxy. Nothing could be further fr
FIGURE o214 [IVUXG fact, stars fre distributed ‘rather uniformly ¢ :
Neutral Hydrogen in Our Galaxy This map, constructed of a galaxy like the one in Figure 22-1 Sa; the
in the spiral arms is only about 5% |
the disk. The spiral arms stand out nonethe
where hot, blue O and B stars are found. On
10% times more luminous than an average
the light from O and B stars completely dominates the VISIDE

appearance of a spiral galaxy.

A Map of
s adio-telescope surveys of 21-cm radiation, shows the distribution of
hydrogen gasina reconstructed (or hypothetical) face-on view of our Galaxy.
The map suggests a spiral structure. Details in the blank, wedge-shaped
region &t the bottom Of the map are unknown. Gas in this part of the Galaxy
s moving perpendicular to our line of sight and thus does not exhibit &

getectable Doppler shift. (mage courtesy of Leo Blitz, Ph.D.)

CONCEPTCHECK 22-6

10 sort out the various gas clouds and thus produce a map of the ;
When looking at neutral hydrogen gas U

like that shown in Figure 22-14. i ;
Figure 22-14 shows that neutral hydrogen gas is not spread from you, how s its wavelength chang
neutral hydrogen gas that is not movin

 uniformly around the disk of the Galaxy but is concentrated into
qumerous arched lanes. Similar features are seen in other galaxies Answer appears at the end of the chapter.

Cool, dim stars are spread more
uniformily acfoss the galaxy’s disk
W :

Neutral hydrogen (H1) is

H 1L regions (red) are ‘ ]
concentrated in the spiral arms

intthe spiral arms

() Near-infrared view of M83 R v u

essentially the same pattern of spiral amms is traced out in

light photograpn. (c)M83 has a different appearan

starlight has been removed in this image 10 €
' Jout the galaxy. @ ©Australian Astronol

NRAO; ¢: NASAUPL-Caftech)
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Central bulge with
clongated bar

Solar system

(@) The structure of the Milky Way's disk

Mapping the Spiral Arms and the Central Bulge

Figure 22-15a suggests that we can confirm the presence of spiral
structure in our own Galaxy by mapping the locations of star-
forming regions. Such regions are marked by OB associations, H II
regions, and molecular clouds (see Section 18-7). Unfortunately, the
first two of these are best observed using visible light, and interstel-
lar extinction limits the range of visual observations in the plane of
the Galaxy to less than 3 kpc (10,000 ly) from Earth. But there are
enough OB associations and H II regions within this range to plot
the spiral arms in the vicinity of the Sun.

Molecular clouds are easier to observe at great distances,
because molecules of carbon monoxide (CO) in these clouds emit
radio waves that are relatively unaffected by interstellar extinc-
tion. Hence, the positions of molecular clouds have been plotted
even in remote regions of the Galaxy, as Figure 18-21 shows. (We
saw in Section 18-7 that CO molecules in molecular clouds emit
more strongly than the hydrogen atoms do, even though hydrogen
is the principal constituent of these clouds.)

Taken together, all these observations demonstrate that our
Galaxy has at least four major spiral arms as well as several short
arm segments (Figure 22-16). The Sun is located just outside a
relatively short arm segment called the Orion arm, which includes
the Orion Nebula and neighboring sites of vigorous star formation
in that constellation.

Two major spiral arms border either side of the Sun’s position.
The Sagittarius arm is on the side toward the galactic center. You
see this arm on June and July nights when you look at the por-
tion of the Milky Way stretching across Scorpius and Sagittarius,

To the center of the Galaxy

a' : i ~

(b) Closeup of the Sun's galactic neighborhood
FIGURE 22-16

Our Galaxy Seen Face-on: Artist’s Impressions (a) The Galagy:
8000 pc (26,000 ly) from the galactic center. The elongated central byjge
about 8300 pc (27,000 ly) long and is oriented at approximately 45° tg 5 f
running from the solar system to the galactic center. (b) Our solar system §

D

Geographic Creative)

near the center of the upper photograph that opens this chaj
In December and January, when our nighttime view is direl
away from the galactic center, we see the Perseus arm. The o
major spiral arms cannot be seen at visible wavelengths due to
obscuring effects of dust.

Figure 22-16a also shows that the central bulge of the M
Way is not spherical, but is elongated like a bar. The Milky &
bulge is unlike the bulge of the galaxy NGC 7331 show
Figure 22-8, but similar to the bulge of the galaxy M83 sh
in Figure 22-15. The elongated shape of the central bulge
been suspected since the 1980s; this shape was confirmed in 2
using the Spitzer Space Telescope, which was used to survel
infrared emissions from some 3 million stars in the central b
Thus, the artist’s impression shown in Figure 22-16a is base
observations using both radio wavelengths (for the spiral a
and infrared wavelengths (for the central bulge). We will s
Section 22-$ that this elongated shape may play a crucial ¢
sustaining the Galaxy’s spiral structure.

To get a full picture of our Galaxy, you need to know not
where our stars and gas are located, but you must also under:
their motion. We now look at the rotational motion of our G

and how it reveals one of the greatest mysteries in all of €l
dark matter, : ..

CONCEPTC

If you traveiesd' frol
the Galaxy, wha




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12

