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Figure 1.11 Galaxy classification: a modified form of Hubble’s scheme.

1.3 Other galaxies

”(Ij’.hxs section introduces the study of galaxies other than our own Milky Way. We
iscuss how to classify galaxies according to their appearance in optical light, and

how to measure the amount of i ght that they give out. Although big galaxies emit

mos’;?li; t:ellﬁght, the most common type of galaxy is a tiny dim dwarf.
: x1.stenc'e of other galaxies was established only in the 1920s. Before
that, they were listed in cat y

telescope and were therefo aIOgu‘es of nebulfze: objects that appeared fuzzy in a
L ge notstars. Better images revealed stars within some of
Edwin Hubble was abi Sing the “e'le opened 100” telescope on Mount Wilson,
Bl o lieliofﬁnd variable stars in the Andromeda ‘nebula’ M31.
Cepheid variable stars wgitltli ellowed the same pattern of changing brightness as
same type, with the sam, ln P G.a!axy_ Assuming that all these stars were of the

¢ luminosities, he could find the relative distances from

Figure 1.12 Elliptical galaxies. Left, giant elliptical NGC 5128 (Centaurus A), a powerful
radio source. The unusual dark lane marks a disk of dusty gas that has probably fallen
into the galaxy from outside — NOAO.  Right, nearby dwarf elliptical NGC 147 in the
V band. Individual stars are seen in the outer parts; the brightest stars are in the foreground,
and belong to the Milky Way — WIYN telescope.

that large bright ellipticals have rather different structures from their smaller and
fainter counterparts.

Ellipticals predominate in rich clusters of galaxies, and the largest of them, the
¢D galaxies, are found in the densest parts of those clusters. Around an elliptical
core, the enormous diffuse envelope of a cD galaxy may stretch for hundreds of
kiloparsecs; these systems can be up to 100 times more luminous than the M%lky
Way. Normal or giant ellipticals have luminosities a few times that of the M¥lky
Way, with characteristic sizes of tens of kiloparsecs. The stars of.these bright
ellipticals show little organized motion, such as rotation; their orblts. about the
galaxy center are oriented in random directions. The left pa.nel of Figure 1.12
shows a giant elliptical, which is also a radio galaxy; see Section 8~1'- NG

In less luminous elliptical galaxies, the stars have more.ro.tat:gn alrll. :
random motion. Often there are signs of  disk embedded WIﬂl:llmMielke 1\% e
body. The very faintest ellipticals, with less thjcm ~1/10 ofotme i elﬁpﬁcals,
luminosity, split into two groups. The first omprises e ;a;e Cfajn[t) diffuse dwarf
i oD el '00n515t5 Oirfs :he dwarf spheroidal
elliptical (dE) galaxies, and their even less i Cm.ls.ble on sky photographs.
(dSph) galaxies, which are so diffuse s ©© be scaf(_:el.y V]181 tellite of M31. The dE
The right panel of Figure 1.12 shows a ¢wart Ellipyeasd
and dSph galaxies show almost 10 ordereq rot.atlocflla,t.o

Lenticular galaxies show a rotating disk 1 ac 1 1du
bulge, but the disk lacks any spiral arms Of eXISHEE

1 to the central elliptical
ot lanes. These galaxies



Figure 1.13 Disk galaxies: juminous regions appear darkest in these negative images.
1.2f NGC 936, 2 luminous barred SO with L = 2 x 10'°L . ; the smooth disk has neither
dust lanes nor spiral arms. Right, NGC 4449, classified as irregular or SBm; this is a small

gassich galaxy with L ~ 4 10°L . Bright star-forming knots are strewn about the disk —
CFHT.

are labelled SO (pronounced ‘ess-zero’), and they form a transition class between
ellipticals and spirals. They resemble ellipticals in lacking extensive gas and dust.
and in preferring regions of space that are fairly densely populated with galaxies;
but they share with spirals the thin and fast-rotating stellar disk. The left panel of
Figure 1.13 shows an SB0 galaxy, with a central linear bar.
‘ Spiral gf:laxies are named for their bright spiral arms, especially conspicuous
in the blue light that was most easily recorded by early photographic plates (Fig-
ure 1.14). The arms are outlined by clumps of bright hot O and B stars, and the
m:rsed du5?y gas out of which these stars form. About half of all spiral and
i ?ls;mu:cs:cv; a;lo;:ntral linear bar: the barred systems SBO, SBa, . ..,
oy e zn ;SZ t:})1 ;hai of the unbarred galaxies. Along the sequence
, the central bulge becomes less important relative to

the rapidly rotating disk, while the spi
e spiral arms become more ope =
of gas and young stars in the disk increases. Our e i et

e ‘ i Milky Way is probably an Sc
= gjﬂxm perhapsanre o :Illu:uff:gx::i:late Sbe type; M31 is an Sb. On average, Sc and
o Sar; ;nga and Sb systems, but some Sc galaxies

At the end of the spiral sequence, in the Sd
mx‘m’, ragged and less well ordered. The S
spm?ls, named for their prototype,
Section 4.1. In these, the spiral
galaxy luminosity decreases,

galaxies, the spiral arms become
e Sm and SBm classes are Magellanic
I which is our Large Magellanic Cloud; see
is often reduced to a single stubby arm A; the
50 does the speed at which the disk rotates; .dimmel‘

1.3 Other

zalaxies

/—m

Figure | _14 Our nearest large neighbor, the Andromeda galaxy
east is upward. Note the large central bulge of this Sb gal

M21- n h 1c tny the rioht
M31;northistother

y, and dusty spiral arms in

the disk. Two satellites are v isible: M32 is round and closer to the center, NGC 205 is the

elongated object 1o the west — W. Schoening, Burrell Schmidt telescope, NOAO

galaxies are less massive. The Large Magellanic Cloud rotates at only 80 km &x,
a third as fast as the Milky Way. Random stellar motions are also diminished in
the smaller galaxies, but even so, ordered rotational motion forms aless impom-xm
part of their total energy. We indicate this in Figure 1.11 by placing these galaxies
to the left of the Sd systems. 1
The terms ‘early type’ and ‘late type’ are often used to describe the position of
galaxies along the sequence from elliptical galaxies throug}'l SOs to Sa, S?, ?nd ic
spirals. Some astronomers once believed that this progression mlght @es}igl:et ;:1
life cycle of galaxies, with ellipticals turning into S()s’and then sp;rdl-s. 1 t ~ZZ§1y
this hypothesis has now been discarded, the te.rms live on. Confusingly,
type’ galaxies are full of “late type’ stars, and v1c’e vers:a: T
Hubble placed all galaxies that did not fit into his other catce

ies which lack
irregular class. Today, we use that name only for small blue galaxies

ganlzed Sp“ al O F ure [ (& 1 lar
i .]3 . he SmaHeSt Of [h 1rregu
y i i ) Other StI’UCture ( 1g ) ;

: i
galaxies are called dwarf irregulars; they'dlffer from of spheroidal galaxies are
having gas and young blue stars- It is possible that dwa\11 0];f> colhagnd
just small dwarf irregulars which have lost ora ﬁ:ﬁ ;Egaulars include the starburst
c

Other galaxies that Hubble would have have formed many Stars
galaxies; v%e discuss these in Section 5.5. These Sizt::;tss '1:11 part from 25 o
in the recent past, and their disturbed appearan.c . in which two or more systems
out by supernova explosions- Interacting galaxics, ear to result from the merger
have come close to each other, and et {len into this class: We have
of two or more smaller systems: would also have s

» put affect each other’s
come to realize that galaxies are 1ot isl
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throughout their lives. Chapters 4, 5, and 6 of this book deal wip
of nearby galaxies. e .

refer to galaxies by their numbering in & catalogue. Charles
@ 09 objects that look ‘fuzzy' in a small telescope,
M31. The New General Catalogue of more
8 'V‘ objects includes clusters of stars and gaseous nebulae as well

ished by J.L.E. Dreyerin 1888, with additions in 1895 and 1905,
v on the work of William Herschel (who discovered the planet
ne, and son John Herschel. The Andromeda galaxy i

f bright galaxies include the Third Reference Catalogue
/G, and A. de Vaucouleurs and their collaborators (1991;
hich includes all the NGC galaxies, and the Uppsala
axies, by P.Nilson (1973; Uppsala Observatory), with its
\O/Uppsala Survey of the ESO(B) Atlas, by A. Lauberts
hern Observatory). Galaxies that emit brightly in the radio,
in catalogues of those sources. Many recent catalogues,
Extragalactic Database (on the World-Wide Web at
published electronically.

The Realm of the Nebulae (Yale University
: for pictures to illustrate Hubble's clas-
 Hubble Atlas of Galaxies (Carnegie Institute
or a modern treatment of galaxy clas-
Elihvy&n, 1998, Galaxies and

/ |.3 Other galﬂﬂes
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is given by Equation 1.1; then the gyf

ace brightness i

I(x) = f_‘ 2 L/4nq? L
6= D2 T e, (1.17)

The un:s for I are mag arcsec?: the apparent ma

¢ bright as one square arcsecond of the o y 5
e does lepe \ the galaxy's tmage. The surface brightness
at any point does not depend on distance unless ¢ is «

: Sonstetihalthe off k : S8 A8 50 large that the expansion
of the Universe has the effect of reducing 7(x); we discuss this further in S

i 3. Contours of constant surface bri e i
tlon 8 s £ 1 x'h(\W‘\thlt AR b“g_hfnm on a galaxy image are called
isophotes. Equa on 117 s “\t the position of an isophote within the galaxy
is independent of the observer's distance.

We generally measure surface brightness in a fixed wavelength band, just as
for stellar photometry. The centers of galaxies reach only I ~ 18 mag arcsec™ >
-2 . ; ;

or Ig ~ 16 magarcsec , and the stellar disks are much fainter. Galaxies do not
have sharp edges, so we often measure their sizes within a fixed isophote. One
popular choice is the 25th-magnitude isophote in the blue B band, denoted Rys.
This is about 1% of the sky level on an average night; before CCD photometry
(see Section 5.1), it was close to the limit of what could be measured reliably.
Another option is the Holmberg radius at [p(x) = 26.5 mag arcsec 2. To find the
luminosity of the whole galaxy, we measure how the amount of light coming from
within a given radius grows as that radius is moved outward, and we extrapolate
to reach the total.

gnitude of a star that appears

i ed in the band-
Table i - ohtness of the night sky measur :
s ximate average values, since the sky bright-

s of Figure 1.7. These are appro ' location on
‘ i3 le), the observatory's ;
ends on the solar activity (sunspot cy° ST all but the

. brighter than all but

B rs disction in the s . Typically, the sky 18 _ 5 ke

;:e - mgn :ml:)yonlit night even the ce#te? G?I{d’saistrw : entefh;
agulaxy and ona moon AL o g mot enrlly

AAAAAAAA
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Table 1.6 Sky brightness in UV, optical and infrared

Dark sky — Full moon

Bandpass Wavelength ~ From space

1500 A 25.0 —

2000 A 26.0 — —

2500 A 25.6 — —
U 3700 A 23.2 22.0 —
B 4400 A 23.4 POAT. 19.4
\% 5500 A 22.7 21.8 19.7
R 6400 A 222 20.9 19.9
I 3000 A ) 19.9 19.2
J 1.2 um 20.7 15.0 15.0
H 1.6 pm 20.9 137 13,7
K 2.2 um 2158 12.5 1129
K’ 2.2 um 21.3 13.7 13.7

Note: Sky brightness units are magnitudes per square arcsecond.

wavelength (um)
2 4

10 20

o 1012 T - T T T T T T §
s E
G 101 Q
e L g
3 3
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0 ' E
= . - l—; 107
2 3
5 100 i
o 105 E
= i
1]

b ! 10#

1.5um 155 16

Figure 115 Sky emission on Mauna Kea, Hawaii, at 4000 m elevation; standard infrared

bandpasse? are im.iicated. Inset shows that the sky background consists mainly of closely
spaced emission lines — Geminj telescope project.

We can cut down the sky light by designing our filters to exclude some of the

ngest lines; using the K filter instead of K b
o : 1 o
emission. However, Table 1.6 1, ocks out about two-thirds of the

akes clear that when we ob
o v : observe from the ground,
s ci ::aflrt:;ed sky is always brighter than the galaxy. To find the surface brightness
¥> We must measure the brightness of 4 patch of blank sky as it changes

' accurately as we measure th
gl ; e galaxy-plus-sky; the
erence between the ;w[; gives /(x). Using a telescope in space gives us
; infrared wavelengths; we can 1 i
near-ultraviolet, where the sky brightness is yet lower. oo o
There are many more s ,

mall dim i :
shows the number of galax galaxies than large bri

i ht ones. Fi .
ies measured at each R s s. Figure 1.16

-band absolute magnitude My,

1.3 Othey galaxies
//—N

absolute R Magnityde M
AL TES

18
FT ’ ) ”;l Y 20

galaxies (1 OMpc/h)—3

i : 0 50 100
luminosity L (h-2 Gigal,)
Figure 1.16 Number of galaxies ®(M) per 10 Mpc cube between absolute magnitude Mz
and Mg + 1; vertical bars indicate errors. The solid line shows the luminosity function

of Equation 1.18; the dashed line is ®(M) x L/L,, the luminosity from galaxies in each
interval of absolute magnitude —H. Lin.

in a survey from the Las Campanas observatory in Chile. The solid curve shows
what is expected if the number of galaxies ®(L)AL per Mpc? between luminosity

L and L + AL is given by

L\" L, AVE
| =4 M e (1.18)
®(L)AL = n, (L*> exp( Lt> i

this is the Schechter function. According to this formula, the number of galaxies

y * d]() S Ve]y Iapid y we O ten use the Criterion
I i i L 1 ) f )
bnghtel [han the hlmll’loSlt p :

L = 0.1L, to define a ‘bright’ or * giant’ galaxy, i
curve is for L, ~ 8 x 10°h~2Lo, corresponding to Mr. zm‘ffgf ;\irlfﬁomé
as explained in the next section, the parameter / measll(l)rl%SL eroughly e
Universe expands. Taking h = 0.75, we find Iy S 2 ey
: inosity. : onitude is al-
Way’l“shlumlnolj:ryof galaxies in each unit interval in absolute magnitude
e num

=3 and for
: = 0.019h> Mpe™" and
awn for 7 _ e
most constant when L < L; the curve is df he density of very faint galaxies:

o = —0.7. The Schechter formula overestimates easies [ QEERE should
i icts that the total number O & L f the light
R Ccven predic T ashed line Shows that most O

i et ed
increase without limit as L — 0- But thatin
comes from galaxies close tO L. Integr
luminosity density to be

g Equation 1.18, we estimate the total

-3
8hLoMpe -
/ o AR R 10hLoMp
0

= when j is an integer.]

[Here I is the gamma function; rQ+1

(1.19)
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Figure 1.17 Apparent magnitude in the V band for the brightest galaxies in rich galaxy
clusters. The magnitude increases proportionally to the logarithm of the redshift z, as
we expect if the galaxy’s distance is proportional to its recession speed ¢z — data from
J.E. Gunn and J.B. Oke, ApJ 195, 255; 1975.

1.4 Galaxies in the expanding Universe

The Universe is expanding; the galaxies are rushing away from us. The recession
speed, as measured by the Doppler shift of a galaxy’s spectral lines, is larger
for more distant galaxies. We can extrapolate this motion back into the past to
estimate when the Universe had its beginning in the Big Bang. Doing this, we
link the recession speed or redshift that we measure for a galaxy with the time
after the Big Bang at which its light was given out; the redshift becomes a measure
of the galaxy’s age when it emitted that light.

In 1929, based on only 22 measurement:
ies, and some distance estimates which
of ten, Hubble claimed that the galaxies
proportional to their distance 4

s of radial velocities for nearby galax-
turned out to be wrong by about a factor
are moving away from us with speeds V;

V, & Hyd. (1.20)

faliaseguent worl‘( proved him right, and this relation is now known as Hubble’s
- Lurrent estimates for the parameter Hy, the Hubble constant, lie between

Figure 1.17 shows that galaxies that recede faster are
they all have roughly the same luminosity, but are

4 = k™' [V, (km's™1)/100] Mpe.

(1.21)
When the distance of a galaxy is found from its radial velocity

V;, the derived

e

/.4 Galayi C z T
axies € e pandir 2 Un 1er5¢
€s ir he ¢ d erse

4]
. & h=2 Ay 1 ’
[uminosity L «h I'his is why the

PAAMCAEL L., of Bearasinc + 4
U818y 1y 4 A e e
a galaxy by using Equation 12 With 4 distanen ¢

- 5 ance from Equation 1
Newton’s equation for the Eravitationy] f :
[f the average speeds of

Pl’r)pf;rnr;n;sl to h*; similarly, the d

We octs

Orce (see Sar

3.1). the
the galaxies had 51y, i
:n on top of each other » /ays remained con
have been on top ‘Ch other at a time 1, pe

fore the present, w

J
tH = —~ = 9.98h7" Gyr = 15 Gyy 5, $7kms™! Mpc-!
H I'/() J/ralﬁ(;,r/-# (1'22)
0
This is called the Hubble time; we can use it 4 arou

! : : gh estimate of the age of the
Universe, the time since the Big Bang,

Problem I.11: If a galaxy has absolute magnitude M, use Equations 1.1 and
1.21 to show that its apparent magnitude m is related to the redshiftz = V, /c of
Equation 1.16 by m = M + 51og,,z + C, where C is a constant, the same for
all objects. Draw an approximate straight line through the points in Figure 1.17;
check that its slope is roughly what you would expect if the brightest galaxy in
a rich cluster always had the same luminosity.

Using Hubble’s law to find approximate distances for galaxies, we can ex-
amine their distribution in space. Figure 1.18 shows nearby galaxies in about
700 square degrees of the southern sky. They are not spread uniformly _through
space, but concentrated into groups and clusters. Rich cl_ulsters of galaxies, 'h;e
the Hydra cluster at longitude 265°, and ¢z ~ 3500kms™", ate easy to spot; the
galaxies seem to lie in a dense line pointing directly at us. This }mear appza:z;ic;
is deceptive; it is caused by motions within the cluster..A galaxy’s meals'zievelocm
velocity V, has two components: the cosmic expansion, and a peculi )
Viee- Equation 1.20 should be modified to read

123)
V, = Hod + Vpec- (

ias’ orbits giv eculiar velocities up to
Within rich clusters, the galaxies’ orbits gVe thfam p.tionS N
1500kms—!; if we use Equation 1.21 to find their positions,
to be closer or more distant than they reaily ;r:.and Sl _——
dig % ; from
Between the clusters, individual ga s i
ments or in large sheets. In Figure 118, tohgoyail;lie ;g(l)l(;kms‘l i o
o .l 12000kms‘1 (o S gina 48 Jess rich than clusters,
; : jes within 1t are :
lon X ciations of gala)ues ! meda . part -
bUtgm:?: Iirlougiifsl : ?)SZ? Milky Way and its nelghlb"f ‘2?:;05 i
= : smaller sy : e
the Lo ich includes a few dozen o
52 M;Zl g;owugér:v tlll1l: sheets and filaments 7€ vast T;r?—,l thich L
the on 5 i d 5000kms——1 s €z 5 f r;d
acr, €atl ~ 280° an T aalaxies At ound.
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' : If the average density exceeds Perit
9z, Galactic Longitude the density is less, it is older. We,
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by Equatif)" 1.25. But unless the equati i L
by including a cosmological constant

Problem 1.12: Use Equation 1.19 (o
. show o |
" B o i iy, (o sverag e o thaf for‘ the Universe to be at the
) : 4SS 10 luminosity M /L would have to be
) - approximately 2000h Mg/ L, ' i

g tg
i ANc Why is the'histor)f of the Universe relevant to our study of galaxies? First
; ‘;;: ‘ . . § as we 'will see in Section 2.2, tt.me Hubble time 1 is very close to the aées tha,t
’ -8 we estimate for the oldest stars in our own Galaxy and others. The galaxies, and :
15000 20000 the stars in them, can be no older than the Universe. If we had confidence i;x our

estimates of the stellar ages, and an accurate measurement of Hy, we could set
limits on the present density of the Universe as a whole.

Then, to understand how galaxies came into existence, we must know how
much time it took to form the earliest stars, and to build up the elements heavier
than helium. The atmospheres of old low-mass stars in galaxies are fossils from
the early Universe, preserving a record of the abundances of the various elements
in the gas out of which they formed. The theory of stellar evolution provides us
with a clock measuring in gigayears how long ago these stars began their lives on
the main sequence. The redshifts of distant galaxies tell the time by a different
clock, giving information on how long after (he Big Bang their light set off on
its journey to us. To relate times measured by these tWo clocks, we must know
how the scale of the Universe has changed with time. In Section 7.2 we V\'Iin see
how to calculate the scale length R(t), which gToWs proportionally to the distance
‘between the galaxies; the Hubble constant Ho is given by R(to)/R(to). For the

simples v ; alue of Ho and the present density
st models, R(t) depends only on the v

ioht that ive from
11 expansion Universe affects the light that we recel_ve roff
If one of these emi '
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We can rewrite this as an equation for 2 as a function of me:

1dx 1 dR(1)

R (1.27)
rdt R@) df )
Integrating gives the formula for the cosmological redshift z:
/ Rito)
0bs
= = : 1.2
L R TS (1.28)

which holds for large redshifts as well as small. Since the wavelength of light
expands proportionally to R(r), its frequency decreases by a factor of 1 + z.
All processes in a distant galaxy appear stretched in time by this same fac-
tor: when we observe the distant Universe, we see events taking place in slow
motion.

All the topics of this section will be treated in greater depth in Chapters 7
and 8.

I.5 The pregalactic era: a brief history of matter

Here, we sketch what we know of the history of matter in the Universe before the

galaxlfes.formed. When a gas is compressed, as in filling a bicycle tire, it heats up;
when it is allowed to expand, as in usi

drops. The gas of the early Universe w

cooling off during its expansion. This
Universe: th

Ng a pressurized spray can, its temperature
as extremely hot and dense, and it has been

15 The pregalactic era: a brief history of matt
er
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Further reading: For an undergraduate-Jey el it
Cosmology: a First Course (English trans],
press. C ambridge, UK).

jtroduction. see M. Lachitze-Rey,
aton, 1995 Cambridge University

1.5.1 The hot early Universe

For at least the first hundred thousand years after t

: . he Big Bang, most of the energy
in the Universe was that of the blackbody r or

: : adiation emitted from the hot matter.
and of relativistic particles: those moving close to the speed of light, so rapidly

that they behave much like photons. During the expansion, Equation 1.28 tells us
that wavelengths grow proportionally to the scale length R(¢). By Equation 1.5,
the radiation temperature T varies inversely as the wavelength A.x where most
light is emitted, and the temperature drops as T o 1/R(t); see the problem below.

Problem 1.13: If photons now fill the cosmos uniformly with number density
n(to), show that at time £, the density n(t) = n(to)R*(to)/R(¢). Use Equation 1.28
to show that the energy density of radiation decreases as 1 JRA(t). For blackbody
radiation at temperature T', the number density of photons with energy between
vand v + Avis

22 Av

e e O (1.29)
¢ exp(hv/kgT) =1

n(v)Av =

Show that if the present spectrum is that of blackbody radiation at temper‘anllre
Ty, then at time 7 the expansion transforms this exactly into blackbody radiation
at temperature 7(t) = TyR(to)/R(1).

~ : sy reo «aree was full of energetic gamma rays,
In the first 3 minutes of its life, the Universe was ; i
iy O t into their consituent particles. When

h enough, pairs of particles and their
Because photons are never a't rést,
r, A typical photon of radiation
Boltzmann’s constant; SO

which would smash any atomic nuclei apar
the temperature of the radiation field is hig
antiparticles can be created out of the vacuum. £
two of them are required to produce particle pair. A
at temperature 7 carries energy £ = 4kpT, wherekklsTlS> g e
Proton-antiproton pairs could be produced when ks niNts' ofpan electron volt, the
B e neually mea gl e l:)tc:r‘ltial difference of | volt:
energy that an electron gains by moving through & F’)ts 02~ 107 eV or 1 GeVs
leV =16x10"9Jor1.6x 10~ 2erg. In theseflmll», inpthe o e i
S0 pairs of protons and antiprotons were created freely

(1.30)

3 10" K.
il T

fell, and the photons had too

d, the temperature protons met with

As the expansion continue {most all the anti

e Lo i
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ted to m‘rﬁa{yays.“‘edonot understand why this
iy Universe there were slightly more protons: about 10 .
mmmﬂmo{ matter va:r_amimattcr was
<ies 'mphompmdnced in the annihilation are seep,
00 times less massive than protons; their rest energy

the radiation still produced pairs of electrons ang
. until the temperature dropped a thousandfold, to
reaction

i == D Ar @ aF W
een slightly fewer neutrons
of neutrons to protons

293MeV. (1.31)

second. Only
/ Universe, do

. _

1.5 The pregalactic aps. .

. <72 2 brief history of mater
here y Tepresents a photon, a y-ray carry
in the reaction. This reaction alsg took
e} managed to form was immediate]
radiation.

After the electron-positron pairs were
density in the Universe was almost entirely d
theory of relativity tells us that the temper
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R AR
g away the 2 ZMeV of ¢
yvie Ji o

g T2y set free
Place at earfier 1 d

mes, | ams i+
Wi es, but any deuterium
part by photons in the blackbody

e, % T < 3 x 1PK, the encray
, ue to blackbody radiation. The gene;:;l
ature fefl according to

3% N 2
t=<\ ~ 230 (1KY
327 GagT? e ) ; (132)

nere ap = 7-56 x 107'°Jm™>K~* s the blackbody constant. About a quarter of
the neutrons ha('l decayed pefore .the temperature fell to about 10° K, when they
could be locked into deu?enum; this left about one neutron for every seven protons.
The excess protons, which became the nuclei of hydrogen atoms, accounted for
about 75% of the total mass.

Deuterium easily combines with other particles to form “He, a helium nucleus
with two protons and two neutrons. Essentially all the neutrons, and so about 25%
of the total mass of neutrons and protons, ended up in “He. Only a little deuterium
and some >He (with two protons and one neutron) remained. Traces of boron and
lithium were also formed, but the Universe expanded too rapidly to build up heavier
nuclei. The amount of helium produced depends on the half-life of the neutron,
but hardly at all on the density of matter at that time: almost every neutron could
find a proton and form deuterium, and almost every deuterium nucleus reacted
to make helium. The observed abundance of helium is between 22% and 24%,

in rough accord with this calculation. If, for example, we had found the Sun to
contain 10% of helium by weight, that observation would have been very hard to

explain in the Big Bang cosmology.

utrons and protOIlS’ .
nar yofthed,eute gUiR

o s

s, before reac
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il “mﬂm Thus 10 measyre how
ang w“h‘ﬁoﬁm stars that hay,e
< o outex layers, or &t amiergalactic clouds of g,
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coincidence, this time of matter-radiation M
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. b ¥ 'KAt), the Universe was then about
1/1500 of its present size. Later on, photons of the blag 2
th kbody radiation lacked

the energy to remove the electron from a hydrogen atc ceade
expansion, hydrogen atoms recombined, the gas becoming ‘mgmmbseqwm

it is today. By the time that R 2 utrel and transparent
as it is today. BY 1)/ Rity) 2 1/1100, photons of the background
radiation were able to escape from the matter. Their outward pressure no longer
prevented the collapse of matter into the galaxies and clusters that we now observe.

The most distant galaxies so far observed are at redshifts z ~ 5; when their
light left them, the Universe was only about 1 Gyr old. Figure 1.19 presents 2 brief
summary of cosmic history up to that time.

The radiation coming to us from the period of recombination has been red-
shifted according to Equation 1.28; it now has a much longer wavelength. Its
temperature T = 2.728 0.002K, so itis known as the cosmic microwave back-
ground. There are about 420 of these photons in each cm® of space, so according
to Equation 1.34, we have 2 — 4 x 10° photons for every neutron or proton. The
energy density of the background radiation is about equal to that of starlight in
the outer reaches of the Milky Way. It is given by apT4 =42 x 107 ¥ Iu 0

~ from each steradian of the sky we receive capT*[4m ~ 1070 Wm™.
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