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Structure Formation: Baryons

and Photons

If the only matter in the universe were cold dark matter, then structure formation
would be driven solely by gravity. Adding baryonic matter, capable of absorbing,

emitting, and scattering light, complicates the process of structure formation. As
we saw in Section 11.2, before the time of decoupling at zgec = 1090, the baryonic
matter was coupled to the photons, thanks to the ability of photons and electrons
to scatter from each other. At z > 1090, therefore, the interaction of baryonic
matter with photons prevented dense baryonic lumps from forming. At lower
redshifts, however, the interaction of baryonic matter with photons encouraged
dense baryonic lumps to form, since the ability to radiate away excess thermal

energy is necessary to make objects with high mass density.

The average density of baryonic matter today, at 5 & 13.7 Gyr, is
; (Jf R _ —28 -3 _ 9. 3

\C/(; 0= .{:;v DY =2 Pbary0 = 4.2 x 1077 kgm™ = 6.2 x 10° Mg Mpe™. (12.1)
: /7/ However, some parts of the universe are far above average when it comes to
( G3 // /" baryonic density. Let’s look at a typical suburban location in a luminous galaxy:
()ﬂ . gffi the region within a few hundred parsecs of the Sun. In the solar neighborhood,
i we find that the density of stars and interstellar gas is ps ~ 0.095 Mg pcj3 R~

S o o e .
< fy 4 X\ -;m-\i. 6.4 x 107~ kg m~>. This represents an overdensity

-
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relative to the average baryonic density of the universe today. Now let’s look
at an individual main sequence star: the Sun itself. The Sun’s average internal
density is pe A2 1400 kg m 3, representing an overdensity 5o, ~ 3 x 10% relative
to the average baryonic density today.! However, although Béif}}bhéﬁﬁi“é__(:ﬁijéible
of forming very dense objects, the majority of baryonic matter today is still
in the form of low density intergalactic gas. To understand why some of the

! You are slightly less dense than the Sun, s0 dyoy ~ 2 X 1030,



baryonic matter in the universe forms condensed knots such as stars, while most
remains low in density, we start by making a census of the baryonic matter in the
universe today.

12.1 Baryonic Matter Today

Although we know the average baryon density Poary,0 quite well, the task of
making a more detailed census of neutrons and protons (and their electron
sidekicks) is frustratingly difficult. For example, in Section 7.1, we attempted
to find the mass density of stars today, p,o. Since stars glow at wavelengths
that astronomers are highly experienced at detecting, stars should be the easiest
baryonic component to detect. Nevertheless, we made only the rough estimate
(Equation 7.4)

L0 A 4 x 103 Mg Mpe™ & 3 x 107 ® kgm™, (12.3)

representing about 7 percent of the baryonic mass. Estimates of the other contri-
butions to the baryonic matter are equally rough, if not more so. With that caveat
in mind, Figure 12.1 shows how the baryonic component of the universe is divided
up. The wedge labeled “Stars, etc.” represents the 7% of the baryonic matter that
is in the form of stars, stellar remnants, brown dwarfs, and planets. Proceeding
clockwise around the pie chart of Figure 12.1, about 1% of the baryonic mass

aqhs \;WDWIS in the interstellar gas that fills the space between stars within the Iuminous
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portion of a galaxy "About 3% is in the circumgalactic gas that is gravitationally

<1y pound within the dark halo of a galaxy, but lying outside the main distribution of

the galaxy’s stars. (Since there is no clean dividing line between the interstellar
gas and the circumgalactic gas, you can think of them together as gas associ-
ated with individual galaxies, providing about 4% of the baryonic_ matier in the
universe.) Approximately 4% of the baryomc matter is in the intracluster gas
that is gravitationally bound within a cluster of galaxies, but is not bound to any
particular galaxy within the cluster; we have already encountered intracluster gas
(Figure 7.3) in the form of the hot, X-ray emitting gas of the Coma cluster. Thus,
we conclude that baryonic matter associated with gravitationally bound systems
(galaxies and clustérs of galaxies) contributes Just 15 percent of the total baryonic
matter in the universe.

Where are the rest of the baryons? In the 1990s, astronomers began talking
of a “missing baryon problem,” when they began to realize that the baryonic
matter in galaxies and clusters falls far short of pPpay0. The missing baryons,
however, aren’t truly missing; they are simply in a'iew-density and inconspicuous
intergalactic medium. As shown in Figure 12.1, about 40% of the baryonic matter
is in the dzﬁuse intergalactic gas, which consists of gas widely distributed outside
galaxies and clusters at a temperature T< 10° K. The remaining ~ 45% of the
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Figure 12.1 An approximate division of the current baryonic mass of the universe into

its various components.

baryonic matter is in the warm-hot intergalactic gas, which is hotter than the
diffuse intergalactic gas, typically havmg 10°K < T < 10" K.? The warm-hot
intergalactic gas is found in long filaments between clusters, as compared to the
more smoothly distributed diffuse intergalactic gas.

One striking characteristic of intergalactic gas is its low density. Most of the
volume in the universe today is filled with diffuse intergalactic gas With 8 < O
lies in the overdensuy range 3 < 5 < 300. Another striking characteristic of
intergalactic gas today is its high degree of ionization. In most of the intergalactic
gas, the fractional ionization of hydir()gen, X, is very close to one. However, when
we looked at the physics of recombination in Section 8.3, we noted that in the
early universe, between z = 1480 and z = 1260, the fractional ionization of
hydrogen plummeted from X = 0.9 to X = 0.1. Obviously, something happened
after the epoch of recombination that reionized the hydrogen in the universe.

How was hydrogen reionized? To answer that question, it helps to ask the
preliminary question, “When was hydrogen reionized?” Hydrogen was mostly
neutral just after recombination (z 1380); it is mostly ionized today (z ~ 0).
The time that elapses between z =~ 1380 and z &~ 0 is t &~ 0.999981y ~ 13.7 Gyr.
If we could pin down the time of reionization just a little more closely than that,
we would have a useful clue about what physical mechanisms might be ioniz-

ing the hydrogen. (I am focusing on the reionization of hydrogen, and ignoring

2 The fact that gas at 107 K is called “warm-hot” rather than “hot-hot” may seem like laughable understatement.
However, it is being contrasted with the X-ray-emitting intracluster gas, which canreach T' ~ 108 K or more.
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helium, for the same reason I focused on hydrogen while discussing recombi-
nation in Section 8.2. Adding helium, and other heavier elements, makes the
analysis more complicated mathematically, without changing the basic physical
conclusions.)

12.2  Reionization of Hydrogen

Although we mainly think of the cosmic microwave background as telling us
about the epoch of last scattering (z;; ~ 1090), it also contains useful information
about the universe at lower redshifts. The reionized intergalactic gas provides an
obstacle course of free electrons that the photons of the CMB must pass through

to reach our mxcmwave antennas. Each free electron has a cross- sect10n o, = .

N
TTle =26.65 x 1072 m? for scattering with a photon. The rate at which a CMB p photon
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jbcattem from free electrons in the reionized gas is (compare to Equation 8.14)
I' =n,o.c, ’ (12.4)

where n, is the number density of free electrons. If the baryonic matter is reion-
ized starting at a time t,, then the optical depth for scattering from the reionized
gas is (compare to Equation 8.43)

o to
T, = / I'(Hdt = co, / n,(H)dt. (12.5)
Iy Ly

It the optical depth of the reionized gas were 7, > 1, then each CMB pho-
ton would be scattered many times in passing through the reionized gas, losing
all information about its original direction of motion. Our view of the cosmic
microwave background would then be completely smeared out, as if we were
looking through a translucent screen. The fact that we can see temperature fluctu-
ations down to small angular scales in the CMB, as shown in F1gme 8.3, tells us

that the optical depth of the reionized gas must be 7, < 1. ( 3¢ <L | ap A Wt 2 (7

Looking out at the distant last scattering surface through the nearby reion-
ized gas is like looking out through a shghtly frosted window rather than one
made of perfectly transparent glass. As a consequence, the CMB shows a small
amount of smearmg on small angular scales, corresponding to large values of the
multipole /. The temperature fluctuations measured by the Planck satellite show
slight suppression at high / compared to what you would expect in the absence
of reionization. The amount of suppression is consistent with an optical depth
T« = 0.066 == 0.016 for the reionized gas. That is, about one CMB photon in 15
scatters from a free electron at low redshift.

We can use the optical depth 7, to estimate the time ¢, of reionization, if we
make some assumptions. First, let’s assume the baryonic portion of the universe
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is pure hydrogen, either in the form of neutral atoms, with number density ny, or
in the form of free protons, with number density np,. With this assumption,
Mary,0
a®
ETi —"‘.‘.-M . .
Next, let’s assume that the hydrogen undergoes complete, instantaneous reion-
ization at the time f,. In that case, the number density of free electrons before

reionization is n, = (), and the number density after reionization (¢ > t,) is

nyg + Hp = Npary = (12.6)

Nbary,0
Ne = Np = 3

(12.7)

Plugging this estimate for the number density of free electrons into the relation
for optical depth (Equation 12.5), we find

r / b (12.8)
Ty = _— .
0L a@)?
where

Lo = cOMbary0 = 1.58 x 10” *Gyr™' &~ 0.0023H, (12.9)

b A 1A

is the rate at which photons would scatter from free electrons today, if the baryonic
matter were a pelteclly uniform distribution of fully ionized hydrogen.
Changing the variable of integration from ¢ to a, equation 12.8 becomes

U da U da
= FO/ — = Fof _— (12.10)

() (l(l3 (1) H(a)a"’

using the fact that H = a/a. Alternatively, we can find the redshift of reionization,

Z«, by making the substitution 1 +z=1/a:

& (14 2)%dz
T = I —_— (12.11)
0 HE
During recent times, when the matter-dominated universe has been giving
way to the ldmbda-ﬂommated umveme the Hubble parameter has been, from

Equatlon(‘i 9() L, = =Lk , “f‘U Loy 05

0 /f

AV
H() = Ho [@mp(1 +2)° + Sta0] . (12.12)

Inserting this functional form for H(z) into Equation 12.11 gives an integral with
the analytic solution

fom o ([l 420 + Quol? 1), (12.13)

3Qm0 Hy

Using the relevant parameters from the Benchmark Model, the optical depth for
scattering in the reionized universe is

7, = 0.00485 ([0.31(1 + z.)° + 0.69]'/> — 1). (12.14)



¥ 0,055 + 0 o012
Given the observed opti epth, 7, = 0.066 i 0.016, we find that the redshift
Joi reionization was z, = g + 1.3, corresponding to an age for the universe £, ~
')? 650 Myr. Thus, the “era of neutr ality,” when the baryonic matter consisted mainly
of neutral atoms, was a relatwely brief interlude in the history of the universe, with
Ix — lrec ~ 0. OStO 7
One way to ionize hydrogen is to bombard it with photons of energy hf >
QO = 13.6eV. The obvious place to look for sources of i 1onizing photons at z > 8
is in ’galameb The highest redshift galaxies that have been discovered (so far) are

2=, 10~ 117at z ~ 10, so we know that galaxies were present at the time of reionization.

~ One source of ionizing photons in galaxies is the hot, luminous O stars that

contribute much of the luminosity in star-forming galaxies. Only the most massive e (: £ 2 9

O stars, those with ‘M = 30Mg, are hot enough to contribute significantly to
the background of ionizing ultraviolet radiation. As an example, an O star with ~
M ~ 30 Mg produces ionizing photons at a rate Ny &~ 5 x 10* s~!. Thus, during A

its entire lifetime L~ 6 Myr ~ 2 x 10'*s, the star will produce N ~ Nt~ 1093 [ f\

ionizing photons.”™

”
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A
A (208)
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Another source of ionizing photons in a galaxy is an active galactic nucleus, AEE 1/ i
or AGN. An AGN is a compact central region of a galaxy that is luminous over a Aund #hone

broad range of the spectrum, including the range hf' > 13.6 eV required to ionize

hydrogen. AGNs are compact because they are fueled by accretion of matter onto

. s 5 ? A .
a black hole. Luminous galaxies usually have a supermassive black hole at their ¢ ¢

center. The central black hole of our own galaxy, for instance, has a mass Mbh 7 ;
4 x 106 Mp, and thus a Schwarzschild radius 2GMy, /c* ~ 0. 08 AU. The galaxy
NGC 4889 one of the two brightest galaxies in the Coma cluster (Figure 7.2),
has a central black hole with mass My, ~ 2 x 10'° Mg and Schwarzschild radius
v) Tc /; Zk mof(r,ZGMbh/c 400 AU. If a supermassive black hole is accreting gas, the heated
V gas can emit light before it slips through the event horizon; the energy of the light
"“can be as much as 0. Imc?, where m is the mass of the accreted gas. A significant
fraction of this emitted light takes the form of i 1on1z1ng ultraviolet photons with
hf > 13.6eV, coming from a region not far outside the Schwarzschild radius of
the black hole. For a luminous AGN, the rate of production of i 10n121ng photons
18 approximately

s6 1 Laon \
S \10L, )

1A 1N

N, ~3x 10 (12.15)
The most lummous active galactic nuclei, with L > 1013L®, are often referred to
as quasars.” A quasar with L ~ 10" L, can emit as many 1onizing photons in a
month as our example O star does in its entire 6 million year lifetime.

3 The term “quasar” is short for “quasi-stellar object,” referring to the fact that these distant compact light
sources are, like stars, unresolved by our telescopes. In other respects, quasars are dissimilar to stars; they are
not powered by nuclear fusion, and they are tlemendously more lummous than any smgle star.
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Figure 12.2 Schematic overview of the epoch of reionization; redshift decreases, and
thus time increases, from right to left. The gray of the “Dark Ages” represents a gas
of neutral atoms, while the white intergalactic spaces of the present day represent
ionized gas.

12.3 The First Stars and Quasars

The time between recombination and the formation of the first stars and AGN is
known to astronomers as the “Dark Ages” of the universe. The adjective “Dark,”
however, refers merely to the absence of starli ght. The photons of the CMB
were present during the Dark Ages. Indeed, immediately after the time of last
scattering, at 15 &~ 1090, the temperature of the cosmic background radiation was

~ 2970K, about the temperature of an M star. If Heinrich Olbers had lived at
the time of last scattering (admittedly an extremely large “if””), he would not have
formulated Olbers’ paradox. At ¢t ~ #;; & 0.37 Myr, the entire sky was as bright
as the surface of a star. _

By the time the cosmic background radiation had cooled to a temperature T’ ~
140K, at z ~ 50, the universe was filled with a cosmic far infrared background,
utterly ineffective at ionizing hydrogen. However, as shown in Figure 12.2, a
redshift z &~ 50, corresponding to a cosmic time ¢ ~# 50 Myr, is about the time
when the > very first stars began to emit light.* The Dark Ages ended as increasingly
large numbers of stars and AGN poured out photons, some of them with Af >
[3.6eV. Figure 12.2 illustrates, in a schematic way, how regions of reionized gas ~
began to grow around isolated galaxies, until the regions merged to form a single
ionized intergalactic medium at z ~ 8.

4 Exactly when the first stars formed is understandably conjectural, given our lack of direct observational
evidence; most estimates fall in the range z = 50 — 20, corresponding to ¢ = 50 — 180 Myr.



intergalactic gas is that much of the ionizing radiation never r escapes into inter-
galactic space. Instead, it is absorbed by the gas and dust within the galaxy in
which the O star or AGN exists. The escape fraction, fe, represents the frac-
tion of ionizing photons that actually leak out info the intergalactic gas. The
escape fraction is poorly determined; as an optimistic first guess, we can adopt
Jese = 0.2, both from hot stars and from AGN. Now, let’s consider a comov-
ing cubic megaparsec of space, expanding along with the universal expansion,
and compute how many ionizing photons we need to reionize its hydrogen. The
comoving number density of baryons in intergalactic space is

One complicating factor with using light from (3§:tars and AGN to reionize

Npary = 0.25m™> = 7.3 x 10% Mpc_3. (12.16)

In our pure hydrogen approximation, 1omzmg this many neutral hydrogen atoms y,
requires a comoving number density of ionizing photons cqual to e B.5 Sl eAal

O i ¥ " \‘ 7 F(ﬁ ]
ne = 2 _ 37 % 105 Mpc= Gz) Zory) (1£ 0 N
Jesc esc n e S eunsioun :

Thus, assuming an escape fractlon Jese A 0.2, ionizing a comoving cubic mega- j(@SC ~0\- 0.3 é
parsec of hydrogen requires N, ~ 4 x 107 jonizing photons; this is the number
created by ~ 40000 O stars, or by a ' 10"%Lg, quasar shining for 4000 yr.

Given the immense ultraviolet luminosity of a quasar compared to even the
hottest, brightest stars, it is tempting to assume that quasars perform most of
the reionization. However, quasars, in addition to being breathtakingly luminous,
are breathtakingly rare. Surveys like the 2dF survey and the Sloan Digital Sky
Survey permit us to make quantitative statements about the scarcity of quasars
as a function of time (or equivalently, of redshift). Figure 12. 3 summarlzes how
the number of luminous quasars per comoving cubic megaparsec has changed
over time. The comoving number density of quasars was greatest at a redshift
z ~ 2.5, corresponding to a cosmic time ¢ ~ 2.6 Gyr, long after reionization f)@r/ ow
was complete The comoving number density of quasars at z, ~ 8 is more
uncertain. Even the optimistic extrapolation shown in Figure 12.3 suggests that Wr’a,@ Wj‘: N
the number density was one luminous quasar for every ~ 10 comoving cubic gy Ve ~iﬂeo ot
megaparsecs. If reionizing one comoving cubic megaparsec of hydrogen requires 7‘5 a3
4000 years” worth of a quasar’s luminosity, then reionizing ~ 10 comoving it (»',_W‘/
cubic megaparsecs would require ~ 40000 Gyr. Since the age of the universe :gc’t” Ao Aisly
at the time of reionization was only ¢ ~ 0.65 Gyr, luminous quasars could have Ao 20200
reionized only a small fraction of the intergalactic hydrogen. ) 2? PHe // o h

Adding the ionizing radiation from lower-luminosity AGN to that from lumi-
nous quasars will help to boost the number of ionizing photons created. We know ;r( Wiw:‘(ﬂ-«f:rﬁ
that in the plesent universe, there are more AGN with low luminosity than there Aal o !3 As
are quasars with high luminosity. However, if the luminosity function of AGN
at z, ~ 8 is at all similar to that at z ~ 0, then even adding the efforts of the / .'.:'(:s;tf !
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Figure 12.3 Evolution of the comoving number density of luminous quasars, based on
data from the 2dF survey and the Sloan Digital Sky Survey. Redshift decreases, and thus
time increases, from right to left. [Fan 2012, RAA, 12, (8), 865]

lower-luminosity AGN will be inadequate to reionize the universe using the light
from active galactic nuclei alone. It seems that most of the photons that reionized
the universe came from hot, luminous stars. or {rotn LIGO £H5 o B - r!?f 5201
At the present time, some galaxies are actively forming stars, Whﬁe oth- i/: ] 9
ers are quiescent. However, if we average over a large volume containing a ‘gféﬁé’} {
representative sample of galaxies, we find that the star formation rate today is 9
Px0 ~= 20000 M@ Myr™ 1Mpc 3. Since the baryon density today 1S Pbayo A
6 x 10° Mg "Mpc 3, this means that 3 parts per million of the universe’s baryons
“are being converted into stars quy million years. However, studies of star
formation at higher redshifts reveal that the star formation rate has varied with
time. Figure 12.4, for instance, shows an observationally based estimate of the
‘star formation rate per comoving cubic megaparsec as a function of redshift. The
rate at which stars form today (within a comoving volume) is down by a factor of
10 from its maximum in the redshift range z = 4 — 1, corresponding to cosmic
times t = 1.5 — 6 Gyr.> |
At the time of reionization, z, ~ 8, the star formation rate per comoving
volume was about the same as it is tdday:

p.(z = 8) 2 20000 Mg Myr™! Mpc ™. (12.18)

However, not all stars are equally useful for reionizing the intergalactic gas. In a
comoving cubic megaparsec where stars are created at a rate of 20 000 Mg, Myr—*,

5 The intense star-forming era from z = 4 to z = 1 is when all the action was, baryonically speaking, We live
today in a boring era, with fewer new stars and only feeble AGN.
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Figure 12.4 Evolution of the comoving density of star formation in the universe. Redshift
decreases, and thus time increases, from right to left. [adapted from Yiiksel ez al. 2008,
ApJ, 683, 5]

only ~ 2000Mg Myr ™, or about 10 percent of the total, will take the form of
O stars with M > 30M,,, hot enough to emit a significant number of ionizing
photons. If we make the simplifying assumption that all the O stars have M ~
30Mg, this implies the production of ~ 67 new O stars per comoving cubic
mmsec every million years. Since the Tifetime of a 30 Mg, star is ~ 6 Myr,
this means there will be about 400 O stars present per comoving cubic megaparsec
at any time, as long as the star formation rate remains at the level g1ven by
Equation 12 18. With 400 O stars each emitting ionizing photons at a rate N, ~
(%8 D 5 x 10" s7!, this means that the total rate of ionizing photon production per

ZZ? ‘comoving (.l.lblC megaparsec is
(5 X 1048 s™1) (400 Mpc™?) & 2 x 10%' s~ Mpc3 (12.19)
~ 6 x 109 Myr~! Mpc 3
If we compare this rate to the total number n, of ionizing photons required to

reionize the hydrogen in the same comoving volume (Equation 12.17), we find
that the star formation has to continue for a time 1 /';/Wf » by at Z223.3

. 3.7 x 10 Mpec=3 /02 U 02
f= % 10% Mpe . (} ) ~ 600 Myr (f—) (12.20)
Ny 6 x 1064 lel'_I MpC_‘ esc esc

in order to reionize the intergalactic gas. As long as fi,e > 0.2, this time is not
impossibly long compared to the age of the universe at the time it was reionized,
t ~ 650 Myr. Although many of the details of reionization remain to be worked
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out, this back-of-envelope accounting indicates that massive stars are capable of
emitting most of the photons required to reionize the 1ntergalactlc gas.

Reionizing the baryonic universe with starlight requires forming stars at a
comoving rate p, ~ 20000 Mg Myr™ ' Mpe™ for a time ¢ ~ 600 ‘Myr. By the
time reionization is complete, the comoving number density of stars that have
been formed is o, = p,t & 1.2 x 10" Mg Mpc™, or about 0.2% of the total
baryon density. Thus, convertmg one ‘part in 500 of the baryomc mass into stars
has the side effect of reionizing the remaining baryonic gas. At times ¢ > t,, the
ongoing star formation sketched out in Figure 12.4 drives the stellar mass density
up to P, 0 ~ 4 x T0¢ Mg Mpc~° today. The accompanying production of ionizing
photons from O stars (with help from AGN) enables the intergalactic medium to

remain ionized despite the existence o-f radiative recombination.
/

!__/; 7 \,31_A % b & \
/’f/} Z j“:"‘ D e )

12.4 Making Galaxies
The current mass density of stars, p, & 4 x 103 Mg Mpc™, produces a luminosity
density Wy = 1.1 x 10® L@VMpc . In addition, this mass density implies a

stellar number density n, ~ 10° Mpc™ 3 (the number we used back in Section 2.1,

discussing Olbers’ paradox). These stars are not uniformly dlstrlbutmpace
instead, they tend to be contained within galaxies, which consist of a relatively
small concentration of stars and interstellar gas in the midst of a larger halo, con-
sisting mainly of dark matter with only a tenuous circumgalactic gas of baryons.
The observed luminosity function for galaxies, ®(L), is defined so that
®(L)dL is the number density of galaxies in the luminosity range L — L+ dL. It

is found that the lummj?my tunetlon is well fitted ]py the functlon
L/ FAIG FNb *1 <L .

A Al s FHS acection

\

: f )
C'Xr(')h"\-.‘] At RLioWIT END L_ L_/-'

L0 .

ICD(L) Il = d* (L) L dL (12.21)

dL = exp| —— : ;
) P\ I yfzart 220

Surveys in the V band find a power-law slope o ~ —1__ a normal1zat10n P* ~

0.005Mpc =2, and a characteristic luminosity L% = 2 x 10'° L, y, comparable to

the 1ummos1ty of our own galaxy. Figure 12.5 shows a characteristic luminosity
function for galaxies.

Thanks to the exponential cutoff in the Schechter function, galaxies with L >
L* are exponentially rare. Although a few galaxies with L ~ 10L* exist, such as
NGC 4889 and NGC 4874 in the Coma cluster, they are very uncommon. They
exist only in rich clusters of galaxies, where they have grown to vast size by

cannibalizing other galaxies.” Our own galaxy, with Ly ~ L% ~ 2 x 100 L@ Vs vn bt

© This function is called the Schechter luminosity function, after the astronomer Paul Schechter, who pioneered
its use. -

7 Although it sounds rather gruesome, “cannibalism” is the usual technical term for a merger between a small
galaxy and a large one.
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Figure 12.5 The luminosity function of galaxies today, observed in the V band. A
Schechter function is assumed, with @ = —1 and ®* = 0.005 Mpc 3. The vertical dotted
line indicates the value of L, = 2 x 1010 L y.

has a baryonic mass Mpyy ~ 1.2 x 10! Mo, including all its interstellar and
circumgalactic gas. Its total mass, provided mostly by the dark halo, is My ~

et

make galaxies with a baryonic mass Mpay > 10" Mg and a total mass M, >
10" Mg, It is definitely possible to make dark halos with a mass greater than
10" M; the dark halo of the Coma cluster, for instance, has M ~ 2 x 10'5 M.
However, highly massive dark halos embrace multiple smaller galaxies rather than
a single gargantuan galaxy. This hints that the difficulty in making jumbo galaxies,
with Ly > 2 x 101°Lg, y and Myyy > 101 Mg, must have something to do with
the properties of baryons rather than the properties of dark matter.

To see why there is an upper limit on the size of galaxies, we need a simplified
model] of how a galaxy forms. Consider a spherical overdense region at the time of
radiation—matter equality (¢,,, ~ 0.050 Myr); this sphere will eventually become
a luminous, star-filled galaxy and its surrounding dark halo. Initially, the relation
among the mass M of the sphere, its radius R, and its overdensity § is given by

Equation 11.5:

/ﬂ \YE M = 4?ﬂpm(r)[l + 8(0]R(), (12.22)

F < B /‘
U

where Pm(f) = Pmo(l + z)° is the average mass density of the universe at time ¢
and redshift z = 1/a(f) — 1.



244 Structure Formation: Baryons and Photons

At first, the O\ieigpnsity is small: & (t;,) = 6., < 1. Aslong as §(¢) < 1, the
sphere s expansion 1s nearly indistingiiishable from the Hubble expansion of the
universe. However, the sphere reaches a maximum radlus and begins to collapse

under its self-gravity, at the time .o when & (f,on) & 1. Given that § o a oc 234,

during the matter-dominated epoch, we can make the approximation that feonl A
8,2/ Ztrma or

—_—

| + Zeoll ~ 5rn1(1 + Zrm) (12 23)

Thus, regions with a higher initial overdensuy 8ym will collapse at an earlier time,
corresponding to a higher redshift.
At the moment when the sphere starts to collapse, its density p is

P (teon) 2 20 (teo) X 20mo(1 + Zeon)”. (12.24)

After the sphere collapses, it oscillates in and out a few times before coming into
an equilibrium state; it is now a gravitationally bound halo with a radius Ry, &~
R(eon) /2. The process by which the collapsing structure comes into equilibrium
is called ‘virialization,” since the resulting halo obeys the virial theorem. Since
the radius of the virialized halo is haif the radius it had at l‘cou, the average density
of the halo is now

Prato X 80 (teolt) A2 16040(1 + zeon)®. (12.25)

From the average deﬁsity of a galaxy’s virialized halo, you can deduce when it
started its collapse. For instance, the mass of our own galaxy, contained mainly
in its gzir_k halo, is (from Equation 7_12)

\ﬂ)é@

//ﬁdj A@F19x10”M@(——E£—) (12.26)
- : _ - 0.15Mpc
{’7\,.’; P .‘L\,\]-A,\ (‘) 2 -5 15D £pc -1$D !A-',
giving an average density
3M R =
Py = 14><10141\4@1v1pc-‘3 ——Eﬂ—)
47t Risao \ 0.15Mpc /
WU+ bj\’J L p o/ 2, r""[ x.\ = 340000 (——ﬂo 1}?‘1’\[/0[ )_2. (12.27)
{ O %Ix1.23 K10 i
-_»-f = Comblned with Equation 12.25, this implies that our own galaxy started its col-
/310 lapse at a redshift given by the relation
BRONE pse a shift given by o )
| l,{ /7?/1 “‘"!} 150 W

H

Rige X °
1+&m%6(——ELJ . (12.28) ¥
Y

0.15 Mpc

The process of virialization is not gentle; it involves subclumps of bary-
onic gas slamming into each other, creating shocks that heat the gas. A possible
end state for the hot gas is a spherical distribution in hydrostatic equilibrium.

20 T%\fL
Dbt 5 L [ATE))
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(As an example of such an end state, consider the hot intracluster gas in the Coma
cluster, shown in Figure 7.3.) We can compute how hot the gas must be to remain
in hydrostatic equilibrium. From Equation 7.41, a sphere of gas in hydrostatlc
equ111br1um obeys the relation -

kTﬂus (I‘) r dIn Pgas dln Tgas
M — — — — y
/? / = =" [ dinr _ dlnr

where M(r) is the total mass within a radius 7 and w is the mean mass per
gas particle. For an ionized primordial mix of hydrogen and helium, with ¥ =
Yp 0.24, the mean mass is w = 0.59m,,. For simplicity, assume a giﬁ?g‘le
temperature Ty for all the gas in 1 the halo and a power law Pgas X T ~P for the gas
profile. Evaluated at r = Ruao, Where M(r) = M.y, the equation of hydrostatic

equilibrium yields

(12.29)

GM o/
KT g = 2 (12.30)
ﬁRhalo
This temperature is known as the virial temperature for gas in a virialized halo.

Since the halo radius is o
1/3
(2 ?J// z§ Rhalo - BMEUI SM[U[ » (1231)
47T Phato 647 00(1 + 30011)3

we can rewrite the virial temperature as a function of a halo’ s mass My and the

redshlft Zeon At which its collapse began:

4 1/3
KT ges = E<§> Gup M2 (1 + zon). (12.32)

Massive halos that collapsed early (and thus have high density) have the highest
virial temperature.
“If we assume the gas in the halo is hot enough to be mostly ionized, then
~ 0. 6mp Dark halos today have P X r_2 if the hot gas started with a similar
proﬁle to the dark matter, we can take ,6 ~ 2, and compute a numerical value for
the temperature of the hot gas: T

MU P 1 €O
Tgas ~ 1.0 x 106K<—“—> ( e “). (12.33)

1012 M, 5

Here, I have scaled the value of 1 + z.y to a collapse starting at redshift Zooll = 4,
at the start of the intense star-forming era, and consistent with the value for ourm
own galaxy.

A universe with cold dark matter is a “bottom- -up” universe, in which low-
mass halos tend to collapse at earher times than high-mass halos. However the
ation, 6M /M, is not strongly dependent on mass; at M ~ 10! “M,, the depen-
dence’is (SM /M M 014 Thus, the redshift of collapse should be only weakly
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dependent on halo mass. Consider, for example, a halo of mass M, that started
as a iiiodestly unusual 20 density fluctuation; that is, at the time of radiation-
matter equality, it had an overdensity §,,, equal to 2 x (§M/M),,,. For a halo mass
My = 10> Mg, a 20 fluctuation started its collapse at a redshift zooy ~ 3.4,
and thus had a virial gas temperature Ty, &~ 9 x 10° K. For a much smaller halo
mass, My = 10'° M, a 20 fluctuation started its collapse earlier, at zeop ~ 6.7,
and had a virial temperature Ty ~ 70000K. For a much larger halo mass,
M: = 1014 Mo, a 20 fluctuation started its collapse later, at z.op ~ 1.0, and
had a virial temperature Tg,s &~ 9 x 105K,

This dependence of viridl temperature on halo mass is the key to under-
standing why a low-mass halo can form a luminous, dense, star-filled galaxy
and a high-mass halo cannot. To form a dense galaxy at the center of the dark
halo, the baryonic gas must be able to cool by emitting light that escapes into
intergalactic space. As it cools, the gas is no longer supported by pressure in a
state of hydrostatic equilibrium and falls to the halo’s center. The scarcity of
galaxies with mass Mo, > 102 M, results from the fact that the hotter baryonic
gas in higher mass halos is less efficient at radiating away its thermal energy.

Consider a 10'° M, halo, with a virial temperature Ty, ~ 70000K. At
this temperature, although the hydrogen is ionized by collisions with other gas
particles, the hélium atoms are still able to retain one of their electrons. A He™
ion is able to radiate energy efficiently by line emission, as the remaining bound
electron is excited to higher levels by collisions, then emits light as it falls back
to the ground state. In general, halos with Tg,s < 10° K don’t have their hydrogen
and helium completely ionized, and can cool quickly by line emission from He™
or, at lower temperatures, from neutral He and H.

By contrast, halos with Ty, > 105K have hydrogen and helium that is
almost completely ionized. In these halos, the ionized gas cools primarily by
bremsstrahlung, also called free-free emission. Bremsstrahlung radiation is pro-
duced when a free electron is accelerated as it passes near a free proton or posi-
tively charged ion.® For a fully ionized primordial mix of hydrogen and helium,
the luminosity density for bremsstrahlung emission is

i 2 T \!/2

_ -32 -3 gas

Since the low-density gas is highly transparent, all this luminosity is able to
escape from the halo. The energy that i is being radiated away is the thermal energy
of the gas, which has energy density

8 “Bremsstrahlung,” in German, literally means “braking radiation.” As the electron moves past the proton or
ion, it emits a photon and loses kinetic energy. The alternative name of “free-free radiation” refers to the fact
that the electron starts out free and ends free, without being captured by the proton or ion.



3 Peas T
= ZnkT =21 x 107 ¥ Tm™> £ : 12.35
o= < 10 Jm (10_24 =) (% (12:35)

The time it takes the ionized gas to cool by bremsstrahlung emission is then

5 172
ool = — = 13 Gyr [ —1& ! (12.36)
ol T 10-24 kg m—3 100K/ '

Thus, if gas at T > 10° K is to cool in times less than the age of the universe, it
must have a density pg,s > 1072*kgm™. Is this a plausible density for gas in a
virialized halo?

Suppose that the baryonic gas makes up a fraction f of the total mass of the
virialized halo; if the baryon fraction in the halo is the same as that of the universe
as a whole, we expect f = 0.048/0.31 = 0.15. The average mass density of the
bar}%onic gas is then, making use of Equation 12.25,

Z;j —"T:z\; Pvary = f Phato ~ 16f pmo(1 + Zcoll)3 (12.37)

_ _ 1 =+ Zeoll :
~ 0.8 x 107¥kegm™> / .
8 = <o.15 5

We conclude that a virialized halo with M, ~ 10'? Mg, that starts its collapse at
Zeoll > 4 will be hot enough to cool by bremsstrahlung (from Equation 12.33),
and will be dense se enough (from Equation 12.37) to cool in a time shorter than the
age of the universe. However, we can also show that it is statistically unlikely for
a halo with mass much larger than 10> M, to collapse at a high enough redshift
to be able to cool. ‘

To begin our statistical analysis, consider the very first 10'* M, halo to have
collapsed in the entire directly observable universe. (If the baryons in this halo
could cool to form a single luminous galaxy, it would have ten times the baryonic
mass of the huge cannibal galaxy NGC 4889.) Since the last scattering surface
lies at a proper distance d,(tp) ~ 14000 Mpc, the total amount of mass inside the
last scattering surface (and thus visible to our telescopes) is

4
M= pm,o?”dp(tof ~ 43 x 10% My, (12.38)

We can divide this mass into 4.3 x 10° different regions, each of mass 10'* Mg,
The very first 10'* M, halo to collapse is the one region out of 4.3 billion that had
the highest overdensity at the time of radiation—matter equality. You can think of
it as having won a “density lottery” with a probability P = 1/4.3 x 10° ~ 2.3 x
10719 of drawing the winning ticket. In a Gaussian distribution, this probability
is equivalent to a 6.20 deviation. From the cold dark matter M /M distribution
(Figure 11.5), we can compute that a region of mass M = 10" Mg, with a 6.20
overdensity begins its collapse at a redshift z.on & 5.2. After virialization, its
gas has a virial temperature Ty, ~ 2.3 X 10’ K (from Equation 12.33) and an
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average density pgs ~ 1.5 x 107**kgm™ (from Equation 12.37). The cooling
time for the gas, from Equation 12.36, is therefore #.,, ~ 42 Gyr, longer than
the present age of the universe. Moreover, the 10'* M, halos that collapse later
will have slightly lower virial temperatures, but much lower densities. Therefore,
the later-collapsing halos have even longer cooling times than the pioneering
10 Mg, halo.

To adapt the “spherical cow” joke common among physicists, I've been using
a “spherical, isothermal, virialized cow” model for the formation of galaxies. The
true p\féfli're unsurprlsmgly, is more complex. In particular, computer simulations
of galaxy formation indicate that in a more realistic non-spherical collapse, not
all the baryonic gas is shock-heated to the virial temperature T,s. The relatively
cold gas that escapes being heated is able to flow to the center of the halo on time
scales shorter than the cooling time of Equation 12.36. These “cold flows” of gas,
as they are called, permit the formation of the first galaxies at higher redshifts,
signaling the end of the Dark Ages and the beginning of reionization. The portion
of the baryonic gas that is shock-heated, however, must obey the cooling time
argument. Thus, the spherical; isothermal, virialized model explains why the hot
intracluster gas in a massive halo (like that of the Coma cluster) fails to form a

single gargantuan galaxy with baryonic mass Mpgy 3> 10! Mg,

12.5 Making Stars

Suppose that a collapsed, virialized halo contains gas that is below the virial
temperature Ty, 0f Equation 12.30. This can be either because the gas is part
of a cold flow that was never shock-heated, or because it cooled rapidly by line
emission or bremsstrahlung. The gas is out of hydrostatic equilibrium, and falls
toward the center of the dark halo. What happens to the cool, infalling gas then?
We know it isn’t all swallowed by the central supermassive black hole. In the
local universe, the mass of a galaxy’s central black hole is less than 1% of the
total baryonic mass of the galaxy. (Even the extraordinarily massive black hole in
the galaxy NGC 4889, with My, ~ 2 x 10'® M, is small compared to the total
baryonic mass of that bloated cannibal galaxy, My, ~ 2x 1012 Mg.) If 10° M, of
gas cools and falls inward, we know it doesn’t form into a single “megastar.”” We
also know that it doesn’t form a trillion “microstars,” each of mass ~ 10~ M.
Instead, it forms about a million stars and brown dwarfs, with a typical mass
M, ~ 0.1 Mg and a power-law tail to higher masses, as illustrated in the initial
mass function of Figure 7.1.

In our own galaxy, stars are observed to form in the dense central cores of
molecular clouds, regions of interstellar gas that are relatively cold and dense; in
these regions hydrogen takes the form of molecules (H,) rather than individual
atoms. In the dense cores of molecular clouds, the mass density is as high as



Peore ~ 10719 kgm™3. This is more than 10'? times pPpary,0, the mean density of
baryons today. However, it is still less than 107!8 times pg, the mean density of
the Sun. In the interstellar gas of our galaxy, the helium mass fraction has been
raised, by pollution from early generations of stars, from its primordial value
Y, = 0.24 to a current value ¥ = 0.27.° The helium mass fraction is X = 0.72,
leaving a mass fraction Z = 0.01 in other elements, primarily oxygen and carbon.
Part of the carbon and oxygen is in the form of molecules and radicals such as
CO, CH, and OH; however, some condenses into tiny dust grains made of silicates
(minerals containing oxygen and silicon) or graphite (pure carbon). A molecular
cloud core is dusty enough to be opaque at visible wavelengths; cores seen against
a background of stars are called “dark nebulae.”'® A typical temperature for a
molecular cloud core is Ty & 20K. This temperature results from a balance
between heating by cosmic rays (high-energy charged particles that can penetrate
the opaque core) and cooling by far infrared radiation from dust grains.
The dynamical time in a molecular cloud core is (Equation 11.13)

1 pCiJl’C _1/2
fayn = ~1.1x10%s | —= . 12.39
M @G T ( 10~ kg m—3) S

The mean molecular mass in a molecular cloud, given its mixture of H, and He,
is pt = 2.3m,,. This results in an isothermal sound speed

k Tcore 2 -1 Tcore L
.= ~ 270 , 12.40
C ( ) ) ms 0K ( )

only slightly slower than the sound speed in air at room temperature. The Jeans
length in the molecular cloud core is then (Equation 11.20)

6 ~1/2 s 1/2
_ ~ 15 core core

Ay = 2mCelgyn ~ 1.9 x 107 m <—10_15 ke m“3> <20 K) . (1241)
This means that the baryonic Jeans mass within a dense molecular cloud core is

4 Peore 172 Teore 372
M) = — peorer> 3 x 103 kg [ — 252
JT Ty Peorelty 2 X g(lO"‘Skgm‘3 20K

P -1/2 oo 3/2
~15Mg | — e = . 12.42
. O(m—lﬁkgnr-*) (201() (12.42)

Since objects smaller than M, are pressure-supported, this seems to indicate that
regions of a molecular cloud that are less massive than ~ 15 Mg cannot collapse
to form stars. A look at the initial mass function of stars, plotted in Figure 7.1,

? 0, the futility of stars! Their mass provides < 10% of the baryonic density today, and even after 13 billion
years on the job, the helium they produce has increased the helium mass fraction Y by only ~ 10%, just as

the starlight they emit has increased the photon energy density ¢, by only ~ 10%.
10" A dark nebula isn’t called “dark” because it fails to interact with light (the way dark matter is dark). It’s
called “dark” because it absorbs light (the way dark chocolate is dark).
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reveals that this conclusion is nonsense. Stars with M, > 15M,, are O stars, the
rarest type of star; the preferred mass for stars is actually M, ~ 0.1 M.

The reason why molecular clouds can make stars smaller than the Jeans
mass is that collapsing cores can cool. Consider a molecular cloud core of mass
Meore =~ 15 Mg, just above the Jeans mass. It contains a total of N = M. /=
7.8 x 10°7 gas particles and has a thermal energy

3 MUOI‘I: TCUI‘C
Ecoe = N[ ZkToore | = 3.2 x 10°°] . 12.43
0 N(z 0 > % (ISM@> (201{) (12:43)

The core starts its collapse. If energy didn’t flow out of (or into) the core, the first
law of thermodynamics tells us that the thermal energy would increase at the rate

db‘COlL dVCOI‘C — Nchore chore

a A Ve dt

(12.44)

Since the core’s volume is Veore o R2___, this implies

dEcore I dReore b dReore
= —3NkTore | —— = —2F. e | — . 12.45

If the core is to remain at a constant temperature T, during its collapse, it must

radiate away the increased thermal energy at the same rate it is generated. The

luminosity required to keep the core at a constant temperature (let’s call it the
“isothermal luminosity™) is

Llso _ dEcore _ 2E|COI‘C dRcore
core d t R'core dt .

For a freely collapsing core, dRcore /dt ~ Riore/ fdayn, and the isothermal 1uminosity
at Teore = 20K 15

2E e M 5 .'OCOI'C 1/2
L%~ 2 ~0.015L = . 12.47
T iy © (15 My ) \10-15 kg m—3 (12.47)

(12.46)

Thus, as long as the core radiates away energy at a minimum rate L ~ 0.015 Lo,
it can maintain a constant temperature of Tcore = 20K as it collapses on a dynam-
ical time. But what will be the actual luminosity L of a molecular cloud core?
The main source of emission from a dusty molecular cloud core is the far
infrared light from its dust grains. Looking at a dusty dark nebula, as in the left
panel of Figure 12.6, our first guess might be that since it’s an opaque object
with a well-defined temperature Teop, its luminosity is that of a blackbody. For
a spherical core, this would be L, = 4nR§0reast§0re, where o4, = 5.67 x
1078 watts m~2K™* is the Stefan-Boltzmann constant for blackbody radiation.
However, a molecular cloud core that is opaque at visible wavelengths is not
necessarily opaque at infrared wavelengths. Interstellar dust grains are tiny, with
a radius of 100 nanometers or less; for such small grains, the cross-section for

absorbing visible and infrared light is a decreasing function of the wavelength A.



Figure 12.6 The dark nebula Barnard 68, which is at a distance d =~ 125 pc from the
Earth and has a radius Reore &~ 15000AU =~ 3 x 10° Rg. Left: V-band image, at a
wavelength Ayis &~ 550 nm. Right: Near infrared image, at a wavelength Ay ~ 1650 nm.
[European Southern Observatory]

Figure 12.6 shows a nearby dark nebula that is highly opaque at visible wave-
lengths, with = & 23 through its center at A,;; = 550 nm. However, at near
infrared waveiengths it is much less opaque: T & 4 at Ay; = 1650 nm, so bright
background stars can be glimpsed through the dusty core at this wavelength. At
far infrared wavelengths, the core is largely transparent, with T ~ 0.03 at Ag ~
10° nm A~ 0.1 mm. The optical depth of the core will increase as it is compressed
to smaller radii; if nqu is the average number density of dust grains in the core,
then ngu RC‘O3re and therefore T o« ngustReore X RC_O%C. However, different cores
have different dust properties, so we can’t say in the general case at what degree
of compression a core will become opaque at far infrared wavelengths.
Mathematically, we can take into account the possible non-opacity of the core
by writing its luminosity as
Leore = 477:Rgore '](‘eC)'stc4

ore’?

(12.48)

where the efficiency factor is f, < 1.1f the core is highly opaque at the wavelength
of emission, with ¢ > 1, then we expect f, = 1. However, if it is largely
transparent, with T < 1, then we expect f, < 1. Scaled to the properties of our
standard molecular cloud core, the core’s radius is

BMCUI'C' 1/3 MCOE 1/3 JOre _1/3
Rye = ~ 10° AU i e PR . (12.49)

and the luminosity actually emitted from the core at a temperature T¢ore = 20K 18

M 2/3 0 ~2/3
Leore &~ 1100Lo £, | —2= —els . 12.50
< o/ <15Mo> (10—15kgm~3) =0
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Any efficiency factor greater than the extremely modest value f, ~ 107> will
enable the actual luminosity (Equation 12.50) to be larger than the isothermal
luminosity required to maintain a constant temperature (Equation 12.47).

Let’s see what happens as our 15 Mg core collapses at a constant temperature
Teore = 20K. Since the Jeans mass, from Equation 12.42, has the dependence
Mj o p~1/2T3/2 then if the temperature is constant, the Jeans mass decreases as
the core becomes smaller and its density thus becomes larger. Consider what hap-
pens when the radius of the core decreases from Regre t0 Reore /4> 2 0.63Rcore,
and the density thus increases from pgore t0 40core. The Jeans mass has now fallen
by a factor of 1/2, and the 15 Mg core is now unstable, splitting to form a pair
of 7.5Mg fragments. These fragments continue to collapse until their density
increases by another factor of 4, then split into a total of four 3.75 M, fragments;
and so on, and so forth.

Hierarchical fragmentation, as this process of repeated subdivision is called,
naturally produces a power-law distribution of stellar masses, as long as the frag-
mentation process is slightly inefficient. Suppose, for example, that fragmentation
has a failure rate of 1%. That is, if you start with 100 cores, each of mass M.,
99 of them will split, forming 198 fragments each of mass M .. /2, but one will
collapse directly to form a star of mass M, = M ... If the failure rate is the same
at the next step, then of the 198 fragments of mass M q./2, we expect that 196
will split, forming 392 subfragments, each of mass M qre /4, but two will collapse
directly to form stars of mass M, = M u./2. As this process proceeds, you will
expect one star of mass Mcqre, two of mass M /2, four of mass My /4, and so
forth. In general, after the nth round of fragmentation, there will be 2" stars that
each have mass 27"M_qr.. Thus, the number of stars produced per logarithmic
interval of mass will be

dN . |
dlogM M’

(12.51)

which is equivalent to an initial mass function x (M) o« M~2. (The actual initial
mass function has the steeper dependence x o¢ M~%3. This is a sign that the
simple hierarchical fragmentation model doesn’t capture all the physics involved.)

Starting with a core mass M., after n rounds of fragmentation, the mass of
each fragment will be My, = 27"M¢y and the density of each fragment will
be O = 22" peore- What halts the fragmentation process after a finite number
of rounds, and prevents it from proceeding ad infinitum, producing an infinite
number of infinitesimal fragments? Notice that the isothermal luminosity required
to keep the fragments at a constant temperature T.oe = 20K has the value
(Equation 12.47)

. 1/2
[ ~0.015L 188 . .
frag © (IS M@> (10—'5 kgm‘3> (12.52)



However, since M, o< 27" and ,oflréé o 2", the isothermal luminosity is the same
for every value of n. That is, every fragment, regardless of size, must radiate
at the same luminosity to maintain a temperature of 20 K. However, since the
actual luminosity is proportional to the square of the fragment’s radius, smaller
fragments will have lower luminosity. After some number of rounds of fragmen-
tation, the small fragments will find it impossible to radiate away enough energy
to keep cool.

The ratio of the actual luminosity of a fragment (Equation 12.50) to its

required isothermal luminosity (Equation 12.47) is

L‘r'l M'r y e ra =i
“gmgooojfe( "‘*) (L) : (12.53)

e 15Mg 10-5 kgm—2

After n rounds of fragmentation, the characteristic fragment mass will be
Miag = 27" Meore = 27"(15Mg), and the characteristic fragment density will
be Pfrag = 22" Peore & 2%7(1071 kgm3). The four-fold increase of density with
each round of fragmentation means that the ratio of the actual luminosity to the
required isothermal luminosity will decrease with each round of fragmentation:

—= &2 73000£,2"°27 " ~ 73 000£,27>". (12.54)
frag

Fragmentation stops when this ratio drops to one, and the temperature of the
collapsing fragments starts to rise; this causes the Jeans mass to increase instead
of decrease as the fragments become denser. From Equation 12.54, we find that
cooling the fragments that result from n = 9 rounds of fragmentation would
require an unphysically high efficiency f, &~ 3. Thus, the maximum possible
number of fragmentation rounds is n = 9, producing a minimum fragment mass
Mirag ~ 2 %M e ~ 0.03 Mg, within the broad maximum of the initial mass
function (Figure 7.1). Once fragments can no longer keep cool, they become
protostars, objects that are almost, but not quite, in hydrostatic equilibrium. Pro-
tostars gradually contract inward as they radiate away energy, but only on time
scales much longer than the dynamical time. A protostar with M > 0.08 M,
becomes a star when the density and temperature at its center become large
enough for nuclear fusion to begin.!!

Hierarchical fragmentation requires that collapsing molecular cloud cores are
able to cool efficiently through multiple rounds of fragmentation. If molecular
cloud cores are very low in dust (which happens if they are deficient in heavy
elements such as carbon, oxygen, and silicon), this drives down f,, and halts frag-
mentation at an earlier stage. Thus, star formation in regions with low abundances
of heavy elements has an initial mass function that peaks at a higher mass. When
the very first stars formed at the end of the Dark Ages, there was no carbon,

1A protostar with M < 0.08 M should really be called a “proto-brown-dwarf.”

(A%
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oxygen, and silicon; thus, there were no dust grains at all. The first stars could
cool only through much less efficient processes involving molecular hydrogen.
Thus, it is likely that the very first stars that formed in the universe were not the
result of hierarchical fragmentation, but instead were all extremely massive stars,
comparable in size to the Jeans mass of the gas from which they formed. These
ultramassive stars would have lived fast and died young, ejecting the carbon,
oxygen, and other heavy elements that they formed into the surrounding gas.

The hierarchical fragmentation scenario obviously represents a highly sim-
plified “spherical isothermal cow that reproduces by fission.” Realistic models of
star formation must take into account, among other physical processes, the effects
of magnetic fields and of turbulence within molecular clouds. In addition, the
effects of angular momentum must be acknowledged. An initially slowly spinning
fragment, thanks to conservation of angular momentum, will rotate more and
more rapidly as it contracts adiabatically. The net result will be a protostar, made
from the material with lower angular momentum, surrounded by a rotationally
supported protoplanetary disk. Protoplanetary disks, it is found observationally,
are unstable to the formation of the objects that we call “planets.” Planets are
a common, but minor, side effect of star formation. In the Solar System, for
instance, the total mass of all the planets is My = 2.67 x 1077 kg, with more than
two-thirds of this mass provided by Jupiter. The total planet mass thus represents
a small fraction of the Sun’s mass: My = 0.0013 Mg, If the Sun is not unusual
in having a planetary system with a mass ~ 0.13% of its own mass, then we can
estimate the density parameter of planets:

Qp10 ~ 0.0013Q, 9 ~ (0.0013)(0.003) ~ 4 x 107°. (12.55)

From one point of view, planets are unimportant, because they provide just a few
parts per million of the mass-energy density of the universe. From another point of
view, however, planets are vitally important; planets of the right size, at the right
distance from their parent star, provide a hospitable environment for the evolution
of beings who ask the questions “Where do we come from?”, “What are we?”,
and “Where are we going?”

Exercises

12.1 For the Schechter luminosity function of galaxies (Equation 12.21), find the
number density of galaxies more luminous than L, as a function of L*, ®*,
and «. In the limit L — 0, show why a = —1 leads to problems, mathemat-
ically speaking. What is a plausible physical solution to this mathematical
problem? [Hint: an acquaintance with incomplete gamma functions will be
useful. ]

12.2 For the Schechter luminosity function of galaxies, find the total luminosity
density W as a function of L*, ®*, and «. What is the numerical value of
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A book dealing with an active field like cosmology can’t really have a neat, tidy
ending. Our understanding of the universe is still growing and evolving. During
the twentieth century, the growing weight of evidence pointed toward the Hot
Big Bang model, in which the universe started in a hot, dense state, but gradually
cooled as it expanded. At the end of the twentieth century and the beginning of the
twenty-first, cosmological evidence was gathered at an increasing rate, refining
our knowledge of the universe. As I write this epilogue, on a clear spring day in
the year 2016, the available evidence is explained by a Benchmark Model that is
spatially flat and that has an expansion, which is currently accelerating. It seems
that 69% of the energy density of the universe is contributed by a cosmological
constant (or other form of “dark energy” with negative pressure). Only 31% of
the energy density is contributed by matter (and only 4.8% is contributed by the
familiar baryonic matter of which you and I are made).

However, many questions about the cosmos remain unanswered. Here are a
few of the questions that currently nag at cosmologists:

o What are the precise values of cosmological parameters such as Hy, Qp, 0,
and Q50?7 Much effort has been invested in determining these parameters,
but still they are not pinned down absolutely.

o What is the dark matter? It can’t be made entirely of baryons. It can’t be
made entirely of neutrinos. Most of the dark matter must be in the form of
some exotic stuff that has not yet been detected in laboratories. .

o What is the dark energy? Is it vacuum energy that plays the role
of a cosmological constant, or is it some other component of the universe
with —1 < w < —1/37 If it is vacuum energy, is it provided by a false
vacuum, driving a temporary inflationary stage, or are we finally seeing the
true vacuum energy?

o What drove inflation during the early universe? Our knowledge of the
particle physics behind inflation is still sadly incomplete. Indeed, some



cosmologists pose the questions, “Did inflation take place at all during the
early universe? Is there another way to resolve the flatness, horizon, and
monopole problems?”

o Why is the universe expanding? At one level, this question is easily
answered. The universe is expanding today because it was expanding
yesterday. It was expanding yesterday because it was expanding the day
before yesterday. . . However, when we extrapolate back to the Planck time,
we find that the universe was expanding then with a Hubble parameter
H ~ 1/tp. What determined this set of initial conditions? In other words,
“What put the Bang in the Big Bang?”

The most interesting questions, however, are those that we are still too igno-
rant to pose correctly. For instance, in ancient Egypt, a list of unanswered ques-
tions in cosmology might have included “How high is the dome that makes up the
sky?” and “What’s the dome made of?” Severely erroneous models of the universe
obviously give rise to irrelevant questions. The exciting, unsettling possibility
exists that future observations will render the now-promising Benchmark Model
obsolete. I hope, patient reader, that learning about cosmology from this book has
encouraged you to become a cosmologist yourself, and to join the scientists who
are laboring to make my book a quaint, out-of-date relic from a time when the
universe was poorly understood.
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