Chapter 12

Supernovae of Type Ia

12.1 Standard candles and distances

12.1.1 The principle

Before starting with the details of supernovae, their type Ia and
their cosmological relevance, let us set the stage with a few illus-
trative considerations.

Suppose we had a standard candle whose luminosity, L, we know
precisely. Then, according to the definition of the luminosity dis-
tance in (2.16), the distance can be inferred from the measured
flux, f, through

L
Dy = y|— - 12.1
I inf (12.1)

Besides the redshift z, the luminosity distance will depend on the
cosmological parameters,

Dym = Dyum(z; Qmo, Qao0, Ho, .. .) , (12.2)

which can be used in principle to determine cosmological param-
eters from a set of distance measurements from a class of standard
candles.

For this to work, the standard candles must be at a suitably high
redshift for the luminosity distance to depend on the cosmological
model. As we have seen in (2.17), all distance measures tend to

(o4
D ~

x — 123
He (12.3)

at low redshift and lose their sensitivity to all cosmological pa-
rameters except H.
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o In reality, we rarely know the absolute luminosity L even of cos-
mological standard candles. The problem is that they need to be
calibrated first, which is only possible from a flux measurement
once the distance is known by other means, such as from paral-
laxes in case of the Cepheids.

e Supernovae, however, which are the subject of this chapter, are
typically found at distances which are way too large to allow di-
rect distance measurements. Therefore, the only way out is to
combine distant supernovae with local ones, for which the ap-
proximate distance relation (12.3) holds.

e Any measurement of flux f; and redshift z; of the i-th standard
candle in a sample then yields an estimate for the luminosity L in
terms of the squared inverse Hubble constant,

2
czi
L—47rf,~(H0) . (12.4)
Since all cosmological distance measures are proportional to the
Hubble length ¢/H,, the dependences on H, on both sides of
(12.1) cancels, and the determination of cosmological parameters
other than the Hubble constant becomes possible. Thus, the first
lesson to learn is that cosmology from distant supernovae requires
a sample of nearby supernovae for calibration.

e Of course, this nearby sample must satisfy the same criterion as
the distance indicators used for the determination of the Hubble
constant: their redshifts must be high enough for the peculiar ve-
locities to be negligible, thus z > 0.02. On the other hand, the
redshifts must be low enough for the linear appoximation (12.3)
to hold.

e It is important to note that it is not necessary to know the abso-
lute luminosity L even up to the uncertainty in Hy. If L is truly
independent of redshift, cosmological parameters could still be
determined through (12.1) from the shape of the measured rela-
tion between flux and redshift even though its precise amplitude
may be unknown. It is only important that the objects used are
standard candles, but not how bright they are.

12.1.2 Requirements and degeneracies

e Let us now collect several facts about cosmological inference
from standard candles. Since we aim at the determination of cos-
mological parameters, say (2, it is important to estimate the ac-
curacy that we can achieve from measurements of the luminosity
distance.
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e Suppose we restrict the attention to spatially flat cosmological 1
models, for which Q,g = 1 — ;0. Then, because the dependence op
on the Hubble constant was canceled, Qy is the only remaining . .
relevant parameter. We estimate the accuracy through first-order % »
Taylor expansion, S N

ADp ~ Pm pqy (12.5)  ©of
dQo o
about a fiducial model, such as a ACDM model with o = 0.3. 08

H
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o At a fiducial redshift of z = 0.8, we find numerically Logarithmic derivative of the lumi-

n Dy ~ 05 (12.6) nosity distance with respect to Q.
deO
which shows that a relative distance accuracy of
AD
M1~ —0.5AQm0 (12.7)
Dlum

is required to achieve an absolute accuracy of AQ,o. For AQy =
0.02, say, distances thus need to be known to ~ 1%.

e This accuracy requires sufficiently large supernova samples. As-
suming Poisson statistics for simplicity and distance measure-
ments to N supernovae, the combined accuracy is

2 ADpynm
IAQo| ~ ————

\/N Dlum .

That is, an accuracy of AQo = 0.02 can be achieved from = 100
supernovae whose individual distances are known to = 10%.

(12.8)

e Anticipating physical properties of type-Ila supernovae, their in-
trinsic peak luminosities in blue light are L ~ 3.3 x 10¥ ergs™!,
with a relative scatter of order 10%. (As we shall see later, type-la
supernovae are standardisable rather than standard candles, and
the standardising procedure is currently not able to reduce the

scatter further.)

¢ Given uncertainties in the luminosity L and in the flux measure-
ment, error propagation on (12.1) yields the distance uncertainty

Dy \2 dDun V- 1
Dium = ALY+ (2R AR 12.9
! {(dL) +(df)f (129
or the relative uncertainty
1/2
ADyn  1[(AL\ [Af\
wn _ LI(ALY (AS . (12.10)
Dlum 2 L f

Even if the flux could be measured precisely, the intrinsic lumi-
nosity scatter currently forbids distance determinations to better
than 10%.
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e Fluxes have to be inferred from photon counts. For various rea- "
sons to be clarified later, supernova light curves should be de-
termined until ~ 35 days after the peak, when the luminosity
has typically dropped to ~ 2.5 x 10*?ergs™!. The luminos-
ity distance to z = 0.8 is = 5Gpc, which implies fluxes f =
1.1 x 107 ergs™' cm™ at peak and f ~ 8.7 x 10~'%ergs~' cm™>
35 days later.

luminosity distance in Gpc

e Dividing by an average photon energy of 5 x 10~!2 erg, multiply-
ing with the area of a typical telesc?ope mirror with 4 m diameter, 0 e —
and assuming a total quantum efficiency of 30%, we find detected redshit z
photon fluxes of f, ~ 85s™! at peak and f, ~ 7s™' 35 days af- The luminosity distance in a uni-

terwards. These fluxes are typically distributed over a few CCD  verse with Qno = 0.3 and Qpo =
pixels. 0.7 with Hubble constant z = 0.72.

e Supernovae occur in galaxies, which means that their fluxes need
to be measured on the background of the galactic light. On the
area of a distant supernova image, the photon flux from the host
galaxy is comparable to the flux from the supernova. Therefore,
an estimate for the signal-to-noise ratio for the detection is

5 N ﬂ (12.11)

N 2vVN 2 7

where N is the number of photons per pixel detected from super-
nova and host galaxy during the exposure time. Signal-to-noise
ratios of > 10 up to 35 days after the maximum thus require
N = 400 photons per pixel. Assuming that the supernova ap-
pears on typically ~ 4 pixels, this implies exposure times of order
4 x 400/7 = 230s, or a few minutes. Typical exposure times are
of order 15...30 minutes to capture supernovae out to redshifts
z ~ 1. Then, the photometric error around peak luminosity is cer-
tainly less than the remaining scatter in the intrinsic luminosity,
and relative distance accuracies of order 10% are within reach.

e However, a major difficulty is the fact that the identification of
type-Ia supernovae requires spectroscopy. Sufficiently accurate
spectra typically require long exposures on the world’s largest
telescopes, such as ESO’s Very Large Telescope which consists
of four individual mirrors with 8 m diameter each.

e In order to see what we can hope to constrain by measuring
angular-diameter distances, we form the gradient of Dy, in the
Qmo-Qao plane,

(12.12)

N aDlum aDlum '
g = )

0Qmo " Q0
at a fiducial ACDM model with Q. = 0.3. When normalised to
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unit length, it turns out to point into the direction

, ([ -076
g—( 0.65 ) (12.13)

e This vector rotated by 90° then points into the direction in the
Qno-Qao plane along which the luminosity distance does not
change. Thus, near the fiducial ACDM model, the parameter
combination

P

- (Qmo
g.

) =—-0.76 Q0 + 0.65 Qpp (12.14)
Qpo

is degenerate. The degeneracy direction, characterised by
the vector R(n/2)g = (0.65,0.76)", points under an angle of
arctan(0.76/0.65) = 49.5° with the Q,, axis, almost along the
diagonal from the lower left to the upper right corner of the pa-
rameter plane. Thus, it is almost perpendicular to the degeneracy
direction obtained from the curvature constraint due to the CMB.
This illustrates how parameter degeneracies can very efficiently
be broken by combining suitably different types of measurement.

12.2 Supernovae

12.2.1 Types and classification

e Supernovae are “eruptively variable” stars. A sudden rise in >SuPernova 1994dinits host galaxy.

brightness is followed by a gentle decline. They are unique events
which at peak brightness reach luminosities comparable to those — ’
of an entire galaxy, or 10'°... 10" L. They reach their maxima
within days and fade within several months.

e Supernovae are traditionally characterised according to their early
spectra. If hydrogen lines are missing, they are of type I, oth-
erwise of type II. Type-la supernovae show silicon lines, un-
like type-Ib/c supernovae, which are distinguished by the promi-
nence of helium lines. Normal type-II supernovae have spectra
dominated by hydrogen. They are subdivided according to their -3
lightcurve shape into type-IIL and type-IIP. Type-1Ib supernova P R
spectra are dominated by helium instead. DAYS AFTER MAXIMUM LIGHT

Lightcurves of supernovae of differ-

BLUE MAGNITUDE

SN 1967 A

o Except for type-Ia, supernovae arise due to the collapse of a mas-
sive stellar core, followed by a thermonuclear explosion which
disrupts the star by driving a shock wave through it. Core-
collapse supernovae of type-I (i.e. types Ib/c) arise from stars with
masses between 8. ..30 M, those of type-II from more massive
stars.

ent types.
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e Type-la supernovae, which we are dealing with here, arise when a
white dwarf is driven over the Chandrasekhar mass limit by mass
overflowing from a companion star. In a binary system, the more
massive star evolves faster and can reach its white-dwarf stage
before its companion leaves the main sequence and becomes a
red giant. When this happens, and the stars are close enough,
matter will flow from the expanding red giant on the white dwarf.

Electron degeneracy pressure can stabilise white dwarfs up to the
Chandrasekhar mass limit of ~ 1.4 M,. When the white dwarf is
driven over that limit, it collapses, starts a thermonuclear runaway
and explodes. Since this type of explosion involves an approxi-
mately fixed amount of mass, it is physically plausible that the
explosion releases a fixed amount of energy. Thus, the Chan-
drasekhar mass limit is the main responsible for type-la super-
novae to be approximate standard candles.

The thermonuclear runaway in type-la supernovae converts the
carbon and oxygen in the core of the white dwarf into *°Ni, which
later decays through *Co into the stable *°Fe. According to de-
tailed numerical explosion models, the nuclear fusion is started at
random points near the centre of the white dwarf.

Since the core material is degenerate, its pressure is independent
of its temperature. The mass accreted from the companion star in-
creases the pressure. Once it exceeds the Fermi pressure, inverse
beta decay sets in,

pt+te on+ve+vy, (12.15)
which suddenly removes the degenerate electrons. Under the high
pressure, the temperature rises dramatically and ignites the fu-
sion. The neutrinos carry away much of the explosion energy un-
noticed because they can leave the supernova essentially without
further interaction.

The presence of silicon lines in the type-la spectra indicates that
not all of the white dwarf’s material is converted into *°Ni. This
shows that there is no explosion, but a deflagration, in which the
flame front propagates at velocities below the sound speed. The
deflagration can burn the material fast enough if it is turbulent,
because the turbulence dramatically increases the surface of the
flame front and thus the amount of material burnt per unit time.
Typically, ~ 0.5 M, of *Ni is produced in theoretical models.

The peak brightness is reached when the deflagration front
reaches the former white dwarf’s surface and drives it as a rapidly
expanding envelope into the surrounding space. The y photons re-
leased in the nuclear fusion processes are redshifted by scattering
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with the expanding material and finally leave the explosion site as
X-ray, UV, optical and infrared photons.

e Once the thermonuclear fusion has ended, additional energy is
released by the 8 decay of **Co into *’Fe with a half life of 77.12
days. The exponential nature of the radioactive decay causes the
typical exponential decline phase in supernova light curves.

e Since the supernova light has to propagate through the expanding
envelope before we can see it, the opacity of the envelope and thus
its metallicity are important for the appearance of the supernova.

12.2.2 Observations

e Since supernovae are transient phenomena, they can only be de-
tected by sufficiently frequent monitoring of selected areas in the
sky. Typically, fields are selected by their accessibility for the
telescope to be used and the least degree of absorption by the
Galaxy. Since a type-la supernova event lasts for about a month,
monitoring is required every few days.

e Supernovae are then detected by differential photometry, in which
the average of all preceding images is subtracted from the last
image taken. Since the seeing varies, the images appear con-
volved with point-spread functions of variable width even if they
are taken with identical optics, thus the objects on them appear
more or less blurred. Before they can be meaningfully subtracted,
they therefore have to be convolved with the same effective point-
spread function. This causes several complications in the later
analysis procedure, in particular with the photometry.

e Of course, this detection procedure returns many variable stars
and supernovae of other types, which are not standard candles
and have to be removed from the sample. Pre-selection of type-
Ia candidates is done by colour and the light-curve shape, but
the identification of type-la supernovae requires spectroscopy in
order to identify the decisive silicon lines at 6347 A and 6371 A.
Since these lines move out of the optical spectrum for redshifts
z 2 0.5, near-infrared observations are crucially important for the
high-redshift supernovae relevant for cosmology.

e Nearby supernovae, which we have seen need to be observed for
calibration, show that type-la supernovae are not standard can-
dles but show a substantial scatter in luminosity. It turned out that
there is an empirical relation between the duration of the super-
nova event and its peak brightness in that brighter supernovae last
longer.
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o This relation between the light-curve shape and the brightness can
be used to standardise type-la supernovae. It was seen as a major
problem for their cosmological interpretation that the origin for
this relation was unknown, and that its application to high-redshift
supernovae was based on the untested assumption that the relation "
found and calibrated with local supernovae would also hold there.

Recent simulations indicate that the relation is an opacity effect: £ TR
brighter supernovae produce more *’Ni and thus have a higher =" NNy

metallicity, which causes the envelope to be more opaque, the en- s N
ergy transport through it to be slower, and therefore the supernova
to last longer. \ s

e Thus, before a type-Ia supernova can be used as a standard candle, -
its duration must be determined, which requires the light-curve to _ T
be observed over sufficiently long time. It has to be taken into ¢
account here that the cosmic expansion leads to a time dilation,
due to which supernovae at redshift z appear longer by a factor
of (1 + z). We note in passing that the confirmation of this time " PR
dilation effect indirectly confirms the cosmic expansion. After the
standardisation, the scatter in the peak brightnesses of nearby su- e
pernovae is substantially reduced. This encourages (and justifies) [ ightcurves of type-Ia supernovae
their use as standardisable candles for cosmology. before (top) and after correction.

My~ 5 log(hf6s)
3
~

My
[}
" !
3

e The remaining relative uncertainty is now typically between
10...15% for individual supernovae. Since, as we have seen fol-
lowing (12.7), we require relative distance uncertainties at the per
cent level, of order a hundred distant supernovae are required be-
fore meaningful cosmological constraints can be placed, which
justifies the remark after (12.8).

e An example for the several currently ongoing supernova surveys
is the Supernova Legacy Survey (SNLS) in the framework of the
Canada-France-Hawaii Legacy Survey (CFHTLS), which is car-
ried out with the 4-m Canada-France-Hawaii telescope on Mauna
Kea. It monitors four fields of one square degree each five times
during the 18 days of dark time between two full moons (luna-
tions).

e Differential photometry is performed to find out variables, and
candidate type-Ia supernovae are selected by light-curve fitting
after removing known variable stars. Spectroscopy on the largest
telescopes (mostly ESO’s VLT, but also the Keck and Gemini
telescopes) is then needed to identify type-Ia supernovae. To give
a few characteristic numbers, the SNLS has taken 142 spectra of
type-la candidates during its first year of operation, of which 91
were identified as type-Ia supernovae.

e The light curves of these objects are observed in several different
filter bands. This is important to correct for interstellar absorp-



CHAPTER 12. SUPERNOVAE OF TYPE IA 133

tion. Any dimming by intervening material makes supernovae
appear fainter, and thus more distant, and will bias the cosmolog-
ical results towards faster expansion. Since the intrinsic colours
of type-la supernovae are characteristic, any deviation between
the observed and the intrinsic colours signals interstellar absorp-
tion which is corrected by adapting the amount of absorption such
that the observed is transformed back into the intrinsic colour.

e This correction procedure is expected to work well unless there is
material on the way which absorbs equally at all wavelengths, so-
called “grey dust”. This could happen if the absorbing dust grains o

.. . . — (2,,9,)=(0.26,0.74)
are large compared to the wavelength. Currently, it is quite difi- (@ 2,)=(1.00,0.00
cult to concusively rule out grey dust, although it is implausible N
. . . 0.2 0.4 0.6 0.8 1
based on the interstellar absorption observed in the Galaxy. SN Redshift
Distances to type-la supernovae (in

Mg

o After applying the corrections for absorption and duration, each
supernova yields an estimate for the luminosity distance to its red-
shift. Together, the supernovae in the observed sample constrain
the evolution of the luminosity distance with redshift, which
is then fit varying the cosmological parameters except for Hy,
i.e. typically Q.o and Q,¢. This yields an “allowed” region in
the Q,,0-Qx¢ plane compatible with the measurements which is
degenerate in the direction calculated before. 1_5_

logarithmic units) as a function of
their redshift, as measured by the
Supernova Legacy Survey.

2

e More information or further assumptions are necessary to break
the degeneracy. The most common assumption, justified by the
CMB measurements, is that the Universe is spatially flat. Based .

upon it, the SNLS data yield a matter density parameter of a1
Qo = 0.263 + 0.037 . (12.16)
This is a remarkable result. First of all, it confirms the other in- 0_57

dependent measurements we have already discussed, which were
based on kinematics, cluster evolution and the CMB. Second, it
shows that, in the assumed spatially flat universe, the dominant as
contribution to the total energy density must come from some- okt

thing else than matter, possibly the cosmological constant. 0

e [t is important for the later discussion to realise in what way the
parameter constraints from supernovae differ from those from the
CMB. The fluctuations in the latter show that the Universe is at
least nearly spatially flat, and the density parameters in dark and
baryonic matter are near 0.25 and 0.045, respectively. The rest
must be the cosmological constant, or the dark energy. Arising
early in the cosmic history, the CMB itself is almost insensitive
to the cosmological constant, and thus it can only constrain it
indirectly.

Cosmological parameter constraints
derived from the same data.

e Type-Ia supernovae, however, measure the angular-diameter dis-
tance during the late cosmic evolution, when the cosmological
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constant is much more important. As (12.14) shows, the luminos-
ity distance constrains the difference between the two parameters,

Qo= 11700 + P, (12.17)

where the degenerate parameter P is determined by the measure-
ment. Assuming Qg = 1 — Qo as in a spatially-flat universe
yields

P=1-217Q,~0.43 (12.18)

from the SNLS first-year result (12.16), illustrating that the sur-
vey has constrained the density parameters to follow the relation

Qpo = 1.17 Q0 +0.43 . (12.19)

e The relative acceleration of the universe, d/a, is given by the
equation

a Qmo

— = H} Qo — —% 12.20
if matter is pressure-less, which follows directly from Einstein’s "} .
field equations. Thus, the expansion of the universe accelerates — “Faaaos
today (Ll = 1) ifa = HS(QAO - Qm0/2) > 0, or QAO > Qmo/z. :D et

Given the measurement (12.19), the conclusion seems inevitable "¢ . f&SEd5ieemion o daozre

that the Universe’s expansion does indeed accelerate today. & i :
Above redshift z ~ 1, the cosmic ac-

e [f the Universe is indeed spatially flat, then the transition between
decelerated and accelerated expansion happened at

celeration seems to turn into decel-
eration.

0.263

1-0.263 ~
2a3

a=0.56, (12.21)

or at redshift z ~ 0.78. Luminosity distances to supernovae at
larger redshifts should show this transition, and in fact they do.

12.2.3 Potential problems

e The main observational issues is dust in the SN host galaxy. If one
is careful enough (an observational issue), then one can estimate
the reddening of the supernova accurately. Yet, there is a terri-
ble conceptual issue that is currently one of the major stumbling-
blocks of the field - we do not know with certainty what the re-
lationship between reddening and the extinction (the amount of
light lost - this affects the inferred absolute magnitude).

e There are two ways around this issue - trying to better estimate
the attenuation curve shape (the relationship between reddening
and extinction, this is not straightforward and requires excellent
photometry over a long wavelength range; see Wood-Vasey et al.
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2007), and going to systems that one a priori expects to be free of
dust (elliptical galaxies; this involves a considerable reduction in
sample size; see, e.g., Sullivan et al. 2003, MNRAS, 340, 1057).
Both approaches have been taken.

e The problem with possible grey dust has already been mentioned:
While the typical colours of type-la supernovae allow the detec-
tion and correction of the reddening coming with typical inter-
stellar absorption, grey dust would leave no trace in the coulours
and remain undetectable. However, grey dust would re-emit the
absorbed radiation in the infrared and add to the infrared back-
ground, which is quite well constrained. It thus seems that grey
dust is not an important contaminant, if it exists.

e Gravitational lensing is inevitable for distant supernovae. De-
pending on the line-of-sight, they are either magnified or demag-
nified. Since, due to nonlinear structures, high magnifications
can occasionally happen, the magnification distribution must be
skewed towards demagnification to keep the mean of zero mag-
nification. Thus, the most probable magnification experienced by
supernova is below unity. In other words, lensing may lead to
a slight demagnification if lines-of-sight towards type-la super-
novae are random with respect to the matter distribution. In any
case, the rms cosmic magnification adds to the intrinsic scatter
of the supernova luminosities. It may become significant for red-
shifts z > 1.

e [t is a difficult and debated question whether supernovae at high
redshifts are intrinsically the same as at low redshifts where they
are calibrated. Should there be undetected systematic differences,
cosmological inferences could be wrong. In particular, it may be
natural to assume that metallicties at high redshifts are lower than
at low redshifts. Since supernovae last longer if their atmospheres
are more opaque, lower metallicity may imply shorter supernova
events, leading to underestimated luminosities and overestimated
distances. Simulations of type-Ia supernovae, however, seem to
show that such an effect is probably not significant.

o [t was also speculated that distant supernovae may be intrinsically
bluer than nearby ones due to their lower metallicity. Should this
be so, the extinction correction, which is derived from redden-
ing, would be underestimated, causing intrinsic luminosities to
be under- and luminosity distances to be overestimated. Thus,
this effect would lead to an underestimate of the expansion rate
and counteract the cosmological constant. There is currently no
indication of such a colour effect.

e Supernovae of types Ib/c may be mistaken for those of type Ia
if the identification of the characteristic silicon lines fails for
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some reason. Since they are typically fainter than type-Ia su-
pernovae, they would contaminate the sample and bias results
towards higher luminosity distances, and thus towards a higher
cosmological constant. It seems, however, that the possible con-
tamination by non-type-la supernovae is so small that it has no
noticeable effect.

e Several more potential problems exist. It has been argued for a
while that, if the evidence for a cosmological constant was based
exclusively on type-la supernovae, it would probably not be con-
sidered entirely convincing. However, since the supernova ob-
servations come to conclusions compatible with virtually all in-
dependent cosmological measurements, they add substantially to
the persuasiveness of the cosmological standard model. More-
over, recent supernova simulations reveal good physical reasons
why they should in fact be reliable, standardisable candles.



Chapter 5

Big-Bang Nucleosynthesis

5.1 Key concepts

e Impossible to produce observed Helium through stellar nucle-
osynthesis: need primordial generation

e C(ritical step in nucleosynthesis chain is p+n — d +y; other reac-
tions in the chain are fast, converting almost all d into Helium-4.

e The Gamow criterion quantifies the ’sweet spot’ that one needs
to hit to generate Helium: not too little (because no d to generate
Helium). The criterion goes ng{ov)t ~ 1; given np estimates
and known velocity-averaged cross section one can estimate ¢ and
therefore T, and predict the temperature of the CMB (the answer
comes out at ~5K).

e The abundances of d, *He, “He and "Li can be estimated (from
very precise spectral measurements of stars and high-redshift
absorption-line systems) and yield important constraints on the
baryon to photon ratio; because the photon density of the CMB is
known to exquisite accuracy such an exercise yields an excellent
estimate of baryon density (where most of the power comes from
d).

e useful website for more is
http://www.astro.ucla.edu/~wright/BBNS.html

38



CHAPTER 5. BIG-BANG NUCLEOSYNTHESIS 39

5.2 The origin of Helium-4 and the other
light elements

5.2.1 The riddle of Helium

e since conversions between temperatures and energies will occur
frequently in this chapter, recall that a thermal energy of 1eV
corresponds to a temperature of 1.16 x 10* K;

e stellar spectra show that the abundance of Helium-4 in stellar at-
mospheres is of order Y = 0.25 by mass, i.e. about a quarter of
the baryonic mass in the Universe is composed of Helium-4;

e Helium-4 is produced in stars in the course of hydrogen burning;
per “He nucleus, the amount of energy released corresponds to
0.7% of the masses involved, or

AE

Amc? = 0.007 (2my, + 2m,)c* ~ 0.028 mpc2
26MeV ~ 4.2 x 10 %erg ; 5.1)

X

e suppose a galaxy such as ours, the Milky Way, shines with a lu-
minosity of L ~ 10'° L, ~ 3.8 x 10¥ ergs™! for a good fraction
of the age of the Universe, say for 7 = 10" yr ~ 3 x 10" s; then,
it releases a total energy of

Eo ~ Lt~ 1.1x10%erg ; (5.2)

e the number of “He nuclei required to produce this energy is

E 11x 1001

AN = —~ —
N AE 42x107

~2.8x%x10% , (5.3)

which amounts to a Helium-4 mass of

Mye ~ 4m,AN ~ 1.9 x 10% g ; (5.4)

e assume further that the galaxy’s stars were all composed of pure
hydrogen initially, and that they are all more or less similar to the
Sun; then, the mass in hydrogen was My ~ 10" M, ~ 2 x 108 g
initially, and the final Helium-4 abundance by mass expected
from the energy production amounts to

_19x 10%?

A < 10%, (5.5)

which is much less than the Helium-4 abundance actually ob-
served;
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e this discrepancy is exacerbated by the fact that “*He is destroyed
in later stages of the evolution of massive stars, and that most of s
this Helium should be locked up in the centres of stellar remnants oa g P Eil-;::: "@“W
(mostly white dwarfs). e

From Izotov et al. 1997; the

e Another key argument against stellar nucleosynthesis as the main key point is that Helium is a very

production route of Helium is that it is observed that Helium-4
abundance is a very weak function of metallicity (i.e., Helium-4
does not increase in lockstep with the other elements produced by
stellar nucleosynthesis).

weak function of metallicity, argu-
ing powerfully against stellar nucle-
osynthesis as its main production
route.

e we thus see that the amount of *He observed in stars can by no
means have been produced by these stars themselves under rea-
sonable assumptions during the lifetime of the galaxies; we must
therefore consider that most of the “He which is now observed
must have existed already before the galaxies formed;

5.2.2 Elementary considerations

e nuclear fusion of “He and similar light nuclei in the early Uni-
verse is possible only if the Universe was hot enough for a suf-
ficiently long period during its early evolution; the nuclear bind-
ing energies of order ~ MeV imply that at least temperatures of
T ~10°x 1.16 x 10K ~ 1.2 x 10!° K must have been reached;
since the temperature of the (photon background in the) Universe
is now Ty ~ 3K as we shall see later, this corresponds to times
when the scale factor of the Universe was

3

~ -10 .
Apue ™~ m ~25x%x10 ; (56)

e at times so early, the actual mass density and a possible cosmo-
logical constant are entirely irrelevant for the expansion of the
Universe, which is only driven by the radiation density; thus, the
expansion function can be simplified to read E(a) = er’f)za‘z, and
we find for the cosmic time according to (2.11)

1 'y a 19 2
t(a):QTZI_IOfada zml—/zz4.3><10as, (57)

1,0 r,0 140

where we have inserted the Hubble constant from (4.18) and the
radiation-density parameter today Q. ~ 2.5 X 107, which will
be justified later;

e inserting a,,. from (5.6) into (5.7) yields a time scale for nucle-
osynthesis of order a few seconds; we shall argue later that it is in
fact delayed until a few minutes after the Big Bang;
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e it is instructive for later purposes to establish a relation between
time and temperature based on (5.7); using T = T/a, we substi-
tute a = Ty/T to obtain

To\ T \2
t:4.3><1019(70) sz1.6(MeV) . (5.8)

5.2.3 The Gamow criterion

e a crucially important step in the fusion of *He is the fusion of
deuterium H or d,
p+n—d+y 5.9)

because the direct fusion of “He from two neutrons and two pro-
tons is extremely unlikely;

e If too little deuterium is produced, no “He is produced because
deuterium forms a necessary intermediate step; realising this,
Gamow suggested that the amount of deuterium produced has to
be “just right”, which he translated into the intuitive criterion

ng{ov)t~ 1, (5.10)

where n, is the baryon number density, {(ov) is the velocity-
averaged cross section for the reaction (5.9), and ¢ is the available
time for the fusion, which we have seen in (5.8) to be set by the
present temperature of the cosmic radiation background, T\, and
the temperature 7T required for deuterium fusion;

e thus, from an estimate of the baryon density ng in the Universe,
from the known velocity-averaged cross section (ov), and from
the known temperature required for deuterium fusion, Gamow’s
criterion allows us to estimate the present temperature 7y of the
cosmic radiation background; already in the 1940’s, Gamow was
able to predict Ty ~ 5 K!

e summarising, we have arrived at two remarkable arguments so
far; first, the observation that the “He abundance is ¥ ~ 25%
by mass shows that stars alone are insufficient for the production
of light nuclei in the Universe, so we are guided to suggest that
the early Universe must have been hot enough for nuclear fusion
processes to be efficient; in other words, the observed abundance
of “He indicates that there should have been a hot Big Bang; sec-
ond, the crucially important intermediate step of deuterium fusion
allows an estimate of the present temperature of the cosmic radi-
ation background which lead Gamow already in 1942 to predict
that it should be of order a few Kelvin;

e after these remarkably simple and far-reaching conclusions, we
shall now study primordial nucleosynthesis and consequences
thereof in more detail;
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5.2.4 Elements produced

o the fusion of deuterium (5.9) is the crucial first step; since the pho-
todissociation cross section of d is large, destruction of d is very
likely because of the intense photon background until the temper-
ature has dropped way below the binding energy of d, which is
only 2.2 MeV, corresponding to 2.6 x 10!°K; in fact, substantial
d fusion is delayed until the temperature falls to 7 = 9 x 108 K or
kT ~ 78keV! as (5.8) shows, this happens t ~ 270 s after the Big
Bang;

e from there, Helium-3 and tritium (°H or ¢) can be built, which
can both be converted to *He; these reactions are now fast, imme-
diately converting the newly formed d; in detail, these reactions

are
d+p — °He+vy,
d+d — ‘He+n,
d+d — t+p, and
‘He+n — t+p, (5.11)
followed by e fam N

(d.p)

‘He+d — *He+p and
t+d — *He+n; (5.12)

Nuclear fusion reactions responsi-

e fusion reactions with neutrons are irrelevant because free neu- . ) .
ble for primordial nucleosynthesis

trons are immediately locked up in deuterons once deuterium fu-
sion begins, and passed on to ¢, *He and *He in the further fusion
steps;

e since there are no stable elements with atomic weight A = 5, ad-
dition of protons to *He is unimportant; fusion with d is unimpor-
tant because its abundance is very low due to the efficient follow-
up reactions; we can therefore proceed only by fusing *He with ¢
and *He to build up elements with A = 7,

t+*He — 'Li+vy,
‘He + “He — ’'Be+ v, followed by
Be+e — Li+v,: (5.13)

some ’Li is destroyed by
Li+p - 2%He; (5.14)

the fusion of two “He nuclei leads to ®Be, which is unstable; fur-
ther fusion of ®Be in the reaction

$Be + *He — *C +y (5.15)



CHAPTER 5. BIG-BANG NUCLEOSYNTHESIS 43

is virtually impossible because the low density of the reaction
partners essentially excludes that a ®Be nucleus meets a “He nu-
cleus during its lifetime;

e thus, while the reaction (5.15) is possible and extremely important
in stars, it is suppressed below any importance in the early Uni-
verse; this shows that the absence of stable elements with A = 8
prohibits any primordial element fusion beyond "Li;

5.2.5 Predicted approximate Helium abundance

e once stable hadrons can form from the quark-gluon plasma in the
very early universe, neutrons and protons are kept in thermal equi-
librium by the weak interactions

pte © n+v,,
n+et o p+7, (5.16)

until the interaction rate falls below the expansion rate of the Uni-
verse;

e while equilibrium is maintained, the abundances n, and n, are

controlled by the Boltzmann factor 1k
N -
e (m,\"? 0 0 10.2 ]
n, (mp) exp( kT) - exp( kT) ’ .17) ::3 i
where Q = 1.3MeV is the energy equivalent of the mass differ-  10* r
ence between the neutron and the proton; 10° r
e the weak interaction freezes out when T ~ 10K or kT ~ ' F
0.87MeV, which is reached ¢ ~ 2s after the Big Bang; at this 107 r
time, the n abundance by mass is 10°
_1 10° ;r
X,0)= — M M s exp( Q )] ~0.17; 10k
Ny, +n,m, N, +n, kT, -~
5.18) “F[ |
detailed calculations show that this value is kept until 7, ~ 20s "'y T I -
after the Big Bang, when T, = 3.3 X 10°K; Cosmic time (in seconds)

Light-element abundances as a
function of cosmic time during pri-
mordial nucleosynthesis

e afterwards, the free neutrons undergo 8 decay with a half life of
T, = 886.7 £ 1.9, thus

Xy = X, (0) exp (—t t") ~ X, (0)e™™ ; (5.19)
T

n

when d fusion finally sets in at 7, ~ 270 s after the Big Bang, the
neutron abundance has dropped to

X, (1) = X,(0)e™/™ ~ 0.125 ; (5.20)
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now, essentially all these neutrons are collected into “He because
the abundances of the other elements can be neglected to first
order; this yields a “He abundance by mass of

Y ~ 2X,(t;) = 0.25 (5.21)
because the neutrons are locked up in pairs to form “He nuclei;

e the Big-Bang model thus allows the prediction that “He must have
been produced such that its abundance is approximately 25% by
mass, which is in remarkable agreement with the observed abun-
dance and thus a strong confirmation of the Big-Bang model;

5.2.6 Expected abundances and abundance trends

o the detailed abundances of the light elements as produced by the
primordial fusion must be calculated solving rate equations based
on the respective fusion cross sections; uncertainties involved
concern the exact values of the cross sections and their energy
dependence, and the precise life time of the free neutrons; o

e since primordial nucleosynthesis happens during the radiation era
(which we shall confirm later on), the expansion rate is exclu-
sively set by the radiation density; then, the only other parameter
controlling the primordial fusion processes is the baryon density;

D/H

¢ in fact, the only relevant parameter defining the primordial abun- 0%
dances is the ratio between the number densities of baryons and
photons; since both densities scale like a™* or, equivalently, like
T3, their ratio 1 is constant; anticipating the photon number den-
sity to be determined from the temperature of the CMB,

n="2 210", no=273Qh"; (5.22)

Nio
l’ly 107°F
thus, once we know the photon number density, and once we ol ]

can determine the parameter 77 from the primodial element abun-
dances, we can infer the baryon number density;

Li/H

e typical 2-0- uncertainties from cross sections and neutron half-life Mo
are, at a fiducial i parameter of 17,0 = 5, 0.4% for *He, 15% for d Dependence of the “He, d, and "Li
and *He, and 42% for "Li; abundances on the parameter

e the *He abundance depends only very weakly on the 1 because
the largest fraction of free neutrons is swept up into “He without
strong sensitivity to the detailed conditions;

e the principal effects determining the abundances of d, *He and
"Li are the following: with increasing 7, they can more easily be
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burned to “He, and so their abundances drop as 7 increases; at low
17, an increase in the proton density causes ’Li to be destroyed by
the reaction (5.14), while the precursor nucleus "Be is more easily
produced if the baryon density increases further; this creates a
characteristic “valley” of the predicted ’Li abundance near n ~
(2...3)x 10710

5.3 Observed element abundances

5.3.1 Principles

QSO 1937-1009

Zyps = 3.572

e of course, the main problem with any comparison between light- 20
element abundances predicted by primordial nucleosynthesis and
their observed values is that much time has passed since the pri-
mordial fusion ceased, and further fusion processes have hap-

pened since;

10 -

Flux (107*¢ erg s™! em™ &71)

L s . x 1 n n s 1 s X
5000 6000 7000

e seeking to determine the primordial abundances, observers must 1F T m -
therefore either select objects in which little or no contamination _
by later nucleosynthesis can reasonably be expected, in which the
primordial element abundance may have been locked up and sep-
arated from the surroundings, or whose observed element abun-
dances can be corrected for their enrichment during cosmic his- e i

tory in some way; Wavelength (%)

Deuterium signature in the wing of

a damped (saturated) hydrogen ab-

sorption line in a QSO spectrum

0.5

Normalized Flux

e deuterium can be observed in cool, neutral hydrogen gas (HI re-
gions) via resonant UV absorption from the ground state, or in
radio wavebands via the hyperfine spin-flip transition, or in the
sub-millimetre regime via DH molecule lines; these methods all
employ the fact that the heavier d nucleus causes small changes
in the energy levels of electrons bound to it;

e Helium-3 is observed through the hyperfine transition in its ion
3He" in radio wavebands, or through its emission and absorption
lines in HII regions;

e Helium-4 is of course most abundant in stars, but the fusion of
“He in stars is virtually impossible to correct precisely; rather,
*He is probed via the emission from optical recombination lines
in HII regions;

e measurements of Lithium-7 must be performed in old, local stel-
lar populations; this restricts observations to cool, low-mass stars
because of their long lifetime, and to stars in the Galactic halo to
allow precise spectra to be taken despite the low ’Li abundance;
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5.3.2 Evolutionary corrections

e stars brooded heavy elements as early as z ~ 6 or even higher;
any attempts at measuring primordial element abundances must
therefore concentrate on gas with as low a metal abundance as
possible; the dependence of the element abundances on metallic-
ity allows extrapolations to zero enrichment;

e such evolutionary corrections are low for deuterium because it is
observed in the Lyman-a forest lines, which arise from absorption
in low-density, cool gas clouds at high redshift; likewise, they are
low for the measurements of Helium-4 because it is observed in
low-metallicity, extragalactic HII regions;

e probably, little or no correction is required for the Lithium-7
abundances determined from the spectra of very metal-poor halo
stars (there is quite a debate about this point);

e inferences from Helium-3 are different because *He is produced
from deuterium in stars during the pre-main sequence evolution;
it is burnt to *He during the later phases of stellar evolution in
stellar cores, but conserved in stellar exteriours; observations in-
dicate that a net destruction of *He must happen, possibly due
to extra mixing in stellar interiours; for these uncertainties, *He
commonly excluded from primordial abundance measurements;

5.3.3 Specific results

e due to the absence of strong evolutionary effects and its steep
monotonic abundance decrease with increasing 7, deuterium is
the ideal baryometer; since it is produced in the early Universe
and destroyed by later fusion in stars, all d abundance determina-
tions are lower bounds to its primordial abundance;

e measurements of the deuterium abundance at high redshift are
possible through absorption lines in QSO spectra, which are
likely to probe gas with primordial element composition or close
to it;

e such measurements are challenging in detail because the tiny iso-
tope shift in the d lines needs to be distinguished from velocity-
shifted hydrogen lines, H abundances from saturated H lines need
to be corrected by comparison with higher-order lines, and high-
resolution spectroscopy is required for accurate continuum sub-
traction;

e at high redshift, a deuterium abundance of

D _34%107° (5.23)
ny



CHAPTER 5. BIG-BANG NUCLEOSYNTHESIS 47

relative to hydrogen is consistent with all relevant QSO spectra
at 95% confidence level; a substantial depletion from the primor-
dial value is unlikely because any depletion should be caused by
d fusion and thus be accompanied by an increase in metal abun-
dances, which should be measurable;

some spectra which were interpreted as having < 10 times the d
abundance from (5.24) may be due to lack of spectral resolution;
the d abundance in the local interstellar medium is typically lower

Mo 1...15 %107
ny

(5.24)

which is consistent with d consumption due to fusion processes;
conversely, the d abundance in the Solar System, is higher be-
cause d is locked up in the ice on the giant planets;

in low-metallicity systems, “He should be near its primordial
abundance, and a metallicity correction can be applied; possible
systematic uncertainties are due to modifications by underlying
stellar absorption, collisional excitation of observed recombina-
tion lines, and the exact regression towards zero metallicity;

a conservative range is 0.228 < Y, < 0.248, and a high value is
likely, ¥, = 0.2452 + 0.0015;

observations of the Lithium-7 abundance aim at stars in the stellar
halo with very low metallicity; they should have locked up very
nearly primordial gas, but may have processed it;

cool stellar atmospheres are difficult to model, and Li may
have been produced by cosmic-ray spallation on the interstellar
medium;

in the limit of low stellar metalicity, the observed 7Li abundance
turns towards the Spite plateau, which is asymptotically indepen-
dent of metalicity,

ACLi) = 12 + log(nyi/ng) = 2.2+ 0.1 , (5.25)
and shows very little dispersion; stellar rotation is important be-
cause it increases mixing in stellar interiors;

the Spite plateau is unlikely to reflect the primordial "Li abun-
dance, but a corrections are probably moderate; a possible in-
crease of ’Li with the iron abundance indicates low production of
"Li, but the probable net effect is a depletion with respect to the
primordial abundance by no more than ~ 0.2 dex; a conservative
estimate yields

2.1 <AL <23 ; (5.26)

—
Li total

f ---- 7L primordial
7Li GCR

joele A Al

-4 -3 -2 -1
[ Fe/H ]

The Spite plateau in the ’Li abun-
dance as a function of the metalicity

0
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e in absence of depletion, this value falls into the valley expected in
the primordial "Li at the boundary between destruction by protons
and production from 8Be; however, if "Li was in fact depleted, its
primordial abundance was higher than the value (5.26), and then
two values for 771 are possible;

5.3.4 Summary of results

e through the relation 7,9y = 273 Qgh?, the density of visible
baryons alone implies 77;9 > 1.5;

o the deuterium abundance derived from absorption systems in the

spectra of high-redshift QSOs indicates ;9 = 4.2...6.3; ooy | oction of critical density
o the "Li abundance predicted from this value of 17 is then A('Li), = 3 i | [—8T ]
2.1...2.8 which is fully consistent with the observed value ;%gz: 3
A('Li) = 2.1 — 2.3, even if a depletion by 0.2 dex due to stel- 8
lar destruction is allowed;
o 1074 D J
e the predicted primordial abundance of helium-4 is then Y, = jg
0.244 ...0.250, which overlaps with the measured value Yp = % ool Bt ]
0.228...0.248; thus, the light-element abundances draw a con-  § 3
sistent picture for low deuterium abundance; however, this is 5 Oy 3
also true for high deuterium abundance: if ;9 = 1.2...2.8, the
lithium-7 and helium-4 abundances are A(’Li) = 1.9...2.7 and -
Yp = 0.225...0.241, which are also compatible with the obser- E i : : 3
vations; Baryon density (10~ g em™)

Predicted primordial element abun-
dances as a function of 5, over-
laid with the measurements (boxes).
The n parameter compatible with all

e we thus find that Big-Bang nucleosynthesis alone implies

Qgh® = 0.019 £0.0024 or Qg =0.037+0.009 (5.27)

measurements is marked by the ver-

at 95% confidence level if conclusions are predominantly based
tical bar.

on the deuterium abundance in high-redshift absorption systems;
we shall later see that this result is in fantastic agreement with
independent estimates of the baryon density obtained from the
analysis of structures in the CMB;

e a historically very important application of Big-Bang nucleosyn-
thesis begins with the realisation that, at fixed baryon density, the
light-element abundances are set by the cosmic expansion rate
while the Universe was hot enough to allow nuclear fusion, and
that the expansion rate in turn depends on the density of rela-
tivistic particle species; a larger number of relativistic species,
as could be provided by a number of lepton flavours larger than
three, gave rise to a faster expansion, which allowed fewer neu-
trons to decay until the Universe became too cool for fusion, and
thus implied a higher number of neutrons per proton, leading to
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a higher abundance of “He; in this way, the “He abundance was
found to limit the number of lepton families to three;



Chapter 6

The Matter Density in the
Universe

We saw in the last section that €, ~ 0.04, i.e., 4% of the closure density
is in baryons; we will see later that Q,, ~ 0.25 — 0.3. In this section, we
will try to understand where these baryons are at the present day and try
to estimate the present-day dark matter density.

6.1 Key concepts

e Constructing a satisfying census of cosmic mass is an incredi-
bly difficult task, and at the end of the lecture no-one will be
happy; a key reference for anyone who is interested is Fukugita,
Hogan and Peebles 1998, AplJ, 503, 518, and can be downloaded
at http://www.mpia-hd.mpg.de/homes/bell/teaching/thp.pdf

e Almost all baryonic mass is in plasma at the present day.
e Only ~ 10% of baryons are in stars or cold (Hr or H,) gas.

e The other 90% is in warm/hot plasma, either in hot galactic halos,
intergalactic space, or in galaxy clusters. While in this state, it
is actually pretty hard to observe, so we have only a very rough
census of these baryons.

o We will see later that there are a variety of ways to estimate the
present-day dark matter density; local galaxy motions provide a
rough method for their measurement, and galaxy clusters allow
two quasi-independent estimates to be made, both suggesting that
Q,, ~ 0.3 (dark and baryonic mass density).

50
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6.2 Baryonic mass in galaxies

6.2.1 Stars

e Given the luminosity of a stellar population, what is its mass? The
astronomical community has more-or-less settled on an approach
to attack this problem, but there are a number of subtleties/debates
in the literature about this issue.

e A key concept is that of the stellar “initial mass function”, which
describes the distribution of stellar masses of a newly-formed stel-
lar population. A convenient form is the Kroupa (2001) IMF:

dN

T " M™% 0.1 <M/M,<0.5 (6.1)
v M2 0.5 < M/M, < 120 (6.2)
oC : . . .
dln M ©

The limits are somewhat arbitrary: the lower mass limit for a star
is 0.08 M, because nuclear hydrogen burning cannot take place
below that mass. The upper mass limit of 120M,, is a number that
is widely debated, but for our purposes is not important so long
as the upper mass limit is > 10M,.

e Recall from earlier that L o« M? on the main sequence and L oc T9;
thus one can see that M/L is a strong function of temperature (i.e.,
color);

|°9|0(M/|—g)

e Thus, if one assumes a universally-applicable form of the stellar
IMF (this is a strong assumption), one can use the colors or spec- 1
tral line indices (which are sensitive to temperature) to estimate 00 02 02 06 08 10 12
stellar M/L e

The relationship between g — r

e For example, Bell & de Jong (2001); Bell et al. (2003) find:

color and stellar mass, assuming a
universally-applicable stellar IMF.
The arrow shows the effect of a
large amount of obscuring dust; the
solid line shows schematically the
result of a different method using

log, M/L ~—-0.4+1.1(g —r) (6.3)

where the M/Ls are in solar units and g and r are magnitudes from
the SDSS k-corrected to z = 0, and the g and r absolute magnitude

of the Sun is 5.15 and 4.67 respectively.
spectral line indices.

e galaxy luminosities and stellar masses are observed to be dis-
tributed approximately according to the Schechter function,

dN @, (L\“ L
d_L = L_* (L_*) exXp (—L—*) , (64)

where the normalising factor is @, ~ 3 x 1073 Mpc_3 , the scale
mass is M, ~ 10" M, and the power-law exponent is  ~ 1.1;
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e irrespective of what physical processes this distribution originates
from, it turns out to characterise mixed galaxy populations very
well, even in galaxy clusters;

o the stellar mass density in galaxies is easily found to be

M, = f M— dM = .M, f m'~%e™ dm
0 dM 0

M
rQ-a)®.M, ~ ®.M, ~3x10°—=; (6.5)
Mpc
or in terms of Q = p,/p, with p; = 9.65 x 10*°gcm™, one
obtains €, ~ 0.002.

6.2.2 Cold gas

e Galaxies also contain cold gas (especially spiral galaxies), pri-
marily in the form of Hi and H; (of course with Helium and met-
als).

e Direct blind Hi surveys can yield an estimate of Hr mass density
(with e.g., Parkes or Aricebo).

e Molecular hydrogen is a much stickier problem — there are no
observable transitions of the cool H, gas that dominates the gas
mass (there are some IR transitions of warm H, gas with T >
100K, but these are pretty useless as such a small fraction of H,
is at such warm temperatures). So instead, historically, one has
used CO masses (which one can measure) plus a CO-to-H, ratio
which has been calibrated in the Milky Way (in molecular clouds
by comparing the CO mass and a virial mass M oc o-r). One then
measures the CO fluxes from galaxies (this is hard, the CO line
is faint and telescopes that work at this wavelength are not that
big, yet) and one uses this (hopefully) representative sample of
galaxies to estimate the cosmic H, mass. Obviously, this is not a
particularly well-posed problem.

e Using up-to-date surveys, incorporated with statistical methods, I
estimated (in 2003) a ’cold gas in galaxies’ density of Qcgidgas ~
0.0004.

e Thus, cold gas and stars have Q, o,s ~ 0.0024, or < 10% of the
available Q, ~ 0.04.

6.2.3 Warm/hot gas in between galaxies

e We have accounted for < 10% of the baryons expected at z = 0
(and even this involved using some dodgy assumptions).
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e Where is the rest? Our current idea is that it is in warm/hot inter-

galactic medium. This is diffuse, ionised filamentary gas that fills
out the spaces between galaxies. In clusters of galaxies, the tem-
peratures and densities are hot enough that it is possible to detect
via its X-ray emission (see next section). In filaments, the gas is
neither hot nor dense enough to emit much in X-rays, and instead
must be constrained by detection of absorption line systems in the
far-UV or X-ray (very highly ionised oxygen or nitrogen).

A huge breakthrough in recent times has been the detection of
6-times-ionised oxygen and nitrogen from filaments of the IGM
(see attached article by Nicastro 2004) from which > 1/2 of the
baryonic density of the Universe has been inferred. These lines
are *so* faint that one has to wait until a bright flare from a blazar
happens to take the spectra (otherwise one needs to integrate on a
‘normal’ bright X-ray source for >months).

I want to give an idea of how extreme this extrapolation is. At
typical column densities for detection of ~ 10”cm™2, and for
an ~AU/pc-sized source, one estimates around 10*? or 10°? ions
were along the line of sight that were detected, corresponding to
~ the mass of an asteroid / the mass of Jupiter. From this small
amount of (more-or-less) detected matter, one has extrapolated
more than 1/2 of the baryonic density of the Universe!

6.3 Total mass in galaxies

6.3.1 Galaxies

e the rotation velocities of stars orbiting in spiral galaxies are ob-
served to rise quickly with radius and then to remain roughly con-
stant; if measurements are continued with neutral hydrogen be-
yond the radii out to which stars can be seen, these rotation curves
are observed to continue at an approximately constant level;

in a spherically-symmetric mass distribution, test particles on cir-
cular orbits have orbital velocities of

GM(r)

2
vrot(r) = ¥ )

(6.6)

flat rotation curves thus imply that M(r) o r; based on the conti-
nuity equation dM = 4nr?pdr, this requires that the density falls
off as p(r) o r~2 (theory predicts a > fall-off at large radii); this
is much flatter than the light distribution, which shows that spiral
galaxies are characterised by an increasing amount of dark matter
as the radius increases;

A schematic diagram of the warm-
hot intergalactic medium; the bulk
of the gas is in filaments which con-
nect galaxies
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After a quick rise, stellar velocities
in spiral galaxies remain approxi-
mately constant with radius. (The
galaxy shown is NGC 3198.)



	Preamble
	Purpose
	Schedule
	Assigned reading
	Contact Details

	The cosmological standard model
	Introduction
	Observational overview; the basics
	A brief history of time
	Friedmann models
	The metric
	Redshift and expansion
	Age and distances
	The radiation-dominated phase

	Structures
	Structure growth
	The power spectrum
	Non-linear evolution


	The age of the Universe
	Nuclear cosmo-chronology
	The age of the Earth
	The age of the Galaxy

	Stellar ages
	Cooling of white dwarfs
	Summary

	The Hubble Constant
	Hubble constant from Hubble's law
	Hubble's law: history
	Hubble's law: the challenge
	The distance ladder: the first 20Mpc
	Distance Ladder: extending beyond 20Mpc
	The HST Key Project

	Gravitational Lensing
	The Sunyaev-Zel'dovich effect
	Summary

	Big-Bang Nucleosynthesis
	Key concepts
	The origin of Helium-4 and the other light elements
	The riddle of Helium
	Elementary considerations
	The Gamow criterion
	Elements produced
	Predicted approximate Helium abundance
	Expected abundances and abundance trends

	Observed element abundances
	Principles
	Evolutionary corrections
	Specific results
	Summary of results


	The Matter Density in the Universe
	Key concepts
	Baryonic mass in galaxies
	Stars
	Cold gas
	Warm/hot gas in between galaxies

	Total mass in galaxies
	Galaxies
	Mass in galaxy clusters: kinematic masses
	Mass in galaxy clusters: the hot intracluster gas
	Alternative cluster mass estimates

	Mass density from cluster evolution
	Musings on the nature of the dark matter

	The Cosmic Microwave Background
	The isotropic CMB
	Thermal history of the Universe
	Mean properties of the CMB
	Decoupling of the CMB

	Structures in the CMB
	The dipole
	Expected amplitude of CMB fluctuations
	Expected CMB fluctuations
	CMB polarisation
	The CMB power spectrum
	Microwave foregrounds
	Measurements of the CMB


	Inflation and Dark Energy
	Cosmological inflation
	Motivation
	The idea of inflation
	Slow roll, structure formation, and observational constraints

	Dark energy
	Motivation
	Observational constraints?


	Cosmic Structures
	Quantifying structures
	Introduction
	Power spectra and correlation functions
	Measuring the correlation function
	Measuring the power spectrum
	Biasing
	Redshift-space distortions
	Baryonic acoustic oscillations

	Measurements and results
	The power spectrum


	Cosmological Weak Lensing
	Cosmological light deflection
	Deflection angle, convergence and shear
	Power spectra
	Correlation functions

	Cosmic-shear measurements
	Typical scales and requirements
	Ellipticity measurements
	Results


	The Normalisation of the Power Spectrum
	Introduction
	Fluctuations in the CMB
	The large-scale fluctuation amplitude
	Translation to 8

	Cosmological weak lensing
	Galaxy clusters
	The mass function
	What is a cluster's mass?


	Supernovae of Type Ia
	Standard candles and distances
	The principle
	Requirements and degeneracies

	Supernovae
	Types and classification
	Observations
	Potential problems


	Galaxies in a cosmological context
	Predictions for galaxy formation in a cosmological context
	Evolution of the dark matter framework
	Evolution of the baryonic content of dark matter halos

	Major galaxy merging
	The accretion of small galaxies through minor mergers
	Challenges to CDM on small scales
	Rotation curve problem
	The substructure problem
	The bulgeless galaxy problem


	Appendix
	Cosmological parameters
	Cosmic time, lookback time and redshift
	Linear growth factor
	Distances
	Density and Hubble parameters
	The CDM power spectrum


