3,1

CosMolLog Y
COSW“@‘@@L@%% ,,,,,,,, olen e ennr bub never in dowbt '

— Lev lawndauw

Kef:g O\DS@NQ&"&OV\.@"Q QVCCiﬂmcaSa -F&ucvi Vg
e olandard Hot Big Bang Coswslogy

"he, Exkzam;.%fem QE Hz»e; Umve,rm

KAxkA = 2. Pﬁwwv&nai Nudmsthw% aﬁ L| k{» Egem“sgg
A K Kk ‘\' Lorge Scale C(Qi&xg_ D(S*’nbu,hom
& & J Acee_ @fé Gi&%’r Stars . |

,Keu_ Theare—ﬁcak Concebic

_l._Geometny &> Mass— eergy-momentun content

2. Loxw UmNexsg RaA U Thermcdjm.mc lzgm(tbnwm

3. Studuie w the Universe han

avowwn b j Ggvav d})




Stomdard Modal of Lewology ( 1998) -

Dates 4o disvery Sow  tuldble cﬂwva.m
@g mq\,\ MW@& su&omavaﬁ that
Uw\fe..ﬂ/% \S #vCCbLEiQkTT NG .

Distoveny , aavowncad Tou q9¢8,
BN ww&cMJ% VA sthey  envidameas

gound (CHR),
Power sbecsmum A Pmﬁef-@u.)\ Yool
Lo w_Q.akuhu.Q e_osvw:\/()qtcaﬁ poxamate /5
precisei
waoweka&eg. Oniverze W Q{a?
4o wdhin 1% .
2. . Hubble o\umm,w. ol Tyke To Sup@vowa.
Domonsirabes Univerze 0 a.ccsa.(e.m&mq
2. anwo\rd.id nucleosy nitresis of imv&
edewmonts, H B 3H-c. q"H’E.(fu,.
kammw% b@wﬁm bteahde.é e, obgeNed
abug\ﬁ.&uws &Gmre_& 51 = 005~

M ban.m nS

V. Coswpe Mioowone RBack

4, Galaxy dstbution
] Powes Shectiuy, (pvt%s‘rud' wffh, CME.
. _ C(qia?(u velocites Camd . bausef sbeLW\ tvxo(mit
Jlr-*- x ¢) —3 - )
______ < wnaller meﬁ Dask HMalles amé-bwgaw;




10.1 Observational basis 207

Tn 1998 two teams, the Supernova Cosmology Project (Perlmutter, 1999), and the High-z Supernova Search
a (Riess and Filippenko, 1998), precipitated the revolution that led to the Standard Model of Cosmology.
They reported that observations of Type Ia supernova at high redshift indicated that the Universe is not
only expanding, but also accelerating. The acceleration requires the mass-energy density of the Universe to
be dominated at the present time by a gravitationally repulsive component, such as a cosmological constant
Al
In the Hubble diagram of Type Ia supernova shown in Figure 10.1, the fitted curve is a best-fit fat
cosmological model containing a cosmological constant and matter.

10.1.3 The Cosmic Microwave Background (CMB)

The single most powerful observational constraints on the Universe come from the Cosmic Microwave Back-
ground (CMB). Modern observations of the CMB have ushered in an era of precision cosmology, where key
cosmological parameters are being measured with percent level uncertainties.
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Figure 10.2 Power spectrum of fluctuations in the CMB from observations with the Planck satellite {(Ade, 2013), the
South Pole Telescope (Keisler and Reichardt, 2011), and the Atacama Cosmology Telescope (Das and Sherwin, 2011).
The plot is logarithmic in harmonic number [ up to 100, linear thereafter. The fit is a best-fit flat ACDM model.
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Figure 10.1 Hubble diagram of 472 Type Ia supernovae from = compilation of surveys, adapted from Conley et al.
(2011). The vertical axis is the apparent magnitude m (= apparent brightness) of the supernova, with an empirical
correction based on the shape of its lightcurve. The various smooth curves are 5 theoretical medel Hubble diagrams,
with parameters from top to bottom as indicated at top right. The solid line is a flat ACDM model with Q, = 0.72
and Qn = 0.28. The bottom panel shows residuals.

%6Ni synthesized in the explosion, and which can be corrected at least in part through an empirical relation
between luminosity and how rapidly the lightcurve decays {higher luminosity supernovae decay more slowly).

10.1.2 The acceleration of the Universe

Since light takes time to travel from distant parts of the Universe to astronomers here on Earth, the higher
the redshift of an object, the further back in time astronomers are seeing.
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Edwin Hubble, 1889
1953 (Courtesy of Mount
Wilson and Las Campanas
observatories. )

Kapteyn and Shapley distance scales, the former being raised upward by a factor of 3
and the latter downward by a similar factor. Finally, in 1935 Hubble demonstrated
that van Maanen’s controversial apparent rotations did not exist and that they must
have been some artifact of van Maanen’s plate-measuring machine.

In the same years that the enormous scale of the universe was first being realized,
the universe was also being shown to be expanding. In 1912 Vesto Slipher an-
nounced the results of his study at the Lowell Observatory of a sample of 12 spiral
galaxies. Measuring their radial velocities from the Doppler shifts of their spectral
lines, he had found that most showed large recession velocities. By 1925 he had
measured the radial velocities of 40 galaxies, almost all of which were positive. In
1929 Hubble was able to compare these with his distance estimates for 18 galaxies,
and he showed that there existed a clear correlation between the apparent velocity of
recession, inferred from the red-shifting of the spectral lines, and the distance (Fig.
1.5). The possibility of an expanding universe had already been proposed by

FIGURE 1.5
Hubble’s velocity —distance
law. The recession velocity 1000
of the galaxies is plotted -
versus their distance, e
(From [H1].) = 500
E’
€
>
0

0 108 2 X108
Distance, pc
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- Measuring the Curvature of the Universe by
Measuring the Curvature of the Hubble
Diagram
Two groups are measuring distant supernovae with the goal of determining whether the Universe is open
or closed by measuring the curvature in the Hubble diagram. The figure below shows both data sets:

Perlmutter et al. (1997) and (1998) in black and Garnavich et al. (1997) in orange (which looks more
like green in the image below).
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The curves show a closed Universe (Omega = 2) in red, the critical density Universe (Omega = 1) in
black, the empty Universe (Omega = 0) in green, and the steady state model in blue. The supernova
luminosity calibration used to compute the luminosity distance D; is from Riess, Press and Kirshner

(1996) which gives H = 65 km/sec/Mpc. The data show a larger scatter than that expected based on the
accuracy of the low redshift sample, but Omega appears to be in the range O to 1.
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- Both groups have been the subject of news articles in Science, on
' 30 Jan 1998 and 27 Feb 1998. I have combined their two error
ellipses along with another constraint from the location of the
Doppler peak in the angular power spectrum of the CMB
anisotropy. The two SNe groups give very similar error ellipses,
and the combined CMB-SNe fit indicates that a flat Universe with
a cosmological constant is preferred. But the systematic errors on
the SNe data, shown as the large pink ellipse, could allow for a
vanishing cosmological constant lambda. The red, black, green and *
blue circles on the Figure to the right are keyed to the colors of the
curves on the Figure shown above.
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Figure 10.11 Cosmic scale factor a and Hubble distance ¢/H as a function of cosmic time £, for a flat ACDM model
with the same parameters as in Figure 10.9. In this model, the Universe began with an inflationary epoch where the
density was dominated by constant vacuum energy, the Hubble parameter H was constant, and the cosmic scale factor
increased exponentially, a oc efft, The initial inflationary phase came to an end when the vacuum energy decayed into

. radiation energy, an event called reheating. The Universe then became radiation-deminated, evolving as a « t1/2,
At a redshift of zeq = 3200 the Universe passed through the epoch of matter-radiation equality, where the density
of radiation equalled that of (non-baryonic plus baryonic) matter. Matter-radiation equality occurred just prior to
recombination, at 2rec & 1090. The Universe remained matter-dominated, evolving as a 2/ 3, until relatively recently
{from a cosmological perspective). The Universe transitioned through matter-dark energy equality at za ~ 0.4. The
dotted line shows how the cosmic scale factor and Hubble distance will evolve in the future, if the dark energy is a
cosmological constant, and if it does not decay into some other form of energy.

Figure 10.12 shows the mass-energy density p as a function of time ¢ for the same flat ACDM model as
shown in Figure 10.11. Since the Universe here is taken to be flat, the deusity equals the critical density
at all times, and is proportional to the inverse square of the Hubble distance ¢/H plotted in Figure 10.11.
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Figure 14.13 Radiation temperature T of the Universe as a function of cosmic time # corresponding to the evolution of
the cosmic scale factor shown in Figure 10.11. The temperature during inflation was the Hawking temperature, equal
to H/(2x) in Planck units. After inflation and reheating, the temperature decreases as 7' & ¢~ 1, modified by a factor
depending on the effective entropy-weighted number g, of particle species, equation (10.98). In this plot, the effective
number g, of relativistic particle species has been approximated as changing at three discrete points, electron-positron
annihilation, the QCD phase transition, and the electroweak phase transition, Table 10.4.

Figure 10.13 shows the radiation (photon) temperature T" as a function of time ¢ corresponding to thé
evolution of the scale factor a and temperature 7" shown in Figures 10.11 and 10.12.

10.25 Neutrino mass

Neutrinos are created naturally by nucleosynthesis in the Sun, and by interaction of cosmic rays with the -
atmosphere. When a neutrino is created (or annihilated) by a weak interaction, it is created in a weak
eigenstate. Observations of solar and atmospheric neutrinos indicate that neutrino species oscillate into each
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_ Figure 10.12 Mass-energy density p of the Universe as a function of cosmic time ¢ corresponding to the evolution of
the cosmic scale factor shown in Figure 10.11.

The energy density is constant during epochs dominated by vacuum energy, but decreases approximately as
p % 72 at other times.

10.24 Evolution of the temperature of the Universe

A system of photons in thermodynamic equilibrium has & blackbody distribution of energies. The CMB has
a precise blackbody spectrum, not because it is in thermodynamic equilibrium today, but rather because the
CMB was in thermodynamic equilibrium with electrons and nuclei at the time of recombination, and the
CMB has streamed more or less freely through the Universe since recombination. A thermal distribution of
relativistic particles retains its thermal distribution in an expanding FLRW universe (albeit with a changing
temperature), Exercise 10.12.

The evolution of the temperature of photons in the Universe can be deduced from conservation of entropy.
The Friedmann equations imply the first law of thermodynamics, §10.9.2, and thus enforce conservation
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where «; = g?/4m, are so different from the values observed at low energies
that grand unification appears to be ruled out immediately. However, it
- must be remembered that the couplings are scale-dependent and so we must
use the renormalization group equations of Section 2.7 to continue these
relations from My down to the energies at which the o; have been
measured.

In the one-loop (or leading log) approximation, the solution (2.88) to the
renormalization group equation gives

1 b; M3
L __ 1 = +—log(—;‘—‘) (7.14)
| dur «(M%) o(p) 4m u _
with
b;=11-4N,,
by =% — 4N, — INy, (7.15)
1= “%Ng—%ﬁNH

(here b; = (by); of (2.89) with i =3, 2, 1 for § U(i)), where N, is the number
- of families (or generations) of fermions and N is the number of Higgs
doublets in the electroweak sector. The individual terms in (7.15) cor-
respond, respectively, to the contributions to b, from the gauge boson,

fermion and Higgs loops, like Fig. 2.6. The behavior (7.14) of the 1/q; with
- Ng=3 and Ny=1 is shown in Fig. 7.1 and reflects the property that

60 |
-1_ 40 F
24
20+
ME _ M3
0 } ! L i
10]0 1 OZU 1 030 1040
1 (GeV?)

Fig. 7.1 The variation of the effective coupling constants, a;(u)
~with the energy scale u; see (7.14).
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Fig. 1.— Recent CMB observations compared with the best-fit model from Figure 4 The dotted line is
a sixth order polynomial fit to the data which has a peak amplitude and position: Apear &~ 77 pK and
Lpeak & 260. The grey region represents the ~ 1o contour in Figure 4; that is, the power spectra from
models within ~ 1o of the best-fit model are contained within the grey region. The small squares above
and below the 5 Saskatoon points represent the 7% correlated calibration uncertainty (Leitch 1998). The
best-fit model has n = 0.91, Q10 = 18.0 K and ;A% = 0.026.

an axis yielding 1, 2, 3 and 4¢ confidence inter- rors are normally distributed and ii) the model is
vals is described in Press et al. (1992 p 690) (see linear in the parameters or that a linear approx-
also Avni 1976). These conditions are: i) the er- imation reasonably represents the models within
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Figure 7.1: Particle plots from CDM and HDM simulations showing two dimensional
projections of a 320% x 32 Mpc® slice through the simulation volumes. In both cases,
64° particles were evolved by PM force calculations on a 128% mesh. :
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Abundances (by mass) of Elements
Synthesized in the Big Bang
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