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we can check experzﬁmenmttg that ph 55100& ‘constants’ such as o
have beew sensibly constant for the past ~g billion years ...
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So we are entitled to extrapolate known physical laws back in time with confidence ...



Kinowing the equation of state, we can solve the Friedwman equation ...

d, . 3 — 3
For matter: E(/)a,'g) — () ) /) — /)()/(L — /)()(l + 'S)
at
N - " 2/3
Hewee (4 _ OTHP0 = qt) = | —
a 3a? to
, d 4y RN (S S 1 \4
For radiation: E ( pPa ) =0 = P = L0 / a = /)()( + -)
at
So radiation will dominate over other components as we go to early times
" 1/2 —9
a(t) = (_) = fPr X t rRadiation-dominated era
o to

But at (Leq — /)1‘,()//)111,() the matter olewsitg will come to dominate ...

- 2 ’ ’
Note that Oy X U “ during the Matter-dominated era as well



abeld

Evolution of different energy components

matter-radiation
equa Litg

/

log (r)

present epoch

O A

log(a) 0

very recethg (at z ~ 1), the e)q:aws'ww has suq:poseoll,g become dominated
by a cosmological constant N ~ H.,2 = 0 ) ~ H2M2 .. of which wmore Later
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The sStandard Model of the Early Universe

Thermodywnamics of ultra-relativistic plasma:

Number density: —7T3ZJ (T )T3

2 ,
Energy olewsi,tg: p=3p= %—OJ(T)T“l
Entropy olewsitgz S = p;p — 2_1,) L](T)T?

where, the number of relativistic degrees of freedom sum over
all bosons and fermions with appropriate welght:

go(T) + 595(T)
9(T) = go(T) + £gs(T)
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n the absence of dissipative processes (e.g. phase transitions
which generate entropy) the comoving entropy Ls conserved:

‘Ilt((sa ):O = SO(l/a3 L.e. Tocl/a

The dynamics is governed by the Friedmann equation:

Ny
(8)" = *=3re

Integrating this gives the time-temperature relationship:
t(s)=2.42 g2 (T/MeV)>

So we can work out whew events of physteal significance occurred
in owr past (according to the Standard Model and beyond)



we must count all boson and fermion species contributing to the
# of relativistic degrees of freedom ... and take tnto account (our
uncertain knowledge of) possible phase transitions
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T ~ 200 GeV  all present 106.75 ,

T ~ 100 GeV  EW transition (no effect) Fistory ot 9 (7)

T <170 GeV  top-annihilation 96.25

T < 80 GeV W=,Z°% HY 86.25

T < 4 GeV  bottom 75.75

T < 1 GeV  charm, 7~ 61.75

T ~ 150 MeV ~ QCD transition 17.25 (u,d g—‘ =0 37— 3)

T <100 MeV 7%, 70, p~ 10.75 e, v, U, 7 left

T <500 keV e annihilation  (7.25) 2+ 5.2 (4/11)4/ 3 = 3.36

130
The phase diagram of the Standard Model 120
(based on a dimewsiowaLLg reduced sSu (2)

theory with quarks and Lleptons, with the 110

Abelian hypercharge symmetry H (1) kT /GeV
neglected). The 15%-order transition Line 100

ends at the 2"%-order endpoint:

m,, = F2 £ 2 gev/e?, kR, Te = 110 GeV; for
higher Higgs masses the transition is a
crossover (Rummukatnen et al, Nucl. Phys.
B522 (1998) 283)
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Wavelength [cm]
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This perfect bLaclebodg LS tcstimow5 to our hot, dense past ana
direotLg demonstrates that the expansion was adiabatic

(with negligible energy release) back at least to t ~ 1 day

To derive this qua w’citativeLg, need to study the thema Lisation process
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Observations at Low frequencies are sensitive to possible spectral distortions



The thermalisation of the spectrum proceeds through scattering of
hot electrons (at temperature T,) on the CMB photons, described by:

Kompaneets (1957, Sov. Phys. JETP, 4, 730) equation:

@_$_28 z* n+n2+a—n
oy ox ox

where n is the number of photons per mode (n = 1/(e” — 1) for
a blackbody), x = hv/kT,, and the Kompaneets y is defined by

kT,
MeC?

dy =

neorcdt.

Total photon number conserved:

— X /:1: —dx
on
_ L 2 , ON
= /83: [3; (n+n +ax)]d$
0

For a pedagogical derivation, see Peebles (Primciples of Physical Cosmology, 1993)



The stationary solutions dn/0y = 0 are general Bose-Einstein
thermal distributions:

n=1/(exp(z+ pu) — 1)
z?dz
N /exp(m+p,)—1
= z e"‘“/xze'k‘”dx
k=1
o0 e—ku
22

= 2(CB3) —nuC(2) +...)

A similar calculation for the energy density shows that

Uox6(¢(4)—pul(3)+...).
For N = const, need AT /T = u(2)/(3¢(3))-

Therefore, the energy density change at constant N is

AU (44(2) )
v~ \xG) <@

FIRAS limit |u| < 9 x 107° implies

) p=0.7144.

AU/U <6 x 107°



To reduce w — O regqulres the creation
of photowns i.e. radiative processes

Bremsstrahlung

Double Compton scattering

/

(a) Bremsstrahlung

(a) Double Compton




Since (1 + 2)0y/dz o Qph?(1 + 2)%, the overall rate for
eliminating a y distortion scales like Qgh%(1 + 2)3/2? per Hubble
time. A proper consideration (Burigana et al. 1991, ApJ, 379,
1-5) of this interaction of the photon creation process with the
Kompaneets equation shows that the redshift from which 1/e
of an initial distortion can survive is

4.24 x 10°
[Qth]OA

(2)

Zth —

which is zy, = 1 9 x 10° for Qgh? = 0.0224.
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Interaction between photons and (won-relativistic) matter

Thomsow scattering ow electrons: ¥y +e—>v +e
’ ’ 3
Photown unteraction rate (x, = m’p/m’B):rThomson =n, <GT M> X xeT O

cf- expansion rate of the universe (MDd era):  H oc T°'°

B < H = Photons/matter decouple

> H = Photons/matter in equilibrivim/ [

Thomson Thomson

The lonisation fraction x, drops rapidly at (re)combination so the

Thowmsown scattering rate also decreases sharply below the Hubble

expansion rate — this defines a last scattering surface for the relic photons
.. whiceh we see today as the cosmic microwave background

whilep + & 2 H + 7 isin chemical equilibrium, the chemical

potentials obey s, + w, = wy, (sinee p, = 0), hence: ny, = (9,/9,9,) nn
(l/lx(,e'l'/QJ'L')3/‘:2 eB®’ T (where B = m, + m, - m, = 13.6eV)

n terms of the tonisation fraction X, and the ba rgow—to—pho’cow ratio, /77 = ng/n,,
this is the Saha equation: 3/2
1 1—z. _ 4v2¢(3) oB/T
x2 /7 M\ m.
e (&
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1500 1000 200

(1+2) (Computer Code: Cosmoree, Hgleeo)



Fluctuations in the matter density — fluctuations in the CMB temperature

Photons are redshifted as they wove out

W of gravitational potential wells
—>
|

Dense regions have higher temperature
= photons have higher energy

Photons emitted from a moving surface
are veo/blue-shifred

Fortunately the effects do not quite cancel so
the CM®B carries a memory of the past



Amplitude

Before recombination, the primordial fluctuations just excite sound waves in the
plasma, but can start growing already in the sea of collisionless dark wmatter ...

[Frrrrr 1 T N
4 - -
i CDM Last .
2 |- Soatter _
L ryon-Photon Fluid -
0 -
_2 = —
B - HETT T W WMAP 5-year
lass s 3 1 » 2 lass s s -200 T(uK) +200
101 1000

Redshift

These souno waves leave an tmprint on the last scattering surface of the CM® as the
universe turns neutral and transparent ... sensitive to the baryon/CPM densities

For a statistically isotropic gaussian AT (n) = E Ay Yim (1)
ranodom field, the angular power

spectrum can be constructed b Y O, = 1 2
soncpoting in Spher e O1= g7 2 laim
ecomposing L spherieal harmowntes: 20+ 1



The CMB angular power spectrum s sensitive to cosmological parameters

Smaller angles—>»

Potential env.

Power (AT/T)?

— ——
IAK leq A log/
Qx Oy Qoh? Qph?
IAk 4 4 * ® e - - -9 Late ISW
leq 4 ¥ 4 ® o— —e FEarly ISW
N A ¥ A o———o Eff. temp.
Ip T - ¥ 4 o -- @ Doppler

Figure 1 Schematic decomposition of the anisotropy spectrum and its
dependence on cosmological parameters, in an adiabatic model. Four funda-
mental angular scales characterized by the angular wavenumber / = 8 ' enter
the spectrum: /. and /.q Which enclose the Sachs-Wolfe plateau in the potential
envelope, /4 the acoustic spacing, and /p the diffusion damping scale. The inset
table shows the dependence of these angular scales on four fundamental
cosmological parameters: Qu(=1-0Q, —Q,), 2,, 2,h? and Qzh’° (see Box 1
for definitions). Baryon drag enhances all compressional (here, odd) maxima of
the acoustic oscillation, and can probe the spectrum of fluctuations at last
scattering and/or Qgh?. Projection effects smooth Doppler more than effective-
temperature features.

Hw, Sugiyama, Silk [astro-ph/9604166]



Big Bang
Nuceleos gnthesis

t = 15 billion years

Today t,

T=3K (1 meV)

Life on earth

Solar system

Quasars

Galaxy formation
Epoch of gravitational collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational instability

Nucleosynthesis
Lightelements created - D, He, Li

Quark-hadron transition
Hadrans form - protons & neutrons

Electroweak phase transition

Electromagnetic & weak nuclear
forces become differen fiated:
SU(3)x8U(2)xU(1) -> SU(3)xU(1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -> H > SU(8)xSU(2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic sirings, etc.?

The Planck epoch

The quantum gravity barrier



The universe ts made mainly of hydrogen (~#5%)
and hellum (~25%) + traces of heavier elements

Periodic Table
of the Elements

¥IE ¥IB ¥l IB IB

Ma 1A YA VA

Mg | e

I¥E VB

Naming conventions of hew elements

Series Ce| Pr|Nd |Pm|Sm|Eu|Gd| Tb|Dy | HO| Er |[Tm| YD | Lu

+ Actinide ap  fa1 oz Jaz a4 Jos Jas  lor Jes Jaa foo [1o1 10z (103
Series Th|Pa|U |Np|Pu|Am|Cm|Bk | CF| Es |Fm|Md| No| Lr




where did all the elements come from?
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George Gamow is generally credited with having founded the theory of primordial
nucleosynthesis and, as a corollary, predicted the temperature of the relic radiation

580 - NATLURE October 30, 1948

THE EVOLUTION OF THE 8
UNIVERSE

By Dr. G. GAMOW
George Washington University, Washington, D.C.

HE discovery of the red shift in the spectra of

distant stellar galaxies revealed the important
fact that our universe is in the state of uniform
expansion, and raised an interesting question as to
whether the present features of the universe could
be understood as the result of its evolutionary
development, which must have started a few thousand
million years ago from a homogeneous state of ex-
tremely high density and temperature. We con-
clude first of all that the relative abundances of
various atomic species (which were found to be
essentially the same all over the observed region of
the wuniverse) must represent the most ancient
archaeological document pertaining to the history of
the universe. These abundances must have been
established during the earliest stages of expansion
when the temperature of the primordial matter was
still sufficiently high to permit nuclear transforma-
tions to run through the entire range of chemical
elements. It is also interesting to notice that the
observed relative amounts of natural radioactive
elements suggest that their nuclei must have been
formed (presumably along with all other stable -6

n{ T P %
| s
| na1=081x10'8 225 TN

£m

?

l :

% =t a0t
| w3

LOGARITHM OF RELATIVE ABUNDANCE




The real story Ls that whtle gamow had brilliant tdeas, he could not caleulate too well, so
enlisted the help of a graduate student Ralph Alpher (Who worked with Robert Herman)

Thermonuclear Reactions in the
Expanding Universe

R. A. ALPHER AND R. HERMAN

A pplied Physics Laboratory,* The Johns Hopkins University,
Silver Spring, Maryland

AND
G. A. GaMow

The George Washinglton Universsty, Washinglon, D. C.
September 15, 1948

IT has been shown in previous work!™3 that the observed
relative abundances of the elements can be explained
satisfactorily by consideration of the building up of nuclei
by successive neutron captures during the early stages of
the expanding universe. Because of the radioactivity of

(1; 4%.) A. Alpher, H. A. Bethe, and G. A. Gamow, Phys. Rev. 73, 803

2 R. A. Alpher, Phys. Rev, (in press).
3 R. A. Alpher and R. C. Herman, Phys. Rev. (in press).

1) was published on 1 April 1942 ... including Bethe (Who had nothing to do with it) but
leaving out Hermawn because he “... stibbornly refused to change his name to Delter”!



PHYSICAL REVIEW VOLUME 92, NUMBER 6 DECEMBER 15, 1953

Physical Conditions in the Initial Stages of the Expanding Universe™:}

Rarer A. ALpHER, JaMEs W. ForLLiN, Jr., AND RoBErT C. HERMAN
Applied Physics Laboratory, The Johns Hopkins University, Silver Spring, Maryland

(Received September 10, 1953)

The detailed nature of the general nonstatic homogeneous isotropic cosmological model as derived from
general relativity is discussed for early epochs in the case of a medium consisting of elementary particles
and radiation which can undergo interconversion. The question of the validity of the description afforded
by this model for the very early super-hot state is discussed. The present model with matter-radiation
interconversion exhibits behavior different from non-interconverting models, principally because of the
successive freezing-in or annihilation of various constituent particles as the temperature in the expanding
universe decreased with time. The numerical results are unique in that they involve no disposable parameters
which would affect the time dependence of pressure, temperature, and density.

The study of the elementary particle reactions leads to the time dependence of the proton-neutron
concentration ratio, a quantity required in problems of nuclepgenesis. This ratio is found to lie in the range
~4.5:1—~6.0:1 at the onset of nucleogenesis. These results differ from those of Hayashi mainly as a con-
sequence of the use of a cosmological model with matter-radiation interconversion and of relativistic
quantum statistics, as well as a different value of the neutron half-life.

The modern theory of primordial nucleosywnthesis s based essentially ow this paper ...
which followed the crucial observation by Hayashi (Prog. Theoret. Phys. 5 (1950) 224)
that neutrons and protons were in chemical equilibrium in the hot early universe

Alpher’s achievement was finally recognized whew he was awarded
the US National Medal of Science (2005):
"For his unprecedented work in the areas of nucleosynthesis, for the
prediction that universe expansion leaves behind background
radiation, and for providing the model for the Brg Bang theory.”



weak interactions anod nuclear reactions tn expanding, cooling universe
(Ha 5ash£ 1950, Alpher, Follin § Herman 1953, Peebles 1966, wWagowner, Fowler § Hoyle 19&7)

Dramatis personae: et 3,5
radiation. (dominates) s )
Matter n,p _ .
baryown-to-photon ratio (only free parameter) ny /n7 =7 2.74 X 10—89Bh2
nitial conditions: T>> 1 Mev, t<<i1s B
n-p weak equilibrivum: n+v,<>p+e
neutron-to-proton ratio: +

p+v,<n+e
1/3

_ 2
rweak (n =P ) = tuniverse — Tfreeze-out (GN / GF )

n/p _ e—(mn—mp)/Tf ~ 1/6

weak freeze-out: 7.~ 1 Mev, t~1s
which fixes:

Peutertum bottleneck: 7T~ 1 — 0.0+ MeV

D created by np — ny
but destroyed by high-€ photow tail: Dy — np
s leosynthests halted wntil:
0 nucleosynthest untt Tnuc - AD/'ln(n)

Element synthesis: T, , ~ 0.0F MeV, t,,, ~ 3 min

(meanwhile n/p — 1/7 through neutron S -decay)
nearly all n — *He (Y, ~ 25% by mass) + left-over traces of B, SHe, 7LL (with ¢LL/7LL ~ 107°)

No heavier nuclel formed in the standard model ... must wait for stars to form after
~Dbillion years and synthesise all the other nuclel in the universe (s-process, r-process, ...)



1 8B : 10| |[1B| :12B: (13B: (14B: :I5B:

............................

.......

"Be °Be| f°Beg ['Be ""Be
wofi] e e
'H = 2H ~{ *H BBN Network
\ —== key reactions

.......

All reactions measured in lab
at relevant energies

« Computer code by Wagowner (1969, 1973) .. updated by Kawano (1992)
» Coulomb § radiative corrections, V heating ete (Dleus et al 1982)
» Nucleow recoll corrections (Seckel 1993)
» Covariance matrix of correlated uncertainties (Floremtint et al 1998)

» Upolated nuclear cross-sections (NACRE 2003)
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* Time < 15's, Temperature > 3 x 109 K

—wniverse Ls soup of protons, electrons and other particles ... so hot that nuclet
ave blasted apart by high energy photons as soow as they form

* Time = 15 s, Temperature = 2 x 109 K
— Still too hot for Dewterium to survive
— cool enough for Helium to survive, but too few butlding blocks

- Time = 3 min, Temperature = 109 K
- Deuterium survives and s quickly fused into He

— o stable nuclel with 5 or € nucleons, and this restricts formation of
elements heavier than Helium

—trace amounts of Lithium are formed

+ Time = 35 min, Temperature = 3 x 107 K
—nucleosy nthests essentia Ly complete
—Still hot enough to fuse He, but dewsitg too Low for appreciable fusion

Model makes predictions about the relative abundawnces of the light
elements 2H, 2He, *He and 7Li, as a function of the nucleon alewsitg



The neutron Lifetime normalises the “weak” Lnteraction rate: T, = 8857 * 0.8 <
(a recent measurement is 6.50 lower ... not included by the PG i the average)

Table 1: Key Nuclear Reactions for BBN i 0.7
Source Reactions i
NACRE d(p.v)’He (b)

d(d.n)*He

d(d,p)t

t(d.n)*He

tEa, ')'))7Li (d)

3He(a,v)"Be (C)

"Li(p,a)*He
SKM p(n,v)d

3He(d, p)*He 100

"Be(n,p)"Li

SHe(n,p)t  (a)

n

[y

=
®

N,ov (x10° cm®/mole s)
<
o

NACRE
Cyburt, Fields, KAO

Nollett & Burles
Coc et al.

Uncertainties in synthesized abundances are correlated ... estimate using Mownte Carlo methods
(Krauss, Romanelll ‘€8; Smith, Kawawo, Malaney 93; Krauss, Kernan ‘94; Cyburt, Fields, olive ‘04)



Linear propagation of ervors — covariance matrix (in agreement with Mownte Carlo results)
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Big Bang Nucleosynthesis — Error Components
at 7 =5.13X107"°
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MonteCarlo vs Analytic estimate
(2,3,243,4,7 = D, He, D+’He, *He, L))
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Florentini, Lisi, Sarkar, villante (199%)



BBN Predictlons

Line widths = theoretical uncertainties (neutron Lifetime, nuclear cross sections)
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Nucleosy nthests without a computer

(LX’ — J(t) - F(t) \' j X* = .@ ... but QEV\/CYQL SDLIA.'U:OV\/ LS:
dt source stnk F(t)
) ¢ ¢ ¢
X(t) = exp (_ / at F(t’)) [X(ti) + [ at' J(#) exp (_ / dt” F(t”))]
ti ti t
J | then abunda a ach tLibrt val
(.f 7 _ f & ... thew aounaances approachn equLllortum ues
. -eq J(tfr)
Freeze-out occurs when: ['~H = X(t— o)~ X tg) =
l—\(tfr)
lpl 1
N — = Examine reactlon network
P S — to identify the largest
_ 10 Y Bl - ‘source’ and ‘stnk’ terms
;: . g ol 5 .......................................... g DbtairV\/ D, SHC aV\/d 7‘.—{’ tO
‘ ] within a factor of ~2 of
107 . oLw?L o exact nuwmertcal solution,
| . and *te to within a few %
107 1I R I l 0 1I — l I 0.01

T (MeV) Dlmopoulos, Esmailzadeh, Hall, Starkman (192<)



.. can use this formalism to determine joint depenoence of
abundances on expa nston rate as well as bargow—to—pho’cow ratLo

dY; ,. —
P 2 YXYX{(ov);y and dT/dtx—T? Vg, so:
dY; 5 l
L 2 YXYX{ov)y = log 77——100 g, = const
dT gi

.. cawn therefore employ simple X 2 statistics to determine best-fit values and
uncertainties (Ffasterthan Mownte Carlo + Maxitmum Likelthood)

— ———

LR Y -, . N T2 N1-1
Si_,"(-- 7) O-I'j(- 7) . n (fij- (TI-J,- — ()ij(ri(rj W i'j'(‘- n ) = [‘SU ( 7]’]

X(n)= E [Yi{n)— Y;] Wi Y(n)—Y;]
i

List, Sarkar, Villante (2000)



inferring primordial abundances

SDIM‘ plateau stars

v
‘.ﬁ

TR

gas cloud




“He

Measured in low metallicity extragalactic HII
regions (~100) together with O/H and N/H

Y5, =Y(O/H — 0)




This is the value (and uncertainty) presently recommended by the PPG

Yp — 0.2491 |

- 0.0091 :

olive § sSkillman (2004)



Look in Ruasar Absorption Systems Primordial deutertum
- Low alewsucg clowds of gas seen in

absorption along the lines of sight
to distant quasars (when UNLVerse
was only ~10% of its present age)

I T T T T I T T T T I

QSO 1937-1009
2., = 3.572

a

nucelel causes a small change tn
the energles of electron transitions,
shifting their absorption lines
apart ano enabling D/H to be
measured

E Lya ~ azu reduced
OAp _ _OHp _

Ay Hy 2m
cOz =82 km/s

L
T
=
O
T
0
The difference between H ano D &
7
=
>
=
M=

o Ul

Normalized Flux

But:
*  Huard to find clean systems

5560
* Do wnot resolve clowds Wavelength ()

° Dispersiow/sgstematics?



W. M. Keck Obsewatorg

Spectra with the necessary
resolution for such distant
objects can be obtained
with 10 m class telescopes
... this has revolutionised
the determination of the
primordial D abundance




Q0130—4021
D/H abundances 1n

Quasar apsorption
systems

Is the dispersion real?

The observed scatter is not consistent with fluctuations about an average value!



Prinordial Lithium

Observe tn primitive (Pop (1) stars: (most abundant Lsotope is 7LL)
- LL-Fe correlatton = mild evolution

- Transttion from low mass/surface temp stars (core well mixed by
convection) to higher mass/temp stars (mixing of core Ls not efficlent)

‘Plateaw’ at low Fe (high T) = constant abundance at early epochs
... 80 tnfer observed UL plateaw’ s primordial (Spite § Spite 1982)



inferrved primordial abundances

*He observed Ln extraga

Y, = 0.249

lactic HI reglons:

+ 0.009

2t observed in quasar absorption systems (and ISM):

D/H|,, = (2.84 -

- 0.26) x 1077

7LL observed tn atmospheres of dwarf halo stars:

Li/H|, = (1.7£0

02710y 10710

(®He can be both created § destroyed LW stars ... so
primoroliat abundawnce cannot be reL'mbLg estimateol)

$3stematio ervors have been re-evaluated based on scatter L data
Particle Data Group, ). Ph ys.G37 (2010) 075021)



The Cosmic Microwave Background

AT, provide independent measure of QB/’lz

Acoustie osctllations tn
(covq:Leal) photow—bargow
fluids tmprint features at
small angles (< 1 Y in
angular power spectrum

Detailed peak positions, heights
.. sensttive to cosmological
pa rameters

e.g. ratio of 2nd/1st peak =
wmeasure of baryow density
WMAP-5 best-fit:
Qph? = 0.02273 = 0.00062

100

80

QW2

0.02 004 006
A A AL llll A

10 100 1000

Bond § Efstathion, Ap) 285 (1984) L45

Dodelson § Hu [astro-ph/o110414]



BBN versus CMB

NgpN isin agreement with TICMB
allowing for large sas’cematic
MWOBYtDILVthBS tn the tnferred

4.7 < njp < 6.5 (95% CL)

Confirms and sharpens the case for
(two kinds of) dark matter

BarYy ownle Dark Matter:
warm-hot IGM, Ly-a , X-ray gas ...
+
Now—bargowio dark matter:
neutralino? techwibargow? axLon? ...

Particle data Group: Fields § sSarkar (2010)
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.Summarg

Observational inferences about the primordially
synthesised abundances of B, *He and 7LL presently provide
the deepest probe of the Big Bang, based on an established
physical theory

The overall concordance between the tnferred primordial
abundances of D and “He with the predictions of the
standard cosmology requires wmost of the matter Ln the
universe to be wow—bargowic, and enables constraints to be
placed on any deviations from the usual expansion history
(e.9. new neutrinos or dark energy)

Nucleosynthesis marked the beginning of the development of
modern cosmology ... and it is still the final observational
frontier as we Look back to the BLg Bang!



