THE HISTORY OF
BiIG BANG
NUCLEOSYNTHESIS

Subir Sarkar

“These theories were based on the
hypothesis that all the matter in the
universe was created in one big bang at
a particular time in the remote past.”

Fred Hoyle (BBC, 28 Mar 1949)

Latest Advances in the Physics of BBN ...
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THE UNIVERSE IS MADE MAINLY OF HYDROGEN (~75% ) AND
HELIUM (~25% ) + TRACES OF HEAVIER ELEMENTS
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WHERE DID ALL THE ELEMENTS COME FROM?
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THE EVOLUTION OF THE
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 universe) must represent the most ancient
archeological 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
nuclei) rather soon after the beginning of the universal
expansion. In fact, we notice that natural radio-
active isotopes with the decay periods of many
thousand million years (such as uranium-238,
thorium-232 and samarium-148) are comparatively
abundant, whereas those with decay periods meas-
uring only several hundred million years are ex-
tremely rare (as uranium-235 and potassium-40).
If, using the known decay periods and natural
abundances of these isotopes, we try to calculate the
date when they have been about as abundant as
the corresponding isotopes of longer life, we find
that it must have been a few thousand million years
ago, in general agreement with the astronomically
determined age of the universe.
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Gamow is widely credited with having
formulated the theory of primordial
nucleosynthesis and, as a corollary,
predicted the temperature of the CMB

S



The truth is that while Gamow had brilliant ideas, he generally left the calculations to
his graduate student Ralph Alpher and postdoc Robert Herman ...

Thermonuclear Reactions in the
Expanding Universe

R. A. ALPHER AND R. HERMAN AR
Applied Physics Laboratory* The Johns Hopkins University, §o i
Stlver Spring, Maryland R, L
AND
G. A. Gamow
The George Washington Universsty, Washinglon, D. C.
September 15, 1948

T has been shown in previous work!™® 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

i ‘;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).

Ref. 1) had been published on 1 April 1948 - including Bethe (who had nothing to do with it)
... but leaving out Herman because he “stubbornly refused to change his name to Delter”
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Evolution of the Universe

In checking the results presented by Gamow in
his recent article on ‘“The Evolution of the Universe”
[Nature of October 30, p. 680], we found that his
expression for matter-density suffers from the follow-
ing errors: (1) an error of not taking into account
the magnetic moments in Eq. (7) for the capture
cross-section, (2) an error in estimating the value of
« by integrating the equations for deuteron formation
(the use of an electronic analogue computer leads to
o« = 1), and (3) an arithmetical error in evaluating
o from Eq. (9). In addition, the coefficient in Eq. (3)
is 152 rather than 2-14. Correcting for these errors,
we find

4-83 x 107
1812

Pmat, = .
The condensation-mass obtained from this corrected
density comes out not much different from Gamow’s
original estimate. However, the intersection point
Pmat. = Prad. Occurs at ¢ = 8:6 X 10'7sec. o~ 3 x 10°
years (that is, about ten times the present age of the
universe). This indicates that, in finding the inter-
section, one should not neglect the curvature term
in the general equation of the expanding universe.
In other words, the formation of condensations must
have taken place when the expansion was becoming
linear with time.

Accordingly, we have integrated analytically the
exact expression‘ s

. 2] 271/2
[SrG (—— + Pmat)l" — cR:,] »
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with 7' « 1/l and By = 1-9 X 10°V — 1 light-years.
The integrated values of pmat. and prad. intersect at
a reasonable time, namely, 3-5 x 10 sec. =< 107
years, and the masses and radii of condensations at
this time become, according to the Jeans’ criterion,
M;= 3:8 x 107 sun masses, and R,= 1-1 x 10®
light-years. The temperature of the gas at the time of
condensation was 600° K., and the temperature in the
universe at the present time is found to be about 5° K.

We hope to publish the details of these calculations
in the near future.

Our thanks are due to Dr. G. Gamow for the pro-
posal of the topic and his constant encouragement
during the process of error-hunting. We wish also
to thank Dr. J. W. Follin, jun., for his kindness in
performing the integrations required for the determ-
ination of «, on a Reeves Analogue Computer.
The work described in this letter was supported by
the United States Navy, Bureau of Ordnance, under
Contract NOrd-7386.

RALPH A. ALPHER
ROBERT HERMAN

Applied Physics Laboratory,
Johns Hopkins University,
Silver Spring, Maryland.
Oct. 25.

! Gamow, G., Phys. Rev., 70, 572 (1946).

In fact Ralph Alpher and Robert Herman
were the first to correctly calculate
primordial nucleosynthesis and predict
the present temperature of the CMB



WHY WAS ALPHER & HERMAN’S PREDICTION OF THE CMB NOT TAKEN SERIOUSLY?

Second, this was a classic example of a breakdown in communication between theorists
and experimentalists. Most theorists never realized that an isotropic 3° K radiation
background could ever be detected. In a letter to Peebles dated 23 June 1967, Gamow
explained that neither he nor Alpher and Herman had considered the possibility of the
detection of radiation left over from the 'big bang', because at the time of their work on
cosmology, radio astronomy was still in its childhood. (Alpher and Herman inform me,
however, that they did in fact explore the possibility of observing the cosmic radiation
background with radar experts at Johns Hopkins University, the Naval Research
Laboratory, and the National Bureau of Standards, but were told that a radiation
background temperature of 5° or 10° K was too low to be detected with the techniques
then available.) On the other hand, some Soviet astrophysicists seem to have realized that
a microwave background could be detected, but were led astray by the language in
American technical journals. In a 1964 review article, Ya. B. Zeldovich carried out a
correct calculation of the cosmic helium abundance for two possible values of the present
radiation temperature, and correctly emphasized that these quantities are related because
the number of photons per nuclear particle (or the entropy per nuclear particle) does not
change with time. However, he seems to have been misled by the use of the term 'sky
temperature' in a 1961 article by E. A. Ohm in the Bell System Technical Journal to
conclude that the radiation temperature had been measured to be less than 1° K. (The
antenna used by Ohm was the same 20-foot horn reflector that was eventually used by
Penzias and Wilson to discover the microwave background!) This, together with some
rather low estimates of the cosmic helium abundance, led Zeldovich tentatively to abandon
the idea of a hot early universe. The First Three Minutes, Steven Weinberg (1977)
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Physical Conditions in the Initial Stages of the Expanding Universe® {

Rarer A. ALrHER, JAMES W. FoLriN, JRr., AND RoBeErRT 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 nucleosynthesis is based essentially on this paper ...
which followed the crucial observation by Hayashi (Prog.Theoret.Phys.5:224,1950) that
neutrons and protons are in chemical equilibrium in the hot early universe

Ralph Alpher 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 Big Bang theory”




THE STANDARD MODEL OF THE EARLY UNIVERSE

The theoretical description of Big Bang nucleosynthesis (BBN) 1s based on the
standard cosmological model (hereafter, the 4 cold dark matter (1CDM) model,
where /4 1s the cosmological constant), ... 7! Mossa et al. Nature 587:210,2020

In fact the early universe was very close to Einstein-deSitter: =1, Q,=0, Q2,=0
Radiation-dominated plasma in thermal equilibrium

Number density: n = %%lg’(]“)j[i%
Energy density: p=3p= g(;g(T)T4
i pt£ 2w N\
Entropy density: g=agk = leJ(T)]ﬂ

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

g'(T) = go(T) + 397(T)  number
g(T) = go(T) + Lgs(T) enerey



In the absence of dissipative processes (e.g. phase transitions which
generate entropy) the comoving entropy is conserved:

diggd) =0 = sxl/a® ie. Txl/a

The dynamics is governed by the Friedman-Lemaitre equation:

(4)" = Brge

a

Integrating this gives the time-temperature relationship:
t(s)=2.42 g2 (T/MeV)2

So we can work out when events of physical significance occurred
in our past (according to the Standard Model of particle physics)



THE STANDARD MODEL OF THE EARLY UNIVERSE

T ~ 200 GeV  all present

T ~ 100 GeV  EW transition
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This perfect blackbody is testimony to our hot, dense past and
directly demonstrates that the expansion was indeed adiabatic
(i.e. with negligible energy release) - back at least to t ~ 1 day
.. We can probe back further to t ~ 1 s, with primordial nucleosynthesis



The blackbody temperature can be used as a clock (assuming adiabatic
expansion: aT = constant), in order to reconstruct our thermal history
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The furthest back we can probe directly is t ~1 s when light elements were synthesised
(the fluctuations in the CMB must have been generated earlier but not known when?)



WEAK INTERACTIONS & NUCLEAR REACTIONS IN EXPANDING, COOLING UNIVERSE
(Hayashi 1950, Alpher, Follin & Herman 1953, Peebles 1966, Wagoner, Fowler & Hoyle 1967)

Dramatis personae:

Radiation (dominant)
Matter mp

baryon-to-photon ratio (only free parameter) NB/N~y =1 ~ 2.74 X 10~ 8%Qph?

v, e+, v

Initial conditions: T>>1 MeV, t<<1s n+v,<> p+e”

n-p weak equilibrium: p+veen+e+

1/3
2

Weak freeze-out: Ti~1MeV, ti~1s Tweak(n =P ) = iniverse Tfreeze—out - (GN /GF )

which fixes neutron-to-proton ratio: n/p _ e—(mn —my)/T; _ 1/6
Deuterium bottleneck: T~ 1 — 0.07 MeV D

D created by np — Ly

but destroyed by high-E photon tail Dy — np

so nucleosynthesis does not start until: Thye ~ Ap/-In(n)

Element synthesis: T,,.~ 0.07 MeV, t,,c ~ 3 min

Meanwhile n/p > 1/7 through neutron B-decay ... nearly all n > *He (Yp ~ 25% by mass)
+ left-over trace abundances of D, 3He, “Li (with °Li/’Li ~ 10) which are sensitive to 7

No heavier nuclei formed in standard, homogeneous hot Big Bang ... must wait for stars to form
after a ~billion years and synthesise all the other nuclei in the universe (s-process, r-process, ...)
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+» Computer code by Wagoner (1969, 1973) .. updated by Kawano (1992)
Other codes: PArthENoPE (2008, 2018), AlterBBN (2012, 2019), PRIMAT (2018)

» Coulomb & radiative corrections, v heating etc (Dicus et al 1982, Heckler
1994, Dolgov et al 1997, 1999, Esposito et al 2000, Mangano et al 2002), ...

= Nucleon recoil corrections (Seckel 1993)

» Covariance matrix of correlated uncertainties (Fiorentini et al 1998)

» Updated nuclear cross-sections (NACRE 2003) ... LUNA (2020)



Mass Fraction

THE ‘FIRST THREE MINUTES’
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Model makes predictions about the relative abundances of
’H, 3He, “He and ’Li, as a function of the nucleon density

Wagoner, Astrophys.).179:343,1973



The neutron lifetime normalises the “weak” interaction rate: 1, = 880.0 = 0.9 s

(has recently dropped in value by ~50 because of one new measurement!)

Table 1: Key Nuclear Reactions for BBN

Source Reactions
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Courtesey: Keith Olive

Uncertainties in synthesized abundances are correlated ... estimate using Monte Carlo
(Smith, Kawano & Malaney 1993; Krauss & Kernan 1994; Cyburt, Fields & Olive 2004)
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Linear propagation of errors = covariance matrix (in agreement with Monte Carlo results)
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BBN PREDICTIONS
line widths = theoretical uncertainties (neutron lifetime, nuclear #-sections)
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NUCLEOSYNTHESIS WITHOUT A COMPUTER

X _

(1 ' source

If ‘;’_5
J T

Freeze-out occurs when: T~H = X(t — o0) = X®Ytg) =

o
R

[(t)X

sink
t t t

X(t) = exp (—/ dt’ F(t')) [X(ti) + [ dt" J(t") exp (—/ dt” F(z‘"))]
ti ti ti

.. then abundances approach equilibrium values

= X"-

J(t)
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Examine reaction network
to identify the largest
‘source’ and ‘sink’ terms

obtain D, 3He and “Li to
within a factor of ~2 of
exact numerical solution,
and “He to within a few %

.. but general solution is:

Dimopoulos, Esmailzadeh, Hall, Starkman, ApJ 378:504,1991



.. E.g. we can use this formalism to determine joint dependence of
abundances on expansion rate as well as on the baryon-to-photon ratio

dY .. —

v +2_ YXYX(ov);y and dT/dtx—T"\g, so:
ay; I
a7~ gZT“* 2 YXYX({ov)r = log n—ilogg,,=const

... can therefore employ simple y? statistics to determine best-fit values and
uncertainties (much faster than Monte Carlo + Maximum Likelihood)

-
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Lisi, Sarkar, Villante, Phys.Rev.D59:123520,1999



INFERRING PRIMORDIAL ABUNDANCES

blue compact galaxy

.

i S
\\ 4.:-_" 3 *
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4 o

gas cloud quasar

“We, all of us, are what happens when a primordial mixture of hydrogen and
helium evolves for so long that it begins to ask where it came from.” - Jill Tarter




INFERRED PRIMORDIAL ABUNDANCES

“He observed in extragalactic HIl regions:
Y,=0.245 =+ 0.003

’H observed in quasar absorption systems (and ISM):
D/H/,=(2.543 =% 0.027) x 10°°
’Li observed in atmospheres of dwarf halo stars:
Li/H/,= (1.6 = 0.3) x 1020

(3He can be both created & destroyed in stars ... so
primordial abundance cannot be reliably estimated)

Systematic errors have been re-evaluated based on scatter in data

Fields, Molaro & Sarkar [PDG], PTEP 2020:083C01,2020



BBN ® CMB

NggN isinagreement with 1)\
allowing for uncertainties in the
inferred abundances

5.8 < 17,0<6.5(95% CL)
Expansion was adiabatic until ~5x10* yr

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

Baryonic dark matter: warm-hot IGM...

_l_
Non-baryonic dark matter: ?

Constrains the Hubble expansion rate
to withinafew % att~1s
= bounds on new particles (N,),
fundamental couplings (., G¢, Gy),
new interactions, ‘dark radiation’, ...
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“There is something fascinating about science. One gets such wholesome
returns of conjectures out of such trifling investment of fact.” Mark Twain

Fields, Molaro & Sarkar [PDG], PTEP 2020:083C01,2020



THE BBN LABORATORY IN THE EARLY UNIVERSE

Extensions of the Standard Model 10-°
predict new (typically) unstable particles, 10-8
which would have been created
(thermally) in the early Universe,

e.g. TeV mass gravitinos in supergravity
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3
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(Weinberg 1982; Khlopov & Linde 1983; Ellis,

Nanopoulos & Sarkar 1985; Reno & Seckel 1988) 1075
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elements = severe limits on the 10 l1o4 105 108 107 108 10° 10! 10! 102
decaving particle abundance Tx (sec)

ying p Ellis et al 1992, Kawasaki & Moroi 1995,
This requires that highest temperature Cyburt et al 2003, Kawasaki et al 2005 ...

reached in our past (after inflation) was May be relevant to the “lithium problem”
< 108 GeV ... constraint on leptogenesis! (Jedamzik 2004, Pospelov 2007 ...)



t = 15 billion years

Today t,
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Observational inferences about the Solarysem
primordially synthesised abundances of D, ... . ..
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Quasars
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