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Weak interactions and nuclear reactions in expanadaooling

UNIVErSe .(Gamow 1948: Havashi 1950; Alpher, Follin & Hermarb39Peebles 1966;

Dramatis personae

. . . + —
Radiation (dominates) v, €, 3VV
Matter n,p

baryon-to-photon ratio Ny
— the only free paramet =

y P 6‘[&7
Initial conditions: T >>1 MeV, t<<1 sec

n-pweak equilibrium: N+Ve o p+e”

p+v_ o n+e’

neutron-to-proton ratio: n/p = e_(rnn_mp)CZ/kT

Weak freeze-out: T; ~ 1 MeV, t,~ 1 sec

Tweak(n < p)Ztuniverse:ﬂ-freeze-ouT CN

~(My=mp)/T
which fixes: n/p=e ™M) =1/6

/G2

1/3
)

Deuterium bottleneck: T~ 1— 0.07 MeV

D created by np - Dy
but destroyed by high-E photon tal?Y — NP
so nucleosynthesis halted until:  T,,. ~Ap/-In(#n)

Element synthesis: T, .~ 0.07 MeV.,t,,. ~ 3 min
n/ P - 1/7 through neutrof>-decay
essentially aln — “He (Y, ~ 25% by mass)
+ traces of ‘left-overD, 3He, 7Li (5Li/’Li ~ 10)
(no heavier nuclei formed in standard, homogeneoadel)
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BBN Network

1H &= 2H I 3H

—== key reactions

.......

All reactions measured In lab

at relevant energies

Computer code bWagoner (1969, 1973)
...updated byKawano (1992)

Coulomb & radiative corrections,heating,
plasma effectstc (Dicuset al 1982)

Nucleon recoil correctionsSeckel 1993)
Updated cross-sectio(NACRE 2003)



BBN Predictions

line widths = theoretical uncertainties (neutron lifetime + nacleross sections)
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Uncertainties in synthesized abundancesamneslated ... estimate using Monte Carlo methods
(Krauss & Romanelli 1988; Smith, Kawano & Malaney 39Rrauss & Kernan 1994; Cyburt, Fields & Olive 2004



Linear propagation of errors — covariance matrix ... gives excellent agreement witonte Carlo results
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A

Nucleosynthesisithout a computer

dX J(t)

= Jit) —T)X - XM= .. but general solution is:
dt source sink F{tj
i i L
X(t) = exp (— dt’ F{t’]) {X(ti] + [ dt’ J(t") exp (—/ dt"” F[t”))]
i £ ti
| ‘f _ E «~ T ... then abundances approach equilibrium values
7~ 7| <€
R =l j[tfrjl
Freeze-out occurs whe I'=H = X(t — o) = X®(t) = T (te)

Examine reaction network
to identify the largest
‘source’ and ‘sink’ terms ...

107

'

- S obtain D,®He and'Li to
o g . within a factor of ~2 of
o F "~ analytic exact numerical solution,

3 solution “He good to few %
107 1_' E— ' | 0.01

Dimopoulos, Esmailzadeh, Hall & Starkman (198t



... can use this formalism to determjoent dependence of
abundances on expansion rate as well as baryohetmip ratio

dy, | . —
Ep I?}JFE_ YXYX{G'U}T and dTﬁldfi_ij'g* SO:

dY, n | B |
dri_ET 3;_ YXYX(ov)y = log ?’?_Elﬂgg,,—mn&t

... can therefore employ simpjé statistics to determine best-fit value
and uncertaintieddster than Monte Carlo + Maximum Likelihood)
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Lisi, Sarkar & Villante (2000)



The Cosmic Microwave Background:a powerful

baryometer

AT, provideindependent measure ofQ_h’

Acoustic oscillations in (coupled)
photon-baryon fluids imprint
features at small angles (<) In
angular power spectrum

Detailed peak positions, heights, ...

sensitive to cosmological parameters

e,g, 1st peak> curvature of space,
2nd, 3rd peaks/1st peak= baryon density

BBN vs CMB determinations
— fundamental test of cosmology ...
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thermal history between z ~31Q 1010 ,r

Bond & Efstathiou (1984); Dodelson & Hu (200
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Predictions of BBN + baryon density from CMB
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Particle data Group: Fields & Sarkar (2004)



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

Y, = Y(O/H — 0)

Courtesey: Keith Olive



e ().228 +0.005 Pagel etal
S II densities

e 0.244 +0.002 Izotov etal
“self consistent”

e ().238 +0.002 Fields & KAO
S Hdﬂﬂﬂﬁﬂﬁ

® 0.234+0.003

Courtesey: Keith Olive
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Olive & Skillman (2004)



BBN + CMB 7 + “He abundance

1gh®

0.01 0.02 0.03

R5AHY

Courtesey: Keith Olive



Primordial Deuterium?

Deuterium Lye shifted from H:

ELy(x - OLzlureduced
Ny _ Oy _ M

Ay My 2m
coz =82 km/s

P

Using high resolution spectroscopy,
can measure Directly at highz

But:

 Hard to find clean systems
* Do not resolve clouds

« Dispersion/systematics?

Flux (107 erg s em™@ &7}

Normalized Flux
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Tytler & Burles (2000)



Q0130—4021

L2956

0894

10

\J

CEs 1n

D/H abundan

tion

Quasar apsorp
)
Is there a correlation with a/H?

Is the dispersion real?



BBN + CMB » + D abundance

gh®
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Courtesey: Keith Olive



Primordial Lithium?

Observe in primitive (Pop Il) stars

Li-Fe correlation= mild
evolution

Note most abundant isotope’ls

‘Plateau’ at low Fespite & Spite 1982)

= constant abundance at early
epochs

... SO infer observed.i is
primordial

Measured In over 100 halo stars
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Recently a similar ‘plateau’ ifLi has also been claimed withi/Li ~ 0.1
(Nissen et al 1999; Asplund et al 2001, 2004)
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But the standard expectatiorfis/ ‘Li ~ 10!



Relative flux

10, Lil, HDB84937
5 T
e e RC The ‘detection’ ofLi is based
osel Y\ : on detailed fits to the lineshape
0.95f \ k . heed more data to establish
i ' 6Li /7L ] .
0.94f __ 000 ] this
I 0.06 ]
0.92F o010 ]
: 1 T
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T.JlE .I_j: 5707 A resonance duf:l.;bletl in HD 24937 from S]lLi%l et_al {1?9;3}. The wavelengths .I}f 11_1_15 7.:_1' and 9Li _
ire indicated at the top of the fizure. Synthetic profiles for three “Li" Li ratios are shown — courtesy of Martin Asplund. A B
Stars in whiclPLi is " :
detected are close to the LEties
main-sequence turn-off in s (L
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log Tt

FIGURE 4. The Hertzsprung-Russell diagram for stars from Figure 3 with [Fe/H] = —1.7. Filled symbols dencte stars with a
detection of "Li according to the key in the top left comer of the figure. Evolutionary tracks for the indicated stellar masses and
metallicities are from Vi a.uu:lenBerar et al. (2000}

Lambert (2005)



® Observations based on

- “old:Li/H=12x 10" Spite & Spite +
= Balmer: Li/H=1.7x 10" Molaro, Primas & Bonifacio
- IRPM urH 1611&1—1‘3 Bﬂmfamﬂ&Mﬂlam

Courtesey: Keith Olive
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Ryan, Beers, Olive, Fields & Norris (2000)



BBN versus CMB

0 h?
0.01

0.02 0.03

I]ggN is inagreement with /]~y

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

BaryonicDark Matter:

warm-hot IGM, Ly«a, X-ray gas ...
+

Non-baryonicdark matter:
neutralino? axion? ...

I
™~
3
™~

10-10 |- . ) ' T
10-10 10-9
baryon—to—photon ratio n

Particle data Group (http://pdg.lbl.gov/): FieldsS&rkar (updated Nov 2005)



1
... In more detall ol )

| | 106 i

Predict BBN abundances with = s [ ]
WMAP determination ofiz(blue) - :
compare with observations { =) B i

0
0.5 1 1.5
» D agreement excellerttie also OK 105xD/H 105x3He /H

> But ‘Li is discrepant 1
- systematic errors in observations? |
- theoretical uncertainties? |

- new physics (e.g. decaying relic 96
particles)?— this has additional ¢.4
motivation from the observation
thatbLi has also been observed -2
with an abundance > 1@mes P 00 5 4 B
higher than expected! Y, 101%7Li /H

0.8
s 0.6

Y 0.4

0.2

Cyburt, Fields & Olive (2004)



l | | T | T | T |
= CME Measurements 7

503 WMAF only Lo

Courtesey: Keith Olive



Lithium Systematic Errors

Observational systematics

Measure Li | absorption line(s) to inféLi/H ... T critical (mostly Li II)

But required shift in T scale is ~500 K - veryiyaly (impossible?)
Melendez, Ramirez (2004); Fields, Olive & Vangibitam (2005)

Astrophysical systematics

Stellar depletion over ~Qyr ... if Li burned need teorrectLi, upward

But no scatter seen around “Spite plateau” - &lsqreserved
Ryanet al (2000)

Nuclear Systematics

’Li production channel3He (a, J) ‘Be - normalization error?
But same reaction also key for Solar neutrinos .nddiad Solar model OK!

Cyburt, Fields & Olive (2004)



Limits on Particle Properties

» BBN Concordance rests on balance between
interaction rates and expansion rate.

* Allows one to set constraints on:

- Particle Types o b

i



Constraints from balance of weak rates vs Hubble rate

G3T° ~T(Ty) ~ H(Ty) ~ VGNNT?
through He abunance

17 __L‘HI,I'."I- = = = ..],I. / .l.l
— ¢ fixed at freezeout LA s
b I+ (n/p)

Sets constraints on G. G... N, etc.

Noten-p mass difference is sensitive to both em and strotagactions,
hence*He abundance ixponentially sensitive to all coupling strengths

Conversely obtain bound of < few % on any additionlecontribution to
energy density driving expansion ... e.g. rules ouk of O(H?) always



Example: “Neutrino Counting"”

Element abundances sensitive to 0.8
expansion history during BBN [ VoW |

= observed values constrain . S YD
relativistic energy density 0.6 | <1 T— D+WMAP
H?~ G,Ore| Pret = Pem T Nu,eﬁ Pui [ i YP+D+WMAP

od

(Hoyle & Taylor 1964, Peebles 1966; Shvartsman g
1969; Steigman, Schramm, & Gunn 1977)

Likelih
<o
i

Pre-CMB: .
“He as probe, other elements give 0.2

With » from CMB: - -
o All abL_mdances can be used O % 49 & b &8 & 3
» “He still sharpest probe N,

D competitive if measured to 3% Cyburt, Fields, Olive & Skillman (2004)

5NV = NV — 3 < 1.6 sosinglet neutrino (cf. LSND) illowed



Limits on o from BBN

Contributions to Y come from n/p which in turn come from b.mN

Contributions to Amy:




BBN and Decaying Particles

Extensions of the Standard Model 107
predict new, (typicallyunstable 10-8
particles, which would have been
created (thermally) in early Universe,
e.g. TeV mass gravitinos in supergravit

-~ -3
G - vy Ty,=4x10 s(%)

(Weinberg 1982; Khlopov & Linde 1983; Ellis,
Nanopoulos & Sarkar 1985; Reno & Seckel 198:
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10-9
10-10
10-11

10-12
The high energy photons would have
photodissociated the synthesized

elements= severe limits on

decaying particle abundance as a 10-16
function of its lifetime 104 10° 10° 107 10° 10° 10'° 10 102

10—13

10-14

Mass X relic abundance (GeV)

. . : particle lifetime (s)
This implies that the highest temperatur

reached in our past (after inflation) was
< 1® GeV - constraint on baryogenesis! Cyburtet al 2003



Does the Lithium anomaly imply new physics?

%L1 is easily produced in the early Universe by the
decay or annihilation of relic particles

"Li is easily destroyed during BBN when a weak

non-thermal hadronic source Is present

both problems may be solved simultaneosly by the
decay of a relic 1000 sec after the Big Bang

Jedamzik (2000, 2004)




Summary

Observational inferences about the primordiallytsgaised abundance

of D, 4He and’Li presently provide thdeepest probe

of the Big Bang,

based on amstablished physical theory

The overall concordance between the inferred pamababundances of D ariHle

with the predictions of the standard cosmology negumost
universe to be non-baryonind enables constraints to be

of the matter in the
placed on any gros

deviations from the usual expansion history (edgliteonal neutrinos or dark energ

However anomalies in the abundanced.ofind ’Li have been

Interpreted as indications for new physics beytredStandard Model
(viz. unstable supersymmetric particles) ... need betteerstanding of
the astrophysical processing of lithium to investaegthis further

Nucleosynthesis still marks the final frontier as @ look back to the Big Bang!



