The production of the light elements
from D to B

* BBN and the early Universe
e WMAP determination of n, QBh2

* Observations and Comparison with Theory
- D/H



Conditions in the Early Universe:
T 21 MeV
2
p=502+1+IN,)T*

n=ng/n, ~ 1071

f-Equilibrium maintained by
weak interactions

Freeze-out at ~ 1 MeV determined by the
competition of expansion rate H ~ T%/M, and




Nucleosynthesis Delayed
(Deuterium Bottleneck)

p+n—>D+7 FPNTLBO'

p+n <—D+vy I'g ~ nvae_EB/T

Nucleosynthesis begins when ['), ~ 'y

g—;e—EB/T ~ 1 Q7T ~ 0.1 MeV
All neutrons — *He
2
1+ (n/p)

Remainder:

D, “He ~ 107 and Li ~ 107! by number



Decline:
BBN could not explain the
abundances (or patterns) of
all the elements.

= growth of stellar nucleosynthesis
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Decline:
BBN could not explain the
abundances (or patterns) of
all the elements.

= growth of stellar nucleosynthesis

But,

Questions persisted:




ap,¥

i

=0

1 F I!-l=
'ﬁEI
AT N By

11

iL1]

ael
AN LY B
e i =
] v
{one e

iE] 21
-
- F F = F
[ 0 :; 8]
J’k J' ,'.F‘
N|
£E ,r"
3 S
i 4 5
C c [os C C
/
% .
]
's n
.'EI I
L Loy
P Ill::‘l'/ a,p
/ h
p. P
.0

Frz. 1L.—Reaction network used in the code. Estimated reactions are shown with dasbed lines,




Table 1: Key Nuclear Reactions for BBN SRRMLL B R 0.7 gy
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Big Bang Nucleosynthesis

® Production of the Light Elements: D, > He, 4He, Li

¢ *He observed in extragalctic HII regions:
abundance by mass = 25%

¢ ’Li observed in the atmospheres of dwarf halo stars:
-10




D/H

® All Observed D 1s Primordial!

® (Observed in the ISM and inferred from
meteoritic samples (also HD in Jupiter)

® D/H observed in Quasar Absorption systems

QSO Zem Zabs log N(HT) [O/H]b log (D/H)
(cm™?)
HS 010541619 2.640 2.53600 19.42 +£0.01 —1.70 —4.60 4+ 0.04
Q09134072 2.785 2.61843 20.34 +=0.04 —2.37 —4.56 £ 0.04
Q10094299 2.640 2.50357 17.39+£0.06 < —0.67¢ —4.404+0.07
Q12434307 2.558  2.52566 19.73 £0.04 —2.76  —4.62 £ 0.05
SDSS J155810.16—003120.0 2.823  2.70262  20.67 £ 0.05 —1.47 —4.48 &+ 0.06

Q1937—-101 3.787  3.57220 17.86 = 0.02 <—-0.9 —4.48+£0.04
Q2206—199 2.559 2.07624 20.43 £0.04 —2.04 —4.78 £0.09
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D/H abundances 1n
Quasar apsorption
systems

BBN Prediction:
105D/H = 2.74+9:26

Obs Average:
100 D/H=2.82+0.21

) l ) ) ) ) l ) ) ) )
AQ0130—4021
(o e
T
o Y AQ1009+2956
-{
X SDSS1558-0331
as) APKSM937-1009
. Q0913+072
A
HS0105+1619
Q1243+3047 Q0347-3819
N b
06-199
Qa2 LISM ¢
PKS1937-1009
o ] ! ! ]




Q,h?

0.01
O¢26 . i I T T 1 r rrri

0.02 0.03




“He

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

Y, =Y(O/H - 0)

P

.00 —

080 - 4He is Primordial!
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M. Peimbert et al.: The chemical composition of NGC 2363 267
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“He
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Method:

® Intensity and Eq. Width for H and He
® Determine H reddening and underlying absorption

® Use 6 He emission lines to determine physical
parameters:

absorption, ‘
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261

251

Yp =0.2495 + 0.0092




0 h?
0.01 0.02 0.03

“He Prediction:
0.2484 + 0.0005

Data: Regression:
0.2495 £ 0.0092




Li/H
Measured in low metallicity dwart halo stars
(over 100 observed)
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.1 Woes

® (bservations based on

- “old”: Li/H=12x 101" Spite & Spite +
- Balmer: Li/H=1.7x 10719 Molaro, Primas & Bonifacio
- IRFM: Li/H=1.6x 101  Bonifacio & Molaro

= IRFM: Li/H = 1.2 x 107! Ryan, Beers, KAO, Fields, Norris
= Ha (globular cluster): Li/H =2.2 x 101Y  Bonifacio et al.
- Ha (globular cluster): Li/H = 2.3 x 1071 Bonifacio

- M6104: Li/H~32x 1019 Ford et al.

® LidependsonT,In g, [Fe/H], depletion, post
BBN-processing, ...

® Strong systematics
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Possible sources for the discrepancy

® Nuclear Rates

= Restricted by solar neutrino flux




Coc et al. consider large variations of certain rates.
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BBN L. sensitivites

Key Rates:
SHe (a.,y) 'Be

Reaction/Parameter

sensitivities («;)

7710/614
n(p,v)d
SHe(a, v) " Be
SHe(d, p)*He
d(d,n)’He
"Be(n, p)"Li
Newton’s Gy
d(p, ) He
n-decay
N, op7/3.0
SHe(n, p)t

+2.04
+1.31
+0.95
—0.78
+0.72
—0.71
—0.66
+0.54
+0.49
—0.26
—0.25
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actor (keV barn)

New 3He(a,y)’Be measurements

| | | | | | | | | | | | | | | | |
- Prompt Activity .
N\
e ¢ Brown et al. ~ Brown et al. —
\
F\ ¢ Confortola et al. $ Confortola et al.

o Gydriky et al. —
o Nara Singh et al-




S..(E) [keV b]

% deviation

0.7

0.6 K

05 |

0.4

- -- Cyburt '04
—— Cyburt & Davids

.....

0.5 1
Relative Energy (MeV)

1.5

17% increase 1n S
= 16% 1ncrease 1n L1



baryon density Qh?
0.01

In addition,

_ 1.5% increase 1n 1,

3 leads to 3% increase
in Li (Li~n?%12)
plus another ~1%

= from pn

=

Cyburt, Fields, KAO



Possible sources for the discrepancy

® Nuclear Rates

- Restricted by solar neutrino flux

e Stellar Depletion

Vauclaire & Charbonnel
Pinsonneault et al.

Richard, Michaud, Richer
Korn et al.




Stellar Depletion in the Turbulence

Model of Korn et al.
30— T T T T T T T T T T
e e
/2| S R :
- t { Note new BBN Li result
o [ T . .
T 50l 1 pushes primordial value up from
= 1 2.63t02.72




Possible sources for the discrepancy

® Nuclear Rates

- Restricted by solar neutrino flux

e Stellar Depletion

6

= lack of dispersion in the data, “Li abundance

Vauclaire & Charbonnel
Pinsonneault et al.

Richard, Michaud, Richer




Reappraising the Spite Lithium Plateau: Extremely Thin and
Marginally Consistent with WMAP

Jorge Meléndez! and Ivdn Ramirez?

New evaluation of surface temperatures
in 41 halo stars with systematically higher
temperatures (100-300 K)
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Recent dedicated temperature determinations

(excitation energy technique)
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Resulting Li:

2.6

2.4

A(Li)(dex)

Hosford, Ryan, Garcia-Perez, Norris, Olive




Possible sources for the discrepancy

® Nuclear Rates

= Restricted by solar neutrino flux

e Stellar parameters
dLi .09 dLi .08




Solution 1: Particle Decays

DH |

3e-05 |

Jedamzik




Effects of Bound States

e In SUSY models with aT NLSP, bound states form
between 4He and T

eThe “He (D, v) Li reaction is normally highly
suppressed (production of low energy )

eBound state reaction 1s not suppressed

D Y °Li
4He 6L1 O (4HGX_) X_

Pospelov
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Possible sources for the discrepancy

® Stellar parameters
dLi .09 dLi .08

ding .5 dT ~ 100K

® Particle Decays




Limits on the variations of o

Cosmology

The Oklo Reactor

Meteoritic abundances

Atomic clocks



How does a Fundamental
Constant Change?

1 M
<¢> 167Gy _16—];

S
<¢> ~ 4e?2 T 16ma
Does this ever happen?

e.g. JBD Theory



with a conformal rescaling,

S =rd'ay/g |R— (w+ 3%

1(0w)?*  V(y _ Upyv
2 0 P2 $3/2
WA, 1 12 A
=l

now, M,(Gy), and « are fixed but
particle masses scale with o,

), ~ 1/¢1/2
the same is true for the Higgs expectation value,

Gp~ 5~ 1/¢

2



How could varying o atfect BBN?
G%T° ~ T(Ty) ~ H(Ty) ~ \/GNNT]?
Recall in equilibrium,

~ G_Am/ L fixed at freezeout

1L
p

Helium abundance,

If Ty is higher, (n/p) is higher, and Y is higher



Limits on o from BBN

Contributions to Y come from n/p which in turn come from AmN

Contributions to Amy: Kolb, Perry, & Walker

Campbell & Olive
Am N aaemAQO D+ bv Bergstrom, Iguri, & Rubinstein

Changes in o, Agcp, and/or v
all induce changes in Amy and hence Y




Approach:

Consider possible variation of Yukawa, h,
or fine-structure constant, o

Include dependence of A on a; of v on h, etc.

Consider effects on: Q = Amn, T~, Bp

and with
ABD A«
AQ Ax
=< — (0.1+0.7S —0.6R)—
0 (0.1+0.75 ~ 0.6R) —

At A
™ 02425 — 3.8R]— ,

Tn Q
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61BeB

Form, = 6
°Li/H = 10-14
‘Be/H = 0.5-35x 1019
I0B/H = 2 x 1020

IHB/H = 3 x 10-16
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61
In the happy but not too distant past:

Li (@ [Fe/H] ~ —2.3):

HD 84937: °Li/Li = 0.054 + 0.011
BD 26°3578: °Li/Li = 0.05 & 0.03

SLN




These data nicely accounted for by Galactic
Cosmic Ray Nucleosynthesis

A e e e e e e
—— GCR + changing [0/Fe],
——— GCR + constant [0/Fe], ~
10-10 ‘
7
//
o /

> 101 173/




Problem 2: There appears to be a °Li plateau
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Possible Solutions

1. Particle decays - could solve both Li isotope problems

2. Cosmological Cosmic Rays
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IRRNE
i 1 GCRN production of
107" £ IRFM2 Data E Be and B
E [0/H],, .= —1.37 E . . .
T 10-12 b 1 including primary and
L E —— 3 secondary sources
1013 = =
1014 | i
; I I I I | I I I I | I I I I I I I§
10-s L *pure IRFM2 g
= o Carney .
- cother T .




Summary

® D. He are ok -- issues to be resolved

® Li: 2 Problems
= BBN ’Li high compared to observations

- BBN °Li low compared to observations
6Li plateau?




