Big Bang Nucleosynthesis
and Constraints on the Variation
of Fundamental Couplings

e BBN and the WMAP determination of m, QBh2

* Observations and Comparison with Theory
-D/H -“*He -'Li

e Cosmic-ray nucleosynthesis
- %71 - BeB

* Variations of Fundamental parameters

* Sensitivity to BBN
= AmN - Tn BD
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Conditions in the Early Universe:

T 21 MeV
2

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+y ['y ~npo

p+n«—D+~y I'g ~ nvae_EB/T
Nucleosynthesis begins when [') ~ 14

M e=EB/T ] QT ~ 0.1 MeV

np

All neutrons — *He

Remainder:

D, “He ~ 107° and Li ~ 107!Y by number



Table 1: Key Nuclear Reactions for BBN
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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 dwartf halo stars:

abundance by number = 10'10




D/H

® All Observed D 1s Primordial!

® (Observed in the ISM and inferred from
meteoritic samples (also HD in Jupiter)
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D/H abundances 1n
Quasar apsorption
systems

Q0130—-4021

kQ1009+2956

' %Ksms?—wog




D/H

® D/H observed in Quasar Absorption systems

® [s the dispersion real?

® s there a correlation with o/H?

Fields, et al.







“He

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

Y, =Y(O/H — 0)

4He is Primordial!
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0.228 + 0.005 Pagel etal
S II densities
0.244 + 0.002 Izotov etal
“self consistent”™
0.238 +0.002 Fields & KAO
S II densities
0.234 +0.003 Peimbert etal

“self consistent”

(the latter 1s based on a single careful measurement of
Y =0.240 + 0.002 for the SMC at [O/H ] = -.8)




“He

0.30
0.28
0.26

0.24

i S e e e S T
c) 5 He I lines
Y, =0.2421 £0.0021 |
: 18 - =
— %@ _




Method:

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

® Use 6 He emission lines to determine physical
parameters:

bsorption,
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Y =0.2495 £ 0.0092
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Li/H
Measured in low metallicity dwarf halo stars
(over 100 observed)

el




.1 Woes

® (Observations based on

“old”: Li/H=1.2 x 10719 Spite & Spite +
Balmer: Li/H=1.7 x 1019 Molaro, Primas & Bonifacio
IRFM: Li/H=1.6 x 101 Bonifacio & Molaro

IRFM: Li/H = 1.2 x 1079 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
A6104: Li/H ~3.2x 1010 Ford et al.

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

® Strong systematics
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Possible sources for the discrepancy

e Stellar Depletion

= lack of dispersion in the data, OLi abundance
= standard models (< .05 dex), models (0.2 - 0.4 dex)

® Nuclear Rates

= Restricted by solar neutrino flux

Cyburt, Fields, KAO




Possible sources for the discrepancy

® Nuclear Rates

= Restricted by solar neutrino flux

e Stellar parameters
dLz




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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6L1BeB

Form, = 6

°Li/H = 10-14

Be/H = 0.5-5x 10-1°
I0B/H = 2 x 10-20
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
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Problem 2: There appears to be a °Li plateau
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IRFMZ Data

e pure IRFMZ
= Carney
sother

GCRN production of
Be and B
including primary and
secondary sources




Possible Solution: Cosmological Cosmic Rays
(to problem two only)

® Cosmic Chemical Evolution

e Early Reionization and Massive Stars

e Cosmic Ray Production and Propagation in an expanding Universe
-9




Summary

® D, He are ok -- 1ssues to be resolved

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

L1 plateau?
® [mportant to consider:




How does a Fundamental
Constant Change?

1 M
<¢> - 167G N _16—5;

1 1
<¢> — 4¢2 — 167a
Does this ever happen?

e.g. JBD Theory




with a conformal rescaling,

S =1d'z/g R - (w+ 3%

1 (@Ly)z U Pw
2 ¢3/2
02 ¢

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

m, ~ 1/¢1/2

the same is true for the Higgs expectation value,

GFNLN1/¢

2
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Keck/HIRES data

Murphy et al.




Chand et al.
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Also from quasar absorption systems:

Using molecular rotation lines (which depend on n = mp/me
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Limits on the variations of o

Cosmology

The Oklo Reactor
Meteoritic abundances

Atomic clocks




BBN Concordance 0.02 0.03
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10-10 =
10-10 10-8
baryon—to—photon ratio 7




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

~ G_Am/ I fixed at freezeout

n
p

Helium abundance,

, 2(n/p)
Yo~ )

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



Contributions to AY:

AY ., 1 An/p)
Y = 14n/p (n/p)

A(n/p) ~ AmN(ATf A2mN)
(n/p) — Tp N1y Amy

Contributions to Amy:

Ampy ~ atemN\ocp + bu

electromagnetic weak
-0.8 MeV 2.1 MeV

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




Limits:

A(n/p) ~, Amzv(ATf Azmzv)
gyl S S i

If the dominant contribution from A«
is in Amy then:

AY . A’my | Aa
v = Ay - < 0.05

If Aa arises in a more complete theory
the effect may be greatly enhanced:

~ 0(100)22 and 2% < few x10*




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




Quantities of importance for BBN

Q=mp—my=aal+ (hqg—hy)v,

A Ao AA .
< - ]+1.6[A(hd Yu) |, A

hd—hu v

Av A(hd — hu)
—4.8— +1.5

A
+3.8 ( =+

0%




eutron Lifetime Measurement

A

Mathews et al.



Using a potential model,

AB A o A w A
20D g2 | 5o 2w | g 2V

and the dependence on /A, by dimensional grounds,

ABp/Bp = 8AA/A.

But there 1s also a dependence on quark masses.




The scalar cross section
4m

03 =—L[Zf,+ (A= 2)f)°

T

fp - @3q 2 () X34
m Z qu 27f Z

p q=u,d,s b,tmq

myfih = (plm,dqlp) =

determined by

1
OrN = 2 = §(mu + mq)(By + Bg)

will take:

2 =45 GeV or 64 GeV



Strangeness contribution y = 2B,/(B,+ By)

with

and

giving

and

mp




Repeat calculation for contribution of
quark masses to 0 and ®

—8—— —17
Bp A

ABp AN (Av Ahs)
— +
v h

contributions from u and d are negliglible

Alternative:

Use dependence from pion mass




Coupled Variations

Campbell and Olive
Langacker, Segre, and Strassler
Dent and Fairbairn

Calmet and Fritzsch

Recall, Damour, Piazza, and Veneziano

R~ 30, but very model dependent Dine et al.




Net sensitivities due to A

v h Q

Av  Ah A
1.5( C 4 )—0.6(1+R)—O‘,

v h Q
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Fermion Masses:

Also expect variations in Yukawas,

But in theories with radiative electroweak
symmetry breaking

Thus small changes in h;
will induce large changes in v




Define another sensitivity parameter

related SUSY finetuning parameters

my, =114 GeV |
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With, A ~ 100 - 400 (1000), A: ~ 80 - 250 (500)
Putting both relations together:

ABD Ah JANG!
- —15(1 - -
T 5(1+8) == +8R—
AQ
Q

ATy, Ah
TT ~(8+45)— +38(1 +

1.5(1+ ) % ~0.6(1+
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A
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A/h = 0 and 1.5x10° Effect of variations of h (S = 160)

Mass fraction

Notice effect on L1

4
10

Time (s)




m, B, an and T variations

Mass fraction

2
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S = 80, 160, 320, Ao/a=0

For S = 160,

Mass fraction
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S =160, R = 0, 36, 60, Ac/o=2Ah/h

For S = 160, R = 36,

Mass fraction
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Finally,

Ah/h = 1.5x10° Aa/a. = 2Ah/h, S = 160.
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Summary

While possible, there are many constraints on
the variations of o

BBN constraints (when coupled variations are
considered) are of order 10-°

Solution to 7Li problem?




