Big Bang Nucleosynthesis

* BBN and the early Universe

* Observations and Comparison with Theory
- D/H

- 4He:
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Historical Perspective

Intimate connection with CMB

Alpher
Herman

Conditions for BBN: Gamow
Require T > 100 keV = t < 200 s

ovip+n—=D +vy)=5x 10"Ycm’/s

= ng ~ 1/ovt ~ 1017 cm™



WMAP best fit

Qgh? = 0.0225 + 0.0006
N9 = 6.16 £0.16

WMAP 7yr § -
ACBAR # 1
QUaD ¥ 1

)C,TT/(2m) [UK?]
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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

Friday, July 20, 12



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
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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:

25% (by mass) of “He
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Fig. 1.—Reaction network used in the code. Estimated reactions are shown with dashed lines




Table 1: Key NuClear Reactions for BBN [T |||||||| T T TTTIT T |||||||| O.? T pTTTTTT ||||||||||||||E
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Q, h?
0.01 0.02 0.03
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Bi1g Bang Nucleosynthesis

® Production of the Light Elements: D, 3He, 4He, i

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

’Li observed in the atmospheres of dwarf halo stars:
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D/H

® All Observed D i1s 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(H1) [O/H]* log (D/H)
(cm™?)
HS 0105+1619 2.640 2.53600 19.42 £ 0.01 —1.73 —4.60 £ 0.04
Q09134072 2.785 2.61843 20.34 £0.04 —2.40 —4.56 £0.04
Q10094299 2.640 2.50357 17.39£0.06 < —0.70° —4.40 £0.07
SDSS J1134+5742  3.522  3.41088 17.95+0.05 < —1.94 —4.69 = 0.13
Q12434307 2.558  2.52566 19.73 £ 0.04 —2.79 —4.62 £0.05
SDSS J1337+3152 3.174 3.16768 20.41 £0.15 —2.68 —4.93 £0.15
SDSS J1419+0829 3.030 3.04984 20.391 &£ 0.008 —1.92 —4.596 £ 0.009
SDSS J1558—0031 2.823 2.70262 20.67 £ 0.05 —1.50 —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 —2.07 —4.78 £0.09
Q347—-3819 3.23  3.0245 20.626 £ 0.005 —0.82 —4.426 £ 0.029
CTQ 247 3.02 2.621 20.45£0.1 —1.99 —4.55£0.11
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QS0 1937-1009
Z,p, = 3.572

a
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D/H abundances 1n
Quasar apsorption
systems

BBN Prediction:
1°D/H=254+0.17

Obs Average:
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baryon density (. h?
10-2 &

\
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“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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120

100
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“He

Measured in low metallicity extragalactic HII

regions together with O/H and N/H
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w/ 4026
(dispersion=0.0056)
w/o 4026
(dispersion=0.0352)




Results for He dominated by systematic effects

eInterstellar Redding (scattered by dust)
eUnderlying Stellar Absorption Chi-Squared with y*
eRadiative Transfer O N NN
eCollisional Corrections

N
N
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rature (/10%) [K]

MCMC statistical techniques have proven
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Using %? as a discriminator

R
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Marginalized %? He from MCMC analysis:
the bad and the good

Poorly Constrained y* | | | | Well Constrained y"

- |
A ot A0 i e
|
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0.30

0.29

0.28

0.27

> 0.26
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Final Result

Final Dataset




baryon density Q h?
102 o

“He Prediction:
0.2487 + 0.0002

Data: Regression:
0.2534 £ 0.0083
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Li/H
Measured in low metallicity dwarf halo stars
(over 100 observed)
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Possible sources for the discrepancy

® Nuclear Rates

= Restricted by solar neutrino flux
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BBN L. sensitivites

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




Require:

0.267 keVb

047 } globular cluster Li

New 3He(a.,y)’Be measurements

Prompt Activity =

0.136 keVb
—0.73

}halo star Li . $ Brown et al. ~ Brown et al. —

¢ Confortola et al. § Confortola et al. |
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Resonant Reactions

Cyburt, Pospelov
Chakraborty, Fields, Olive
Broggini, Canton, Fiorentini, Villante

Is there a missing excited state providing a resonant
reaction?

Be+ A —- C*— B+ D
In principle, long list of possible resonance candidates
® Excited states of 81 (included)
® 3Be (some included) - large Ecs
® 3B (included)

® °B - interesting state at 16.71 MeV
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e I0B - interesting state at 18.80 MeV

e 10C - potentially interesting state at 15 MeV

e lIC - negligible effect

~16.5 @ 1 5 O
=10 'Be + He
6.580 @)
538
51012 322
“Be+a.
3.8209 4.0060
*Be+2p 33536 2 B+p
1000
=
z
<
0"1 % —a835
2mc? C
%
36480 l 3.6666
R "B+ He-t
\\\\\\\ 44304
\\\\\\\\\ 10B+p n ’/”/.
- 06-04 e
-23.3595 P
2Cip-t -
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eg.1f a 1- or 2- excited
state of 10C were near
15.0 MeV .....
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e I0B - interesting state at 18.80 MeV

e 10C - potentially interesting state at 15 MeV

e lIC - negligible effect
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eg.1f a 1- or 2- excited
state of 10C were near
15.0 MeV .....



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.
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Possible sources for the discrepancy

® Nuclear Rates

- Restricted by solar neutrino flux

e Stellar Depletion

6Li abundance

() A

= lack of dispersion in the data,

Vauclaire & Charbonnel

Pinsonneault et al.
Richard, Michaud, Richer
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Possible sources for the discrepancy

® Nuclear Rates

= Restricted by solar neutrino flux

e Stellar parameters
dLi .09 dLi
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Limits on Unstable particles due to

Electromagnetic/Hadronic Production and
Destruction of Nuclei

3 free parameters

Cx =nxmx/ny =mx Yx1, mx,

and Tx

eStart with non-thermal injection spectrum (Pythia)

eEvolve element abundances including thermal (BBN)
and non-thermal processes.
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E.g., Gravitino decay

Cyburt, Ellis, Fields, Luo, Olive, Spanos
G— ff.G=X"W (H),G—v2),G— X HG - jg.

plus relevant 3-body decays

102_I_I'I'I1TI'I'| |||||I'I'I'| |||||I'I'I'| |||||I'I'I'| |||||I'I'I'| T T 1T 102_I_I'I'I'I11I'| |||||I'I'I'| |||||I'I'I'| |||I'I'I'| |||||I'I'I'| T T 11T
tang=10 '
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B 1072}150.<m, ;,<200. - B 1072}150.<m, ,,<200. §
Q Q. \
o 250.<m, /,<300. @ 250.<m, ,,<300.
= 300.<m, /,,<350. = 300.<m, ,,<350.
(8] -3 | (8} -3 |
3 107 r400.<m, , 8 1077 T400.<m, ,,
C C
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2 2
Q 10-4 — - Q. 10—4 L _

10_5 1 |||||||I 1 |||||.|,|I 1 |||||.|,|I L1l | 10_5 1 |||||||I 1 |||||.|,|I 1 |||||.|,|l 1 |||||.|,|I 1 |||||.|,|l AT

103 1072 107" 10° 10' 10® 10° 103 1072 107" 10° 10" 10* 10°
kinetic energy € [GeV] kinetic energy € [GeV]
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Jedamzik

Injection of p,n with
timescale of ~1000 s

'Be(n,p)’Li
followed by

Li(p,a.)*He




6Li/H=10-
//Ll(H—lOg
S~

-
- \\_19:10
-~ TN\

- ~ _lo-u

Bh =1 ~_ -
2E  =my=1TeV 10-12
7=6.1x10-10

0 o
Log,,(74/sec)

Jedamzik Kawasaki, Kohri, Moroi
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Gravitino Decays and Li
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m3/,= 500 GeV
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m1/2= 400 GeV
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How well can you do

7 .

Y, —0256\2 (2-282x10") [L_1.23x10"

+ +
0.011 0.27 x 10-5 0.71 x 10-10

SBBN: x? =31.7 - field stars
SBBN: y2 = 21.8 - GC stars*
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General feature of “fixing” Li: Increased D/H
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Point C

Point E




Evolution of D, L1

% BBN value

Mean value, Sbordone et al (2010) -
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Effects of Bound States

e [n 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 V)

eBound state reaction 1s not suppressed

D Y °Li
4He 6L1 Q (4HGX_) X_

Pospelov
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Possible sources for the discrepancy

® Stellar parameters
dLi .09 dLi .08

ding .5 dT ~ 100K

® Particle Decays
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Constraints from balance of weak rates vs Hubble rate
G%T5 ~ F(Tf) ~ H(Tf) ~ \/GNNT]?
through He abunance

e fixed at freezeout Y ~ -20/p)

Y

n
p 1+(n/p)
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Limits on Particle Properties

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

 Allows one to set constraints on:

0.28 |- et — =

- Particle Types - /
0.24 /
- Particle Interactions /

0.2

D/H

- Particle Masses ; 7

z 107 ¢ E
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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
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Approach:

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

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

Consider effects on: Q = Amn, T™~, Bp

and with
ABD Ao
AQ Ax
— = (0.1 7S5 — 0. —
5 (0.1+0.75 — 0.6R)—

At A
™ 02425 — 3.8R]— ,

Tn (87
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Al/h =0 and 15<10° Effect of variations of h (S = 160)

Mass fraction

————————— Notice effect on 7Li

10 102 1()3 104

Time (S)
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Mass fraction

SHe/H, D/H

"Li/H

S =240,R =0, 36, 60, Aa/o=2Ah/h

For S = 240, R = 36,

0.26 -
0.25 *Q\\\
C He NS
0.24 _— ~ - \\
023 S
0.22—|||||||||||||||||||||||||||| _1.6><1O_5<
- D E .
’_(/‘_’:’_-ﬁ"’"tf_ —==
5 .
10 e =
— 3
- He :
1 111 | 1111 | 1111 l L 111 | L 111 | L 111
L I : .
B . T T
-10 . REEN \\
10 :_ O ~ -
:I 111 | 1111 | 1111 I L 111 | L 111 | L 111
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
4
x 10
Ah/h

A _
h

2.1 x107°
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Summary

® D. He are ok -- i1ssues to be resolved

® Li: Problematic
- BBN ’Li high compared to observations
® [mportant to consider:

= Nuclear considerations
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