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Checkpoints

A Abundance basics .
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A Primordial Element Problem(s
I Lithium Problem
I Deuterium Problem?
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Abundances 101

A Ratio of some element to another (usually H)

A Notations/ Represen;ations
i Mass fraction X, = —-
rtOt
X1 X, Y1X. Z!X

metal

|
i Abundance (wrt H, by number)ﬁ Lyl

~

yHe,soI =01 yFe,soI . %llz__leg =3.28 105
(; —



Start: Solar Abundances
A Drop towards high 101 /\——

mass numbers 2 o ” ,2% Anders & Grevesse 1989
i Increasing Coulot 1 °]f | » ?
barrier £ 1of Boll JI[®s T Moy,
A Zigzag pattern S > ;- °”Capa,,@
I Odd vs even 5o
A LiBeB drop 5 o o
i Inefficient LiBeB "ok 5/ T e SV
fusing in BBN 10~ 50 100 150 200

mass number A =272 + N

A Iron peak- equilibrium

A A~130, 200 peakss (low) & r(apid) processes
“(neutron capture) e e 4
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|. Hubble Expa = 2

II. Cosmic I\/flﬂingrbwawféwB'ackg Fé“a?id ~ T+24310

Ill. Big Bang Nucleosynthesis (BBNY+1 sec.
The earliest probe!
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Primordial Nuclear Reactor

A Hot, dense, expanding Universe
i Sinthesis of lightest elementsD, *He,*He, ‘L1

I Race against expansion (faster expandess time
for BBN!)

A Initial conditions + physics P———
A Get primordial abundances
A Compare with observations!
A Test physics and cosmology
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Standard BBN: Framework

A Standard model of particle physics[-€DM
cosmology

A General relativity
A Expanding, homogeneous Universe

I Friedmann equation
(;a— 3
a(t) =——  Cosmic scale factor

1+ 2z

r=ar Mass energy density of all cosmic species
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The Key

A Only one free parameter! Controls SBBN!
Baryon-to-photon ratio

nt b =2 743 108002

ng 2
Wb = rb rcrit = 3HO
rcrit 8/13
A Constant! BBN determines baryon density!
n T° U._
9 . _,uY h=const~10"
n, a” Ty
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Initial Conditions

AT~1MeV, t~1sec

A Cosmic radiation

I Thermal photons and (anti)neutrinoRelativistic
(M<<T)

I Hectrons and positrong m<T

A Cosmic matter
I Neutrons and protong non-relativistic m>>T

A Radiationdominated epoch
I Dynamics dictated by radiation species

r rad 2 >rrna‘t



Just before...

AT>1MeV, t<1sec

A Nucleons in equilibrium
I Fast (G. ,>>H ) weak interactions

n+n,2 p+e
p+7.2 n+e’
a +

n¢ p+e +n,
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Weak Freezeut

A Expanding, cooling universe favours lighter
protons

AAtT~0.8MeV, t~1 sec.

A Reaction rates not fast enough for expansion
Ge , < H

A Nucleon conversion reactisrstop

A Ratio freezes @ Mo % &

n _ o (my-my)/T

P



Deuterium Bottleneck

a
N+ p d +g2.223\/lev

A But! 2.2 MeV photons destroy &

A Most photons have € 1 MeV but still enough
of 2.2 MeV photons in thermal tall

A Must wait for deuterium!
A Neutrons keep decaying (~ 10 min%-

N
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Fusion time!

AAtt~ 3 min, T~ 0.07 MeV
A D abundance rises fast!
A Light elements are fused! Main reactions:

‘H+°H- °He+n

*He+’H- “He+ p
*Het’H- 'Li+g

A STy
igf"' mu%eot
= ‘ﬁ-’”ﬁh‘% ’§
= % (g :
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The Qutcome

A “He very stable production favored

A No stable nuclei at A=5 and A=l8eavier
element production suppressed
i For heavier, must fuse D, T #tewith “He
I Large Coulomb barrier
A Most neutrons go into*He
I He not very sensitive to baryon density

Y, @.24

X
]
=z
2

&

5

N

o

Ep

A STy
< mu%eot
i 2

zﬁ;



qf’“pﬁwsr

& o)
;ﬁiﬁ\.&%
2‘ 3 -, ) -

Qg e

The Qutcome

A Incomplete nuke burning

I Not all neutrons used up
i Traces of D’ He and'Li

I Trace abundance strongly dependant on nuke
freezeout T- baryion density

ABBN stops @ T ~ 30 keV, t ~ 20 min

Nuclear freezeout!

(except for the unstable onesremaining3H decays,
.S biLI§ b
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Primordial abundances vs. &
Baryonto-photon ratio

A If higher nucleon (baryon) density
I BBN starts earlier more nucleons, higher temp.,
more complete burning
AMore 4He made

AlLess D anéHe left
ALi made 2 ways:

"H(a,g)'Li *Hela,g)'Be- L

Less stable under proton collisions Strongly bound
Dominates at low baryoto-photon Dominates at high baryeto-photon
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SBBN Predicted Abundancé

0.26 | D{?lhl 0:32 0.,03
ramm plot 028 Cyburt et al. 2004, 2008
A Abundance vBaryon *
density
A Curves: SBBN
A1 errorsc nuclear
crosssections
10-°F 5
A Measure abundance! _
A Done! a
10-10 | . ) , o e
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Stuck In the future Dl

A Abundances today not same as after BBN
A Look at (close) to primordial systemsow
metallicity
i Correct forlggy , t

A Where to look?
I D¢ apsorption towards QSO (UV)
i SHe (I)¢ emission in galactic HIl regions
i 4He (Il, I} emission in extragalactic HIl regions

i ‘Lic¢ apsorption in atmospheres of lometallicity
halo stars

A Different systems but look for concordance?

obs Changes as best as you
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HopelessHe...

A Complicated history
I Qars burn D to makéHe, burned to makéHe
I More survives In cooler stars

I Net production...but depends on destruction
production balance

A Only observed in Galactic HIl regians
hyperfine transition

A Must extrapolate from today to BBN epoch
A Too model dependant!



Hopefull*He

A Produced in stars

A Stablec once create, difficult to destroy

A Net increase with time

A Back in timeg primordial plateau should exist

A Measured in lowmetallicity extragalactlc HI
regions

A.dzii Y20SODP¢ 5N

HjianasRPredanoviei@ys- Cosmology Wo Shop st
predapwe @df.uns.ac.rs
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Hopefull*He
A“*He vsMetallicity
(oxygen) ozs | T
A Extrapolateto 0 ™= |7 i o
metal.
Y, ops=0.2384° 0.0025 L
Peimbert et al. 2002
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PromissingdLi Ak

A Fragile, destroyed in stars

A But produced in CR interactions
(fusion,spallation) and neutrinproces in SN

A At low metallicity should see a plateau
A Pop Il, lowmetallicity, cold halo stars
A Spite plateau
Spite &Spite (1982) 3:_ © Travagioetal. 2001 ., 15

A Primordial Li!

2.5 F

log €(Li)
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Promising’Li “:»f—s

A Spite plateau?
A More data reveal a slope

A Pre-galactic Li (rather than prlmordlal)
A Stellar modelingg ~ °

systematic uncertainties._.
i Temperature scale |

5:7 151 °Li 4
| Mixing (LI fragilel) = .,
1.0 v o1l 3 Q‘ i Q*\L\L 5
» v
05H ll// [ I @ 1
[ \ v |
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Deuterium- Baryometer of Choieé
hQaSFk N} S
A Strong baryon density dependance — QsoHsp105+1619

A Very fragilec simple history IS
A Only net destructionepstein et al. 1976,
Prodanovic & Fields 200@)Stellar “Lyf Y

.
A
processing EEREP
L‘n\"' H (
ety

s s e o

A Easy to extrapolate to zero metallicity 5 " .

A Observe in higiz quasar apsorption 3
Ly systems e

. ] UYL Al

[ Quasars @ z ~ 3 in the background ofa .- AW

i by,

cold H cloud ALY
i D not same as H! Line shifted! )

A | Fi— !
W ANRJ"\JE'»,“/" "n"p‘."}b“ ,r'f' *‘W’M'“}r r’f/;'ﬁw’ i
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Deuterium- Baryometer of Choicée

| llllllll

1) =0.45° 0.03

0.8 T T T

A Evolution of D with | Iog(lOS(DI/I;I)

|

metals | g% 0 @082 10°
0.6 — (; +p . i@ -
D ~ e'Z/ZsolD H 7 4
P = | I 5

Zgso=001Z, ¥ Doso® D=t
A But scatter! -
A Systematics?
A Need more systems! | Pettini et al. 2008

SDSS outlook .
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0.26 pr——— 9';?11.2 0?20?3
A Have measurements! s
A Get baryion density! > 0.24
A Some uncertainty but 023
consistant g 08

A First indication od dark .. '°*
matter!

i Deuterium obs. and Lol
observed expansion rate
not consistent!

I All matter not baryionic!

7Li/H

10-10

Tijana Prodanovic @ SF Cosh@58Y workshop 5 10-°
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New Light: CMB

A New, independant measurement of baryon
density

A WMAP¢ Highprecission cosmology eral
A CMB & BB test cosmology!
A WMAP baryon density (Dunkley et al. 2008):

Wihos =002273 000062 (ISR,
h=(6.23° 0.17)3 10
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BBN & CMB

A WMAPC fix baryon
density

A Use BBN to predict
primordial

abundances ———————

A Easy!

! e
A Compare with
observations?
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