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4.4 . Tatreduction

Stellar  Josion

One of the guestons that Cosmolag, addressey i where do all Ane elements come ())mm We
know Fhed the elements of the periedic. tble cap be prodoced b 5 stars, eithes duing
theie Qf}’e (niclese Josion b5 cbdain energy) or effer they deoths o3 supernovae.

Ab\mdaace d (SCreponties 035

HII regions |

However ) stelor }UN\OA way ner eno\iSN\ to &plain the
abserved HHe apundance:
o Jj’ the Mfﬂbfj UVOy were fo “ghine” for o*° Jears, it

o
io
&

Helium Mass Fraction

Izotov & Thuan fit
® [zotov & Thuan data

(Burles, Nollett & Turner, arxiv:9903300, Fig.4)

would j’eneﬂﬁe 4o HHe . Observn'/(\j the 8pectrum y ' ¢ looov & 1
005 -
HI regions aroond Stacs, o Jraction of 24 4He
L 0 ) 200
bS a -t 1 d Primord \‘3 times O/H Ratio
Was  obServe o
r ) Wﬂa more nan QX)OQC eq. rinacdial

There was also a prblem with deoterium (D=2H=pin): We Shoold nst be able fo obsene
Since (})L\S\\on reachons in the fun are consuming D jasf‘er Than C/ea‘l-?z\a S Thos, een
When stars die, the cannet ennich their envinedd with D. However, we do observe

it in the inbrestelln, mediom,

This means thel thee most bo Sther mechanisms Hnat generate D and He omide
Jrom stellar Josion, Ty everls st have Viagpeed  during  the ca. 3.7 Gyr of

e Unierse's eustence, so we mUSTa/laﬂ(jse ity thermal V)\‘d*o(rj o place then.

Bfg 5&:2? nucleoggnthesis

C’o&nerjfcaﬂ considerations

A 20 (today) : Tae =273k od @, = Sx407" g/emt, This conditions are net
Similar fo the oney in the conte ?}si‘ars/ whee elements awe ())(vm. However, ﬁ’ we 9o
backuords in time, He Universe becomes hotter and denser [T« R Jor tadiahon and

€, # @-E’)_

A zedo® (Lxdse) we fnd Teu s 6Pk ad @2 80gkms, sYicient for Cosmlgin)
nuclear ()usion erents. We tud® obovt the B‘ﬁ ’BaAJ Mbcﬂems(yn'th&s(d.



De\!ﬁ@opemcﬁ of e ‘Ur\eow

Alpher , Bethe and  Gamow poblished ‘EheJ resdts on 1938,
T)«e& stodied tne Ol °J Ohemia dements Son‘S an
e?wm‘on Simidee to e Poltemana eguaﬁo/\, wh'ch

models  the evddotion e(:j the nomber densi by of gpecies

based on S inferackians

ff;ﬁ + B = = <TV> (n*- neg) |

Thej cloimed  tnat all elements were produced wn BBAY L A

Qine Condihans (e SQ%ITCCGVLT (})O/ Cyo&‘m yeacttons, rorof :Z::i:::dam
AT Peebles Q)\’b%hgd “ Primevel  Helium abundance and the  primevad
%irn;ﬁ;ﬁsﬁ\\}g """"" SR Fireball” in {966, where he solved Bolrmann eguujn‘of\ flumerl‘mmal( ,

Obfau'ni/(\? o detailed Cngcoﬂahbn 3; the ‘fe,mpord evolotion @/D

lement obundonce, To b So, 4t was neeesxa}r) Fo set vp the

nefuork y nuclear reactions.

P Vs Stellar (yo&‘w\

As @ madter cy Joct, tree are nst stavle eloments

with A=5 or A=8. lo prduwce elemets with,

h@her atomic numbers, 4t is necessocy to poas

Jdnmaz?h nuclei with twis odomic Numbers, whech

dec"fj odmost immeclbaTQ;, br@akc/zj the nefwork

Of chemico reactions. However, we do cbserve

elements with A> & in shoes (O«(\‘jen, fof PJ(ampfg).

Even JX we have simlar densties in the cenfre Cy the

Sun ([—vb ~ 150 g /tmé)  and &w?r(\} BN [@b 5 89/nd),

we have to take b acoun timesealen:

. D”"Ej BoN, i wos impossible fo  Process cm(y'tl/u‘r\) heavier than 20, ?RBe due to
its \:erJ Shorf Timescale (NW\MU')ES).

= Stors like the sun are able to Process heo.lw elements (via 2Re teiple-a process)
dee ibs extended timescalo )ur (}%sfm ( million (je_ars) —» even é/? one ewent hoppes
every 1000 years, we woold have ~foco  everks ?y Haf Kc/(nj QO“’S Y Q‘i}e ﬁ the Ster,




SUMMWJ

During BeM, tre )oﬂow;ao elementy Were produced:

S H, *H(D. SH(T), He, "He, ?Be, 4

1 AU the other demens wee prodoced s shars,

The nuclear biniding  enery g foises with 2 ke Fe. Eemerts

i | op Yoty afumic number ace grsduced in S, which

Nuelear bfr\du‘/\a Crergy
§

l}m 6°v\er&7 Is produced via. nuclear | prOdUCQ e/\er;‘j ‘throuﬁh VLUCQQO.C )UG\‘O/\. <Sft\ce (})Uzsrcms )or

1 ) I— A 1 1 1
100 120 1

© 2>2(Fe) are endstermi, heavies elemenly ae preduced
O S8 explesions.
The BBW prediets the poﬂowmj Mass (Pm’rcw\s </Jor helum ond }v&mjen:
Vhe % 0.24
y © 073
This wit] ve codcoloted later, and ths mass [Pracﬁw\& hove &een ¢on )(meé '(’\r\mt(th obsovateons,

- Kaown origin oy Doments:

..... Big 2 Dying Exploding
Bang - low-mass =~ massive "

fusion stars stars
Cosmic Merging Exploding = ﬂ-- £ F Ne
B ray ~ neutron white
Mg " fission ! stars dwarfs 1Asl ‘§4|, ﬁ g Cl Aal'

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Seﬂ Br _Kr

IliﬁMﬁ%W%fé@mf$~ﬁ
0% ::%éaﬁ%ﬂﬂ%t: L ﬁﬁﬂ

Wikipedia: Cmglee
Data: Jennifer Johnson (OSU)

4.2. Porticle Physics
Ivgmdtent jor atom CPorma‘h on

Atoms repreaa\f o reoﬂg Smoll (})rad o OJ) the Components ?J? Hhe
Universe (4 € %), and we wonl to knew \when old t’kﬁ <})orm

469/

Dark
Matter
23%

To do S0, we 6‘}06(7 how  aboms O\reJ)or/V\ec),



Matter
I

This is twe p‘d-me we howe yrom tne sfondacd Mmodel)
oJ Pc»rh‘ch Fhe)grcs. Quorks and leptons were

Quarks 2

I
Quark-Lepton
comp lementarity

Hadrons

|
|

Mesons Baryons

Nuclei

Atoms

Molecules

Composite Particles

MUCQ&' Cyofmu-{“w/\

| the (yrrs‘r Pc‘rﬁd% that appeacd 4 ~“he Unierse.

L?ptons

To J)om nucler, we ceguire peotroas and Profens, Wivch
are bago,\s_ To JDO/N\ atons, we olso need ellectns.
Recall that protons ard nectrons were  linked to the
thermal bafh uta,  the weak infemachion

Lpth & 'Pfe” ct+n &= p+i5e

n <> P*re,‘ t+ Le
TV\US, we GonneT J)onn a/\; nuedet b@)ore nevtrings
deﬂwpﬂe LPf‘om 4he themal bnth. z‘w‘er neotcino
}v@e%e-w‘l‘ , Nevlony and protoas ae )ree. o )orm

atoms, we woUld Tove to weit vt € are decypled.

chym H ond *H We\)osf need yree pro-}o/\s. %fo/m heavier elements (SH, 3He, “He,
Be, 721‘) We also need devterium.

Devteriom s(jntv\eal‘s

////'

po
™
n )/i:}\g

pa <>’
S

nJ
two-body processes only,

as probability for others too low
(‘bottom-up’ fusion of He?)

Deoteriom's ))\'/\df/\D energy 48 Ep & AMeV, and {he Jemperatre
at neutrino &ecoapﬁn(\j wes KT 8 0. % MeV.

Bot D is easily proto - disseciafed by ¥ (ve desﬁmded) until
KTy 2 0.0%MY  ((ca. £8400s, = = 15 g™ [£5)%)
Thos, we have fo wait to Synbesre heavier elemenls,

This hamvems due to the bﬂwkhﬂ&—&k]\ri@h‘d/\ Cf P}\cﬁn/)s‘
er/\eDr‘es.

e

]’gr +€rnp€rq+uz€€ QOWGJ‘ {:‘l/\u,n Eb( KTp < E-],z 9 MB\J) *é\«ere W\'.UZ anM be lots C} )\:Dher
Gner;; photony i the Planck distribution , which dissecmte  oun Devterim. The abumdance
cg Dedterivm in the Unierse most be well ()){;geé 4o obtain e obsered abomdaaces:

s oo )ew D: dm por fant

)UGI‘OA a&@m’r Y missn‘/\k} (ch;k of e@ements)

e los meh D: Docks vp neotony for (Purﬂ/\er &Jntv\aal's.



Deoterium pre&uchb/\ (00 ol Successive  nocle:) depends on He bagyon-Fo-phetn o
We a%Di/\e the Praton to bwam rafie as:

_ s _ -0 _ =D 2

2 __7{? = {0 Qlo = {o .'2721_(25 h
L‘; Ho = {oh Km/s/ﬂpc,

NoTE that ,H‘ § r‘eq% &mall nomber: T!/Le/e 4S one bara on /or Cach {O'b Phnﬁom

Summra (gf chemical prenchons

* ‘He: D +D — “*He+y
= Hydrogen: (p te — H+y) D +3He —» “He+p
* Deuterium: P *tn —»D+y D +3H — 4He+n
* lighter elements: D +n — 3H +y 3He +3He — “He + 2p
D +D — 3H +p 3He+n — “‘He+ y
D +p — 3He+y 3H +p — “Het+y
D +D — 3He+n
‘He+n — °H +p L > Eu4, & 28.3HeV> gc;be )/bm dissociation
= 7Be, ’Li: 3He +4He — 7Be + y

Be — Li +et+ 1y,
3H +4He — 'Li +et+

4.3, CbsmoQo(”

Review

When matter and rodiahion are intnermal egalibriom, we can hose reachons Qike: (¥+7< P+P)
Reactions  Ccan h&ppe/\ as va cs ther Lnterachun fafe ( e ¢ nov) o5 Qager

than  Lhe expunsion rafe ?)) fhe Univase Cr’@ KH)

—If __r)ﬁ_ < 1 we +Q.0,K about (})pee;e- cu'{'
H

Freeze - oot depar\ds on the " temperatve window”,  whroh &ep@/\ds on H.

radiahon  domination: Tot R7 Ho T2
Hot P2

BBN 48 Sensitive o COSIY\OEOg;, (v-e- the Compodition %j’ the Unfuerae) and s Hermal hid‘ory_

Pretong and neutreas ‘throuD\q the Thermal hfs]‘ora c&P the UOnivere
As we hawe oQready  discossd, fo jd/‘m the nuclei we need protons and nestrons. Ths
Prd‘ons and pectrons were covpled o the thermall  bodin  until  peotrinoy decm‘aﬂeel Via,

the weak interoction:



De +N & P ore’
et + N < P + De wealk inferechon
n <> P+ €™ + e
Weok_ interaction J)«ee%es of ot Tx0.8 HeV
BEFORE  DECOLRLING (T 0.8Kev) AFTER DEcowmivg  (T< C.% keV)

Relativistrc
Nan
@ reufivishe

Decoopled Specias —

Themal bath L'l"lnem.aJl botln, — L

Alter d@ccop&'f(\j (’,{,g‘l‘ < 0.8 Mev) we hove:
Redetivistic Poctcles in eguilbaum (e e, ¥) REHINDER
- Decsopled relatwistie packicles  (25) iea:eRbuits ioec el
not atoms. Electons are
. Dewupled non - f‘Q,ﬂcuLivCS}(‘c_ 'éb\r‘h‘cﬂeg\ (//1/ F) s Porf“am'f &gf.’
We opre interesfed on the nomber densiies ?} tho latter

4.4.8ig ‘cha Mucleogynthesis

Primordia  abundances: Neutron fo proton Pabio

The abundance c(rJ) neotrons determines  how many nucle be&ond A=A (nydmy/\) an be }om«e&.
We con colodate the nestron to proton rebic when they decovpled Prom the thermal &uth
Ustnsg the expresson fJor the number density OJ) non ~ relafivishe  species:

on Note
M KT — (ma-pn)C3 /KT We cannst 4,‘(7/\0/2 the chemical
n, I ey S pofeatal .

our distribotion (s exponenh‘aﬂg) SUPp/e&ed w.r t. relatvishic
lN/‘I‘h“(\lj iF (yor the neotren- ‘}‘Q—F’tﬂ‘on Mouteg:

([L) - /_@_1)3/28‘&/«78 (Hin = )T
Np mp

Whee QA =|m, — mp) =4.293 MNeV 45 the b{ndw(\) (Mew
We need to obhuin Mn and Mo, o do &, we ma femember that the chemical
Pm‘re/ﬁra& M s o’@fﬁt\eol as the energy absorbed or relensed dun‘rD o. chemical recction.



We Know thal we are onder the  conditions of chemiead @?u‘ﬁibrium becavse  Auclec venchions
ace fanrer thon csmic evpansion. Thos, we. @ write:

A+B = c+d chenical equibibrium > Ma t Mg o= Mot My

The reachon Jeing on A3 &—de,mué_-

Mae T M= Mo+ M

Thos, now We have o cdeolate Py (})o/‘ nevtriney  and  elechns. e will shact with
the latter.

We  cbserve that twe Universe is nestal: M- = Ner =Ny (othemwise, Hrere would
be o, residval quve), We con ose this to cadwlate e as:

2713 3
No- — Nag+r = T)"z(ﬁf_ (_’uﬁ_)]
e e Py [ = > + m—

For the r‘fﬁ\rﬁ hand o&de C)) _EJ/\Q Q?’ud.'l‘c‘o/\, we fEClLu the JDGJ* oN +(> P)\o+oA (‘a+(‘o C@)
Y')P = 2 Q:&J T2

De + N < Pre”

Egucd‘m; beth Qc‘oress» ONS -

2 () o)) -2 250w 2fr(8) (7] oo

(Me A (;xe - L, — M ,: GC’(%)
n’)— —n-?.

/

Nefe that the vale of g Comes Jrom ckservations, and it was Jound tnat g io

Then, pe<< T, so it con be hopored.

For the chemecal potentrad oy nevtrines, dhere is amthes Set 3)’ abservatons thet Jes &

an vpper Limt on its valve. These are measwements 0] the CHB rodudion, whoh gie
&;_ < 0.2 (today)

To jiﬁure out 'B/\l‘& ko af the time oj BBM, WE Caun uvse ‘h/\e SCQQ;‘(L\ﬁ cy T/
Obi‘m‘m‘?-‘ My

e 4 o7t
T
Thos, we ablein:
o (Mo \¥2 -Gt
w = Lo

Neotron +o praton ratio

It is importudt Yo remember et we r\ezjee,c{ed the chemical potentials Laine  observationg, not
J'U.Sf' ggnoring them.



Relative abundaace
The resolfing @goation °"Q‘7 conbaing  the bmde enesy of Jeoterim (G = 41293 Hev)
We cbsere that:
e UT > 1.2 MoV = N, % Np
© KT <42 Mevr = Ny < Np
Bul there is o 9P befwesn this temperatore and KT ~ 0.9 MeV, When the wenk
dnterachion }/eeﬁea—oo‘r and BBN stacks. Thos, we will stoct witiy }ewer nevteony than
Protons.
Por kTx 0.72 MeV [ sice fhe weak inferackon will nst instantaneoosly J)reeae at
0.8 He\;) : n,
Ne
But Hs is net the ratie that we cbsere: we hawe to remembe~ the Deoterrm boltleneck: D

{5 easil Pho+o— drssociated b& Y unhl KeTp = O.098M, Mso, neotrons are ustable:
-U/Leg have a Dimded L('/V?,Hme Cn s 387 s

~

oy |~

From KT % O.8 He\V wnhip KTy e 0.0%6 MeV there s o race between (fv\ee neotrony
dec%m(j awa.; and {‘Bmajam_a }nee ﬁem\mﬁs b&(/{\j -f/Lcorpor‘aﬁzc\ zi/l‘)'o nucler [ 8.3. D)
The neotrns  that do not de,cuj and Can (Pcrm heavier Nuclei well be:

L = iy0s (Bop = 222 MV — Tp = 0,086 kev)
at QLECDUPQG\J \ deCﬂ? with Zn= 38728

nlp

“freeze — out” of weak interaction |
nad P decovple |
Jro,n +thermal ball, ]

280 -
shosts

/ nip is fixed T

D agent present
N

neutrino-decay
olois s 1 1

10’ 109 10° 10*
T [eV]

0.8 MeV



Peimordiad He abundance
Heliom abudonce 45 de)mac\ as:

Reminper.
Ny ____j_
XH Y Muie ne 7
e = =

YVZHe + My

CCOM pacicy the musses o} He and H withou? Takeng into accoun?
the bmdi/\o energy)

T&\/(i/LD info accoont that Nae = % (be_ca_uae we need Fo nestrons o jof‘m Hq,ﬂfd,\,.) we Gan wrile:

Yo vee 2 2n4 2(nn/np) 2x Y3
Ko = V= S22 - 2

= = = = OQ.S
L Nre TVH 20, +(np-"n) Pn +NpP A+ [ P/ ) 1415

—_—N——

Y =0.25 is a cleac prdiction oj BB +hat gﬁs observations (recall the phot ot the b@(ﬁi/mi/ﬁ.
A pmpec‘ CQ,D,CUQDL'HO/\ 09,011'8 ‘}o :
Mpe = 7V x 0.2454 + 0.0198 (A, -3)

— neotrve gpeciey

Other 'PriMorcl(‘qﬂ abundan ces
Foc  non-redativistic noclevs, A= Na+ 2 = W nevtrons +4# Protens

The nomber densh‘c‘) S give/\ b(\):

_ o KT )2 - (ma - Ma) et
nA - 9A 21-]-';‘7' e

To ))mé Ma, We look. ot fthe chemical reackon A = P+n (Cd‘ the ond cy) e daj/ the
reaction Wil imp?,b pmdbns osnd  neutrons .
In Chemreal G?_uib'brt'UML

(since yoclear rechions ore Joster than cosmic expuason)
/u,a = 2/«lp+ Pl = Zpp + (A=-2) pho
Thas, the 1omber densfb can be wriflen as:

ma kT ) Y (ma - (B +(A=2) ) OVt
=9 (am/ ©

We con eku'mi/\o_fe/u,\ and Me iqfroéuem.(j e oad N :

mp KT \¥2  — (me-pw) <% “MpCoer 2 [mpkt |2 _-mcy
) p = 2 ( ) c c = . (—P—-) c T
2t h* 2nkr

Ne

k] — [Mn — Mn 2 —NCVKT - _2; ( Ma kT) K —mﬂc'a/k'r
n, =2 /™ kT e [P =) /ey C = = (3 e
2Rt



—>

Ny = A [ ma kT )%(i—A)/Z
A=9r a4 e

Ba = (2—% + (A-2)m, —ta) c?

2 A-2) Ba kT
e

Ba = Bv\drz\D enerny 03 the nucleos

Al the bn’ndf{(\j e/\er(jies are above the ‘}em,oenx‘rure ?} the universe o these Himes:

Nuceus 24 2 H 3He 4He
B 2.2 MeV 3. 4% MeV 7.72 MeV 283 MeV
NQES ())(‘O_ch‘of\

XA = /';] Na 5, Where An,q 45 the mass jra.ch'o/\ oj +hat ’,}N“{'(‘CUQCL(‘ species and N, 4s
b
'U\e total] boronce mass: Ny = 2 AN

Np

Now we can replace 1, uvsing the bogon fo proton vatro: p=T0

s
2C(3) (ka3
Ny = =5 (g) T3

XP ><n /)

5(/"1)/2
K (_/4—%) - 8&/[<
= Xp & Sk Aslz(,‘r.) z Ate T

Ma
Ths, the mass er:h‘o/\ can be obtained vaing the proton mass ))rach\cm Xp, the neoteon
Mass )n:u:ﬁ‘cm ond the vbo.raon—f‘o—pho{-o/\ fatio ).

n -
1 =5 =0

- o7 224 g 0

4

To Know how X Changes s o )unchcm ?} time, we need do solve the Roltzmann @900{:&‘5/\:

% C T (e - (-Xa)e AT

Nomericad  ealcolationy odP cosmic evolotion o)) ma sy )m_cﬁ‘o/\&

P L Al This s an pdate o) Pesbley caleokabrons.
\ 7 Mass Practons ore closfated 0Sing the
Rod ttmaun egruchrt‘or\ , and the P’Bdl‘d‘@c\

10"

abondances Match  observations.

Mass Fraction

107

= (Burles, Nollett & Turner, arxiv:9903300, Fig3)

10 L , [
10° 10 10 10

Temperature ( 10" K)



Dependence on baryor\ C),ensﬁ?
- Hediom  (puak): Qp 7 — Y .~

(as BBN stads earlier)

* Desteriom and dritiom:  bhey are primarily
Consumed o (J)orm sther elements

o Litwiom and Beriliom:
0, .7 — "B
Q7 — LN

Note  tat BHN  prediclons cover 9 orders of

Destroction: P+ ?Zl' — “He + I'He
Fomabtor: 1y 4 e — i 4 4e

Duricsdes - Japio 4 YHe — 7 Be +¥
b P % PBe —r Wit etiin

Magnﬂk&e (?or Sdoundances . The S'}rm\‘j dependence on
N makes fossible to determine # (J)nw\ observorons
Jchm%\/\ the  Devteriom J)rqc,h‘of\ (v e deoterion
i o good bargome%e,), Thvs ha.f)per\b becunse

baryon density Q. h?
10-2 o
027 pr—r———

10-4 ]
= 3
N ]
(] H
F10-s L Q

4=
15
13
18
E
12
%
100 101

baryon—to—photon ratio 7,

D as ey sensdve o g and ds only  poduced dunag Bew.

BBN opservations
lé) - x clonds (nc'T PoQQoTeA b(j Sfors)
The Dine strengh un Q32 absarption specim

pmvicle abundance Mmeayurements ) bei{ké %[Deu‘a.UJ

J
3 Njf‘mfﬁ <he aburdance oj Seoteiwm. J6M obsemcd‘l‘om: ~ Ny
J pe

)deorb(j &wafg (G)oﬂcodex
E%C 30.'250&2% howe o \ht‘a\'\ 9&5/3‘}‘01 (‘o:l'(‘o, ond  their

y faite
h S *
Gas cloud
a2 25 x Jo "
= 15"%,, = 10220,

Dow melal /H 7 Jaé 50&7957\ hat

‘H\eir iATLGr sf‘eQﬁor medu‘um LS 8408@ ‘EB Pru'/Y\ordl‘m_Q. JsH obaeruq‘}ions: ZQ 4,6X{O—S

As apove, ph* e O.0214 — even BBV claims Jor the existence 9 Vbn-barduom‘c malter.

G o&a\csﬁ C halo

Containg ey ol glellar Popullation, 7 was Obsened in s,achm o) ceol  Aow- mass shacs

N &Dac{'fc haﬂo.
HT regons

02_0\11 ~densit7 coud O} ?M(‘uapﬁa ionized (jo.ts in which Si‘arjorma{-\‘ox\ took ) takas pﬁch,

THe pm\reé Vi emisston J’mm oph‘caj recombination fines in HIT regians



