Big-Bang Nucleosynthesis
Beyond the Lithium Problem?
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Big-Bang Nucleosynthesis

% Rise of the Light Elements in the Early Universe

% Cosmic Baryons and the Microwave Background

% The Lithium Problem and Possible Resolution

% The Future: Probing the Early U and New Physics
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Big Bang Nucleosynthesis:

A Symphony of Fundamental Forces

e BBN: unique arena

— all four fundamental
forces participate

Gravity

e BBN: unique
testbed

— probes all
fundamental
interactions




Standard BBN

o Gravity = General Relativity
o= Microphysics: Standard Model of Particle Physics

N, = 3 neutrino species

m, < 1 MeV

Left handed neutrino couplings only
neutrinos non-degenerate: [, ~ Bandnot [ > B

o Kinetic equilibrium: Maxwell-Boltzmann nuclei
== Dark Matter and Dark Energy @

Present (presumably) but non-interacting

Homogeneous U.
Expansion adiabatic

()
N~/ B .
gives baryon density %{

N X PB,today X QB W




Big Bang Nucleosynthesis

Follow weak and nuclear reactions

. . . . l: n—pev all reactions measured in lab
in expanding, cooling Universe 2: n(p,~)d at BBN energies
| 3: d(d,p)t
Dramatl§ P.ersonqe | ot a5 A- ( )3He
Radiation dominates! 7Y, ] 5. d(d, n)BHe
Matter D, T 6 SHe i, p)t
tiny baryon-to-photon ratio |, —9 ’4 11
(the only free parameter!) T = nB/nfy ™ 10 (1 (d7 n) He
8: d(d,~)*He
Initial Conditions: T >>1 MeV, t<<1 sec 9: “He(d, p)*He
n-p weak equilibrium: P€ < Tl 10: i( ,v)7L17
ne—l- — P, . 1: 7He Q 7Be 3He J - 4He
neutron-to-proton ratio: 12| ‘Be(n, p) Li 8
n/p __ 6—(mn mp)c® /kT o Al :
Weak Freezeout: T ~1 MeV, t~1 sec nTOF @ CERN 40 6 |7
7-*vvead<(n — p) > tuniverse e o2, N
fix (E) ~ ¢~ Am/Tireeze N 1 . 2 3
p freeze 7
Light Elements Born: T~0.07 MeV, t~3 min !
reaction flow :>most stable light nucleus L
essentially all n _>4He, ~25% by mass

also: traces of D, 3He, 7Li

"Li




% baryon density Q,h°
ie)
- S 102
o= 3 0:26F —— ; Stanard BBN
- : ~ 0.25F = Predictions
S 0.24F
Tsung-Han Yeh Tk Curve Widths:
=T - 0.23 ¢ = Theoretical uncertainty
O 1077k | | — 1= nuclear cross sections
0 I 5
© - 104 _: BDF, Olive, Yeh, Young 2020
© - Pitrou+ 2018
g N - Cyburt, BDF, Olive, Yeh 2015
o E 102 Descouvement poster
© 2 Cyburt, BDF, Olive 2008
109 Cyburt 2004
Coq et al 2004

E Serpico et al 2005

= Cyburt, BDF, Olive 2001

" Krauss & Romanelli 1988

1010 Smith, Kawano, Malaney 1993

10-10 ‘Note strong D sensitivity to density

""', L ] , v - e -

baryon-to-photon ratio n = n;/n Nollett & Burles 2000
Hll cosmic baryon density}



Light Elements: Sites

Deuterium

— in z~3 galaxies backlit by quasars
— New! leap in precision: pettini, Cooke+ 2013-2019

g8 - ionized gas (HIl regions) in metal-poor galaxies aver, Olive, Skillman+
— New! CMB damping tail: spt2011,2012; Planck 2013-2018

7L
— metal-poor halo stars in Milky Way
— Newish! now also extragalactic observations

— hyperfine in Milky Way HIl regions Rood, wilson, Bania+
= no low-metal data; not used for cosmology



baryon density parameter Qph?
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baryon-to-photon ratio n = n;/n,
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Testing BBN:
Light Element Observations

Theory:
e 1 free parameter predicts
e 4 nuclides: D, 3He, 4He, 7Li

Observations:
¢ 3 nuclides with precision: D, 4He, 7Li

Comparison:
% each nuclide selects baryon density
% overconstrained--nontrivial test!

Result:
% rough concordance!

% but not in detail! D and 7Li disagree
:} need a tiebreaker




COSMIC BARYONS

and the
MICROWAVE BACKGROUND

Q0 h?
0.01

0.02 0.03

2




Battle of the Baryons: |l
CMB New World Order

Cyburt, BDF, Olive 2003, ..., Yeh, Olive, BDF 2021 baryorll Oqzensity (O h*
Viel pr e
0.26

s

Planck baryon density very precise 0 23
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Qg h? = 0.022298 4+ 0.000020 =7
n = (6.104+0.058) x 10710 _10 |
i.e., a sub-1% measurement! > 10- @\
10-9:— | o
New strategy to test BBN: < = \ _
use Planck/lembas BBN input . .4 |
predict all lite elements ° 150 — . & '1—501

with appropriate error propagation baryon—to—photon ratio n,,

compare with observations



Battle of the Baryons: |l
A Closer Look

Cyburt, BDF, Olive 2003, 2008, 2015; BDF, Olive, Yeh, Young 2020

=73 Likelihoods N

1 1 | _
- (a) - (b) —
oJllgel[-5 BBN+CMB predictions 5 o - =
yellow: observations 2 oqE - =
< 04F - -
-l C _ _
0.4 - —
0. :LJ_IfI"I/Illlllllllll II|III\I\I*LL_LIlIIIIII I_ I | I I | I -
Results: 23 024 025 026 fo 1 4
> D excellent! i - | I SRR Ak —
> 4He great! F + / )3
. < 0.8 + | —
> 7Li poor! S T | .
. = 0.6 T —
- observation ~ theory/4 IR T | E
: : N T | -
- 4-5 sigma discrepancy 02k + | -
- Lithium Problem 0.0 L A .1 _
7 1 2 3 4 5] 6

10'° x "Li/H




Lithium Problem

The



Lithium Problem Overview

standard standard
particle nuclear
physics

5 "Be
He

3He 12

11

7L‘
d(d,~)*He 13 '
3He(d,p)*He

standard observed
cosmology lithium

S
—

3He 4He
13: "Li(p, a)*He ‘ ‘

lH > 2d > 3t

LT T 1
\
-
—

1 2 3 4 5% 6 7
1019 x "Li/H

Solutions: one of these is wrong



Nuclear Physics:
Hoyle’s Revenge?

Cyburt & Pospelov 2009
“sub-dominant” Li reactions RS SO ¢ A i ¥
important if narrow resonance <° , X
missed o \ 7Be + *He —> Inelasf
cf Hoyle state in 12C burning = 100 \‘\ | ]
proposal: ‘Be+d inelastic E ;\ p
+ \\ /'
- / -
N \
~— \ / 9
. £ Kk \\ /
Chakraborty, BDF, & Olive © \
2011 S
- |
systematic study of all A=7
destruction rxns =
v confirms 7Be+d <> 9B* Experiment Says;
v even better: 3He+7Be=>10C* |
i Not there!

10C*: Hammache+ 2013
‘Be*: O’Malley+ 2011




New Physics Lithium Solutions
an Incomplete Survey

 Particle Physics Beyond the Standard Model
— decaying particles Supersymmetry cyburt+ 2012
— mirror neutrons Coc+ 2013
— magnetic fields+decays vyamazaki+ 2014
— lepton asymmetry (degenerate neutrinos) makki+ 2019
— light particles with nucleon interactions Goudelis+ 2016
— sterile neutrinos salvati+ 2016
— axion quark nuggets Flambaum+ 2019

— Stable 8Be scherrer+ 2017
— Non-extensive statistics Hou+ 2017 Many NOW QXC|Uded by

. Evolving Fundamental Constants| Precision D observations

* Nonstandard Cosmology
— Lithium diffusion after recombination Pospelov 2012
— “Hubble bubble” of inhomogeneous abundances Regis+ 2010
— Cosmic deuterium destruction via early stellar processing Piau+ 2006
— Nonthermal “cosmic rays” during BBN Kang+ 2019




Primordial Lithium Observed:

o
Halo Stars & the Spite Plateau
= T T T j T T T I T I T SR ] [ I == 1 | T l-ﬂ
. (e -
1079 = N . . . e e =
= lithium is primordial! e :,:'_\ =
B Spite Plateau / $ " o
: Spite+Spite 1980 e '..&‘.". g ;
10—10 — s g T i s .: —
- thin! undisturbed(?) B . .
i Ryan+ 2000 L 4 ’ :
Observe 10-11 1 |
= Lit :
atmosphere: - s -
B o e ‘L1 primordial -
abundances at | Ti GCR "
star birth (?) - R
10-12 Y o T R O R | 'R R R L i
—4 -3 —2 —1 0

"metallicity” [Fe/H]=logio(Fe/Fesolar) ~ “time"

Monique &
Francois
Spite

Ryan, Olive, Beers, BDF,
Norris 2000
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Lithium is Primordial
But is Spite Plateau the primordial value?

Convection zone

> £ ' AN

The Worry:

Convection can lead to Li destruction

The Fix:
select stars with thin convection zone
empirically show largest Li levels

consistent with thin Spite plateau




huge increase In
scatter at low

[Fe/H]

at least some
stars efficiently
eat lithium

why does
meltdown “turn
on”’?

no points scatter
up to BBN+CMB
abundance
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Update:
Nuclear Meltdown

2.6

2.4

2.2

2.0

1.8

1.6

Sbordone+ 2010

CMB+BBN prediction

lithium desert?

-3.5 -3.0 -2.5 -2.0 -1.5
[Fe/H]

Bl metallicity = “time” *




6Li Constraints on Depletion
€irca 1999 sLifound in two

109 &
g T Stars...
2 T 1070 ) )
£ T onf then claimed in

1010 -+ more
£ 10-11
= < 5
— g 1071 s o o
> % o | More fragile than 7Li
- 10-14 :

Be and B are not primordial! E . .

1010 $+ ; 6Li survival means
5 5

ae ~11 _ o o
s ° = 7Lidepletion small
A {0-12 '‘Balmer Data 3
9 il B A T T TN N T T AN SN N N N N
R ’ BDF & Olive 99
| Fe/H |

log(iron abundance): “time”



Cosmic-Ray Nucleosynthesns of LiBeB

Reeves, Fowler, Hoyle 1970; Meneguzzi, Audouze, Reeves 1971; Walker, Mathews, Viola

Cosmic Rays interact with ISM .
Interstellar gas: beam dump

-15°
L

~15°
45"

* Observe in gamma-ray sky

Pcr + Pgas — ppﬂ-o

T — Yy
* Charged pions: IceCube signal

 Stable debris created

-15°
15°

-15°
15°

Latitude [b] Latitude [b] Latitude [b] Latitude [b] Latitude [b]
o

_150 . | / : : : \
180° 120° 60° 0° -60° -120° -180°
Galactic Longitude [/]

Cosmic Rays:
all of Li,Be,B guaranteed source

Spallatio .
of Li, Be,and B

Cosmic-ray Be and B
613 and "Li only demands 6:7Li too!

Fusion:




Wang+ 2021: high-
precision spectroscopy

no SLi signal as previously
claimed

Removes ¢Li argument
against depletion

No longer confident L
plateau is primordial level

Update:

61 Vanishes

Wang+ 2010:
Lithium Spectral Feature in 3 Ancient Stars
% o0 -l
Cosmic-ray models give
Li depletion
allows BBN+CMB!



Implications: Lithium Problem Solved?

Good news—without lithium problem...
e agreement with many stellar evolution models

e BBN says hot big bang works back to 1 sec

e BBN+CMB concordance = cosmo triumph

e probes dark matter & other new physics

Bad news—-Li unreliable for cosmo

...for now. Clever ideas needed!



No Lithium Worries?
BBN Probes New Physics




Dark Matter

Census of cosmic matter
BBN: baryons
CMB: all gravitating matter
Optical galaxy surveys: luminous matter

et
(0

Non-Baryonic
Dark Matter

@
N
-

Mismatch demands dark matter: two kinds!

Rreatiion off Cosmic Density

Baryonic DM

LimimooussNWidteer

Baryonic Dark Matter:

most (?) is hot intergalactic gas All Matter
Fukugita, Hogan, Peebles; Cen & Ostriker; Dave etal

Non-Baryonic Dark Matter:
most of cosmic matter!

% Bullet Cluster Intergalactic gas absorbs QSO backlight
] A N Fang, Canizares, & Yao 07



BBN Probes New Physics

Predicted Lite elements sensitive to
expansion history during BBN

Rate (expamsiom)2 — H* ~ G Ptot el
Controlled by

Ptot,rel — PEM =+ Nl/,eff Puvi

Observed Lite Elements Constrain
anything that

Couples to gravity

Perturbs relativistic energy density

Stiegman, Schramm, & Gunn 77

All light elements sensitive to N%eff
New! D/H now an interesting probe
7L shift right direction but smali

New! CMB d&}f’f_fing tail can probe all of

77 Nl/,eff C
clean test of BBN

baryon density () h?
0.01 o

0.26

0.25

0.24

0.23

10-3

D/H

10-4

SHe /H

10-°

10-°

7Li/H

10-10

| L1 1 111

lllI

10-10
baryon—to—photon ratio 7

Cyburt, BDF, Olive, Yeh 2015



Planck 2018 + BBN

BDF, Olive, Yeh, Young 2020

i\ i | ] | | ' 4
TsungHanYeh |~ T Concordance!
= 5 - — o
s _ 95.45%
- — 99.73% ]
3 i ]
L4t -
Qh) B T \\'\, B
e — /./‘/‘/ B—— : \‘\ —
E | .-~~~ Standard Model | ]
Z i / e /‘/‘/‘ AT - .,_ / )
o 3 g m ) J/ A/'/
= 7 a
> L s ]
Q 7
2 | | -
2 - | —
| ————— e BBN_I_YP_I_D _
I CMB+BBN+Y,+D _
;L 1 1 1 1 ]
5.0 5.5 6.0 6.5 7.0

baryon-to-photon ratio, 10'° x 7



Planck 2018 + BBN

n-marginalized

1'0 B I = 121 =1 3 7 ) I 1 E Iz o1 | E IS 120 21 % )
TAN
-~ (a) / ,"/ \ -—=- BBN+Y,+D -
/IR
| 0.8 = ' \ \ -—- CMB only =
/ 1 " .I:' l'\ | ; —
Tsung- Han Yeh N .\ — CMB+BBN+X
0.6 |— - \\-\. —
ERE i A/ ]
/I { 1] 1L
04 — / I" Il ",‘\ -
/ ! " " v' ‘w ll" “.
- 'y I\ =
| \\
0.2 B // / :\" \\
a ;7 U]/ \.\\ _
/ 7/ / WA M 5
0 O | I ] o | l/ J/{ -, ] R P (R A, o | l iL_f _L\l:a]___l | I O] bl IS I DY SN P |
2 3 4 5

Number of Neutrinos, N,

N, = 2.898 = 0.141
N, < 3.180 (20)

Yeh, Shelton, Olive, BDF 2022

CMB + BBN + X

1.0 R T

~ (b) - X = no obs
0.8 — X - Yp

‘ /. \ X =D
0.6 I— ._:'-.' 1% — X = Yp+D
04 —
0.2 —
0.0 L——1 RN R

2.0 2.9 3.0 3.9

Number of Neutrinos, N,

Consistent with the Standard Model!
Implications for, e.g.,
right-handed neutrinos
dark radiation
stochastic gravitational waves
tracker fields
primordial magnetism



Searching for New Physics Between BBN & CMB

Tsung-Han Yeh Yeh, Shelton, Olive, BDF 2022

t~1sec, T~1 MeV nuclear physics

Cosmic Microwave Background (CMB)
t~400,000 yr; T~1 eV atomic physics

Penzis & Wilson 1965; Planck 2018

Wagoner, Fowler, & Hoyle 1967;
Yeh, BDF, & Olive 2021

Now independently probe

baryon-to-photon ratio

np np
usual cosmo: — = | — no important photon (entropy) production
"~/ BBN N~/ cMmB
effective number of neutrino species

usual cosmo: N;BBN — NEMB no change* in relativistic degrees of freedom

*aside from e+e- neutrino heating N{MP = NPMB 4 0.044



Limits on N,,, Change

CMB _ . BBN CMB _ yBBN I I
n = nBBN & YOMB = Y Consistent with
BLELELES LU LI NI BN BRI R Standardcosmology
4.0~ — 68.27% ()
[ — 95.45% R ...
- 99.73% S s Implications for, e.g.,
3.5 5 -
- - early dark energy
= s.0f - models for Hp
Ox [ i
z L - problem
2.5 c e e :
i - relativistic relic
2.0 e standard physics - becomlng non-

| peak = (2.971, 2.778) - relativistic
S ol b b b b

20 25 3.0 35 4.0 '.
BBN
NI/

Yeh, Shelton, Olive, BDF 2022

late equilibrium
with neutrinos



Limits on Baryon-to-Photon Change

CMB __ yBBN
Ny, >3&Y, =Y,

NN L P
(@) Dmnyo = 0.320 ‘/’/ _
50 ~
- Consistent with
25 —
- standard cosmology
— 68.27% -
— 95.45% _
7 . — 99.73% ]
" /7 peak = (6.232, 6.287) -
N Dn = 0226
ARy YEEEEEE NN NN RN
D0 5.75 6.00 6.25 6.50 6.75

10
-
q
)
PSR 5% N I O I I I BB B O

nBBN — 1010 x yBBN

Yeh, Shelton, Olive, BDF 2022



BBN

NCMB — N

DN, =

1.5

1.0

0.5

0.0

—0.5

—1.0

—1.5

Limits on Change in Both

Changes of 1719 and IV,, between BBN and the CMB

- DN, = -0.090 =+ 0.373 (a)
B D’l’]l() — 0.104 + 0172

— 68.27%
— 95.45%
— 99.73%

o standard physics
* peak = (0.107,-0.105)

—0.75 —0.50 —-0.25 0.00 0.25 0.50 0.75 1.00

— .CMB BBN
Do = o — Tho

Consistent with standard cosmo
Implications for, e.qg.

out-of equilibrium decay
between BBN and CMB epochs

Yeh, Shelton, Olive, BDF 2022



The Future: CMB - Stage 4

0.30

0.25

&
B
S

o (NN, ) prediction
-
ek
)

Forecast of o (IV,) Precision with Future Precision Observations

BBN + Obs.
o (Yp,0bs) adopted in this work from Aver et al. (2022)

BBN + Obs. + Planckl18
BBN + Obs. + assumed CMB-54 errors for fgxy, = 0.3 4 Planck18 correlation coefficients

BBN + Obs. + assumed CMB-54 errors for g, = 0.5 4 Planck18 correlation coefficients

BBN + Obs. + CMB-54-approximate based on the current design
o (NN, ) from CMB-S4-approximate alone (no BBN)

NN, heating from pair annihilation

|||||||||h||||||||||||||||

0.10
0.05 i e e —
— ’-’ = —
0.00 _‘T I I N AN TN NN AN N A (NN N A N N (NN TN NN NN NN AN M NN NN NN N M NN B ol
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040

o (Yp,obs) precision

Yeh, Shelton, Olive, BDF 2022



baryon density Q.h?
yon density .

OUTLOOK =
Tsung_Hanﬁﬁ Convergence of Nuclear/Particle Physics and Cosmology S
successes of both point to larger, deeper picture \
theory & experiment tightly linked: e.g., d(p,~)’He L
Lithium Problem Resolved?
nuclear physics solutions ruled out
new physics solutions highly constrained
stellar depletion supported by éLi non-detections g |
Richard Cyburt 0.23 0.24 0.p25 0.26
BBN & CMB: Probes of Fundamental Physics
basic concordance: big bang working to t~1 sec
BBN + CMB probe dark matter, neutrinos, new physics...
Keith Olive 7 81§6x31£e/11+11 12 1 2103x7i1/1§ 6 7
The Future is Bright: oot ot N b BB o the
Need precision cross sections for d(d,n)*He d(d,p)*H e e,
> Even better CMB measurements (S4) ]
Jessie Shalton Stellar models for Li depletion & interplay with cosmic-ray nuke %'A S :
New light element measures: stellar, interstellar, extragalactic ©.7Li ﬁ o
Closer interplay with dark matter & accelerator physics S e
o EF Stay Tuned! RN ros W vivisuitreed: |

" ‘ : — _CMB BBN
John Ellis Dnio=ny — Mo



