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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" cm?’/s

= ng ~ 1/ovt ~ 1017 cm™




Remarks on the Evolution of the Expanding Universe™ t
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Because of Eq. (4) a knowledge of p, and p. 06 \
during the element forming period together with \L )
pm» fixes a value for p,, the present radiation " \(L | L / |
density, which is perhaps the least well-known o 8 ‘\ \\ 7 0
quantity. o| 4t )\ A—t
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In accordance with Eq. (4), the specification of
pmt, pmy and p, fixes the present density of radia-
tion, p,.. In fact, we find that the value of p,

H

2logT(°k) o
7 log Plg/em3)

consistent with Eq. (4) is 3|6 \

pr 2210732 g /cm?, (12d) 2re // A\ 7
/ A\

which corresponds to a temperature now of the e e \ ®
order of 5°K. This mean temperature for the uni- ole8 // N
verse is to be interpreted as the background tem- Al \ ]
perature which would result from the universal e \\.o
expansion alone. However, the thermal energy T e 1 a6

resulting from the nuclear energy production in - - teoend - J L

. . 1G. 1. The time dependence of the proper distance L, the
staﬁr‘s would }ncrease this value. densities of matter and radiation, pm, and p,, as well as the
temperature, T, are shown for the case where pp,/ =103
g/cmd, p22107% g /cmd, p, 221078 g/cmd, and p, 21 g/cmd.
[See Eq. (12).]
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Because of Eq (4) ‘a knowledge of p, and p, H, 16 2
during the element forming p In order to study how sensitive this model is to

/
pm fixes a value for p,, th the c}_101ce of. fiensmes we hav.e considered 1§he | | /|
. . . following additional set of density values which | =
density, which is perhaps th - . °
: satisfy Eq. (4): /

quantity. At

pmr==21.78 X107 g/cm?, /
pr =21 g/cmd, (15) // 2
pm=2107%0 g/cm?, 7 3
In accordance with Eq. (4, and \A 4
pmt, pmr, and p, fixes the pres pr 2210735 g /cm’, /\\ a
tion, p,». In fact, we find tl Ty, valye obtained for p,+ in this case corresponds N\ \\ g
consistent with Eq. (4) is to a present mean temperature of about 1°K. The \\ \ °
pr 21073 g /cm?, (12d) 220 — A N :

/ A\

which corresponds to a temperature now of the e e \ ®
order of 5°K. This mean temperature for the uni- ole8 // N
verse is to be interpreted as the background tem- 1.1/ A\ ’
perature which would result from the universal " \\ °
expansion alone. However, the thermal energy T e 1 a6

resulting from the nuclear energy production in - h teoend - J )

. . 1G. 1. The time dependence of the proper distance L, the

staﬁr‘s would }ncrease this value. densities of matter and radiation, pm, and p,, as well as the

temperature, T, are shown for the case where pp,/ =103

g/cmd, pp210” ® g/cm3, p,22107¢ g/cm3, and p, =21 g/cmd.
[See Eq (12).]



Planck best fit

Qph?2 =0.02237+ 0.00015
Nio = 6.12+0.04
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Conditions in the Early Universe:
T 21 MeV
2
P = %(2 + % + EJVV)T4

n=ng/n, ~ 1071

f-Equilibrium maintained by

weak interactions

Freeze-out at ~ 1 MeV determined by the
~ammmnet it ian ~anciaon rate I - 2/N ar




Nucleosynthesis Delayed
(Deuterium Bottleneck)

p+n —D+y ['y ~npo

p+n«—D+~vy I'g ~ nvae_EB/T

Nucleosynthesis begins when [') ~ 14

M e=EB/T ] QT ~ 0.1 MeV

np

All neutrons — *He

y, - 2(n/p)

~ 25%
1+ (n/p)

Remainder:

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



® Weak Freeze-out (T~.84 MeV)
e D Bottleneck (T~.064 MeV)

® Free neutron decay n/p = 1/4.66 to = 1/7.2

1
=n
""He - ~ (0.0&81

2

-----




Table 1: Key NUCIGar Reactions fOr BBN - ||||||||| T TTTI ||||||||| |||: 0_7 E| rTTT ||||||||||||||E
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Fig. 1.—Reaction network used in the code. Estimated reactions are shown with dashed lines,




Evolution of the nuclear chain Yeh

Age of the Universe (sec)
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BBN could not explain the
abundances (or patterns) of
all the elements.

—> growth of stellar nucleosynthesis

But,
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Uncertainties
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Observations

® 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:




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

Table 3. PRECISION D/H MEASURES CONSIDERED IN THIS PAPER

QSO Zem Zs  logio N(H1/em™ [O/H]* logio N(D1)/N(H1)
HS 0105+1619 2.652 253651 19.426 £0.006 -1.771 £ 0.021 —4.589 + 0.026
Q09134072 27785 2.61829 20312 +0.008 -2.416+0.011 -4.597 £ 0.018
Q12434307 2.558 2.52564 19.761 £0.026  —-2.769 £ 0.028 -4.622 £ 0.015
SDSS J1358+0349 2.894 2.85305 20.524 £0.006  —-2.804 +0.015 -4.582 +0.012
SDSS J1358+6522 3.173 3.06726  20.495 £0.008  —2.335 + 0.022 —4.588 £ 0.012
SDSS J1419+0829 3.030 3.04973  20.392 £0.003 —-1.922 +0.010 -4.601 + 0.009
SDSS J1558-0031 2.823 2.70242 20.75 + 0.03 —1.650 + 0.040 -4.619 £ 0.026

*We adopt the solar value log;o (O/H) + 12 = 8.69 (Asplund et al. 2009).

Cooke et al.



D/H abundances 1n
Quasar absorption
systems

BBN Prediction:
10°D/H=258 £0.13

Obs Average:
105D/H=3.01 £0.21
(0.68 sample variance)

-4.5 |-

Log(D/H)

-5.5




Updated
D/H abundances 1n
Quasar absorption

systems
]
BBN Prediction:
105 D/H = 2.506 = 0.083
Obs Average:

105D/H =2.55+£0.03
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Updated
D/H abundances in

Quasar absorption
systems
:
BBN Prediction:
105 D/H = 2.506 = 0.083
Obs Average:

105D/H =2.55+£0.03
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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)

P

00— O O OO OO

080 - 4He is Primordial!
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g eInterstellar Redding (scattered by dust)
S Y stematics eUnderlying Stellar Absorption
eRadiative Transfer
e(Collisional Corrections

W (HpB)+au (Hp)
FO) _ o BO) ~ Wm0 LHEN) o)
F(Hp) E(HB) WQ)tawe(N) “7V/q1 4 C (HB)

W) =




: eInterstellar Redding (scattered by dust)
S y stematics eUnderlying Stellar Absorption
eRadiative Transfer
e(Collisional Corrections

W (HB)+ar (HB)
F()\) + B\ W(EB) 1*‘%<A)]O—fQXXHﬂ>

F(Hs) ~ ¥ E(Hp) Tzl V13T 1)

Calculate fluxes rather than y

(y+1 ne: dfje, T!_T1 C(Hﬁ), ar, g)

Parameters now inlcude y

(L N FQ) )2
2 = Z F(HB)  F(HB)meas 8 parameters; 9 observations
o(A)?

A



Improvements

New emissivities

Adding new He line
7 He, 3 H lines to fit 8 parameters

Aver, Olive, Porter, Skillman
2013

Izotov, Thuan, Guseva

Aver, Olive, Skillman
2015




Aver, Berg, Olive, Pogge,

Salzer, Skillman

13.7 for 68%

Applied to Leo P

Skillman et al. [66] This Work
Emission lines 9 21
Free Parameters 8 9
d.o.f. 1 12
95% CL x* 3.84 21.03
Het /HT 0.08370 008 0.082370 0572
n. [cm™3] 11200 39112
are [A] 0.50 05 0.42% 0
T 0.0015-5 0.007 550
T, [K] 17,060 T555 17,400 1250
C(Hp) 0.10%0 07 0.1050 65
amr [Al 0.94% 579 0.51%07¢
ap [A] - 0.00 705
& x 10% 015 0t]
Y 3.3 15.3
p-value 7% 23%
O/H x 10° 1.5+ 0.1 1.5 4+ 0.1
Y 0.2509 4+ 0.0184  0.2475 £ 0.0057




Most recent addition: AGC 198691 (2021)
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baryon density Q;h?
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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/Resonant reactions

® Stellar parameters

e Stellar Depletion




Arguments against stellar depletion

® [.ack of dispersion in the plateau

® (bservation of 6L.1
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6].1BeB
Form,,= 6

°Li/H = 10-14
Be/H = 0.5-5 x 10-19
I0B/H = 2 x 10-20
IIB/H = 3 x 10-16




6L1
In the happy but 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




IRFMZ Data

[0/H],,car= —1.37

e pure IRFMZ
o Carney

s other T

GCRN production of
Be and B
including primary and
secondary sources




GCRN production of
Be and B

including primary and
secondary sources




These data nicely accounted for by Galactic
Cosmic Ray Nucleosynthesis

10-’ L L e
—— GCR + changing [0/Fe],
——= GCR + constant [0/Fe], ~
10-10 -
//
N s

~N 10-11 ! ya




a 6L1 plateau?
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Both ¢L1 and 7L1
appear to be destroyed

1078
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Li/H




Both .1 and 7L

® corrected: Dy =Dg 3 appear to be destroyed

T ® observed
= -~ TLi(BBN + CMB) ¢

) —— BBN+GCR model ® ®
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Broken Spite plateau
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Broken Spite plateau
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Broken Spite plateau

30 | i
SBBN Primordial Lithium

2.5

Note 2.0

51.gn1ﬁc.ant§ .




Broken Spite plateau

Note
significant




Maybe NO L1 Problem




BBN and the CMB

Convolved Likelihoods
From Planck:

L , Y, N,
Levms(n, Yyp) Nems (7, Yp, N )

wp = 0.022212 4 0.000242

wp = 0.022305 == 0.000225
Neg = 2.7542 £ 0.3064

Y, = 0.25003 = 0.01367
Y, = 0.26116 4 0.01812

Cyburt, Fields, Olive, Yeh




The neutron Mean-life
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The neutron Mean-life
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PDG22 average
S, =878.4+ 0.5
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BBN and the CMB

Nv=3

CMB only determination
of nand Yp

0.30 — —
| — 68.27% N

I I
5.8 6.0 6.2 6.4

Baryon-to-photon ratio 719 = n,/n, x 10




BBN and the CMB

Monte-Carlo approach combining BBN rates, observations and CMB

Planck (N, = 3) + BBN + PDG22 average

N A
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o T ]
2 0.6 —+ —
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BBN and 1,

PDG22 Weighted Average PDG22 Ideogram
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peak = (878.4, 0.2467) peak = (877.8, 0.2466)

Y, (mass fraction)
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[\
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\]
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1N
\]
||||||||||||||||||||||||||||||||||||||||||||||||

0.246 0.246
— 68.27% — 68.27%
— 95.45% — 95.45%
0.245 — 99.73% . 0.245 — 99.73% ]
S N W S SIS AT WA
870 875 880 885 890 870 875 880 885 890

Neutron lifetime 7,, (sec) Neutron lifetime 7, (sec)




BBN and the CMB

Monte-Carlo approach combining BBN rates, observations and CMB

Planck (N, = 3) + BBN + PDG22 average
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Likelihood

Likelihood

BBN and the CMB

Monte-Carlo approach combining BBN rates, observations and CMB

Planck (N, = 3) + BBN + PDG22 ideogram

1.0

0.8

0.6

0.4

0.2

0.0

e e 2 <o =
MR & O
NPT

e
o

N

(

III|IIIIIIIII|IIIIIIIII|III
I

=

2.5
10° x D/H

3.0

(c)

N —
A
i

(d)

\III|III|III|III|III|I

D/H
SHe/H
7Li/H

0.2469 + 0.0004
(2.507 & 0.083) x 10>
(10.45 £ 0.87) x 10~
(4.96 £0.70) x 10~ 1°

(0.2466)
(2.505 x 107°)
(10.45 x 1079)
(4.95 x 10719) .




BBN and the CMB

Loms (7 / Lomp (1, Yp) dYp. Convolved Likelihoods
LovB-8BN(71) Loms( n,Y) LppN(n;Y,) dY,
1.0 — T T T T | B N T T T T T
I ”I _
0.8 |- S0 LT e - _ -
C ; -~ - - _ _| Determination of 1
i i — - BBN+Y, §
-§ 0.6 — ; , S BBN _|_ D —]
R S * — -BBN+CMB |
2 S %, == BBN + CMB + D
= ! "'.‘—-— CMB — only

6.0
Baryon-to-photon ratio 119 = ny/n, X 10'°




BBN and the CMB

Fields, Olive, Yeh, Young

Results for 110

Convolved Likelihoods

Lcoms(n) o< /£CMB(777Yp) dY,

LcmB—BBN () / Lcome(n,Yy) LN (1Y) dY

LBBN—0BS(7 / LN (1; Xi) Lops(X;) dX;

Constraints Used mean 719 |peak nig
CMB-only 6.104 + 0.055| 6.104
BBN+Y, 6.74113250 | 4.920
BBN+D 6.148 + 0.191| 6.145
BBN+Y,+D 6.143 + 0.190| 6.140
CMB+BBN 6.129 + 0.041| 6.129
CMB+BBN+-Y,, 6.128 +0.041| 6.128
CMB+BBN+D 6.130 + 0.040| 6.129
CMB+BBN+Y,+D|6.129 + 0.040| 6.129

ECMB—BBN—OBS(U) / LCMB(na p)EBBN(n, EoBs HdX



Limits on Particle Properties
G3T° ~ To(Ty) = H(T}) ~ GY*T

b2 — ——Gnp  BBN Concordanc.e rests on
3 balance between interaction
rates and expansion rate.

 Allows one to set constraints on:




BBN and the CMB

baryon density Q;h?
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BBN and the CMB

baryon density Q3h?
102
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Likelihood

Likelihood
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BBN and the CMB
CMB and BBN determination

of n and Ny
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BBN and the CMB

Convolved Likelihoods
Results for 1 (Nv)
Constraints Used mean 71 peak 11 mean N, peak N, ON,,
CMB-only 6.090 + 0.061 | 6.090700%5 || 2.800 £ 0.294 | 2.7647 525 || 0.513
BBN-+Y,+D 5.986 & 0.161 | 5.98079-1%3 1| 2.889 +0.229 | 2.87879-232 || (.407
CMB+BBN 6.087 & 0.061 | 6.08879-961 1| 2.848 +0.190 | 2.84379-192 || 0.296
CMB-+BBN+Y, 6.089 + 0.053 | 6.089 002, || 2.853 £0.148 | 2.8507 ¢ 148 || 0.221
CMB+BBN+D 6.092 & 0.060 | 6.09379-9¢1 11 2.916 +£0.176 | 2.91279-178 || 0.303
CMB+BBN+Y,+D | 6.08840.054 | 6.08870 02 || 2-898 & 0.141 | 2.895%) 147 || 0.226

Yeh, Shelton, Olive, Fields
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L1maits:

Right-handed neutrinos and extra gauge boson masses
Dark Radiation
Stochastic Gravitational Wave Background

Vacuum Energy - Trackers

Primordial Magnetic Fields
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BBN and the CMB

n-marginalized
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BBN and the CMB

more recent projection  og4(Negr) ~ 0.07

prediction
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BBN and the CMB
Predicting T,

T, constraints
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Summary

e BBN and CMB are 1n excellent agreement
wrt D and He

® [i: Was Problematic
= Most certainly now due to stellar depletion

® Wish list:

= INew Cross sections measurements for
D(D,p) and D(D ,n)

- New high precision measurements of He

e Standard Model (Ny = 3) 1s looking good!



