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| ‘ e of the Hot Big Bang
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Helium

Helium is a poor baryometer because
it varies little with the baryon density
- we need a measurement accurate to
the third place of decimals to
constrain the baryon density.

However, simply having a mass
fraction of 1/4 it is strong
corroboration of BBN.

Observationally, it is challenging to
measure helium lines with great
accuracy, and interpret their
abundance as the percent level. It is
also challenging to differentiate
between primordial helium and
stellar helium production
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with lots of debate over the 3rd place of decimals!

1% 4% 10%  100%

density of ordinary matter
(percentage of critical density)

(2

deuterium
measured

N helium-3
measured

3

lithium-7
Z measured

(0)

' I ) L I 1 1 1

] l I 1 1

I L L ) 1 I ) ) L L

0.28
0.26 ¥ I
o 1
» - i
0.24
0.22
0 2 FANN TR TN TR NN TR SR SN TN (N Y TN S N TN TR T S S T T T
0.5 1 1.9 & 2.0

. / . _
(0/H)x 101

2 I | I I I I I I I

~— ; -

T 2 -

T 15 S =

n - e a 1= -

o — @ |2

» — :

5 S ~ =

N - e % -

< - > ?~E‘ .

= . ] Ei‘.’ o s T L

:::l_ \:— . 4 ‘< ‘

- A rer wnpdan l.wl\) > \‘-h_.)w"“‘*; wamnﬂ—ﬁ-mj s T L SR PRI \mapn -
0L , 1 1 -
3500 4000 4500 5000

A(A)
2 I | I I I I

T :

= 2

- 1.5 [ -

" -

.\I; _

5 4 [F =

0 &~ 3 E = -

T @ e

. ~ = =2

T 05 [ - - == -

= T = »n=

) = = _

= B mVWA%._M.VgML%.-mJ\LW.HJ \'\-..»,o.oajﬁ.,._,_n-.- NS DO S Sy -
0 ! I T S T

68000 6500 7000

A(R)



Deuterium

D/H in absorption along the line of sight to high redshift QSOs
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Deuterium is a good baryometer because D/H varies
sensitively with the baryon density.

In addition, we also expect the gas observed in
absorption at high redshift to be minimally affected by
stellar nucleosynthesis subsequent to BBN.

Observationally, it is challenging to estimate the
continuum level against which the absorption happens,
and to compare a very weak deuterium line to a very
strong hydrogen line.
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Lithium
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Lithium
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Lithium

3.0

2.0

1.0

0.0

Lithium is a challenging as a
baryometer because the variation
of Li/H with the baryon density is
double-valued thanks to the
competition between lithium and
beryllium.
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BBN gets the
abundances of
deuterium, helium,
and lithium right if
the mass density 1s

about 4% of the
critical density.

There 1s some
tension 1n that
lithium prefers a
somewhat lower
baryon density, but
the basic picture 1s
sound.



BBN is one of the most robust aspects of the hot big bang,
as each isotope provides independent corroboration.
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Consequently, the baryon density is well-known,
but far short of the critical density.
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BBN gets the abundances of
deuterium, helium, and
lithium right if the mass
density 1s about 4% of the
critical density.

w, = Q,h* = 0.022

from deuterium

v, = Q,h% = 0.019
from deuterium prior

to CMB constraints

w, = Q,h* = 0.017

from lithium

SO Wy = 0.02 and HO =70
means €2, = 0.04



Walker et al. (1991)

Q,hz, = 0.05 % 0.01

SO

w, = 0.0125 + 0.0025

was canonical for many years. Now

w, = 0.0224 + 0.0001

take error bars with a grain of salt!

(Planck 2018)
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BBN already old news in 1991

PRIMORDIAL NUCLEOSYNTHESIS REDUX

TerrY P. WALKER,''? GarY STEIGMAN,?® DaviD N. ScHRaMM,* KEITH A. OLIVE,® AND HO-SHIK KANG?
Received 1990 December 17 accepred 1991 January 17

ABSTRACT

The latest nuclear reaction cross sections (including the most recent determinations of the neutron lifetime)
are used to recalculate the abundances of deuterium, *He, *He, and "Li within the framework of primordial
nucleosynthesis ir the standard (homogeneous and isotropic) hot, big bang model. The observational data
leading (0 estimaes of (or bounds o) the primordial abundances of the light clements is reviewed with an
emphasis on "Li and *He. A comparison between theory and observation reveals the consistency of the pre-
dictions of the standard model and leads to bounds to the nucleon-to-photon ratio, 2.8 < n,,< 4.0 (9, =
10"“ng/n.), which constrains the baryon density parameter, Q,h?, = 005 + 001 (the Hubble parameter is
Hqy = S0hse km s~ ' Mpc™'). ‘These bounds imply that the bulk of the baryons in the universe are dark if
Qror = 1 and would require that the universe be dominated by nonbaryonic matter. An upper bound to the
primordial mass fraction of “He, Y, < 0.240, constrains the number of light (equivalent) neutrinos to N, < 3.3,
in excellent agreement with the LEP and SLC collider results. Alternatively, for N, = 3, we bound the predict-
ed primordial abundance of *He: 0.236 < Y, < 0.243 (for 382 < t, < 896 s).

Subject headings: abundances — early universe — clementary particles — nucleosynthesis
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Fi1G. 12.—Predictzd abundances (by numbzr) of D, D + *He, and "Li, and
the *He mass fraction as a function of n for N, = 3 and 7, = 889 s for 0.1 <

Mo < 100. The vertical band delimits the range of n consisient with the obser-
vations.

Since N, > 3 (assuming m,, < a few MeV: the inequality is
because BBN is sensitive to particles which could be unde-
tected at SLC and LEP) and 1, = 882, we see from equation (4)
that

Y, = 0.227 + 0.01C1In 7, , (30)

so tha, for ¥, < 0.240, we find #,, < 4. If, howzver, we choose
for the observational upper bound to the primordial helium
abundance Y, <0.245 (0.235), this bound on the nucleon

N /N(H)

Fi. 13.—Predicted a»undances (by number) o' D, *He, D - *He, and "L,
and the *He mass fraction as a function of 5 for N, = 3 and 882 < 7, < 896 s,
The 95% CL bounds on the abundances (see text) are shown. The vertical band
delimits the range of y consistent with the observations.

where T 1s 1in kelvins. Comrarine the barvon mace dencitv
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Where are the baryons now? Mostly in the intergalactic medium (IGM) (Shull et al. 2012)

Ly a = Lyman alpha forest (IGM)

WHIM = Warm-Hot Intergalactic Medium

ICM = Intra Cluster Medium (hot gas in clusters)
CGM = CircumGalactic Medium (gas in galaxy halos)
stars = stars in galaxies

HI = atomic hydrogen in galaxies CMB 201 5 (Plaan)
BBN 1999 (pre-CMB D/H)

Stars only about 7% of the baryons expected from BBN - for a long time there seemed to be a missing baryon problem.
Perhaps there still is, but chiefly it appeared that way because most normal matter has not condensed into stars.

BBN 1991 (Walker et al.)

missing

missing

O,k = 0.0125 + 0.0025 0, h? = 0.019 £+ 0.001 0 h? = 0.02230 + 0.00023

There has been more growth 1n the baryon density than anticipated by the uncertainties, but the basic picture 1s sound.
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Mass density

of 2 run higher: there’s more mass than meets the eye
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There is more gravitating mass than Big Bang Nucleosynthesis allows in normal matter.

Need non=-baryonic dark matter.
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