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® Adiabatically expanding,
® Monotonically cooling

® Undergoing a series of
phase transitions

® Structure defined by RW
metric and Friedmann
equations
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Standard Big Bang cosmology pillars
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® Hubble flow Tl |
® supported by recesion of > )
galaxies I
® Primordial ) L
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nucleosynthesis
® supported by primordial
abundances (Y ) G
® Cosmic microwave &
background

® supported by the 2.7K
radiation
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1x10 9 yr l 15x10 2 yr
Galaxy and Star| Present
i Era
Event tor T Notes
Planck Time 104 s 10 GeV GR breaks down
Strong Force 1073 g 104 GeV GUT
Inflation Era 10-86 — 1082 5
Weak Force 1072 g
Quark-Hadron Transition 107% s 300 MeV Hadrons form
Lepton Era 107°—10"2s 130 Mev — 500 keV e™ — e™ annihilation
——> Nucleosynthesis 1072 —10% s ~ 1 MeV Light elements form <————
Radiation-Matter Equality 50,000 yrs (z = 3454) 9400 K
Recombination 372,000 yrs (z = 1088) 2970 K (0.3 eV) CMB
Reionization ~ 10% yrs (z =6 — 20) 50 K
Galaxy Formation Reionization til now 50-2.7T K
Present Day 13.7 Gyrs 27K (~107% eV)
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Outline of events
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® Initially, the universe was fully ionised and optically thick due to
electron scattering.

® Matter and radiation strongly interacted - Black Body
distribution of radiation.

® Eventually, the Universe cooled sufficiently for atomic H to form
- 3000K, t=10°yr, z=1000

® Radiation decoupled from matter.
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Non-relativistic matter

dFE = —PdV;
, o 3o ksT
E — (Pm':g + PmEB ) ﬂa;
2 my
?Hk f;."_';']"u!-
P = nkgT,, = PmiB-m
iy,

2
T =Tom (%}) - Tl'.“lm[]- +z}2'

Relativistic matter and Radiation

< u>=p.c? =0T,

photon density decreases with a3
but photons loose energy due to
cosmological red-shifting (extra
factor of 1+z), so

or o (14 2)%,

T.i.‘ = TD,.(]. + E]
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The thermal history of the Universe reveals a e OO D e
change from radiation to matter dominated.

10- 10—

Energy density (matter) ~ p,,c?
pm ~ 1/a3
# density (photons) ~ 1/a3

[ ]
Density (kg/m?) —

- _. 9Zoo K
But, the red-shifting means that energy per photon~ *"5 Lo Lo
1/a. Thus, energy density (radiation) ~ 1/a* p———

The time when radiation and
Pro— P14 p), matter contributed equally in

Pm Pom the Universe occurred at:
Energy density of radiation drops more quickly

than matter as scale factor increases. Zeq = 3454 when temperature
was about 9400 K
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Concordance model
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Component Property
photons Q, =50 105 Friedmann equation (now including
neutrinos B9 =34x 107 radiation density term and assuming flat
total radiation Q, 0=84x10°
baryonic matter ébm,o =0.04 Cu rvatu re)
nonbaryonic dark matter =0.
totalarfatter ?zdj;o=(:].32(? d_ﬂ —H [Qr,l] 4 Qm,ﬂ + Q. calt 2 172
cosmological constant Q5,07 0.70 dt ¢ H(I)Z a(t) A0 (7) :
Since the three components have different S —
dependences on scale factor, there are long T
stretches of history when one component N2
dominates. First radiation, then matter, then | | .
« matter and radiation energy densities equal e ; , “,ﬂ ]
3 a,,, = 0.00029 (z=3454) - T
« A and matter energy densities equal - e R T

a, = 0.75 (z=0.33)

February 2025 Element abundances and chemical evolution of the cosmos /\ngeles |. Diaz 8



Grupo de Astrofisica

Nz

Photon - Baryon Number Density Ratio -
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» The present density of baryons is:
ngy = 2% ~1.12 x 10~ 5sh%em >,
My

» Photon’s obey Bose-Einstein statistics and integrating over the applicable
distribution function give their number density:

D) .
Ty Tl hc

2(3) [ kpTh. \*
— ¢(3) ( B ':"") ~ 420cm™® mostly CMB (only 10% from

starlight)
» The photon-baryon ratio, , (with (Qq,h?%) =0.024 (WMAP CMB values))

it =% 375 x 107(Qh?) L. = 1.6x 100
T

» There are far more photons than baryons in the present Universe
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charged electrons and protons <% °
S] Hydrogen

first became bound to form .ﬁ’,@ v O
neutral hydrogen atoms. N \

AN Photon

® This is the epoch when Ny .

® Atrecombination, the mean -« oo b Afer ecombinion
free path of a photon rapidly
goes from being very short to This epoch is referred to as
essentially infinite as the the surface of last
probability for scattering off an scattering or the time of

decoupling — when
radiation and matter
became decoupled.

electron becomes negligible.
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The surface of last scattering
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Big Bang

Zad ui Lusibicluy

CMB

TS
e Last Scattering

We can only see
the surface of the
PRESENT cloud where light

13.7 Billion Years was last scattered
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.
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Matter-radiation decoupling

Universidad Auténoma de Madrid

n<>p decoupling (A)
n free decay (A-B)
D formation (B)

Q h*=0.0224

n<p
equilibrium
n free decay
exact
calculation

Q h*=0.0224

Neutrons mass fraction
| B IIII

Neutrons mass fraction
| L IR II
&
=

1o . w4 vod Ll v vvwd vl vl s il
Temperature Time
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® Standard Big Bang Nucleosynthesis (SBBN)

 Calculated “He, D, 3He, Li primordial abundances as functions of
the baryonic density 7 (or £2,h?)

® Spectroscopy

« Observed *He, D, 3He, "Li abundances as functions of metallicity —
primordial abundances

® Anisotropies in the Cosmic Microwave Background radiation
« WMAP gives n with = 3% precision
® Experimental physics :
Number of neutrino families N, = 2.9840+0.0082 (LEP)

* Nuclear reaction rates and neutron lifetime
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Big Bang nucleosynthesis
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® |In the first three minutes, the
Universe was hot enough for nuclear
reactions to take place.

® Protons and neutrons formed 2H
(deuterium), *He and “He.

® “Heis most stable and, within 3
minutes, made up 25% of the
Universe.

log(mass fraction)
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® Protons are somewhat lighter than neutrons:
« m,=938.3 MeV
e m,=939.6MeV  Am=1.3MeV

® Free neutron decay n — p + e~ with a half life of 940 s
® Bound e~ in nuclei are stable.

® Athigh T, N, = N, since the mass-energy difference is negligible w.r.t. kT,
SO
* nSp+é+v,(+0.8 MeV) as the main process

® But, whenft KT = 0.8 MeV, neutrons can convert to protons but the inverse
reaction is not possible

® Protons begin to outnumber neutrons by a factor:

N

Dm/kT 1.3/0.8
P o DWT) _ (1308)

N

n
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® Protons and neutrons combine to build up more complex
nuclei.

® Densities are still too low for many body collisions, so reactions

start as:
ptn—2D+y

D+n 3T +y

D+p —3He+y

D+2D —3He +n
‘He +n — “He +y
‘He+n—3T+p

ST+p—“%He +y

® °H is very reactive, so most neutrons in 2H will end up in “He,
with traces of D, 3He, "Li, ...
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The mass fraction of ‘He
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® Mass fraction in “He is:
Y = 2n,/(n,+n,) = 2(ny/ny)(A+n/np)?

® Proton to neutron ratio set at 1/5 which yields Y ~ 0.3.

® The actual value is somewhat lower because D forming reaction
is suppressed by the high photon - to - baryon ratio.

® In these terms, the mass fraction of *He is:

Y = (0.230) + (0.0011)ln|

+ (0.013)(N, — 3)
+ (0.014)(ty, — 10.6 min)

® N, is the number of light particles, like neutrinos. The best model
fit for a relativistic gas (dominated by neutrino motions) is 3.
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® Not only the abundances of primordial
He but also those of the rest of
elements produced as result of the
BB, depend on the baryon to photon
ratio.

® The abundances of “He, 2D, ®He, Li

Mumber Abundance Relative to Hydrogen
= o
dn I8
T |
T
- ] :P
/
|

have to converge to a single value in L y

the abundance vs baryon-to-photon o7 7 -

ratio. 107 =
® Forthe SBBN model to be confirmed 10 -

these values should also converge to | | |

the model predicted ones. 0001 YOI 1
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Reaction rates
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Origin of reaction rates

Theoretical:

*n<>p : [Dicus et al. (1982), Lopez &
Tumer (1999)]

*'H(n,»)?H : Two nucleons
effective field theory [Chen &
Savage (1999)]

Experimental :

 Compilation [Descouvemont,
Adahchour, Angulo, Coc & Vangioni-
Flam (2004)]

Descouvemont et al (2004)

Theory

From Alain Coc notes.
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Primordial abundance measurements
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Primordial abundances ;

» QObserve a set of primitive objects born when the Universe was
young

“He in H Il (ionized H) regions of blue compact galaxies

SHe in H Il regions of our Galaxy (?)

D in remote cosmological clouds (i.e. at high redshift) on the line of
sight of quasars

"Li at the surface of low metallicity stars in the halo of our Galaxy

» Extrapolate to zero metallicity : Fe/H, O/H, Si/H,.... — 0
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Primordial helium measurements
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Take an emission line spectrum
Measure the temperatute, T,
Measure the density, n,

Calculate (theoretical) emissivities

Convert relative eission line flux measurements to relative
abundances

6. Plot a regression of He/H vs O/H, N/H, S/H ... and explapolate
bak to zero abundance

A
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Typical object for Y, determination
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February 2025
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24}
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0% N/H

Figure 7. Regressions of helium against oxygen and nitrogen abundances for objects with definite detections of broad WR features (filled
circles) and without definite detections (open circles). Maximum-likelihood regression lines are shown for the latter category, with alternatives
equivalent to + 1o limits. Larger and smaller circles represent higher and lower weights, respectively, and a few typical error bars are shown.

‘there may be additional local sources of both helium and nitrogen in the form of winds from Wolf-Rayet stars”
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00— 7T T ]
c) 5 He | lines

ozsl Yp=0.2421 * 0.0021

"* s;'wi-'iﬁi

r,r s J}“&M

Izotov & Thuan 2004, 602, 200
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Yo

wwap) = 0.2485 == 0.0002

Averetal. 2013, JCAP, 11, 17

029 | Final Dataset I

028 -
02?-—
BZB-—
025;

024 -

023 |

022 - 4
I Y =0.2465 +/- 0.0097, <Y>=0.2535 +/- 0.0036
021 | d(Y)d(OMH) = 96 +/- 122 |
1 1 1 1 Il 1 Il 1 Il 1 1 1 1 1

0 2 4 [ 8 10 12 14

O/MH x 10°

Figure 5. Helium abundance (mass fraction) versus oxygen to hydrogen ratio regression calculating
the primordial helium abundance.

Y,= 0.2465 + 0.0097

Averetal. 2015, JCAP, 07, 011
adding the Hel 10830 A line

T T T T T T T T T
08 Final Dataset |

027

026 -

024 -

023 | Yp=0.2449 +/-0.0040 -

d(Y)d(O/H) = 79 +/- 43

022 1 L 1 L 1 L I L 1 L I L 1 L
0 2z 4 & 8 10 12 14

O/H x 10°

Figure 6. Helium abundance (mass fraction) versus oxygen to hydrogen ratio regression calculating
the primordial helium abundance.

Y,=0.2449 = 0.0040
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0.270

Abundance Progression 1 . ) 5 L ¢
0.265 T

.25 T — . I
0.260 | St e e s e
L
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g | SRR 7

‘I\Il
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TABLE 7
ErRrROR BUDGET IN THE Y,,(SAMPLE) DETERMINATION

Problem Estimated Error
Collisional excitation of the H 1 Ines..........ccccoeveveneen +0.0015*
SR ST FITREIIN. c ooisionsmndossoiiiod snss AR +0.0010°
O(AY/AO) correction .. . e +0.0010"
Recombination cocfﬁcncnts of thc llc I lmcs +0.0010"
Collisional excitation of the He 1 lines ...........ccoceunne. +0.0007°
Underlying absorption in the He 1 lines..........ccceevunnee. +0.0007"
Reddening correction.. +0.0007*
Recombination cocﬁicncnts of thc ll I lmcs +0.0005"
Underlying absorption in the H 1 lines ..............c.... +0.0005"
Helium ionization correction factor.............ccccvveecennnns. +0.0005°
Density structure.. +0.0005"
Optical depth of the He' trlplct tines... +0.0005"
He 1 and H 1 line Intensities ...........cccoveveneieicneeciecennas +0.0005"

* Systematic error.
b Statistical error.

Peimbert, Luridiana & Peimbert 2007
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Using Sulphur as metallicity tracer
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+0.0071

Helium mass fraction versus sulfur abundance: Yp =0.24877 4073

0.301
0.281
0.26 1

N 6 W18-A2

0.22 1

0.20 W18-Al

0.181

0C36

_‘42232

---- Linear regression
# Sulfur object abundance
4 WMAP prediction: Y =0.24709 + 0.00025

; 5 3
2 (10°)

Fernandez et al. 2018, MNRAS, 478, 5301
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Hsyu et al. 2020, ApJ, 896, 77 ol P
m‘]: Al He1 A10830 7=0.0155
® Keck NIRSPEC and Keck NIRES ~=3 I Pl
spectroscopy of sixteen metal-poor galaxies <
that have pre-existing optical observations. 5,

10900 1089500 11000 110500 11100 11150 11200

® The near-infrared (NIR) spectroscopy

specifically targets the He | A10830 A e gl | .
emission line, due to its sensitivity to the LT
physical conditions of the gas in H Il regions ~ ow| L
® The NIR observations are combined with “,,*_. o .' Y
data from the literature. e !
® They derive a primordial helium mass ,
fraction of PO ¢SOy
— +0.0039 oo -
Q YP = 0.24‘36—0_0039 . . L . . — L - -

(O/H)x10°
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0.28F (c)

0.27-
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® A sample of 100 H Il regions collected
from the Sloan Digital Sky Survey.

® The final analysed sample consists of
our sample and HeBCD data base from

|zotov et al. (2007).

® The value obtained is Yp =(0.2462 +
0.0022.

® This should be compared with the
Planck result:

® Y,,q,=0.2471 %+ 0.0003

Lo dmewsRER T Kyrichin et al. 2021, MNRAS, 502, 3045
0.00000 0.00005 0.00010 0‘00(}?_'15 0.00020 0.00025 0.00030
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LA Primordial helium abundance from

“immm | observations of the intergalactic medium, S
Cooke et al., 2018, Nature Astronomy, 2, 957
2" ® A determination of the primordial helium B Fe———— AN
o) abundance based on a near-pristine intergalactic [} o o s

2400 2420 2440 2460 2480 2500 2520

gas cloud that is seen in absorption against the

Observed wavelength (A)

_ light of a background quasar. R TR A R I R
® This gas cloud is at z,, = 1.724, has a metal o [t o T
. content around 100 times less than that of the R —,

He 1 A515.6

Sun, and at least 30% less metal content than the " W

most metal-poor HIl region currently known where
a determination of the primordial helium
abundance is possible.

@ ® thatthe helium abundance of this intergalactic gas
ik cloud is Y =0.25 0-0.025+0.033 , which agrees

with the standard model primordial value8-10, L el teten
Y = 0.24672 = 0.00017 B e

Velocity relative to z,,s = 1.724002 (km s~ 1)

Normalized flux
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The primordial deuterium abundance
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® Since 2D is strongly dependent on the baryon density, it is an
excellent “baryometer”.

® There are no known astrophysical sources for deuterium
production and thus all deuterium must be of primordial
origin.

® But the monotonic decrease in the deuterium abundance over
time indicates that the galactic chemical evolution affects the
interpretation of any local measurements of the deuterium

abundance such as in the local ISM, galactic disc, or galactic
halo.
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Spectra for 2D abundance
measurements
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Liek KAST

1 L ] o L
t t i X i i

aea0 S600 4000 4400 4800 5200 D800

F, { 1078 erg 27! em™® 1)

Keck ESI

[,  — T T t i t i —if t —t i | - i } I t t i

4000 5000 BOGA Ta00 BRO0 8000

Wavelength (&)
Q1243+3047

Kirkman et al. 2003, ApJS, 149, 1
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® D can be measured in IG gas clouds from the Lyman absorption lines
in the spectra of distant QSOs.

® DLy lines are at 82 kms™ to the blue side of their corresponding H Ly
line.

® D can be detected in select absorption systems with very simple
velocity structure and high HI column density (> 10" cm).

® For high redshifts (z> 2.5) the Ly series is redshifted into the optical and
the lines become accessible to large ground-based telescopes.

® The Ly absorption lines of DI and HI, plus the Ly continuum absorption
of HI, constrain the column densities of DI and HI and provide the DI/HI
ratio.

® The time to reach ionisation equilibrium for H and D is short (~10° yr)
and in the IGM we can assume DI/DH = D/H.
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D/H from the most metal poor DLAs
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<log (D/H),>=-4.55 = 0.03

0, 1?(BEN) = 0.0213 = 0.0010 Pettini et al. 2008, MNRAS, 391, 1499

Observed profiles (black histograms)
L Ly - ‘I i " 1yo ]15 andfitted Voigt profiles (continuous red
1o lines) of absorption lines in the Lyman
0.5 series of the z,,, = 2.61843 DLA in
T i il ni el T 100 Q0913+072. The y-axes of the plots
~400-200 0 200 400 -400-200 0 200 400 show relative intensity. The two vertical
T T T T I B B tick marks in each panel indicate the

1.5 Lye — (Ly11) Lyl0 4 1.5 . :
|| ’ || expected locations of the main

;2 ;Z absorption component of the DLA in,
ook 1 betpandd e oo respectively, H1I(atv=0kms" inthe

7400 -200 0 200 400 400 -200 O 200 400 plots) and D | (at v =-81.6 km s ).

Velocity Relative to z_, = 2.61843 (km s~!)
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VERSORD RGO D/H from the most metal poor DLAs

Cooke et al. 2014, ApJ 781, 31

oL HI || I ~ 15
ol
n e
o5 L ll 05 & 10 - :
H \ l J l“ I X T I
0.0 Ik 00 F 05 ‘_ :
3700 asoo 3900 4000 4100 4200 i F _. ;
T T T T T T T T — L,
1.0 H1.0 — 00 | . . . | . . ’
4800 4850 4900 4950 5000 5050
r Observed Wavelength (&)
0.5 0.5
0.0 Sy =t ———t H 0.0 1.0 1.0
1 | | 1 1 - — —
- 4300 4400 4500 4600 4700 é
= 20f ' ' ' |' ‘ ‘ ' ‘ ‘ Jeo w©
T [
o 1 205+ 0.5
» | @
! § 10f 10 E
Eo o
5 1 z
= 0.0 = 0.0
o 0.0 1 ! | H - 1 — 1 —1 0.0 .

4800 4900 5000 5100 5200 1200 1210 1220 1230
Rest Wavelength (&)

-4.50 -

—ass| 17 D/H,=(2.53 £0.04) 10-°

o I T w
S -4.60 0.022 %
a L . :::ﬂ
=

~4.65 - 0.024

—470 ooy o1 10028

-2.5 -2.0 -1.5
[0/H]

February 2025 Element abundances and chemical evolution of the cosmos /\nge/es |. Diaz 37



UNIVERSIDAD AUTONOMA |

Grupo de Astrofisica

Universidad Auténoma de Madrid

| Kislitsyn et al. 2024, MNRAS528, 4068
|

Al "'\Z_::," HIRES
T =) =300 =200

=100 o 100 200 300 400 500
Velocy offset, (kms™3)

D | absorption lines in a metal-poor sub-Damped Lyman-a system at z,,, = 3.42
towards the quasar SDSS J133254.51+005250.6.

Derived deuterium value of (D I/HI) = -4.622 =+ 0.014.

Incorporating all prior measurements, the best estimate of the primordial deuterium
abundance is constrained as: (D/H)pr = (2.533 &= 0.024) x 107

This represents a 5 per cent improvement in precision over previous studies and
reveals a moderate tension with the expectation from the standard model (=2.20).

This discrepancy underscores the importance of further measurements in the pursuit
of new physics.
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® These techniques can also be
applied to the local ISM by using
uv.

® Wood etal (2004) from FUSE data
find:
D/H=(1.56 0. 04) 10~
for the local bubble and

D/H=(0.85%0.09) 107 for
the local galactic disc.

® This lower value for the disc
could be due to variable astration
and/or incomplete mixing with
the ISM or depletion onto dust
grains.

. Lyman-131 JLY9 1 'F Lymen-1d LS 1274

e =,

Flux (10712 ergs em~2 s~! A™1)

100 200 200 =100 1] 100 200

Velocity (km s~!)

g
L
g
[=]

Wood et al. 2004, ApJ, 609, 838
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Lithium nucleosynthesis
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® Nuclei of mass number 7 are in the form of stable ’Li, but also
as radioactive "Be.

® In its neutral form, 'Be decays via electron capture with a half-
life of 53 days.

® In the early universe, however, the decay is delayed until the
universe is cool enough that ’Be can finally capture an electron
atz 30000 [82], shortly before hydrogen recombination! Thus,
"Be decays long after the 3 min timescale of BBN.

® After recombination, all mass-7 takes the form of Li.
® ’Li/H theoretical predictions sum both mass-7 isotopes.

“He +3H — 7Li+7

‘He + 3He — 'Be +v ‘Be+n — Li+p Li+p —2%He
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® ’Li production dominates varyon gensity 0
at low m, while 'Be T |
dominates at high n,
leading to the
characteristic “lithium dip"  °

versus baryon density in 3o
the Schramm plot. e

baryon-to-photon ratio 7
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® Lithium is measured in the atmospheres of metal poor halo
stars (Pop Il) in our Galaxy.

® Due to convective motions, surface material in stars can be
dragged down to the inner regions where it is rapidly
destroyed.

® But the hottest of these stars have very thin convective
zones and these can be used to measure unprocessed ‘Li.
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« Forasample of halo stars Li/H s . Asplund etal. 2006

nearly independent of Fe/H = this . _—

flat trend is known as the “Spite FLY Syvorer LS

plateau” EE o B
« Butheavy elements such as iron : ), “Li P .

( meta!s ) increase Wlth. time as tof | ;:/ p fﬁ %f 'J’f, “ 3, ?

Galactic nucleosynthesis proceeds osf v T f :

and matter cycles in and out of stars. N 2 .
* Thus, the Spite plateau indicates ey

that most halo star lithium is AR

uncorrelated with Galactic I

nucleosynthesis and hence, lithium —= (1.23f8‘22)10'10

is primordial. H |
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The Lithium discrepancy problem
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 Using the CMB primordial abundances values in

SBBN (thus removing the only free parameterinthe ¢
standard theory), we can compute likelihoods for all 5 os |
the light elements. £06¢
» The spectacular agreement between observations 204}

links z ~ 3 abundance measurement with z ~ 1000 2§ i .
CMB data and represents a triumph of the hot big M Sl Lo e
bang cosmology. o

« Also, “He predictions are in good agreement with ~ _ o5 |
observations. Sosf

» For ’Li, the BBN+WMAP predictions and the goar
measured primordial abundance completely zz 3
disagree: the predictions are substantially higher RHS LR 1e 8T
than the observations.

» The discrepancy is a factor

Li(BBN+WMAP) / Lis = 2.4-4.3
representing a 4.2-5.3 o discrepancy.
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® Astrophysical solutions
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® Systematic errors in the derivation of abundances in stellar atmospheres,
e.g. in the determination of the T scale in models, initial ’Li content etc.

® The stars have destroyed part of its ’Li ... but stars with [Fe/H] < -3 the
abundance is even below the Spite plateau and shows large scatter ...

® Nuclear physics solutions

® Uncertainties in the reaction rates for weak and nuclear interactions.
® Resonances that have eluded experimental detection and are nort constraint

experimentally.

® Solutions beyond the Standard Model

® Dark matter decay (via WIMPS).

® Changes in fundamental constants.
® Non-standard cosmologies.

® Younameit...
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3He abundances
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The evolution of He after the BB is very complex

The interstellar 3He is incorporated into stars and is burnt to “He (and
other elements) even during pre-main sequence evolution in the hotter
interiors; it is however preserved in the cooler outer layers.

Hence, 3He is destroyed in cooler low-mass stars but it is unclear how
much of it will return to the interstellar medium.

It is thought that the net production of 3He will increase with time and
therefore with metallicity.

Observations of ®He are restricted to the Solar System and our
Galaxy.

For our Galaxy a radial gradient of ®He is expected but it is not clearly
observed.
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The evolution of *He
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Bania et al. 2004, Nature 415, 54
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® 3He abundances in HIl regions in the MWG come from measurements
of the 8.665 GHz (3.46 cm) spin-flip transition of 3He".

® Converting the observed column densities to an abundance ratio
relative to hydrogen is not trivial.

® |t depends on the density and ionisation structure of each nebula. But
large, diffuse HIl regions are relatively simple in this respect. They
provide the most accurate determinations of the 3He abundance.

® Bania et al. (2002), from a sample of 60 galactic Hll regions, set the the
lower abundance for *He at that of a large, diffuse, outer Hll region in
the MWG: S209 as the primordial 3He value

® (HeM), = (1.1202) 1078
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