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Figure 23.1: The abundances of *He, D, 3He, and "Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [5].
Boxes indicate the observed light element abundances. The narrow vertical band
indicates the CMB measure of the cosmic baryon density, while the wider band
indicates the BBN concordance range (both at 95% CL).
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Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles £ ~ 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the P1ik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ACDM cosmology. In the multipole range 2 ~ £ = 29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ACDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in

the lower panel. The error bars show +1 £ uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the P1ik pipeline was chosen as the base-
line. Column 6 of Table | lists the cosmological parameters for
base ACDM determined from the P1ik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods differ in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table I, the Plik and
CamSpec parameters agree to within 0.2 ¢, except for ng, which
differs by nearly 0.5 € . The difference in ns is perhaps not sur-
prising, since this parameter is sensitive to small differences in
the foreground modelling. Differences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ACDM models discussed in Sect. 6. We emphasise that
the CamSpec and P1lik likelihoods have been written indepen-

None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would differ in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the P1ik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71 ¢ except for the parameters £ and Age > which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H; and ng by the £ ~ 1800 4-K line
systematic in the 217 x 217 cross-spectrum, but the net effect of
this systematic is relatively small, leading to shifts of 0.5¢ or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5¢ or less. The combined effect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71 £, with the exception of £ and Ase~%. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ACDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are

uncorrected) cotemporal systematics are at low levels. This is

—dently, though they are based on the same theoretical framework. —in extremely good agreement, demonstrating that residual (ie.
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FiG. 10.— Primordial helium abundance and the temperature power spectrum. The data points are the same as those in Figure 7. The
lower (pink) solid line (which is the same as the solid line in Figure 7) shows the power spectrum with the nominal helium abundance,
Y, = 0.24, while the upper (blue) solid line shows that with a tiny helium abundance, Y, = 0.01. The larger the helium abundance is, the
smaller the number density of electrons during recombination becomes, which enhances the Silk damping of the power spectrum on small

angular scales, [ > 500.
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F1G. 11.— Constraint on the primordial helium abundance, Y. (Left) Joint two-dimensional marginalized distribution (68% and 95%
CL), showing that Y, and Qyh? are essentially uncorrelated. (Middle) A slight correlation exists between Y, and ns: an enhanced Silk
damping produced by a larger Y} can be partially canceled by a larger ns. (Right) One-dimensional marginalized distribution of Y} from
WMAP-only and WMAP+ACBAR+QUabD. The 68% interval from WMAP+ACBAR+QUaD, Y, = 0.326 4 0.075 is consistent with the

nominal value, 0.24, which is shown by the vertical line.

enhanced Silk damping produced by a larger Y, can be
partially canceled by a larger ns (Trotta & Hansen 2004).

We find a 95% CL upper limit of ¥, < 0.51 from
the WMAP data alone. When we add the ACBAR and
QUaD data, we find a significant detection of the effect
of primordial helium by more than 3o (see the right panel
of Figure 11),

Y, = 0.326 & 0.075 (68% CL).

99% CL lower limit is ¥, > 0.11. This value is
broadly consistent with the helium abundances estimated
from observations of low-metallicity extragalactic ion-
ized (HII) regions, Y, ~ 0.24 — 0.25 (Gruenwald et al.
2002; Izotov & Thuan 2004; Olive & Skillman 2004;
Fukugita & Kawasaki 2006; Peimbert et al. 2007). See
Steigman (2007) for a review.

We can improve this limit by imposing an upper limit
on Y, from these astrophysical measurements. As the

The 95% CL limit is 0.16 < Y, < 0.46. The

helium s created by nuclear fusion in stars, the he-
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In recent years, intensive efforts have been made to improve the determination
of the pre-Galactic helium abundance (generally assumed to be the same as Yp)
and AY/AZ from observations of extragalactic H II regions. Advantages of this
method are:

e The theory of recombination for hydrogen and helium seems to be well under-
stood, at least to 1 or 2 per cent, and the line intensities are not very sensitive to
temperature or density; in particular, there is no exponential factor.

e Low abundances (extending down to [O/H] ~ —1.5 in the case of I Zw 18)
ensure that little extrapolation to Z = 0O is needed.

e One can assure oneself that neutral helium is negligible by assessing that
the effective temperatures of the ionizing stars are high enough (say, above
40000 K). One way to do this is to compare the degrees of ionization of oxy-
gen (O 11/0O 111) and éulphur (S 1/S 111), which have widely differing ionization
potentials, with predictions from numerical photo-ionization models.

There are also difficulties:

e Experimental problems: signal:noise, detector linearity (Ho/X 6678 is typically
about 100), calibration, reddening.

e Underlying absorption lines in the stellar continuum.

e Line absorption in the intervening interstellar gas, or Earth’s atmosphere.

e Fluorescence and collisional excitation, arising primarily from the metastability
of the 23S level (see Fig. 4.9), in which consequently a high population accu-
mulates which can cause additional emission from lines such as A 4471, A 5876
by either collisional excitation or radiative transfer effects following absorption
of higher lines in the 23S — n3P series. The singlet line A 6678 can also be
enhanced by collisional excitation from 23S. The collisional effects can be cal-
culated from the known electron temperature and density, and are quite small at



typical electron densities of the order of 100 cm~3 except in the case of A 7065.
The latter line, once collisional effects are allowed for, can also be used to gauge
the influence of radiative transfer effects, which are normally found to be small
for extragalactic H 11 regions. Collisional excitation can also slightly affect the
hydrogen lines, especially Ho, when the electron temperature is high, i.e. at the
lowest metallicities (Davidson & Kinman 1985).

e While the triplet levels exist only from n = 2 upwards, the singlets have an
analogue to the hydrogen Lyman-c line and consequently, like hydrogen, have
Cases A and B (or intermediate). The assumption of Case B, which is usually
made, could be slightly inaccurate if Ly-o were to either partially escape or be
absorbed by small amounts of dust in the nebula. However, the above-mentioned
lines are not very sensitive to Case A or B, while A 5016, which is very sensitive
because of the strong transition from its upper state 3!P to the ground state 1 IS,
is found to be in agreement with Case B whenever it is measured.

o Temperature gradients and local temperature fluctuations usually parameterized
by % (Peimbert 1967) lead to a systematic bias when the electron temperature
determined conventionally from [O 111] A 4363/A 5007 is substituted into the
expressions for effective recombination coefficients of hydrogen and helium.

e AY/AZ or AY/A(O/H) may vary, either systematically as a function of Z or
randomly, e.g. if some H 11 regions are self-polluted with helium and other ele-
ments (e.g. N) ejected in winds from massive embedded stars. There is some
evidence that this actually happens in a very few cases, such as the nucleus
of NGC 5253, where the continuum shows a strong, broad feature at the Het
wavelength A 4686, due to Wolf—Rayet stars.



)
TODA

e Measoee FHelH via Emissions
LINES IN ETRAGALACTIc PESINS

AND  PLeT  “He(l Vs Ofy (or M)
AMD ExTRAPSLATE 1o Sy =0
T GET M

* DIFFIcLT 1 Gor RS

=%y, SYSTEMATIC — vaDER,
CaTIR_AL

S H{(H Varies Adit- (I/V\Qﬂx/

- g@’ pﬂ\%ﬁl{/‘? /)\\,W\ﬂ/\@:j

* LATEST ATTEN\PT'S
~ BT ek at. (20 i,
Yo = 01881 £0.0092
— AVER ek ol (7-0(5) e, g -

YP = 0-2%-yq i’b.OOQo




* Ble Bave =ony SOURCE
of D

—3rARS ASTRATE B
EEErEN | LATTIMER, & SCH@AMM (18%)
* OFTEcTIoNS &F D Aty

- DEOTSRATLD MOLECULES 1A/
Ism [ oL, CLovs FeachawaTiou |

J/«HJI REGIAS Do naxt g Hol
— CAN BE OIFFcUEr 7 GET Dyy

= Is OIFFicoeT (GeE) T cocesc
DI Por Asweanoy ovee HGE

OF GALA~



Abstract. The detection and first identification of the df:u-:ii
terium Balmer emission lines, Do and Dg, in the core of the%
Orion Nebula is reported. These lines are very narrow, have |
‘dentical 11 kms~? velocity shifts with respect to Ha and H, |
are probably excited by UV continuum fluorescence from the 1
Lyman (D 1) lines and arise from the interface between the HII |

region and the molecular cloud. |
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Fig. 1. Vicinity of Ho and HQ in Orion, showing Da and D in emis-
sion. The x-axis is in km s~ ! relative to the rest wavelength of either
Ha or HA. The vertical scale corresponds to peak fluxes 7250 and
9500 for Ho and HB respectively. Then I(Ha)/IHP) = 2.91 and

1(D)/ I(DB) ~ 1.10.

%’\C\J\& ok L. ZQOOJ A&A)gg% L7C?




ATTEMPT (N QY- WAR (N
ERRoR { (OIH =28 (e )
* FEW QSoe ARE SOTARLE
— COLOMA DBEAISIRe
17 < leg N(HT) <2
— Lo METALLICITY
— Loy TURBLLENCE (Iso. AN\ -.-m.(ok«(g)

= SMALE CLOVD STRULTVG
= No Hx INTER((SfS




- QSO 1937-1009
20 F 2, = 3.572

x1071€ erg s!cm
[
o
T

e
o

g 0 [ PeL I I I |
: 5540 5566\5580 6080 61006120
IS
E — T [ T T o
B o1 7 l
o =N ]
= 1

0.5 | (s -

L I C 1 (1334)]
O~ A 2 —-...l....l-...l....
5555 5560 6101 6103

Wavelength (&)

FIG. 2. Spectra of quasar Q1937-1009. Top panel: Low-
resolution spectrum taken with the Shane three-meter tele-
scope at Lick Observatory. The prominent feature at 5850 A is
Ly-a emission from the quasar. The depression shortward of
4200 A is Lyman-continuum absorption’ from the deuterium
cloud at z=3.572. The hundreds of absorption lines (Ly-a for-

est) are due to individual hydrogen clouds along the line of |

sight. Middle and bottom panels: Keck HiRes spectra of
Q1937-1009. Middle panel shows the deuterium cloud lying
within the resolved Ly-a forest (left) and the singly ionized
carbon line due to the deuterium cloud lying in isolation. Bot-
tom. panel shows the model fit to the Ly-a lines of the two

deuterium and hydrogen components (resolved by their metal |

lines). Figure courtesy of S. Burles.




D/H in the most metal-poor DLA system 1501
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Figure 1. Observed profiles (black histograms) and fitted Voigt profiles (continuous red lines) of absorption lines in the Lyman series of the z,ps = 2.61843
DLA in Q0913+072. The y-axes of the plots show relative intensity. The two vertical tick marks in each panel indicate the expected locations of the main
absorption component of the DLA in, respectively, Hi (at v = 0 km s~ in the plots) and D1 (at v = —81.6 km s~1). A second absorption component, centred
at v = —12.4km s™!, is resolved in the metal lines associated with this DLA, but the two components are blended in the intrinsically broader H1 and D1
absorption. Additional Hr absorption is seen at positive velocities relative to the DLA, but its column density is ~100 times lower than that of the DLA and
therefore does not contribute to the observed D1 absorption lines (see text).
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3-Helium at the Green Bank 140 Foot (1982 - 1999)

2.8 T T T T T T T T T T
Q Composite of 59 Sources
= ling = 4818 hr; RMS =27 pK
E 2t ) A €
L
3
= 3He+
5 1.6 — |
=
3
& Lo H2138
8 2227 Py
3 Hel7i Wt AT
s Cl7in 1e213€
= 04 _
é 25 hkmyl
S
JANSA A
N -
-0.2 | 1 | I | i L L | L
< Frequency

Figure 3. NRAO 140-Foot H 11 region composite *He spectrum. This 200 day integration is
the most sensitive cm-wavelength spectrum ever taken. Besides the *Het emission, a variety of
recombination lines from H, 'He, and C are seen. Many of these arise from transitions resulting
from large changes in principle quantum number, e.g. H 171 7, AN =7, and H213¢, AN = 14.
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Figure 1. “The "He Problem” "He/H abundances as a function of Galactic radius. The
[”l-lc/H] abundances by number for the BRB H11 region sample are given with respect to the
solar ratio. Shown also are the abundances for the planctary nebula NGC 3242 (triangle), the
local interstellar medium (LISM- -square), and protosolar material (PSS-—diamond). There is
no gradient in the ”H('/ll abundance with Galactic position.
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Figure 2. “The "He Plateau” ["He/H] abundances as a function of source metallicity for the
“simple” H1I region sample. Tl ay line is the WMAP result. The ~ 0.15 dex typical error is
shown in the right hand corner riangles denote ahces for the PNe J 320 (left) and
NGC3242. There is no trend in the "He/H abundance with source metallicity.




