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A CDM Cosmology & Planck

six parameters,
—the age of the universe
—the density of atoms
—the density of matter
—the amplitude of the initial fluctuations
—the scale dependence of this amplitude, and
—the epoch of first star formation
fit all cosmological data
— Spergel, Science, 2015

ON THE SYNTHESIS OF ELEMENTS AT VERY HIGH TEMPERATURES*
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Planck 2014 Results XIV (~4400 cites)

A&A 571, A16 (2014)

Table 2. Cosmological parameter values for the six-parameter base ACDM model.

Planck Planck+lensing Planck+WP
Parameter Best fit 685% limits Best fit 689% limits Best fit 685% limits
o 0022068 0.02207 £0.00033 0022242 002217000033 0022032  0.02205 £ 0.00028
0B oo 012029  0.1196£00031  0.11805  0.1186£00031  0.12038  0.1199 £0.0027
1006vc - oo 104122 104132£000068 104150 104141000067 1.04119  1.04131+0.00063
T 00925 0.097 £0.038 00949 0.089 +0.032 00925 0.089:4912
09624 0961600094 09675 0963500094 09619  0.9603 00073
3.098 3.103 £0.072 3.098 3.085 +0.057 3.0980 3.089*9024
0.6825 0.686 £ 0.020 0.6964 0.693+0.019 0.6817 0.685°501%
03175 031420020 03036 0307 £0019 03183
0.8344 0.834.£0.027 08285 08230018 0.8347 0829 £0.012
1135 11478 1145 10. 1137 [TRPIN]
67.11 614x14 68.14 67.04 67312
2215 22320.16 2215 2215 2.196:2%)
Qui.............. 014300 0142300029 014094  0.1414:00029  0.14305  0.14260.0025

ot 0247710 024771000014 0247785 024775000014 0247695  0.24770 £0.00012
Age/Gyr........... 13819 13813 £0.058 13.784 13.796 £ 0.058 13.8242 13817 £0.048

Qult 009597  0.09590£0.00059  0.09603  0.09593+000058  0.09591  0.09589 £ 0.00057
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Baryon to photon ratio (x10'°)
predicted
¢ produced in stars
— But O/H proportional to extent of contamination

+ but great precision is required

The most recent paper

Mon. Not. R. Astron. Soc. 000,[{I§ (2012)  Printed 1 September 2014 (MN ISTEX style file v2.2)

A new determination of the primordial He abundance
using the He 1 A10830A emission line: cosmological
implications

Y. I Izotov!, T. X. Thuan? and N. G. Guseva'

! Main Astronomical Observatory, Ukrainian National Academy of Sciences, Zabolotnoho 27, Kyiv 03680, Ukraine
2 Astronomy Department, University of Virginia, P.O. Bor 400325, Charlottesville, VA 22904, USA

5 COSMOLOGICAL IMPLICATIONS

The primordial He mass fraction we have derived is higher
(at the 3.4 o level) than the SBBN value of 0.2477+0.0001
inferred from analysis of the temperature fluctuations of the
cosmic microwave background (CMB) radiation observed by
the Planck satellite (Ade et al.2013), in the context of the
standard spatially flat six-parameter ACDM model. This
may indicate small deviations from the standard rate of
Hubble expansion in the early Universe. These deviations
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He/H from H II regions

For a pair of lines the emission ratio is

I(HeD) _ n(He )n, o, (HeD) v,
IHD)  a(H")n, a, (HI) v,

Qe
then
n(He") _ o, (HD v, I(HeD)
n(H")  a,(Helyv, I(HI)

__n(He)
T n(H)

Can we predict the recombination coefficients to 1%
accuracy?




Predicting o

+ Radiative recombination rates are derived
from photoionization cross sections

+ Downward cascades, photon emission,
depend on transition probabilities

+ Collisional transitions occur too
—These are the problem

Predicting o

+ Menzel & Baker 1930°s
+ Seaton 1950’s

+ Seaton students 1960s — 1990s
—Pengelly, Brocklehurst, Storey

¢ Burgess & Summers 1970s

+ Ryan Porter’s PhD work, in Cloudy
—Porter+, 2005, 2007, 2009, 2012
—Bauman+05

Mon. Not. R. Astron. Soc. 393, L36-L40 (2009) 0i:10.11114.1745-3933.2008. 00593 x

Uncertainties in theoretical He I emissivities: H II regions, primordial
bundance and ¢ 1

ical recombination

R. L. Porter,">* G. J. Ferland," K. B. MacAdam' and P. J. Storey®
Department of Physics & Astronomy, University of Kentucky, Lexington, KY 40506, USA

2lstitute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 O1A

3Department of Physics & Astronomy, University College London, Gower Streer, London WC1E 6BT

Table 1. Assumed uncertainties in helium atomic data.

Conditions Optimistic Pessimistic
(per cent) (per cent)

Rad. recomb. coefficients (direct)

n>=5adL>3 0 0.1
n>=5amdL<=3 001-0.7 <4
n<s 001-0.7 <4
EI transition probabilities
nym <10and L <7 001 02
nym <10and L> = 0 001
ny>10,m <SandLj < =2 0.02 02
ny>10,Ly = 2and L 22 06
ny > 10,y < 10 other 1 7
ngonp > 10 10 10
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[Mon. Not. R. Astron. Soc. (2012) doiz10.1111/].1745-3933.2012.01300|

Improved HeI emissivities in the case B approximation

’ * ) : i
R. L. Porter,"»?* G. J. Ferland,? P. J. Storey* and M. J. Detisch?
' Department of Physics and Astronomsy, University of Georgia, Athens, GA 30602, USA

2 Center for Simulational Physics, University of Georgia, Athens, GA 30602, USA

3 Department of Physics & Astronomy, University of Kentucky, Lexington, KY 40506, USA

Department of Physics & Astronomy, University College London, Gower Street, London WCIE GBT

+ Hummer & Storey i
(1998) R-matrix
photoionization cross

sections removed g
radiative ERRC ot i
recombination rate L e t
coefficients as a source 05 R + I
of uncertainty. o 3

3 4 5

Effective quantum number

Mon. Not. R. Astron. Sac. 393, L36-L40 (2009) d0i210.1111/1.1745-3933.2008.00593.x

Uncertainties in theoretical He I emissivities: HII regions, primordial
abundance and cosmological recombination

R. L. Porter,">* G. J. Ferland,'> K. B. MacAdam' and P. J. Storey®
\Department of Physics & Astronomy, University of Kentucky, Lexington, KY 40506, USA

2Unstitute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA

SDepartment of Physics & Astronomy, University College London, Gower Street, London WCLE 6BT

Py < WANAL > =/ v vt
ny>10,m <5and Ly < =2 0.02 02
ny>10,Ly > 2and; 22 0.6 4
ny > 10, < 10 other 1 7
ngony > 10 10 10
Other transition probabilities
2p3P; — Is's 1 5
2p3P, — Is's 1 1
253S - 1s!S (2v) 10 30
23S - 1s's (M1) 1 20
2's-1s's 1 5
All others 1 1
Collisional de-excitation
ny<=5andnm <=2 10 30
An=0 20 30
Otherwise 20 30
Energy-degenerate I-changing
collisions
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+ Pengelly & Seaton (1964) is the classic reference

P




The Vrinceanu+ update

¢ Vrinceanu & Flannery 2002 PRA
¢ Vrinceanu, Onofrio & Sadeghpour 2012 ApJ
results of classical trajectory Monte Carlo simulations. Previous results, obtained by Pengelly and Seaton only for

dipole-allowed transitions £ — £+ 1, imate the ¢-changing collisional rate bya
factor of six, and the physical origin of this overestimation is discussed.

+ All of the Porter+ work used the Vrinceanu &
Flannery formalism

L o 1 I I o
Equation 6 (semiclassical) | |
Equation 2 (quantum)
Bom approximation

i |
P IS N I T BT

b/a
n

Figure 1. Probabilities for a dipole allowed transition in the n = 40 degenerate
hydrogen manifold, for a 36 — 35 transition, as a function of the scaled
lmpacl parameter b/ay, for a fixed projectile velocity v = 0.1 in atomic units,
an = n" 2ap. Exact quantum probability (red), semiclassical (blue), and Bom

ions (black) are compared. The dotted line marks the position of the
mner cutoff radius used in the Born approximation in Pengelly & Seaton (1964).

Pete’s reply

+ Storey & Sochi 2015, MNRAS, 446, 1864

state. The semiclassical approach of Vrinceanu et al. (2012) does
not correctly replicate the quantum behaviour at large impact pa-
rameter with the probability instead falling discontinuously to zero
at a finite and relatively small value of the impact parameter. The
missing contribution from large impact parameter is the origin of
the order of magnitude difference they report between their results
and those of Pengelly & Seaton (1964). We see no reason to pre-
fer their semiclassical result over the quantum treatment at large
impact parameters and therefore consider the Pengelly & Seaton
(1964) results to be more reliable.

¢ Pengelly & Seaton got the right answer
# (Vrinceanu don’t agree)

o
ROYAL ASTRONOMICAL SOCIETY
MNRAS 459, 3498-3504 (2016)
|Advance Access publication 2016 April 15

doi: 10.1093/mnras/stw§93

IH, He-like recombination spectra — I. I-changing collisions for hydrogen

F. Guzmén,'* N. R. Badnell,> R. J. R. Williams,’ P. A. M. van Hoof,* M. Chatzikos'
land G. J. Ferland'

| Department of Physics and Astronoms, University of Kentucky, Lexington, KY 40506, USA
Department of Physics, University of Strathelyde, Glasgow G4 ONG,

FAWE ple, Aldermaston, Reading RG7 4PR, UK

Royal Observatory of Belgium, Ringlaan 3, B-1180 Brussels, Belgium

energy-degenerate states within an n-shell. The work of Pengelly & Seaton has, for half-a-
century, been considered the definitive study which ‘solved’ the problem. Recent work by
Vrinceanu et al. recommended the use of rate coefficients from a semiclassical approximation
which are nearly an order of magnitude smaller than those of Pengelly & Seaton, with the
result that significantly higher densities are needed for the n/ populations to come into local
thermodynamic equilibrium. Here, we compare predicted H1emissivities from the two works
and find widespread differences, of up to 10 per cent. This far exceeds the 1 per cent precision
required to obtain the primordial He/H abundance ratio from observations so as to constrain
big bang cosmologies. We recommend using the rate coefficients of Pengelly & Seaton for
I-changing collisions, to describe the H recombination spectrum, based-on their quantum
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Figure 1. Comparison of I-changing collisional rate cocfficients for
H*+H(n = 30) collisions at high- and low-L ngg = 10% cm

mechanical representation of the long-range dipole interaction
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H, He-like recombination spectra II: /-changing collisions for He|
Rydberg states

F. Guzmidn', N. R. Badnell?, R. J. R. Williams?, P. A. M. van Hoof*, M.
Chatzikos' and G. J. Ferland'.

! Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506, USA
2Department of Physics. University of Strathclyde. Glasgow G4 ONG, UK

3AWE plc, Aldermaston, Re: 7 4PR. UK

“Royal Observatory of Belgium, Ringlaan 3, 1180 Brussels, Belgium

predictions for H I spectra. Here we consider the more complicated case ol He atoms, where;
low-/ subshells are not energy degenerate. A criterion for deciding when the energy separation
between ! subshells is small enough to apply energy-degenerate collisional theories is given.
Moreover, for certain conditions, the Bethe approximation originally proposed by Pengelly
& Seaton (1964) is not sufficiently accurate. We introduce a simple modification of this the-
ory which leads to rate coefficients which agree well with those obtained from pure quantal
calculations using the approach of Vrinceanu et al. (2012). We show that the /-changing rate
coefficients from the different theoretical approaches lead to differences of ~ 10% in He I

emissivities in simulations of H II regions using spectral code Cloudy.

Some improvements to P&S

+ We did make modest improvements to P&S

—We do not assume that the lower cut off is
much lower than the impact parameter. This
produces positive rates at low temperatures
and high densities

—We assume a low impact parameter
probability that compares better with quantal
calculations

—The modified version is still easy-to-compute
and gives very accurate downward transitions
compared with the QM method.

This work non-deg. collisions This work degenerate collisions

B72 degenerate collisions

TTTTTTTTTTTTTTTTTTTTT T3[— se2electrons
cooe J[— se2
catene.,, 1
. L} 1| °
L e, 4
s .
. qf »
. .
e o o g
444 4 E .
R R | = n-deg
ol &
1|+

>

L1l

L1 1| 1 Y Y I v v |
345678910111213141516171819202122232425262728
I

0.95

10000 1e+05 10000 le+05
A (A) r(A)

Conclusions

¢ Precision measurements of ¥, are affected by
uncertainties in collision rates among Rydberg
levels of H and He

¢ The controversy over /-changing collisions
introduced a major uncertainty
—The vector sum of all this work is the null vector —
Pengelly & Seaton 1964 basically got it right
¢ Atomic physics is crucial to understanding
astronomical spectroscopy

¢ This is an area where tabletop physics can compete
with G$ experiments




