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Cosmological Recombination 1n a nutshell
Breaking the naive model

Why should you care? Effects on CMB, inferences about primordial
physics

Our tools

Preliminary results!
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A BRIEF MESSAGE FROM YOUR PROVIDER

@ . : e A ] TR .
s L i, S - S S ,:'\ 3, I ot SN L 1.> Ll M e ST o .y ty : v i
IR W R A R IR RTINS L T e e o R SR R L e s B 30

s [ will not talk about QCD’s Dyson-Schwinger equations. Sorry!

Take-home message for the narcoleptic:

To bring theoretical uncertainties well within the error budget of
Planck and other next generation CMB experiments, very high
excitation (n>100) states of the hydrogen atom must be included in
recombination calculations, with different angular momentum (1)
substates separately resolved.
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. SAHA EQUILIBRIUM IS INADEQUATE
D+e H(n) s ,y(nc)

B ;:x.'\.’u R i W A 5o ’M“r‘ “ga.,;;iip‘w ‘, ik < BB S e sty 0 o e A s e+ AN o e i
i » Chemical equilibrium does reasonably well predicting
“moment of recombination”

3/2
xg = (13-6) : £35.9—13.6/Tev

1_376 > TeV

e = U0 when I = 1. 205 eV 2z >~ 1500 '

e Further evolution falls prey to reaction freeze-out
' =6 x 10722 eV z. (T) (13.6/Tsv) " >/? In (13.6 /Toy)
D% 102 ay i

I'< H when I' <1y ~ 0.25 eV

4
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BOTTLENECKS AND ESCAPE ROUTES

~ ~ L
> ol . e ey
oA z q

Y4 R A :":" b S < ‘.!- ; “"" *
oy | & '.".-W \;"{ o the WS .&.mﬂ ¥ ") J{ 1A .z.‘-'b‘i‘

' e BOTTLENECKS
" Ground state recombinations are ineffective
SR s S e
® Resonance photons are re-captured, €.g. Lyman «
2o 10 o R e
e ESCAPE ROUTES (e.g. n=2)

s Two-photon processes
H? . Hls + 9+ .

TC—>18

S
» Redshifting off resonance [£ o (nH)\?&) (5)
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EQUILIBRIUM ASSUMPTIONS

Rt i e s 4 - i, : o v > o h
el o &0 A PR o R R B A PR R A . 2 : ek N S VB " o' : b e :
‘\«w \‘t“v""‘""‘ 0 WS TGO | i+ B rol il 1A t“‘!-b » " AL 0 RORL e e “'j.’?’;i" ~Fphedoded »,_.._:_ AN A O e > A
- f - Y e . ‘a~ o s

i » Radiative eq. between different n-states

an B N26—(En—E2)/T

e Radiative/collisional eq. between different |

T
an:Nn 9

e Matter in eq. with radiation due to Thompson scattering

| : I
T =T, since =3~ < H(T)

€
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THE PEEBLES PUNCHLINE

HEN i i Y L L " A .
~ A L U Al N & - 3'\ P akh * o : ' . :
Wiy . -“«w \ﬂ'lvzhﬁ..u. o Ws "‘M M IS4 t;} Lo ek ey ..,’,‘.‘? :i'., ‘.'.‘ P T, »,_”::_ 2% 5% .,'...‘*,. YO AT S e T, ", o
“ gl. 3 L3 N - L "ax‘..rlv‘u -

: s ()nly n—2 bottlenecks are treated

= 87 a | 2
Fnet,H o A28—>18 [nQS — Nis€ B Bz)/kT] A )\—3— X (fa SRR £ a/kT)

® Net Rate 1s suppressed by bottleneck vs. escape factor
: s (%mekT)S/z‘

2
R P SR 73

> C

/
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THE PEEBLES PUNCHLINE

PR A BT e W o e et St EL AREL o e e . Bt
z * e R R SR S R o SEETE SRR R o R R N e e A P CRFC™ RN R~ L D eEEe. RS
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. o Net Rate 1s suppressed by bottleneck vs. escape factor

ST aQ
Adnis a

Afsgls g | (A28—>18 i 6(:)

| A23—>13
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THE PEEBLES PUNCHLINE

: : .’ ew se gl .
W ARAT I e N s Gow Ry ey < 0T SRR e e g ey -
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o Net Rate 1s suppressed by bottleneck vs. escape factor
5 :

S TG Redshifting term

ST a
Adnisha

ngls Z ‘ | (A28—>18 i 6(:)
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THE PEEBLES PUNCHLINE

: : : . v ool -
o TS0 ek e SRR % W S P R VO ML) Yo SO 10 P LI - L AT s L -y L 2.
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A : o (> 0 2 pl ¥ e wry S W AT TR ot A B et 1, 42T o TN Al )., ot ] ‘ :
TN SO T & R ; SR oY, Ty B, il s vat M W AN R MR AR Tt oty

o Net Rate 1s suppressed by bottleneck vs. escape factor

ST a | A
Ani,a | BG4S ——

s 5 + ((EEER + 5c)

2~y term
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THE PEEBLES PUNCHLINE

: : : . v ool -
o TS0 ek e SRR % W S P R VO ML) Yo SO 10 P LI - L AT s L -y L 2.
- . O b s o W LR 'f‘,_,,g,‘“@ 8/ "'5.{!:.‘ » 3 N fadt 31 e v SRS ¥ ' b an SR 3 > . :
A : o (> 0 2 pl ¥ e wry S W AT TR ot A B et 1, 42T o TN Al )., ot ] ‘ :
TN SO T & R ; SR oY, Ty B, il s vat M W AN R MR AR Tt oty

o Net Rate 1s suppressed by bottleneck vs. escape factor

ST aQ
Adnis a

ST s = | T
,\gnls de (A28—>18 _I_ﬂc) 2 ITonization Term

| A28—>18
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THE PEEBLES PUNCHLINE

Rt i e s 4 - i, : o v > o h
el o &0 A PR o R R B A PR R A . 2 : ek N S VB " o' : b e :
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._ o Net Rate 1s suppressed by bottleneck vs. escape factor

ST aQ
Adnis a

As;;ls Z | (A28—>18 i 6(:)

| A28—>18

dshift t e
reasinii cerin ~ 002

2 \3/2
2+ term (T elelae

2~ process dominates until late times (z < 850)
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PEEBLES MODEL ASSUMPTIONS/RESULTS

s State of the Art for 30 years!

i
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BREAKING THE NAIVE MODEL

S0 S RvR L
v iR ".1.‘4?2.' 14 .x.t!:J'.

» Radiation field is cool BG—I—t—Z—H&-aﬂﬁ—%q—Gf—h-l-gh%I‘—H
-~ » Treated by Seager et al. (2000) nmax = 300 RecFAST!!

s Egqutltbriam between [ states

* Treated by Chluba et al. (2005) for nmax = 100

» Radiation and matter field fall out of eq.

Sx.oral?
s (TM T T'y)

T +2HT,, =
» Smec (1 e fHe S 376)

® Higher-order 2+ transitions, (Hirata, Ali-Haimoud, in progress)

10
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. DECOUPLING OF MATTER AND RADIATION

TN el . “
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BREAKING THE NAIVE MODEL

S0 S RvR L
v iR ".1.‘4?2.' 14 .x.t!:J'.

. * Radiation field is cool BG—I—t—Z—H&-aﬂﬁ—%q—Gf—h-l-gh%I‘—H
-~ » Treated by Seager et al. (2000) nmax = 300 RecFAST!!

s Egqutltbriam between [ states

* Treated by Chluba et al. (2005) for nmax = 100

s Beyond this, testing convergence with 1, 1s hard!

teompute ~ O (weeks)

How to proceed if we want 0.1% accuracy in z.(z)?

12
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THE EFFECT OF RESOLVING
1- SUBSTATES

X 2 e T At v e NP v 2 . Al bAas ' L ) > .
v E ] »J-J’.‘*'.".I«‘J.ﬂ’w - % oot IR “‘,‘.,d’ o Sl WS SR Tt e RS A

800 1200 1400

s Putting free-electrons 1n ‘bottlenecked’ 1-substates
slows down the decay to 1s: Recombination is slower
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BREAKING THE NAIVE MODEL

v A, fu’.‘i" 1A J.tbi

s Radiation field is cool BG—I—t—Z—H&-aﬂﬁ—%q—Gf—h-l-gh%I‘—H
~ » Treated by Seager et al. (2000) nymax = 300 RecFAST!!!

» Eg- between [ states: di@on bottleneck: Al = +1 .
* Treated by Chluba et al. (2005) for nymax = 100

s Beyond this, testing convergence with 1, 1s hard!
teompute ~ O (weeks)

WHY PROCEED?

|4
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“WHO CARES?
I SMEARING AND MOVING THE SURFACE OF LAST
P SCATTERING (SLSS)

- : e b0t T S Y. SR ™
" 3N ~:'.";vw.'»"'\;!&~_1%‘-h.§'hu-" -‘-M , AL, :Q ‘J J.";.‘/-L

i » Photons kin. deeouple when Thompson seatterlng freezes out

e e s e o P S

L Ieﬂbh2 G

as

o= HOQ%ZQ—S/Z [1 I Aeq

a
- 924ec =~ 1100 :Decoupling occurs during recombination

C; — 016_27_ s e 00

= ,ndec recC
o / - dnne|n|ora(n)
0

' =n.orc=22x10"1" g

}1/2
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WHO CARES?
1. THE SILK DAMPING TAIL

»* From Wayne Hu’s website

. gy N
TN

i i . \ . . v . v ot : 2 -
iy -'-“«W \‘?"J““""' e WS M i+ B roll % ¥, ’g 4.,!} ‘e, W W SR e e R ‘." R POy VAT T -

16
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II. THE SILK DAMPING TAIL

o From Wayne Hu’s website

2R
‘).«

JW"“** O AR :«‘-M‘twaﬁ Di%h.ﬁ?ﬂ '..‘-'"’

|6
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- R D s R g
L 1S Sl
‘ " 1

WHO CARES?
III FINITE THICKNESS OF THE SLSS

M"‘ﬂm! w.s..a.\n a-m Wh&ﬁ @i”&«"“ '-,' ,‘:53 "}‘.‘2& ? baked o "N“"'"’ AP ¢ R w¢ma"5 AR,

Streaming

» Additional damping of form
O (10, k)| —| O (no, k)] o ks
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WHO CARES?
V. CMB POLARIZATION

: d AR o v bp ol .
v L e S - S S A otk * AL S A S LR S - .5 - . v i
. 0 W b s o W TG s A AL ',J:?,-Q.;",'LW o = USRS b e IR A 308l S AN I L B AT S !
- ! .

Need to scatter quadrapole to polarize CMB

el [«
@lp (k’) Z/dme T(n)@T,z (kﬂ?) (kn)

Need time to develop a quadrapole

le (]ﬁ?)

k
O (kn) ~ %@l (kn) < ©;(n) if [ > 2, in tight coupling regime
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WHO CARES?
V. CMB POLARIZATION

) 2l N rah . e v . o e !
Rt Rl L T R as AR PR R A NV O 0 AN & | AR e I . L i
AR S R T AT RS T SR e e S R A 0

Isotropy

\

Need to scatter quadrapole to polarize CMB
e feis e
0; (k) = / dnte™ " O 5 (k1) — i (kn)
(kn)

Need time to develop a quadrapole

No Polarization

k
O (kn) ~ %@l (kn) < ©;(n) if [ > 2, in tight coupling regime
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WHO CARES?
V. CMB POLARIZATION

) 2l N rah . e v . o e !
Rt Rl L T R as AR PR R A NV O 0 AN & | AR e I . L i
AR S R T AT RS T SR e e S R A 0

Isotropy

\

Need to scatter quadrapole to polarize CMB
e feis e
0; (k) = / dnte™ " O 5 (k1) — i (kn)
(kn)

Need time to develop a quadrapole

No Polarization

k
O (kn) ~ %@l (kn) < ©;(n) if [ > 2, in tight coupling regime
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WHO CARES?
V. PARAMETER DEGENERACIES

v z TR T oY e O R TR T B ':~?‘ 4 po- g : s ' 045 4 R A \
. ot WS T - e AL Al “»J-J-"-'»L'w“.-; PR s O Y o S ).y\ al WS A T :‘\‘- A TSN AT T SR b AR z‘ﬁ'. N

SACLOREC™ AR TRy L e iy

. Planck ncertait
¢ Planck will be CV limited (T and forecasts using MCMC

E)to ! ~ 2500
/X

H O 1% accuracy reqUIer 11’1 Lo (Z) 10.022 0.0225 0.023

2
Q h

/X

093 094 0.95 0.96 0.97 0.98

3.02 3.04
‘log[10"° Al
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THE MULTI-LEVEL ATOM (MLA)

B v .
vf"“r— 4 5 e s WA ' X Wy’ < y 1D - o - : o
o 7 v o X TR TR T e "’"»’,‘,\ A e O MR P . vy . S P LA 2ot P v i 2
7 Al T v o W LR .'u-fm'e’.,:%zi ”.8.-:.‘*1-;};19_.-.; o Sl RO R e «j:"z.-{‘/ 3‘," Podid ot il AN [APSRTORD, (IO L R e
: . v o s . 7

| » Bound-free rate equation
.3 = [ dEePy (T, Be)npzety (1 + f(Be — En)] ani(Ee)
o dee g EE = En) Lnl f(Ee . Enl)@nl(EE)/gnl

._'. » Bound-bound rate equation

/ /
?3 T Zn’,l’:l:l (A%n/ (1 ol fnn’)xn’,l’ ggn?;i/ fnn’xnl)PrrlLln/

Wednesday, September 2, 2009



THE MULTI-LEVEL ATOM (MLA)

PR D T e Nt e Rt e el BN aglat o s, A .
- % T i At MR TR R T ISR L S AR Y IO T Rl T S e we SO RS <al hae' A 3 4 : ,
W S b M R o "'M-"“z‘ J--&Q-I}-L”.u - E SN TR o & ."“j..d\;'i" "*’.;,"..' A b i G AT N A0 N A e &;; R T, LHPC™ ARG H" . v
X e d : " - )

. » Bound-free rate equation O 0.5

[dE.Py (T, E )n%anl@e)

nl_ Hxxp[ _|_f( n)]
- dee g EE = En) B f(Ee £ Enl)@nl(EE)/gnl

._'. » Bound-bound rate equation

/ Y /
?3 T Zn’,l’:l:l (A%n/ (1 ol fnn’)xn’,l’ ggn?;i/ fnn’xnl)PrrlLln/
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THE MULTI-LEVEL ATOM (MLA)

a A ..
e Al LB . T = Vs MEARL 5 gt o :
o~ 7 ' 2s ﬂ -,.-‘.r"“"-).. ‘o OV ,’:'\ <) ._.,:‘IA g - v’5' 3 v o ' . P .y =, . v \
- 0 e W LR o R Al ) 3 t‘*ﬁ-!.‘,‘ ’ PS O AT el R e ',"“,*:,z"k""‘;'.;f‘_ PO o AR s s AT A AT AR, ot
: . w o A ¢ -

| » Bound-free rate equation
.3 = [ dEePy (T, Be)npzety (1 + f(Be — En)] ani(Ee)
o dee g EE = En) Lnl f(Ee . Enl)@nl(EE)/gnl

._'. » Bound-bound rate equation

/ /
?3 T Zn’,l’:l:l (A%n/ (1 ol fnn’)xn’,l’ ggn?;i/ fnn’xnl)PrrlLln/

s Phase-space density blueward of line

» Escape probability of ~ in line

20
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THE MULTI-LEVEL ATOM (MLA)

Stimulated emission/absorption

oA b A . oA T’ ‘4 - e Wyryv- . <N s\ A e’ e
« & A L ;N ¥ Laps 29SS e 0¥ R¢ (P ",."4"£f pa v X » T4 PG SN TN ~ G b0 ) A
. n SET L A SRR PR SR S A T @ R R B S 7 GG RIRY B 3R s RVl S0 Y ;

. » Bound-free rate equation

nl _de PM(TmaE )nHCC T
—deegEE—En)

' » Bound-bound rate equation

bb
Ll = Zn’,l’zl:zl
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THE MULTI-LEVEL ATOM (MLA)
Spontaneous Emission

@ . : e Bty A ] e se gl .
W ARREA I e S Ao Sow R i e Tttt MEL SF b e e ey e
RS BN W LR e B A IR RN C T NS e o e B N V2 4 .

. » Bound-free rate equation

nl_

_dee g EE = En) Lyl f(Ee E Enl)anl(EE)/gnl

._'. » Bound-bound rate equatio

/ ~ /
?3 T Zn’,l’:l:l (A%n/ (1 ol fnn’)xn’,l’ ggn?;i/ fnn’xnl)PrrlLln/
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THE MULTI-LEVEL ATOM (MLA)

PR A B e e ,,, A Yo A . AN . S e ~ : L Ly
L T A S W R s - e B ARG SR DT T Rl B e s ST R L L el oy P I AT " :
; 4 : Bl Ll ¥ SR ¥ SRR SRR il AR SRR N AT N e O PRI D GEEC™ AR ety L WD, WY
. v .« »Es - " & b 4

® Two photon transitions between n=1 and n=2 are included:

. : —FEos_,15/T
L2s—15,2y — —L1s—25,2y — A2s(_$28 Hedl Y et il W)

» Net recombination rate:
e 1 SNonl: T K jje — _'jjls G- _Zbls—>23

+Zn,l>18A {gnlf 1715 — (14 :1)55”1}
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RATE COEFFICIENTS

"o ave AV - Ve Al \
T 2t Y e SR % e IR O MY o ROV . AL & L AL e LR . 1 B,

A AeSthe M TR T SR S R L pant W Y 2 N R adT ket % ; ' I P ¥ : :

J Mt W L - ety AL AL ‘.r.”!:-i”—.u - bt B R .‘*,‘3?:*’ Bl SR DR e s AT T PR CRD L LN I LM GRRe™ AAR e et ot L A e Wy

; s WS . 4 e ¥ . -y » A 2

¢ » Bound-bound rates given by Fermi’s golden rule and matrix element

—4nn'

(n —n')°

Aenma S
v ( /) F2,1 —n+l—1,—n’—|—l,2l, 5
n—+n (n —n')

p(n'l',nl) = / Uprp (T Uy (P)12dr = C x | Fyy (—n +I1+1,—n"+1,21,
0

- » Power-series destabilizes at high-n, recursion relation used
-» Bound-free rates at temperature T given by phase space integral of matrix

element = /OO Uni(7) fE1 (7) rodr
0

» Rates are tabulated at all n and 1 of interest, at a variety of energies, and
integrated at each time step
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RATE COEFFICIENTS

BT 1 e A '47';*' x . 2 ,} » .
rale % o < : il g g b oo 2 Y L
.'{Wg‘". . \‘ -*-w-b« M %% .J -&*’h F OO N “‘*?‘\" ? A “’.“"‘.\‘!\-"”Miv."-. pATT T S s&;‘ (N (..’ﬂ VAR e f; L e S
‘ ™ . g . ;,-_-..‘u

s Rates are tabulated at all n and 1 of Interest, at a Varlety of energies, and
integrated at each time step (0’1, nl) = agn / dre™ (1 + cosn)

U

Sl 00 =l
7 = Tmax (1 + cosn) /2
T =mn-4sInn
Fourier transform of classical orbit!
Application of correspondence principle!

s Similar WKB approximation can be used to check stability of BF matrix
elements
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RADIATION FIELD: BLACK BODY+

oA i i e - o A e
.- POV LTl AR Al Saw e *ANNR L # A ) - . i
el &« &N A sebs Mg T R S o f AN TS o Sy 4 ,‘7. 7 . 22 P 27! ) . o A 5 :
v RE \ﬂ‘vdhﬁ..h.. 0 WS TGO | i+ B rol il “ t t;} ‘ R "“'j.’z’\" ‘,-‘ R TR W ."1,“‘ B P00 AT AT S > a2
. L3 W A e PR Y

» Escape probablhty treated 1n Sobolev approx.

] —e 's

Ts

T
Pa AR

AT S

R(v,v") = ¢(v)o(v')

- » Excess line photons injected into radiation field

— AL P, Lo (L4 1) - St f,

nn’+ nn’ l/
n’

» Photons are conserved outside of line regions

10 [1=(n+1)"72 :
f+10 B n—l}(l),l 1 — n—2 (1 27 Z) ol

24
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RADIATION FIELD: BLACK BODY+

oYY N [ fma 9o
TN o) %

IO N > o ' - e o o ad .
s v YPGB (FSA N - WOV~ Ad o' Sow NS “ANe  p * G Ot b o ol Mo : . . :
e L IS RN S ae A St M R S L L » ¥ L ZI AR L A YD Q_,b“ » 3 T » i e g f o . o Ny : i
A i - e g v L TR g v i . O b s g L Wl (AR SE TN Gy, BT, A P Wy O TN ATy ., : N . -~
gy T R : O ST s T W AT R T A G AR e ot L e Wy

. » Escape probability treated in Sobolev approx.
, 1 ¥ 6_7_8 CSnH :
Pl,l S S
n,n 5 . 87THV§L”/

1’
A

s Forbes, Hirata, and Ali-Haimoud are solving FP eqn. to
obtain evolution of f(v) more generally, including
atomic recoil/diffusion, 2+ decay and full time-
dependence of problem, coherent and incoherent
scattering, overlap of higher-order Lyman lines

25
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STEADY-STATE APPROXIMATION
FOR EXCITED STATES

v uwp-\:'.; "; ‘ r‘.':.;‘?;"' K " ‘ : v x ,
- 0 A ¥ e heathe WEZ .s.m M @ _8 :ﬁth‘i e ‘Ol Kji»z{ ~ ) .*\ 5 ""w

ER .‘v—\'--(ﬁof

. » Evolution equations may be re-written in matrix form

dzx
df—Rx—ks
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STEADY-STATE APPROXIMATION
FOR EXCITED STATES

- N 14 : " .o
P o - : A
P ARSI e N A o S
’ T pa o0 W oA+ -.",M,"“"‘i% t 4.4 : P‘
b - lE o “' o A e 18 ,v.\ ('-.)l. JAR Ve it
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STEADY-STATE APPROXIMATION
FOR EXCITED STATES

- "’d'-,'— P ':,";V' e . : 2 Jrvy , .
ghidas T W RN AR 32» ‘.x.t!:J; A4S G AR Bt AT T D L™ s B

. » Evolution equations may be re-written in matrix form

For state 1, includes BB transitions out of 1 to all other 17,
photo-10nization, 2+ transitions to ground state '
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STEADY-STATE APPROXIMATION
FOR EXCITED STATES

LB w M o ey
- " A 28 e the WE 7 NS ‘
. ' .«.m M % .J J.Q,}; ; O ‘*j..z* t\-_ AT L &?. GLNS. L o v(«-'ﬂo‘

. » Evolution equations may be re-written in matrix form

dzx

dt—R$+s

For state 1, includes BB transitions into | from all other 1’.
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STEADY-STATE APPROXIMATION
FOR EXCITED STATES

LB w M o ey
- " A 28 e the WE 7 NS ‘
. ' .«.m M % .J J.Q,}; ; O ‘*j..z* t\-_ AT L &?. GLNS. L o v(«-'ﬂo‘

. » Evolution equations may be re-written in matrix form

17
df—Rx—ks

® Includes recombination to I,
1 and 27 transitions from ground state

26
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STEADY-STATE APPROXIMATION
FOR EXCITED STATES

\.p"",.,,' TS, X - o v e , A
- "3 A o b the W82 5
A 9 .*.m M % J -&"h'L ‘ S “f-—zi t\-. SARR T &;‘ o SO ,(;ﬂ,‘

. » Evolution equations may be re-written in matrix form

dzx
dZZ—Rw—Fs

Forn>l, -0 s <R & . Fo R g

G o (e.g. Lyman-a

26
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RAPID MATRIX INVERSION:
SPARSITY TO THE RESCUE

a4 0 BLE SIS o ey
.’¢Ay~.

. H’ N .
,‘ W % - r 4G L, oW , 4 ” X .. oy R . v )
. «w s.. O N PR AN G TR e WA P ) };, A _,,L}; 2 nof N b G R S B A s A0y A A S,

3 Matrlx 1S ~ nfnw x n,,%mx

3 » Brute force would require n® ~ 1000 s for n,,4, = 200
for a single time step

® Sparsity to the rescue Al = +1
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RECOMBINATION HISTORIES
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10 — 200, as expected.

s Rec Rate>downward BB Rate> lonization, upward BB rate

s For n,,q: = 100, code computes in only 2 hours
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IDEVIATIONS FROM BOLTZMANN EQ: HIGH-N
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DEVIATIONS FROM BOLTZMANN EQ:
RESOLVING 1
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n_..= 120, n=59
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DEVIATIONS FROM SAHA EQUILIBRIUM
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n=1 suppressed due to freeze-out of x.

Remaining levels ‘try’ to remain in Boltzmann eq. with n=2

Super-Boltz effects and two-y transitions (n=1— n=2) yield less suppression for n>1

Problem gets worse at late times (low z) as rates fall
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DEVIATIONS FROM SAHA EQUILIBRIUM
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TEMPERATURE (s

n_ =100 vs. n__ =60

n_ =140 vs. n__ =100
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TEMPERATURE (s
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POLARIZATION (s
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POLARIZATION (s

g
b

8x 10712

6x 10712

4x10-12

1(1+1)C,/2m
[AV)]
X
S

o

o -
O,
o
o
—
o
o
o
f—
O,
o
o

n

o

ax—=00 vs. n__ =40

m

Wednesday, September 2, 2009

33



ATOMIC COLLISIONS
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For fixed n, I-changing collisions bring £ = 1200, = 100
O no collisions 000000000000007%

different-1 substates closer to statistical + With colision
equilibrium (SE)

Being closer to SE speeds up rec. by
mitigating high-1 bottleneck

Theoretical collision rates unknown to
factors of 2!

10 15 20
[ (angular momentum quantum number)

e b < agn? — multi-body QM!
® lpass < torbit — Impulse approximation breaks down!

Order-of-magnitude inclusion under way to
determine 1f better theory needed for rec.
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QUADRAPOLE TRANSITIONS

- * --\.‘p-‘."“»..' L Y. SR ‘4 " Wy < s\ A o’ . -
i \"x P T WA R TR aa e e 00 RSt A0 " o o Lbe . S P, Y- T 5 : 1
SRR S A Bl R it SRR VRS SRR A S8 U @ R S G S 7 S R W B TRV M Sy i T A PRI NGRS AR e kR
y . .. 3 ’ LRI °, A 7 A « Bl

s Al = £2 transitions may also play a role

Rates are given by Afj,nj;m’ = Cw®{flr Yom|i)
Moments may be evaluated with radial wf. raising/lowering operators
Transitions to/from 1s will dominate

Transitions from nd to 1s will immediately be followed by
transitions up to mp, etc...

Rate can thus be rewritten as an effective Al = 41 transition rate,
thus respecting our sparsity pattern
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WRAPPING UP
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Convergence w1th nmaX of rec. h1st0ry and CMB
observables (for Planck, etc...) 1s now within reach, thanks to
sparse matrix methods

To do:

s Line feedback via iterative procedure
Collisions
Quadrapole transitions

Effective source term for omitted higher levels- near Saha eq., should be
tractable

Full incorporation into CMBFAST/CAMB and analysis of errors/degeneracies
with cosmo. parameters, including other heretofore bits of atomic physics
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