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Why does the ionization 
history matter for Planck?
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Why does the ionization 
history matter for Planck?

• Free electron fraction determines the shape of the 
Thomson visibility function / last scattering surface 
(maximum at z~1100 where Ne / NH ~ 16% )

• Uncertainties in the computation of Ne(z) will affect the 
theoretical predictions for the CMB power spectra

• This will bias the inferred values of the cosmological 
parameters

• Experimental goal of 0.1% - 1% requires 0.1% - 1% 
understanding of Ne(z) at z~1100

• Errors in Ne(z) in particular compromise our ability to 
measure ns (→ inflation)

• ,Getting 1016 GeV physics right means we have to 
understand eV physics with high precision’ (quote D. Scott)
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Routes to the ground state ?

γ

• direct recombination to 1s
 

- Emission of photon is followed by 
immediate re-absorption 

γ

γ

• recombination to 2p followed by 
Lyman-α emission
- medium optically thick to Ly-α phot.
- many resonant scatterings
- escape very hard  (p ~10-9  @ z ~1100)

γ

2γ

• recombination to 2s followed by 
2s two-photon decay
- 2s  1s ~108  times slower than Ly-α
- 2s two-photon decay profile  maximum 

at ν ∼ 1/2 να
- immediate escape

No

~ 43%

~ 57%

Zeldovich, Kurt & Sunyaev, 1968, ZhETF, 55, 278 
Peebles, 1968, ApJ, 153, 1 

ΔNe / Ne ~ 10% - 20%



Hydrogen:
 

- up to 300 levels (shells)
- n ≥ 2  full SE for l-sub-states

Multi-level Atom ⟺ Recfast-Code

Seager, Sasselov & Scott, 1999, ApJL, 523, L1
Seager, Sasselov & Scott, 2000, ApJS, 128, 407

Helium:
 

- HeI 200-levels  (z ~ 1400-1500)
- HeII 100-levels (z ~ 6000-6500)
- HeIII 1 equation

Low Redshifts:
 

- H chemistry (only at low z)
- cooling of matter (Bremsstrahlung, 

collisional cooling, line cooling)

Output of Ne/NH 

ΔNe / Ne ~ 1% - 3%

Total number of shells 
crucial for freeze-out tail

RECFAST reproduces the result of detailed 
recombination calculation using fudge-functions



Getting the job done for Planck
Hydrogen recombination
• Two-photon decays from higher levels                               

(Dubrovich & Grachev, 2005, Astr. Lett., 31, 359; Wong & Scott, 2007; JC & Sunyaev, 2007; Hirata, 2008; JC & Sunyaev 2009) 

• Induced 2s two-photon decay for hydrogen                                      
(JC & Sunyaev, 2006, A&A, 446, 39; Hirata 2008)

• Feedback of the Lyman-α distortion on the 1s-2s two-photon absorption rate    
(Kholupenko & Ivanchik, 2006, Astr. Lett.; Fendt et al. 2008; Hirata 2008)

• Non-equilibrium effects in the angular momentum sub-states                    
(Rubiño-Martín, JC & Sunyaev, 2006, MNRAS; JC, Rubiño-Martín & Sunyaev, 2007, MNRAS; Grin & Hirata, 2009; JC, Vasil & Dursi, 2010) 

• Feedback of Lyman-series photons (Ly[n]  Ly[n-1])                                        
(JC & Sunyaev, 2007, A&A; Kholupenko et al. 2010; Haimoud, Grin & Hirata, 2010) 

• Lyman-α escape problem (atomic recoil, time-dependence, partial redistribution)                    
(Dubrovich & Grachev, 2008; JC & Sunyaev, 2008; Forbes & Hirata, 2009; JC & Sunyaev, 2009) 

• Collisions and Quadrupole lines                                                                                                     
(JC, Rubiño-Martín & Sunyaev, 2007;  Grin & Hirata, 2009; JC, Vasil & Dursi, 2010;                                                                                                                         
JC, Fung & Switzer, 2011)

• Raman scattering                                                                                                     
(Hirata 2008; JC & Thomas , 2010; Haimoud & Hirata, 2010)

ΔNe / Ne ~ 0.1 %

Helium recombination
• Similar list of processes as for hydrogen                                                

(Switzer & Hirata, 2007a&b; Hirata & Switzer, 2007) 

• Spin forbidden 2p-1s triplet-singlet transitions                                             
(Dubrovich & Grachev, 2005, Astr. Lett.; Wong & Scott, 2007; Switzer & Hirata, 2007; Kholupenko, Ivanchik&Varshalovich, 2007) 

• Hydrogen continuum opacity during He I recombination                             
(Switzer & Hirata, 2007; Kholupenko, Ivanchik & Varshalovich, 2007; Rubiño-Martín, JC & Sunyaev, 2007; JC, Fung & Switzer, 2011)

• Detailed feedback of helium photons                                                                               
(Switzer & Hirata, 2007a; JC & Sunyaev, 2009, MNRAS; JC, Fung & Switzer, 2011)



Solving the problem for the Planck Collaboration   
was a common effort!

Recombination Physics Meeting in Orsay 2008
see: http://www.b-pol.org/RecombinationConference/

http://www.b-pol.org/RecombinationConference/
http://www.b-pol.org/RecombinationConference/
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This is where it 
matters most!

             
Comparison with original version of RECFAST



0 500 1000 1500 2000 2500 3000
l

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Δ
C l / 

C
l

in
 %

TT
EE

Cumulative Change in the CMB Power Spectra

 Comparison with original version of RECFAST           

• change in ‘tilt’ of CMB power 
spectra ↔ width of visibility 
function ↔ ns & Ωbh2

• ‘wiggles’  ↔ change in 
position of last scattering 
surface ↔ Ωbh2 & H0

Shaw & JC, MNRAS, 2011
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Importance of recombination for Planck

- 2.1 σ | - 2.8 x 10-4

Planck 143GHz channel forecast

-0.8 σ | - 0.5

-3.3 σ | - 0.012

-1.1 σ | - 0.01

• Precise recombination 
history is crucial for 
understanding inflation!

• Correction can be 
captured using fudges! 
(Rubino-Martin et al. 2010; Shaw & JC, 2011)
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Equivalent to original 
version of RECFAST



Biases as they would have been for Planck

- 1.8 σ | - 2.4 x 10-4

-0.5 σ | - 0.24

-2.6 σ | - 0.010

RECFAST (original) ⟺ CosmoRec

• Biases a little less 
significant with real 
Planck data

• absolute biases 
very similar

• In particular ns 
would be biased 
significantly

Planck Collaboration, 2014

Preliminary
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• Different codes 
agree very well!

• largest biases

    (CosmoRec ⟺ RECFAST)

 

    (CosmoRec ⟺ HyRec)

• Nothing to worry 
about at this point!

�ns ⇡ 0.03�

�ns ⇡ 0.15�

Differences for current recombination codes
CosmoRec 

HyRec 
RECFAST

Preliminary

Planck Collaboration, 2014
Text

ln(1010As)

⌦bh
2 ⌦ch

2 H0 ⌧ ns

Planck TT,TE,EE + lowP + ext



Planck measurement of the HI 2s-1s two-photon rate

Planck Collaboration, 2014

• HI 2s-1s two-photon rate crucial for recombination dynamics 

• Value is not well measured in lab (best constraint ~ 43% error; Krueger & Oed 1975)

• Planck data can be used to directly constrain its value



Planck measurement of the HI 2s-1s two-photon rate

Planck Collaboration, 2014
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• HI 2s-1s two-photon rate crucial for recombination dynamics 

• Value is not well measured in lab (best constraint ~ 43% error; Krueger & Oed 1975)

• Planck data can be used to directly constrain its value
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Atheory

2s!1s

= 8.2206 s�1

(Labzowsky et al. 2005)

A2s!1s = 7.71± 0.99 s�1

(Planck TT+lowP+BAO)

A2s!1s = 7.75± 0.61 s�1

(Planck TT,TE,EE+lowP+BAO)

Planck measurement of the HI 2s-1s two-photon rate

• Planck measurement in excellent 
agreement with theoretical value

• Planck only values very similar

• CosmoRec and Recfast agree...

Preliminary

Planck Collaboration, 2014

• HI 2s-1s two-photon rate crucial for recombination dynamics 

• Value is not well measured in lab (best constraint ~ 43% error; Krueger & Oed 1975)

• Planck data can be used to directly constrain its value

~ 8% error!



Planck measurement of T0 at decoupling
• COBE/FIRAS measurement still the best we have

• Planck data gives another measurement of TCMB at z~1000

• constraint on temperature redshift relation

Planck Collaboration, 2014



Planck measurement of T0 at decoupling
• COBE/FIRAS measurement still the best we have
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• COBE/FIRAS measurement still the best we have
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• constraint on temperature redshift relation
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• Planck measurement in excellent 
agreement with COBE/FIRAS

• external data needed to break 
degeneracies

• TCMB = T0(1 + z)1��

T0 = 2.722± 0.027K(Planck TT+lowP+BAO)

T0 = 2.718± 0.021K(Planck TT,TE,EE+lowP+BAO)

T0 = 2.7255± 0.0006K(COBE/FIRAS)

� = (0.2± 1.4)⇥ 10�3(Planck TT+lowP+BAO)

� = (0.4± 1.1)⇥ 10�3(Planck TT,TE,EE+lowP+BAO)

Planck measurement of T0 at decoupling

Planck Collaboration, 2014

• COBE/FIRAS measurement still the best we have

• Planck data gives another measurement of TCMB at z~1000

• constraint on temperature redshift relation

Preliminary



Planck limits on perturbed recombination scenarios

• Model-independent approach (Farhang et al., 2012, 2013)

• allows us to check the consistency of Planck data with the 
standard recombination scenarios

• pre-Planck data showed some small tensions (Calabrese et al. 2013)

Planck Collaboration, 2014



Planck limits on perturbed recombination scenarios

• Model-independent approach (Farhang et al., 2012, 2013)

• allows us to check the consistency of Planck data with the 
standard recombination scenarios

• pre-Planck data showed some small tensions (Calabrese et al. 2013)
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Planck limits on perturbed recombination scenarios
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• Model-independent approach (Farhang et al., 2012, 2013)

• allows us to check the consistency of Planck data with the 
standard recombination scenarios

• pre-Planck data showed some small tensions (Calabrese et al. 2013)



Text

Planck limits on perturbed recombination scenarios

• No significant tension with 
standard recombination 
scenario in Planck

• Without polarization data 
errors on mode amplitudes 
~ 2-3 times larger

Preliminary

Planck Collaboration, 2014

• Model-independent approach (Farhang et al., 2012, 2013)

• allows us to check the consistency of Planck data with the 
standard recombination scenarios

• pre-Planck data showed some small tensions (Calabrese et al. 2013)

Planck Collaboration: Cosmological parameters
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Fig. 43. The response in the TT (left) and EE (right) power spec-
tra caused by a 1� deviation from the standard recombination
scenario for the first three Xe-modes (see Fig. 42).

Table 8. Standard parameters and the first three Xe-modes as
measured for Planck TT,TE,EE+lowP.

Parameter + 1mode + 2modes + 3modes

⌦bh2 0.0223+0.0002
�0.0002 0.0224+0.0002

�0.0002 0.0224+0.0002
�0.0002

⌦ch2 0.1199+0.0014
�0.0014 0.1193+0.0015

�0.0015 0.1194+0.0016
�0.0016

H0 67.28+0.65
�0.65 67.55+0.71

�0.70 67.20+0.87
�0.87

⌧ 0.081+0.017
�0.017 0.086+0.019

�0.019 0.087+0.018
�0.018

ns 0.9657+0.0061
�0.0060 0.9674+0.0064

�0.0063 0.9698+0.0073
�0.0073

ln(1010As) 3.098+0.034
�0.034 3.106+0.036

�0.036 3.112+0.037
�0.037

µ1 0.06+0.12
�0.12 0.01+0.13

�0.14 �0.03+0.15
�0.15

µ2 - �0.15+0.18
�0.18 �0.11+0.20

�0.20

µ3 - - �0.68+1.10
�0.98

We modified CosmoMC to estimate the mode amplitudes.
The result for Planck TT,TE,EE+lowP are presented in Table 8.
Although all modes are consistent with standard recombination,
adding the second Xe-mode causes mild shifts in H0 and ⌧ to-
wards larger values. For Planck TT+lowP, we find µ1 = �0.12±
0.5 and µ2 = �0.21 ± 0.48 using the Planck TT,TE,EE+lowP
eigenmodes, consistent with the standard recombination sce-
nario. This highlights the fact that adding the polarization data
improves the errors by more than a factor of two.

With pre-Planck data, only the amplitude, µ1, of the first
eigenmode could be constrained. The corresponding change in
the ionization history translates mainly into a change in the
slope of the CMB damping tail, with the mode resembling the
first Planck mode (Fig. 42). From WMAP9+SPT data, the first
eigenmode was detected, µSPT

1 = �0.80 ± 0.37, while with
WMAP9+ACT data µACT

1 = 0.14 ± 0.45 it remained consis-
tent with the standard recombination scenario (Calabrese et al.
2013). For the combined pre-Planck data, the recombination his-
tory was found to be consistent with the standard recombination
scenario, µpre

1 = �0.44 ± 0.33 (Calabrese et al. 2013). The small
variation of the results is another manifestation of a mild ten-
sions between di↵erent pre-Planck data sets that alternatively
was interpreted as an indication for Ne↵ di↵ering from standard
value Ne↵ = 3.046 (Calabrese et al. 2011; Di Valentino et al.
2013; Planck Collaboration et al. 2013).

Although non-optimal, we also computed the amplitudes
of the first three Xe-modes constructed for the WMAP9+SPT
data set. This provides a more direct comparison with the

pre-Planck constraints. For Planck TT,TE,EE+lowP we obtain
µSPT

1 = �0.11 ± 0.13 and µSPT
2 = �0.13 ± 0.19. The mild ten-

sion of the pre-Planck data with the standard recombination
scenario disappears with Planck. This is especially impressive,
since the errors improved by more than a factor of two. By pro-
jecting onto the Planck modes, we find that the first two SPT
modes can be expressed as µSPT

1 = 0.71µ1 + 0.54µ2 ⇡ �0.10
and µSPT

2 = �0.65µ1 + 0.63µ2 ⇡ �0.13, which emphasizes the
consistency of the results. Adding the first three SPT modes,
we obtain µSPT

1 = �0.09 ± 0.14, µSPT
2 = �0.19 ± 0.21 and

µSPT
3 = �0.43±0.80, which again is consistent with the standard

model. The small changes in the mode amplitudes when adding
the third mode arise because the SPT modes are non-optimal for
Planck, and thus are correlated.

6.9. Cosmic strings

Topological defects are a generic byproduct of symmetry-
breaking phase transitions and very common in condensed mat-
ter systems. They are expected to form also in phase transi-
tions in the early Universe (Kibble 1976), and especially cos-
mic strings appear in many supersymmetric and grand-unified
theories at the end of inflation (Jeannerot et al. 2003) as well
as in higher-dimensional theories. Constraints on the abundance
of cosmic strings and other defects therefore places limits on a
range of models of the early Universe.

In this section we will update the power-spectrum based con-
straints on the abundance of cosmic strings and other topological
defects described in Planck Collaboration XXV (2014) with the
newest Planck data. We refer to this publication for details of the
basic approach, and focus here on new developments and on the
updated constraints.

FIXME: intro needs expanding, everywhere need more cita-
tions

Due to the over 40 orders of magnitudes of di↵erence in
scales between the size of the universe ⇠ 1/H0 and the thick-
ness of a GUT scale string ⇠ 1/

p
Gµ, it is impractical to simu-

late the true string dynamics in the late universe. For this reason
one needs to make approximations. One approach considers the
limit of an infinitely thin string, which corresponds to using the
Nambu-Goto (NG) action for the string dynamics, so that this
approach will be called NG in the following. Another approach
simulates the actual field dynamics on a lattice for a given model.
In this case it is necessary to resolve the string core, which re-
quires in general larger simulations than NG. In return the sim-
ulation contains additional physics like the field radiation that is
not present in NG simulations. Here will use field-theory simu-
lations of the Abelian-Higgs action (AH), see Bevis et al. (2007,
2010) for more details on these simulations16.

The field theory approach also allows to simulate theories
where the defects are not cosmic strings and so cannot be de-
scribed by the NG action. Examples include semi-local strings
(SL, Urrestilla et al. 2008) and global defects. Here we will only
consider global defects from the breaking of a global O(4) sym-
metry, and the resulting defects are called texture (TX).

16New spectra based on larger simulations and the improved
radiation-matter transition modelling of Fenu et al. (2013) are in prepa-
ration, but were not ready in time for this analysis. Preliminary results
indicate that the shape remains similar but that the amplitude of the AH
spectra may increase by about 20%. If this remains the case then the
limits on the AH model reported here should be considered conserva-
tive (private communication J. Lizarraga et al).
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Conclusions

• Improved recombination calculations crucial for the 
interpretation of precision data from Planck! 

• Neglecting HI & Hel corrections would give (6 parameter case): 
→ -2.6σ bias in nS and -1.8σ in Ωbh2  

• First precise determination of the HI 2s-1s two-photon rate

• Planck measurement of the CMB monopole temperature in 
excellent agreement with COBE/FIRAS value today

• No indication for significant departures from the standard 
recombination scenario using eigenmode analysis

T0 = 2.718± 0.021K(Planck TT,TE,EE+lowP+BAO)

A2s!1s = 7.75± 0.61 s�1(Planck TT,TE,EE+lowP+BAO)
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