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Cosmic Microwave Background Anisotropies

Planck all sky map • CMB has a blackbody spectrum in every direction 

• tiny variations of the CMB temperature ΔT/T ~ 10-5
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Sketch of the Cosmic Ionization History

  

• at redshifts higher than 
~104 Universe               
→ fully ionized 

• z ≥ 104 → free electron 
fraction Ne/NH ~ 1.16 
(Helium has 2 electrons and 
abundance ~ 8%)  

• HeIII → HeII 
recombination at z~6000  

• HeII → HeI 
recombination at z~2000 

• HII → HI    
recombination at z~1000



CMB Sky à Cosmology

WMAP CMB Sky

alm
Power spectra

small scales large scales 

~1° 

TT

TE

EE

BB

(Joint) analysis

Other cosmological Dataset:  
small-scale CMB, Supernovae, large-scale structure/
BAO, Lyman-α forest, lensing, ... 

Cosmological 
Parameters 
Ωtot, Ωm, Ωb, ΩΛ, 
h, τ, ns,...

Ne (z) is a crucial input
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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)



How does cosmological recombination work?



• Temperature Tγ  ~ 2.725 (1+z) K ~ 3000 K 

• Baryon number density Nb ~ 2.5x10-7cm-3 (1+z)3 ~ 330 cm-3  

• Photon number density Nγ ~ 410 cm-3 (1+z)3 ~ 2×109 Nb         

⇒ photons in very distant Wien tail of blackbody spectrum can keep 
hydrogen ionized until hνα ~ 40 kTγ  ⟺ Tγ ~ 0.26 eV 

• Collisional processes negligible (completely different in stars!!!) 

• Rates dominated by radiative processes                     
(e.g. stimulated emission & stimulated recombination) 

• Compton interaction couples electrons very tightly to 
photons until z ~ 200 ⇒ Tγ  ~ Te ~ Tm 

Physical Conditions during Recombination
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In equilibrium with 
free electrons

Saha-Equation for ionization degree

George Gamov
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In equilibrium with 
free electrons

Out of equilibrium 
with free electrons

Recombination is 
much slower than 
in Saha case!

„freeze out“

Saha-Equation for ionization degree



3-level Hydrogen Atom and Continuum 

 continuum:         e      p     (He)

2s

1s

2p

H
yd

ro
ge

n 
at

om

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 à 1s ~108  times slower than Ly-α
- 2s two-photon decay profile à 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%



These first computations were completed in 1968!

Yakov Zeldovich

Vladimir Kurt  
(UV astronomer)

Rashid Sunyaev

Iosif Shklovskii

Jim Peebles

Moscow 

Princeton 



Hydrogen: 
  

- up to 300 levels (shells) 
- n ≥ 2 à 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



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] à 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)

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) ΔNe / Ne ~ 0.1 %

Getting the job done for Planck 



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/


Stimulated 2s à1s decay

Low Frequency 
CMB Photons

Transition rate in vacuum 
à A2s1s~ 8.22 sec-1 

CMB ambient photons field 

à A2s1s increased by ~1%-2% 

à HI - recombination faster by 
ΔNe/Ne ~ 1.3%

2s-1s emission profile
JC & Sunyaev, 2006, A&A 

A2s1s /
Z

�(⌫/⌫0)
d⌫

⌫0

Vacuum rate:

A⇤
2s1s /

Z
�(⌫/⌫0)[1 + n(⌫0 � ⌫)][1 + n(⌫)]

d⌫

⌫0

With CMB blackbody:



Feedback of Ly-α on the 1s à2s transition

Kholupenko et al. 2006 
Fendt, JC, Rubino-Martin & Wandelt, 2009

Early stages: Effective 
2s-1s decay rate reduced 
but net acceleration

• Some Ly-α photon are re-
absorbed in the 1s-2s channel 

• delays recombination 

• net effect on 2s-1s channel 
ΔNe/Ne ~ 0.6% around z~1100 

• 2s-1s self-feedback            
ΔNe/Ne ~ -0.08% around 
z~1100 (JC & Thomas, 2010)

Dotted line: just 
stimulated effect

Figure from: Kholupenko et al. 2006



Feedback of Ly-α on the 1s à2s transition

Late stages: 
net delay

Kholupenko et al. 2006 
Fendt, JC, Rubino-Martin & Wandelt, 2009

Dotted line: just 
stimulated effect

• Some Ly-α photon are re-
absorbed in the 1s-2s channel 

• delays recombination 

• net effect on 2s-1s channel 
ΔNe/Ne ~ 0.6% around z~1100 

• 2s-1s self-feedback            
ΔNe/Ne ~ -0.08% around 
z~1100 (JC & Thomas, 2010)

Figure from: Kholupenko et al. 2006



Two-photon emission process from upper levels

1s

2s 2p

3s 3p 3d

γ

γ

Seaton cascade (1+1 photon) 

No collisions à two photons (mainly 
H-α and Ly-α) are emitted! 

Maria-Göppert-Mayer (1931): 
description of two-photon emission 
as single process in Quantum 
Mechanics 

àDeviations of the two-photon line 
profile from the Lorentzian in the 
damping wings 

àChanges in the optically thin 
(below ~500-5000 Doppler width) 
parts of the line spectra



3s and 3d two-photon decay spectrum

Lorentzian profile

à HI -recombination is a bit slower due 
to 2γ-transitions from s-states

Lorentzian profile

à HI -recombination is a bit faster due 
to 2γ-transitions from d-states

Direct Escape in optically thin regions:

JC & Sunyaev, A&A, 2008 



2s-1s Raman scattering

1s

2s 2p

3s 3p 3d

γ

γ

Hirata 2008  
JC & Thomas, 2010 

Ly-β

Ly-α

• Computation similar to two-photon 
decay profiles 

• collisions weak  ⟹ process needs 
to be modeled as single quantum act

• Enhances blues side of Ly-α line 
• associated feedback delays 

recombination around z~900
Figure from: Hirata 2008



Evolution of the HI Lyman-series distortion

JC & Thomas, MNRAS, 2010

 Ly α  Ly β Ly γ

Computation includes all important radiative 
transfer processes (e.g. photon diffusion; 
two-photon processes; Raman-scattering) 



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] à 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)

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) ΔNe / Ne ~ 0.1 %

Getting the job done for Planck 



Semi-forbidden transitions are 
important for HeI-recombination!!!

Grotrian diagram for neutral helium

 Fine-structure transitions

Electron spins parallelElectron spins anti-parallel



Main corrections during HeI Recombination

Kholupenko et al, 2007 
Switzer & Hirata, 2007

Absorption of HeI 
photons by small 
amount of HI

Figure from Fendt et al, 2009



Evolution of the HeI high frequency distortion

JC, Fung & Switzer, 2011

- partially overlapping lines at n>2 
- resonance scattering 
- electron scattering in kernel approach 
- HI absorpion

Triplet of intercombination, 
quadrupole & singlet lines

CosmoRec v2.0 only!
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Cumulative Changes to the Ionization History

JC & Thomas, MNRAS, 2010; Shaw & JC, MNRAS, 2011

Acceleration of HeI 
recombination by HI 
continuum absorption

Change in the freeze 
out tail because of 
high-n recombinations 

Detailed Lyman-series 
transport for hydrogen

identical to Recfast

z

This is where it 
matters most!

              
Comparison with original version of RECFAST
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 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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Shaw & JC, 2011, and references therein

relative | absolute

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, XIII 2015⌦bh
2 ⌦ch

2
H0 ⌧ ns

ln(1010As)

Text

Planck TT,TE,EE + lowP + ext



Planck Collaboration, 2015, paper XX

Importance of recombination for inflation constraints

• Analysis uses refined recombination model (CosmoRec/HyRec)

Without improved recombination 
modules people would be talking 
about different inflation models!
(e.g., Shaw & JC, 2011)



CMB constraints on Neff and Yp  

Both parameters         
are varied → larger 
uncertainties

• Consistent with SBBN and standard value for Neff 

• Future CMB constraints (Stage-IV CMB) on Yp will reach 1% level

Planck Collaboration, 2013, paper XV

Planck+WP+highL
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the effect of recombination corrections on 
the CMB power spectra 

• combination with other cosmological data 
sets and foregrounds will also lead to 
‘reshuffling’ of biases

Shaw & JC, 2011, and references therein

Importance of recombination for measuring helium



• 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
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After refudging…



Constraints on possible departures from standard 
recombination history



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

Planck Collaboration, XIII 2015
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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...

• 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 Collaboration, XIII 2015



Annihilating / Decaying (dark matter) particles 



Chen & Kamionikowski, 2004 
Padmanabhan & Finkbeiner, 2005

95% c.l.

Changes of CMB anisotropies by annihilating particles

Text 

and fHe is the ratio of the number density of helium to that
of hydrogen. The evolution of the matter temperature, Tm
is similarly given by,

!!
!
dTm

dz

"

" 2"DM;0

3kB

1# 2x$H% # fHe&1# 2x$He%'
3&1# fHe'

F &z':

(10)

The resulting recombination and matter temperature
histories for different values of "DM;0 are shown in
Fig. 3; the dominant effect is to change the residual ion-
ization after recombination. This is easily explained by
considering the competition between the recombination
rate and the expansion of the universe. At early times,
the recombination rate is significantly greater than the
expansion rate and therefore, additional ionizations due
to DM annihilation are immediately erased. As the recom-
bination rate slows, these additional ionizations ‘‘freeze
out,’’ leading to a greater residual ionization fraction.

The evolution of the matter temperature is similar. At
redshifts ( 100, Compton scattering keeps the matter and
radiation in tight thermal contact, and the excess energy
from DM annihilation is lost in the extremely large heat
capacity of the blackbody radiation. However, as the matter
completely decouples from the radiation, annihilations
start to increase the matter temperature, resulting in slower
cooling relative to the fiducial model.

III. THE CMB AS A PROBE

Having computed the effect of DM annihilation on the
recombination history, we attempt to understand its effect
on the CMB. In what follows, it is sometimes convenient to
parametrize the effect of DM annihilation by an ionization
‘‘floor’’ added to the standard recombination history. This
lacks the physical intuition of "DM, but is a convenient
analytic approximation. We define the optical depth to
Thomson scattering

#&$' "
Z $0

$
d$%Tneca; (11)

where ne is the free electron density. Assuming a matter
dominated cosmology and constant ionization fraction xe,
this gives us

#&z' ) 4*10!2xe
!bh&1! YHe'

########

!M
p z3=2; (12)

if z ( 1.

A. Peak positions

We begin by estimating the change in the position of the
acoustic peaks in the temperature power spectrum due to
an ionization floor. The probability that a photon last
scattered between redshifts z and z# dz is given by the
visibility function

g&z' +#0&z'e!#&z'; (13)

shown in Fig. 3 for different recombination histories. The
fraction of photons that scatter at a redshift <z, G&z', is
simply the integral of visibility function, G&z' "
1! exp&!#&z''. Since g&z' is sharply peaked, we can
meaningfully define a redshift of last scattering, zLS, that
determines the angular positions of the acoustic peaks. A
convenient definition is G&zLS' " 0:5 or #&zLS' ,0:7 im-
plying zLS ) 1050 for standard recombination. For the
ionization floor to significantly shift the peaks, the addi-
tional optical depth, "#, would have to be )1. Using
Eq. (12), this requires 103xe;floor ) &

########

!M
p

=!bh', or
xe;floor ) 0:01 for our fiducial cosmology. As we shall see
below, such an ionization fraction would have already
noticeably affected the CMB temperature and polarization
and therefore is strongly disfavored. More plausible values
of the ionization floor do not noticeably shift the positions
of the acoustic peaks in the temperature power spectrum.
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FIG. 3 (color online). The ionization fraction xe (top), matter
temperature (center), and visibility function (bottom) as a func-
tion of "DM. The heavy solid lines show the fiducial model with
"DM " 0; from bottom to top, "DM;0 " 5; 10; 100; 500*
10!25 eV=s. The thin dashed line in the center plot shows the
evolution of CMB temperature, T&z' " T0&1# z'. Note that the
injection of additional energy does not slow recombination, but
increases the residual ionization; this leaves the peak of the
visibility function unchanged but broadens the surface of last
scattering.
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Visibility function

Change in the freeze out tail

Text 

B. Power spectra

The effect of the altered recombination history on the
CMB power spectra is discussed analytically below.
However, the numerical results presented in the paper use
the publicly available Boltzmann code CAMB [26], with the
modified version of RECFAST described in the previous
section, to obtain accurate power spectra. An example is
shown in Fig. 4.

The temperature angular power spectrum is the photon
distribution function convolved with the visibility function
(the last scattering surface), and projected on the sky. The
photon distribution function is unchanged by DM annihi-
lation, but the visibility function extends to lower redshifts,
broadening the surface of last scattering. This suppresses
perturbations on scales smaller than the width of the sur-
face, resulting in a relative attenuation of the power spec-
trum. This is scale dependent, with the largest scales
attenuated the least and small scales the most. These
effects are clearly seen in the accurate numerical solutions
in Fig. 4.

Given the imminent high S=N temperature measure-
ments due from the WMAP and Planck satellites, an
immediate question is whether DM annihilation is detect-
able just using the temperature power spectrum.
Unfortunately, the effects of !DM described above are al-
most perfectly degenerate with the slope and amplitude of
the primordial power spectrum. To see this quantitatively,

we start with the line of sight solution to the temperature
perturbation in direction n̂ [27],

!!n̂" #
Z "0

0

!

_#
"

" $ #

4
$ n̂ % vb

#

$ 2 _$
$

e& #d"; (14)

where " is the gravitational potential, # is the photon
density perturbation, vb is the baryon velocity, and we
ignore vector and tensor contributions. If we ignore the
ISW [28] contribution (2 _$) to the anisotropy spectrum, we
obtain a useful semianalytic approximation to the anisot-
ropy spectrum by separating into slowly varying (poten-
tials, T!k" below) and rapidly varying (recombination, Silk
damping, D!k" below) terms [27],

Cl # 4%A
Z 1

0
d!lnk"knsD2!k"T2!k"; (15)

implicitly assuming that T2!k" is evaluated at the redshift
of last scattering and has no time dependence. The damp-
ing function is given by [29],

D!k" #
Z

dzg!z" exp
"

& k2

k2D!z"

#

; (16)

where g!z" is the visibility function introduced earlier, and
kD is the Silk damping scale given by [30],

1

k2D
#

Z 1

z
dz

c
H2!z"

1

6!1 $ R"#0!z"

!
R2

!1 $ R" $
16

15

$

; (17)

where R # 3&b=4&' is the baryon-photon ratio. Since the
ionization history only appears in Eq. (15) through the
optical depth in D!k", we estimate the effect of adding an
ionization floor by computing D!k"=D0!k", where D0!k"
assumes the standard ionization history.

As the relevant regime is when the ionization fraction is
rapidly changing, we numerically integrate Eq. (16) and
compute D!k"=D0!k" for different !dm;0. The results for our
fiducial cosmology are shown in Fig. 5. The scales relevant
for l > 50 in the CMB correspond approximately to k >
0:001h Mpc& 1; Fig. 5 demonstrates that D!k"=D0!k" is
remarkably well described by a power law, k& (, over these
scales. This signals a near exact degeneracy in the CMB;
examining Eq. (15) suggests that the effect of the ioniza-
tion floor can be almost exactly compensated by adjusting
ns ! ns $ 2(, and changing the amplitude, A. The resid-
ual differences can be corrected by adjusting (at subpercent
levels) the remaining cosmological parameters.

We emphasize that this degeneracy appears to be purely
accidental. As k ! 0, Silk damping becomes increasingly
unimportant and D!k"=D0!k" ! 1. In addition, we have
ignored the ISW contribution, which has a different visi-
bility function, and therefore will not be compensated by
changing the scalar spectral index. On small scales (k !
1) that are considerably damped before recombination, the
correction to the visibility function due to the ionization
floor is negligible and again, one would expect
D!k"=D0!k"' constant. These two limits are however
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FIG. 4 (color online). The TT, TE, and EE angular power
spectra for our fiducial cosmological model, with no DM anni-
hilation (solid and dotted lines), and with !DM;0 # 10& 22 eV=s.
Also shown are the polarization noise spectra, for the WMAP V
band, the Planck 143 Ghz channel, and a hypothetical high
resolution polarization experiment (see Table I for details).
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• more damping because 𝜏 increases 
• change close to visibility maximum → 

shift in peak positions



More references: Galli et al, 2009, 
Slatyer et al, 2009, Huetsi et al. 2009

95% c.l.

Latest Planck limits on annihilation cross section

• AMS/Pamela 
models in tension 

• but interpretation 
model-dependent 

• Sommerfeld 
enhancement? 

• clumping factors? 

• annihilation 
channels?

Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck TE or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.

51

Planck Collaboration, paper XIII, 2015



Effect of decaying particles

Chen & Kamionikowski, 2004, Zhang et al. 2006, Poulin et al. 2016
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Figure 5. Cosmological constraints on the abundance (normalized to the DM one) of e.m. decaying
exotic particles coming from Big Bang nucleosynthesis (shaded red area), CMB spectral distortions
(full line) and CMB power spectra analysis (shaded blue area for e

± and shaded green area for �,
the width of the band is obtained by scanning over the decaying particle mass in the range [10 keV;
1 TeV]). In the case of CMB anisotropies we compare the use of the full treatment for the energy
deposition with the on-the-spot approximation (dashed lines).

complementarity of the constraints derived here with the CMB spectral distortion ones, and
in particular the BBN ones, is obvious. The constraints from CMB angular power spectrum
dominate at long lifetimes, ��1 & 1012 s. They reach a remarkable sensitivity around ��1

⇠

��1
c ⌘ 1014 s, excluding values of ⌅ as low as ⇠ 10�11

� 10�10; the bound then degrades
roughly by a factor �c/�: This suggests that it is mostly the (possibly small) fraction of
DM decaying at this early time that has the dominant impact on CMB anisotropies. A
posteriori, we can thus propose fe↵ ' f(z(�c)) as physical criterium to obtain approximate
bounds within the on-the-spot approximation (see Eq. (2.9)), where zc ' 300 corresponds to
the time-redshift conversion of ��1

c . We display result of this procedure for the same decay
products and range of masses as dashed lines. We find this criterium to be good at the
10 � 50% level for the channels, masses and lifetimes (& 1014s) we considered. For shorter
lifetime, one would need to readapt the criterion, which we did empirically in sec. 2 by fixing
fe↵ ' f(zdec)/e for ⌧ ' 1013s. We found reasonnably good agreement between full treatment
and its approximation which, at the level of the constraints (although not shown explicitely
on the plot), lead to agreement at the 20 � 50% level. For lifetime below 1013s, as illustrated
in sec. 2 the on-the-spot approximation fails at describing correctly the physical effects of the
decay. This results in constraints offset by several orders of magnitude with respect to the
full treatment, which is therefore mandatory in that case.
Perhaps not surprisingly, other (earlier universe) probes are more sensitive to shorter lifetimes,
although the sensitivity is not comparable with the peak sensitivity achieved via the effects
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• Effect at different stages of the evolution 
• CMB Anisotropies for long-lived particles 

• CMB spectral distortions for short-lived particles 

• PBHs are similar to decaying particles
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Figure 2. Comparaison of the on-the-spot and beyond on-the-spot treatment on the ionisation
history. The dcdm models are � ! e

+
e
�, m� = 100 MeV, 100 GeV with lifetimes ⌧ = 1020 s and

1015 s (top-left and top-right panels respectively), m� = 1 MeV, 100 GeV with lifetime ⌧ = 1013 s
bottom-left panel) and m� = 1 MeV, 100 MeV with lifetime ⌧ = 1012 s (bottom-right panel). The
blue curves on each plot represent result in the Planck 2016 ⇤CDM model.

nential suppression at z(⌧). In that case, the curves are still in reasonnable agreement,
especially in the TT spectrum where the agreement reach again the % level, whereas
differences in the EE spectrum are kept below 30%. On the other hand, in the case of
��1

⇠ 1012 s, the shape of the curve in the on-the-spot treatment is very different from
the beyond-on-the-spot case (and in fact wrong, see the increased power at high-`’s of
Fig. 4–bottom panels), hence we do not expect constraints to be reliable in this approx-
imation. For such small lifetimes, the lack of a meaningful physical criterion to even
define the on-the-spot equivalent makes the simplification hazardous. A more refined
search for a phenomenological criterion, e.g. via a principal component analysis as done
in the DM annihilations case [18], would probably be useless. In that case, one has to
do MCMC scan for each lifetime to get reliable constraints, as we shall perform in the
following.
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2.1 Standard equations

The main e.m. impact of exotic particles decay is to modify the fraction of free electrons
xe, either through direct ionisation or collisional excitation followed by photoionisation by
a CMB photon. An indirect effect is via the heating of the intergalactic medium (IGM),
whose temperature we denote with TM, and which has a feedback on the evolution of xe. In
turn, through interactions of the CMB photons with free electrons, these processes will have
an impact on the CMB anisotropy angular power spectra. In order to follow the evolution
equations for xe and TM we use the numerical code Recfast [10] v1.5 as implemented in the
Boltzmann code CLASS

2 [11, 12] v2.5. In this code, the evolution of the free electron fraction
is ruled by a system of coupled differential equations of the type3

dxe(z)

dz
=

1

(1 + z)H(z)
(R(z) � I(z) � IX(z)) ,

dTM
dz

=
1

1 + z


2TM + �(TM � TCMB)

�
+ Kh . (2.1)

where the R and I terms are the standard recombination and ionization rates given by

R(z) = C


↵Hx

2

enH

�
, I(z) = C


�H(1 � xe)e

� h⌫↵
kbTM

�
. (2.2)

IX(z) = IXi(z) + IX↵(z) is an effective ionization rate where the rate of direct ionization IXi

and excitation+ionization IX↵ are given by:

IXi = �
1

nH(z)Ei

dE

dV dt

����
dep,i

, IX↵ = �
(1 � C)

nH(z)E↵

dE

dV dt

����
dep,↵

, (2.3)

where Ei and E↵ are respectively the average ionization energy per baryon, and the Lyman-↵
energy. Finally, the rate Kh at which DM decays or annihilations heat the plasma is defined
as:

Kh = �
2

H(z)(1 + z)3kbnH(z)(1 + fHe + xe)

dE

dV dt

����
dep,h

. (2.4)

We refer to appendix of Ref. [16] for further definitions and more details on each coefficient.
The energy deposited in the plasma at redshift z, dE

dV dt

��
dep is splitted between ionization,

excitation of the Lyman-↵ transition, heating and very low energy photons (<10.2 eV) unable
to interact. In case of a decaying particle with lifetime ⌧ , the rate of energy injection per unit
volume is given by

dE

dV dt

����
inj

= (1 + z)3⌅ ⌦cdm⇢cc
2� e

�� t
, (2.5)

where ⇢c is the current critical density, � is the width (inverse lifetime), ⌅ is the relative
amount of energy released into e.m. for a single decay, arbitrarily normalized to the current
total cold DM abundance, ⌦cdm. For instance, a species constituting 1% of the total DM

2http://class-code.net
3In reality Recfast contains equations that are modified with fudge factors calibrated on more accurate

code such as CosmoRec [13, 14] and HyRec [15]. It is not necessary to go beyond the use of Recfast as long as
the ionization history around recombination, for which high precision calculation is mandatory, is not too far
away from ⇤CDM. Since large energy injections around recombination are ruled out, it is safe for us to work
with Recfast only. We have checked this explicitly by comparing results with the last public version of HyRec.
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Relative amount of 
energy per decay 
and per DM

Poulin et al. 2016



Primordial magnetic fields
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Figure 3. E↵ect of PMF heating on the TT and EE power spectra for two
choices of the PMF power spectrum parameters. The standard Planck 2013
cosmology with ⌧ = 0.09 was used. See Sect. 3 for discussion.

In Fig. 3, we show the separate contributions from decaying
magnetic turbulence and ambipolar di↵usion to the changes in the
TT and EE power spectra. For B0 = 3 nG and nB = �2.9, the
e↵ect of ambipolar di↵usion is small and the dominant e↵ect is
caused by decaying magnetic turbulence, which introduces clear
shifts in the positions of the acoustic peaks. Setting nB = 3.0,
we see that ambipolar di↵usion does add a significant correction,
�⌧ ' �6% (B0/3 nG)2, to the Thomson optical depth. At very
low `, it also introduces features into the power spectra, which
help breaking the degeneracies mentioned above. The shifts in the
peak positions due to decaying magnetic turbulence also increase
strongly for this case. Notice that the heating rates for both decay-
ing magnetic turbulence and ambipolar di↵usion scale as � / B

2
0,

so that the changes in the CMB power spectra strongly decrease
with B0. The aforementioned e↵ects can be constrained with cur-
rent data, and one expects decaying magnetic turbulence to drive
the limits, at least for quasi-scale invariant PMF power spectra.

3.1 Constraints from Planck 2013 data

In this section, we discuss constraints on the PMF power spectrum
using Planck 2013 data (Planck Collaboration et al. 2014c). We ex-
plicitly include only the e↵ect of PMF-induced heating on the CMB
power spectra. Taking into account only the PMF contributions to
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Figure 4. Posterior distribution for the PMF strength, B0, with nB = �2.9
and di↵erent combinations of heating by decaying magnetic turbulence
(MHD) and ambipolar di↵usion.

the Einstein-Boltzmann system for cosmological perturbations, the
Planck 2013 95% c.l. upper limit on the magnetic field strength,
smoothed over 1 Mpc length, is3

B1 Mpc . 4.1 nG, obtained by vary-
ing nB in the interval [�2.9, 3].

In Fig. 4, we show the posterior distribution for B0 at fixed
nB = �2.9. We compare three cases, including the heating caused
by decaying magnetic turbulence, ambipolar di↵usion and the com-
bination of both. The 95% upper limits on the magnetic field
strength are B

MHD
0 . 1.1 nG, B

ambi
0 . 1.5 nG and B0 . 1.1 nG,

respectively. As anticipated earlier, decaying magnetic turbulence
strongly drives the constraint and shape of the posterior distribu-
tion of B0, with ambipolar di↵usion leading to a correction only. It
is also clear that the limits B

MHD
0 , B

ambi
0 and B0 are so comparable

mainly because the posteriors have strong non-Gaussian tails.
Evaluating the photoionization rates using T = Te, we expect

an upper limit of B0 . 0.5 nG (95% c.l.) when including both am-
bipolar di↵usion and decaying magnetic turbulence. This is about
'
p

5 ' 2.2 times tighter than the limit quoted above, simply be-
cause the e↵ect on the ionization history is overestimated. This il-
lustrates how important the modification to the recfast treatment
discussed here is.

4 CONCLUSIONS

We investigated the e↵ect of heating due to ambipolar di↵usion

and decaying magnetic turbulence on the thermal and ionization
history of our Universe. We find that changes in the ionization his-
tory, computed with an approach similar to recfast, are signif-

3 In Planck Collaboration et al. (2014c) the constraint on the amplitude of
PMF is quoted in terms of B1 Mpc, i.e., the amplitude smoothed over 1 Mpc
length, which is often considered in the literature (Paoletti & Finelli 2011;
Shaw & Lewis 2012). Note that the relation B

2
0 = (kD�/

p
2)nB+3

B
2
�. We

have therefore B0 ' 1.3 B1 Mpc for kD given by Eq. (3), � = 1 Mpc and
nB = �2.9.
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2.1 Collisional ionization

The exponential dependence on the ionization potential suppresses
the e↵ect of collisional ionization from the ground state, so that
in the standard computation they can be neglected (Chluba et al.
2007). Since at low redshifts (z . 800) the electron temperature
can be pushed quite significantly above the CMB photon tempera-
ture by heating processes (lower panels in Fig. 1 and 2), it is impor-
tant to check if collisional ionizations by electron impact2 become
e�cient again. Using the fits of Bell et al. (1983)

dN1s,HI

dt
⇡ �5.85 ⇥ 10�9

T
1/2
4 e�TH/T cm3 s�1

N1s,HI Ne

dN1s,HeI

dt
⇡ �2.02 ⇥ 10�9

T
1/2
4 e�THe/T cm3 s�1

N1s,HeI Ne

with TH ⇡ 1.58 ⇥ 105 K, THe ⇡ 2.85 ⇥ 105 K and T4 = T/104 K,
where T ⌘ Te, we confirm that this e↵ect can usually be neglected.
We nevertheless add these rates to the calculation whenever heat-
ing by PMF is activated and for very large heating (pushing the
electron temperature up to Te ' 104 K) they do become important
in limiting the maximal electron temperature. We also included the
cooling of electrons by the collisional ionization heating to ensure
the correct thermal balance.

2.2 Decaying magnetic turbulence

Using recfast++ with default setting, we are able to reproduce
the central panel in Fig. 10 of KK14 for decaying magnetic turbu-
lence. One example, for B0 = 3 nG and nB = �2.9 is shown in
Fig. 1. We compare the standard recombination history (no extra
heating) with three cases obtained from recfast++ and the full
computation of CosmoRec. The e↵ect of reionization at z . 10 was
not included (see Kunze & Komatsu 2015, for some discussion),
as it does not a↵ect our main discussion. The first agrees well with
the result of KK14, with a large change in the freeze-out tail of
the recombination history being found (dotted line). Modifying the
evaluation of the hydrogen photoionization rate to T = T� gives a
smaller change (dash-dotted line). Also changing the evaluation of
the helium photoionization rate finally gives the dashed line, with
a ' 5 times smaller e↵ect on the freeze-out tail. Using the standard
recfast approach, the photoionization rate is thus overestimated
so that even helium is partially reionized. We find that after chang-
ing the evaluation of the photoionization rates to T = T� the result
obtained with recfast++ agrees to within ' 10% with the detailed
treatment of CosmoRec (solid/red line). This case is also fairly close
to the result for m = 2(nB + 3)/(nB + 5) = 0.1(⌘ nB ' �2.9) shown
in Fig. 4 of Sethi & Subramanian (2005). The remaining di↵erence
to CosmoRec is caused by stimulated recombination e↵ects that are
not captured correctly with a recfast treatment.

Our computations show that the smaller e↵ect on the free elec-
tron fraction allows the electron temperature to rise higher above
the photon temperature than with the default recfast treatment
(see Fig. 1). This is because for a lower free electron fraction,
Compton-cooling becomes less e�cient. We find that in terms of
the Compton-y parameter, these two e↵ects practically cancel each
other, leaving a di↵erence at the level of . 5%. For instance, com-
puting the y-parameter, y =

R
k(Te�T�)

mec2 �TNec dt, for B0 = 3 nG and
nB = �2.9 using the default recfast++ result we obtain y '
1.0 ⇥ 10�7(B0/3 nG)2, while when evaluating the photoionization

2 Protons are heavier and thus slower, so that their e↵ect is much smaller.
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Figure 1. E↵ect of heating by decaying magnetic turbulence on the ion-
ization history (upper panel) and electron temperature (lower panel) for
B0 = 3 nG and nB = �2.9.

rates correctly we have y ' 9.7⇥10�8, corresponding to a ' 4% ef-
fect. For larger spectral index, the di↵erence becomes even smaller.
For B0 = 3 nG and nB = 0, we find y ' 5.4 ⇥ 10�7(B0/3 nG)2

with a di↵erence . 1% in the two treatments. The reason is that
for larger spectral index, most of the e↵ect arises from higher red-
shifts (z ' 103), which are less sensitive to the evaluation of the
photoionization rates since Compton-cooling is still extremely e�-
cient, forcing Te ' T�.

In the treatment of the heating by decaying magnetic turbu-
lence, we switch the e↵ect on rather abruptly (�z/z ' 5%) around
zi ' 1088 following previous approaches (Sethi & Subramanian
2005; Schleicher et al. 2008b; Kunze & Komatsu 2014). Although
the e↵ect of heating by decaying magnetic turbulence is not as
visible at early times (see Fig. 1), this approximation adds un-
certainty to the predictions of the CMB anisotropies since small
e↵ects close to the maximum of the Thomson visibility function
can have a larger e↵ect than similar changes in the freeze-out tail
(e.g., Rubiño-Martı́n et al. 2008; Farhang et al. 2012). For detailed
CMB constraints, this approximation should be improved, includ-
ing more detailed consideration of the time-dependence of the heat-
ing rate at z > zi ' 1088. For example, when changing from very
abrupt to more smooth transition between no heating and heating
at z ' zi, we find that the numerical result for the TT power spec-
trum at large scales (` . 200) is a↵ected noticeably. However, in
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Figure 3. E↵ect of PMF heating on the TT and EE power spectra for two
choices of the PMF power spectrum parameters. The standard Planck 2013
cosmology with ⌧ = 0.09 was used. See Sect. 3 for discussion.

In Fig. 3, we show the separate contributions from decaying
magnetic turbulence and ambipolar di↵usion to the changes in the
TT and EE power spectra. For B0 = 3 nG and nB = �2.9, the
e↵ect of ambipolar di↵usion is small and the dominant e↵ect is
caused by decaying magnetic turbulence, which introduces clear
shifts in the positions of the acoustic peaks. Setting nB = 3.0,
we see that ambipolar di↵usion does add a significant correction,
�⌧ ' �6% (B0/3 nG)2, to the Thomson optical depth. At very
low `, it also introduces features into the power spectra, which
help breaking the degeneracies mentioned above. The shifts in the
peak positions due to decaying magnetic turbulence also increase
strongly for this case. Notice that the heating rates for both decay-
ing magnetic turbulence and ambipolar di↵usion scale as � / B

2
0,

so that the changes in the CMB power spectra strongly decrease
with B0. The aforementioned e↵ects can be constrained with cur-
rent data, and one expects decaying magnetic turbulence to drive
the limits, at least for quasi-scale invariant PMF power spectra.

3.1 Constraints from Planck 2013 data

In this section, we discuss constraints on the PMF power spectrum
using Planck 2013 data (Planck Collaboration et al. 2014c). We ex-
plicitly include only the e↵ect of PMF-induced heating on the CMB
power spectra. Taking into account only the PMF contributions to

Figure 4. Posterior distribution for the PMF strength, B0, with nB = �2.9
and di↵erent combinations of heating by decaying magnetic turbulence
(MHD) and ambipolar di↵usion.

the Einstein-Boltzmann system for cosmological perturbations, the
Planck 2013 95% c.l. upper limit on the magnetic field strength,
smoothed over 1 Mpc length, is3

B1 Mpc . 4.1 nG, obtained by vary-
ing nB in the interval [�2.9, 3].

In Fig. 4, we show the posterior distribution for B0 at fixed
nB = �2.9. We compare three cases, including the heating caused
by decaying magnetic turbulence, ambipolar di↵usion and the com-
bination of both. The 95% upper limits on the magnetic field
strength are B

MHD
0 . 1.1 nG, B

ambi
0 . 1.5 nG and B0 . 1.1 nG,

respectively. As anticipated earlier, decaying magnetic turbulence
strongly drives the constraint and shape of the posterior distribu-
tion of B0, with ambipolar di↵usion leading to a correction only. It
is also clear that the limits B

MHD
0 , B

ambi
0 and B0 are so comparable

mainly because the posteriors have strong non-Gaussian tails.
Evaluating the photoionization rates using T = Te, we expect

an upper limit of B0 . 0.5 nG (95% c.l.) when including both am-
bipolar di↵usion and decaying magnetic turbulence. This is about
'
p

5 ' 2.2 times tighter than the limit quoted above, simply be-
cause the e↵ect on the ionization history is overestimated. This il-
lustrates how important the modification to the recfast treatment
discussed here is.

4 CONCLUSIONS

We investigated the e↵ect of heating due to ambipolar di↵usion

and decaying magnetic turbulence on the thermal and ionization
history of our Universe. We find that changes in the ionization his-
tory, computed with an approach similar to recfast, are signif-

3 In Planck Collaboration et al. (2014c) the constraint on the amplitude of
PMF is quoted in terms of B1 Mpc, i.e., the amplitude smoothed over 1 Mpc
length, which is often considered in the literature (Paoletti & Finelli 2011;
Shaw & Lewis 2012). Note that the relation B

2
0 = (kD�/

p
2)nB+3

B
2
�. We

have therefore B0 ' 1.3 B1 Mpc for kD given by Eq. (3), � = 1 Mpc and
nB = �2.9.

c� 0000 RAS, MNRAS 000, 000–000

• One has to be careful how to compute the effect… 
• Large uncertainties in the heating rates → already working on it…. 

• Constraints from this effect better than other CMB effects

Planck Collaboration: Constraints on primordial magnetic fields

Fig. 12. PMF amplitude constraint for the helical case (solid
black) compared with the non-helical case (dashed red). The dot-
ted blue line shows the constraint on the amplitude of the helical
component as an alternative interpretation of the constraints on
the amplitude of PMFs with a helical component.

gives B1 Mpc < 5.8 nG. Like in the non-helical case, the inclu-
sion of high-` polarization does not improve the constraints. The
constraints on the amplitude of the maximally helical fields are
weaker than for the non-helical case. The weakening is expected
from the behaviour of the magnetically-induced angular power
spectrum when a maximally helical component is considered.
Figure 5 shows that magnetic fields with a maximally helical
component produce weaker CMB fluctuations in temperature
and polarization than non-helical fields of the same strength. As
a result of this, helical magnetic fields are less constrained than
non-helical fields. When considering helical PMFs, we have two
components that contribute to the magnetically-induced pertur-
bations, as shown in Eq. (12), a symmetric and an antisymmetric
part, represented by PB and PH , respectively. These power spec-
tra can be associated with two amplitudes of the field, B1 Mpc as-
sociated with the symmetric part and B1 Mpc associated with the
antisymmetric part (see Eq. 13). In the maximally helical case
the two amplitudes are not independent from each other, they are
related through the conditions AH = AB and nB = nH . Therefore
we constrain a single amplitude, which can be expressed either
through B1 Mpc or B1 Mpc. The constraint B1 Mpc < 5.6 nG can
thus be converted into the constraint B1 Mpc < 4.6 nG. Figure 12
shows the posterior distribution for the amplitude expressed as
B1 Mpc in blue.

2.4.8. Constraints from the impact of PMFs on the CMB
anisotropies via their impact on the thermal history
of the Universe

Primordial magnetic fields are damped on scales smaller than the
photon diffusion and free-streaming scale. This leads to heating
of ordinary matter (electrons and baryons), which affects both
the thermal and ionization history of the Universe (Subramanian
& Barrow, 1998; Jedamzik et al., 2000; Sethi & Subramanian,

2005; Schleicher et al., 2008; Kunze & Komatsu, 2014), leading
to a Compton-y distortion of the CMB and changes in the CMB
power spectra through modifications of the Thomson visibility
function around decoupling.

Two heating mechanisms have been discussed in the liter-
ature, one due to decaying magnetic turbulence at very small
scales and the other due to ambipolar diffusion (e.g., Sethi &
Subramanian, 2005). In this paper, we follow the approach de-
scribed by Chluba, et al. (2015) to incorporate these heating
mechanisms.8

We perform an analysis considering the combination of
the heating terms with the gravitational contribution of PMFs.
Considering ambipolar diffusion, decaying magnetic turbulence,
and gravitational effects we obtain an upper limit of B1 Mpc <
0.67 nG for nearly scale-invariant PMFs with nB = �2.9. We
obtain similar results, namely B1 Mpc < 0.68 nG, when drop-
ping the gravitational effect and considering only the impact
of PMFs on the primary CMB anisotropies through their heat-
ing effect. These results show that the dominant contribution is
given by the heating terms. We have also performed analyses
with the two terms of ambipolar diffusion and decaying mag-
netic turbulence considered separately. The results show that the
two terms are roughly at the same level in constraining PMFs,
with a slightly stronger contribution from the decaying magnetic
turbulence term (see also Chluba, et al., 2015).

3. Magnetically-induced non-Gaussianities

Stochastic PMFs generate non-Gaussian CMB anisotropies.
This is because magnetic forcing (as described by the magnetic
energy momentum tensor) is quadratic in the magnetic fields
and therefore the resulting fluctuations are non-Gaussian even
for Gaussian fields9 (Brown & Crittenden, 2005). There are al-
ready published theoretical studies of the passive-mode bispec-
tra (Trivedi et al., 2010; Shiraishi et al., 2011, 2012; Shiraishi,
2013), as well as studies of the compensated-mode bispectra
(Seshadri & Subramanian, 2009; Caprini et al., 2009; Cai et al.,
2010; Shiraishi et al., 2010; Kahniashvili & Lavrelashvili, 2010)
and of trispectra (Trivedi et al., 2012, 2014). This illustrates that
it is possible to use CMB non-Gaussianities to constrain the
PMF amplitude for different generation mechanisms. Several
non-Gaussianity constraints have previously been used for this
purpose (Caprini et al., 2009; Seshadri & Subramanian, 2009;
Trivedi et al., 2010; Shiraishi et al., 2012; Trivedi et al., 2012).
The non-Gaussianity constraints on PMFs are complementary
to those derived from the angular power spectra. In this sec-
tion we present three different methods for constraining PMFs
using non-Gaussianity measurements, all involving the first of
the higher-order stastical moments, the bispectrum. The methods
can be applied to either the passive or the compensated modes.

8 As explained by Chluba, et al. (2015), the effect on the ionization
history was previously overestimated using an approach similar to the
one of RECFAST. The reason is that in RECFAST the photoioniza-
tion rates are evaluated assuming temperature T ⌘ Te, although from a
physical point of view the radiation temperature should be used. This
reduces the effect on the ionization history by up to one order of mag-
nitude and a consistent treatment is implemented both in RECFAST++
and COSMOREC (Chluba & Thomas, 2011).

9 This peculiarity is in common with topological defects (see
Figueroa et al., 2010)
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JC et al., 2015 (using Planck 2013)

Planck Collaboration, 2015

Sethi et al. 2005, Kunze et al, 2014/2015, JC et al. 2015
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ify the obtained ionization history with a correction function to
represent the full recombination calculation of CosmoRec (Rubiño-
Martı́n et al. 2010b; Shaw & Chluba 2011). The required correction
function between Recfast++ and CosmoRec is obtained as

X
C
e (z) ⇡

 
1 +
�Xe(z)
XR

e (z)

!
X

R
e (z) = ftot(z) X

R
e (z), (2)

where ’C’ refers to CosmoRec, ’R’ to Recfast++. In the code, the
relative di↵erence, �Xe/XR

e = (XC
e � X

R
e )/XR

e , is stored for the stan-
dard cosmology and then interpolated to obtain ftot(z). The relative
di↵erence, �Xe/XR

e , is illustrated in Fig. 1. For the standard cos-
mology, Recfast++ naturally allows a quasi-exact representation
of the full calculation. For small variations around the standard cos-
mology, the correction-to-correction can be neglected so that this
approach remains accurate in CMB analysis (Shaw & Chluba 2011;
Planck Collaboration et al. 2015a).

All the modifications listed in Eq. (1) are readily incorporated
to the simple Recfast++ equations. However, we found that for
our purpose it was beneficial to treat the correction functions for
hydrogen and helium separately, since in the transition regime be-
tween hydrogen and helium recombination (z ' 1600) the free elec-
tron fraction departs from unity, which is physically not expected.
This generalizes Eq. (2) to

X
C
e (z) ⇡ fH(z) X

H,R
e (z) + fHe(z) X

He,R
e (z), (3)

where we multiply each correction function term with its respective
contribution to the total Xe = X

H
e + X

He
e . The individual correction

functions are again obtained using relative di↵erences with respect
to the standard cosmology, fi(z) = 1 + �X

i

e/X
i,R
e . This is illustrated

in Figure 1. At z ' 2500, the helium correction sharply drops to
�X

He
e /X

He,R
e ⇡ �100% (i.e. fHe ! 0), indicating that helium rapidly

recombines. This is related to hydrogen continuum absorption of
helium photons, which is not taken into account in the standard
treatment (Kholupenko et al. 2007; Switzer & Hirata 2008; Rubiño-
Martı́n et al. 2008). Since hydrogen recombination occurs at lower
redshifts, the hydrogen corrections tend to 0 at z & 1500, while
around z ' 1100 radiative transfer corrections become visible (e.g.,
Fendt et al. 2009; Rubiño-Martı́n et al. 2010b, for overview).

At z . 1500, ftot(z) ⇡ fH(z), while the features related to he-
lium recombination corrections around z ' 1700 are now repre-
sented directly by the helium correction function. Once added to
Recfast++, it more fairly weights the helium corrections than the
previous approach. In the code, one can chose between the two ver-
sions, but we find that when varying the fundamental constants, the
new approach works best. It is furthermore important to interpret
the correction functions as a function of temperature. This leads to
the remapping z ! z ⇥ (↵EM/↵EM,0)�2(me/me,0)�1, which captures
the leading order transformation of radiative transfer corrections.

2.1.2 Modifications to CosmoRec

The modifications to Recfast++ were relatively straightforward.
However, for CosmoRec this became a slightly bigger task.
CosmoRec is built up as a modular system that allows each mod-

ule to act as a plugin. In CosmoRec, the energies and transition
rates within the hydrogen and neutral helium atoms needed to be
rescaled with the previously mentioned scalings. These are repre-
sented by classes called Atom and HeI Atom, respectively, which
include all the properties of given atomic levels, the collection of
levels that form the atom and the ensemble of atoms around recom-
bination. These can also be used as independent coding modules
for atomic physics calculations. The neutral helium scalings with
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Figure 2. Ionization histories for di↵erent values of ↵EM. The dominant ef-
fect is caused by modifications of the ionization threshold, which implies
that for increased ↵EM recombination finishes earlier. The curves were com-
puted using Recfast++.

↵EM and me are modeled using hydrogenic expressions, which is
expected to be accurate at the ' 0.1% � 1% level but omits higher
order e↵ects to the energy levels or transition rates.

After the atomic initializations, the e↵ective transition rates
(see Ali-Haı̈moud & Hirata 2010, for details about the method) re-
lated to the multi-level atom need to be rescaled. In the code, these
a↵ect the e↵ective recombination rates,A(T�,Te), the photoioniza-
tion rates, B(T�) and the inter-state transition rates, R(T�). Changes
related to �T are again trivial to include.

During recombination, the processes occurring within the
atoms are influenced by the temporal evolution of the background
photon field. This complicates the recombination problem with the
need for partial di↵erential equations (PDEs) describing the radia-
tive transfer (e.g. Chluba & Sunyaev 2007; Grachev & Dubrovich
2008; Chluba & Sunyaev 2009b; Hirata 2008; Hirata & Forbes
2009; Chluba & Sunyaev 2009a). When the fundamental constants
are modified, one must again rescale the rates and energies required
for the computations of the photon field. Similarly, the two-photon
and Raman scattering profiles (Chluba & Sunyaev 2008; Hirata
2008; Chluba & Thomas 2011) have to be altered. We also care-
fully considered modifications to the neutral helium radiative trans-
fer (Chluba et al. 2012). These e↵ects can be separately activated
in the latest version of CosmoRec (i.e. version 3.0 or higher).

2.2 Relevance of di↵erent e↵ects for Xe

We now illustrate the importance of the individual e↵ects in Eq. (1),
for now assuming constant changes of ↵EM and me. This will be
generalized in Sect. 2.3. We shall start by focusing on changes
caused by varying ↵EM, parametrized as ↵EM = ↵EM,0(1 + �↵/↵).
When all the terms relevant to the recombination problem are in-
cluded, we obtain the ionization histories shown in Fig. 2 for di↵er-
ent values of �↵/↵. Increasing the fine structure constant shifts the
moment of recombination toward higher redshifts. This agrees with
the results found earlier in Kaplinghat et al. (1999), Battye et al.
(2001) and Rocha et al. (2004) and can intuitively be understood in
the following manner: �↵/↵ > 0 increases the transition energies
between di↵erent atomic levels and the continuum. This increases
the energy threshold at which recombination occurs, hence increas-
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for the computation of the visibility function strongly enhances ge-
ometric degeneracies for me, such that the CMB only constraint on
me is & 20 times weaker than for ↵EM (see Sect. 3.1.3).

A small di↵erence related to the renormalizations of the pho-
toionization and recombination rates (blue/dashed line) appears.
For �me/me > 0, the photoionization rate is increased and the re-
combination rate is reduced for these contributions [cf. Eq. (1)].
Both e↵ects delay recombination (see Fig. 4). Thus, around z ' 103

the net e↵ect is slightly larger than for ↵EM. In contrast to ↵EM, at
late time no net acceleration of recombination occurs. These ef-
fects slightly modify the overall redshift dependence of the total
Xe change, in addition lowering the e↵ect in the freeze-out tail (see
Fig. 5 for direct comparison). At the level �me/me ' 1%, additional
higher order terms become important, allowing one to break the
degeneracy between ↵EM and me in joint analyses (see also Planck
Collaboration et al. 2015b).

We note that we ignored the extra ⇢b/me scaling in the Comp-
ton cooling term for Te, rescaling me in the atomic quantities
only. When varying fundamental constants, dimensionless vari-
ables should furthermore be used (e.g., ?), so that an analysis of
explicit me variations remains phenomenological.

2.2.2 Comparing Recfast++ and CosmoRec

We close by directly comparing the results for Xe obtained with
Recfast++ and CosmoRec (Fig. 5). Both codes agree extremely
well, departing by . 0.1% in Xe. Tiny di↵erences in the resultant
�Xe/Xe are visible around helium recombination (z ' 1700), which
are related to radiative transfer e↵ects that CosmoRec models ex-
plicitly. Similarly, around the maximum of the Thomson visibil-
ity function (z ' 1100), small percent-level di↵erences in �Xe/Xe

are present. These di↵erences do not a↵ect the computation of the
CMB anisotropies at a significant level and thus our Recfast++
treatment is su�cient for the analysis presented in Sect. 4. We ex-
plicitly confirmed this by comparing the constraints obtained with
the two recombination codes for ↵EM and me, finding them to agree
to high precision. Similarly, for the analysis of future CMB data
(e.g. CMB Stage-IV), we deem our treatment with Recfast++ to
su�ce in these cases.
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A higher value of the fine structure constant leads to a broader visibility
function, which simultaneously reduces its height. For illustration, the dot-
ted lines exclude the rescaling of �T within CAMB.

2.3 Adding an explicit redshift dependence to the variations

We extend our treatment of variation of fundamental constants by
also considering an explicit redshift-dependence of ↵EM and me,
assuming a phenomenological power-law scaling around pivot red-
shift2

z0 = 1100. This could in principle be caused by the presence
of a scalar field and its coupling to the standard particle sector dur-
ing recombination. For ↵EM, our model reads

↵EM(z) = ↵EM(z0)
 

1 + z

1100

!p

, (4)

and similarly for me. For p ⌧ 1, we find a logarithmic de-
pendence on redshift, ↵EM(z) ⇡ ↵EM(z0) (1 + p ln[(1 + z)/1100]).
Note that the rescaled value at the pivot redshift is not necessarily
↵EM(z0) ⌘ ↵EM,0 ' 1/137, but can also be varied. Here, p is a vari-
able index that determines how the ionization history is stretched or
compressed around the central redshift. We added this new option
to Recfast++. Some examples are shown in Fig. 6. For p > 0, re-
combination is accelerated at z & 1000 with respect to the standard
case, while it is delayed at z . 1000. For p , 0, due to cumula-
tive e↵ects the change in Xe does not vanish at the pivot redshift.
Also, the modification is very di↵erent to that of a constant shift of
↵EM, predominantly a↵ecting the width of the Thomson visibility
function as opposed to the position (see Sect. 3). Thus, geometric
degeneracies are found to be less important when constraining the
value of p using CMB data (Sect. 4).

3 PROPAGATING THE EFFECTS TO THE CMB
ANISOTROPIES

The temperature and polarization power spectra of the CMB de-
pend on the dynamics of recombination through the ionization his-
tory, which defines the Thomson visibility function and last scat-
tering surface (e.g., Sunyaev & Zeldovich 1970; Peebles & Yu
1970; Hu & Sugiyama 1996). Therefore, when varying ↵EM and
me, this leads to changes in the CMB power spectra. In this section,
we show the modifications of the Thomson visibility function for
the e↵ects discussed in Section 2. The modified CMB temperature

2 This choice de-correlates redshift-dependent and constant changes.
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power spectra are then computed using CAMB (Lewis et al. 2000)
for the standard cosmology (Planck Collaboration et al. 2015a).
We briefly explain the main e↵ects on the power spectra due to
varying fundamental constants. Excluding modifications in the re-
combination dynamics, the CMB anisotropies still directly depend
on the Thomson scattering cross section. We show that the changes
from rescaling �T explicitly within CAMB are much smaller than
those caused by modifications to the recombination dynamics. Still,
they need to be included when deriving CMB constraints on fun-
damental constants (see also Planck Collaboration et al. 2015b), in
particular when studying variations of me (see Sect. 4). We also
present the changes of the CMB temperature power spectrum for
the redshift-dependent variations of ↵EM and me from Section 2.3.

3.1 Changes due to constant shifts of ↵EM and me

Using the result for the ionization history computed with the modi-
fied version of Recfast++, one can calculate the Thomson visibil-
ity function, g(z), defined as,

g(z) =
d⌧
dz

exp [�⌧(z)] . (5)

Here, d⌧/ dz is the di↵erential Thomson optical depth. The Thom-
son visibility function can be interpreted as an e↵ective probabil-
ity distribution for a photon being last-scattered around redshift z.
It is normalized such that

R
g(z) dz = 1. From the changes in Xe

described above, we expect that for �↵/↵ > 0 the maximum of
the visibility function shifts toward higher redshifts. In Fig. 7, the
visibility function is shown for constant �↵/↵ = {�0.05, 0, 0.05}.
Indeed, the visibility function maximum moves to z

max ⇡ 1200 for
�↵/↵ = 0.05. The relative width, �z

FWHM/z max, of the visibility
function is roughly conserved.

3.1.1 E↵ects on the CMB anisotropies due to variations of ↵EM

We illustrate the modifications to the CMB power spectrum for
constant changes of ↵EM in Fig. 8. We focus on the CMB tempera-
ture power spectra, as the e↵ects on the polarization power spectra
are qualitatively similar. Two main e↵ects are visible. Firstly, the
peaks of the power spectrum are shifted to smaller scales (larger
`) when �↵/↵ > 0. This happens because earlier recombination
moves the last scattering surface towards higher redshifts, which
decreases the sound horizon and increases the angular diameter dis-
tance to recombination (Kaplinghat et al. 1999; Battye et al. 2001).
Secondly, for �↵/↵ > 0, the peak amplitudes are enhanced. This is
mainly because earlier recombination suppresses the e↵ect of pho-
ton di↵usion damping on the anisotropies (Kaplinghat et al. 1999;
Battye et al. 2001). For small �↵/↵, we also illustrate the relative
change of the temperature power spectrum in Fig. 10. The e↵ect
on the peak positions is more noticeable than the small overall tilt
caused by changes related to di↵usion damping.

3.1.2 Separate e↵ect related to �T

The Thomson scattering cross section, �T, enters the problem in
two ways. Firstly, it directly a↵ects the recombination dynamics
and thermal coupling between photons and baryons, as explained
above (Sect. 2.2). These changes are taken into account when com-
puting the recombination history, but turn out to be minor (Fig. 3
and 4) and can in principle be neglected. Secondly, �T also directly
appears in the definition of the Thomson visibility function, g(z),
which is computed inside CAMB and has to be modified separately
(see Kaplinghat et al. 1999; Planck Collaboration et al. 2015b).
The comparably small e↵ect on g(z) is illustrated in Fig. 7 for
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Figure 8. The CMB temperature power spectra for di↵erent values of ↵EM.
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Figure 9. The CMB temperature power spectrum for �↵/↵ = 0.05 com-
puted with and without explicit �T rescaling within CAMB. The upper panel
shows the temperature power spectra and the lower illustrates the corre-
sponding relative di↵erence with respect to the full case.

�↵/↵ = ±0.05, where the dotted lines exclude the rescaling of �T

within CAMB. The corresponding changes to the TT power spec-
trum for �↵/↵ = 0.05 are shown in Fig. 9. In the considered `
range, the maximal relative di↵erence is |�C`/C` | ' 6%, which is
more than one order of magnitude smaller than the e↵ects due to
direct changes in Xe discussed above. However, in particular when
studying variations of me, this e↵ect has to be included as otherwise
the errors are strongly underestimated (see Sect. 4).

We included the e↵ect of �T rescaling for the computation of
the visibility in two independent ways. First, we consistently imple-
mented these changes into CAMB by adding a rescaling function that
targets the akthom components and Compton cooling terms within
modules.f90 and reionization.f90. Second, we simply rede-
fined the free electron fraction, Xe returned by the recombination
code to CAMB as X

⇤
e = (↵EM/↵EM,0)2(me/me,0)�2

Xe. The two ap-
proaches gave extremely similar results for the power spectra and
also final parameter constraints. The only real di↵erence is that in
the first approach, the corrections to the reionization history are in-
cluded more consistently, albeit not being modeled in a physical
manner. For example, for �↵/↵ > 0, the reionization redshift re-
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Figure 6. Ionization histories for redshift-dependent variation of the
fine-structure constant, ↵EM(z) = ↵EM(z0) [(1 + z)/1100]p. Here, we set
↵EM(z0) to the standard value, ↵EM(z0) ⇡ 1/137, and only varied p. The
di↵erent phases in the ionization history are stretched/compressed with re-
spect to the standard case, depending on the chosen value for p , 0.

for the computation of the visibility function strongly enhances ge-
ometric degeneracies for me, such that the CMB only constraint on
me is & 20 times weaker than for ↵EM (see Sect. 3.1.3).

A small di↵erence related to the renormalizations of the pho-
toionization and recombination rates (blue/dashed line) appears.
For �me/me > 0, the photoionization rate is increased and the re-
combination rate is reduced for these contributions [cf. Eq. (1)].
Both e↵ects delay recombination (see Fig. 4). Thus, around z ' 103

the net e↵ect is slightly larger than for ↵EM. In contrast to ↵EM, at
late time no net acceleration of recombination occurs. These ef-
fects slightly modify the overall redshift dependence of the total
Xe change, in addition lowering the e↵ect in the freeze-out tail (see
Fig. 5 for direct comparison). At the level �me/me ' 1%, additional
higher order terms become important, allowing one to break the
degeneracy between ↵EM and me in joint analyses (see also Planck
Collaboration et al. 2015b).

We note that we ignored the extra ⇢b/me scaling in the Comp-
ton cooling term for Te, rescaling me in the atomic quantities
only. When varying fundamental constants, dimensionless vari-
ables should furthermore be used (e.g., ?), so that an analysis of
explicit me variations remains phenomenological.

2.2.2 Comparing Recfast++ and CosmoRec

We close by directly comparing the results for Xe obtained with
Recfast++ and CosmoRec (Fig. 5). Both codes agree extremely
well, departing by . 0.1% in Xe. Tiny di↵erences in the resultant
�Xe/Xe are visible around helium recombination (z ' 1700), which
are related to radiative transfer e↵ects that CosmoRec models ex-
plicitly. Similarly, around the maximum of the Thomson visibil-
ity function (z ' 1100), small percent-level di↵erences in �Xe/Xe

are present. These di↵erences do not a↵ect the computation of the
CMB anisotropies at a significant level and thus our Recfast++
treatment is su�cient for the analysis presented in Sect. 4. We ex-
plicitly confirmed this by comparing the constraints obtained with
the two recombination codes for ↵EM and me, finding them to agree
to high precision. Similarly, for the analysis of future CMB data
(e.g. CMB Stage-IV), we deem our treatment with Recfast++ to
su�ce in these cases.
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A higher value of the fine structure constant leads to a broader visibility
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2.3 Adding an explicit redshift dependence to the variations

We extend our treatment of variation of fundamental constants by
also considering an explicit redshift-dependence of ↵EM and me,
assuming a phenomenological power-law scaling around pivot red-
shift2

z0 = 1100. This could in principle be caused by the presence
of a scalar field and its coupling to the standard particle sector dur-
ing recombination. For ↵EM, our model reads

↵EM(z) = ↵EM(z0)
 

1 + z

1100

!p

, (4)

and similarly for me. For p ⌧ 1, we find a logarithmic de-
pendence on redshift, ↵EM(z) ⇡ ↵EM(z0) (1 + p ln[(1 + z)/1100]).
Note that the rescaled value at the pivot redshift is not necessarily
↵EM(z0) ⌘ ↵EM,0 ' 1/137, but can also be varied. Here, p is a vari-
able index that determines how the ionization history is stretched or
compressed around the central redshift. We added this new option
to Recfast++. Some examples are shown in Fig. 6. For p > 0, re-
combination is accelerated at z & 1000 with respect to the standard
case, while it is delayed at z . 1000. For p , 0, due to cumula-
tive e↵ects the change in Xe does not vanish at the pivot redshift.
Also, the modification is very di↵erent to that of a constant shift of
↵EM, predominantly a↵ecting the width of the Thomson visibility
function as opposed to the position (see Sect. 3). Thus, geometric
degeneracies are found to be less important when constraining the
value of p using CMB data (Sect. 4).

3 PROPAGATING THE EFFECTS TO THE CMB
ANISOTROPIES

The temperature and polarization power spectra of the CMB de-
pend on the dynamics of recombination through the ionization his-
tory, which defines the Thomson visibility function and last scat-
tering surface (e.g., Sunyaev & Zeldovich 1970; Peebles & Yu
1970; Hu & Sugiyama 1996). Therefore, when varying ↵EM and
me, this leads to changes in the CMB power spectra. In this section,
we show the modifications of the Thomson visibility function for
the e↵ects discussed in Section 2. The modified CMB temperature

2 This choice de-correlates redshift-dependent and constant changes.
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for the computation of the visibility function strongly enhances ge-
ometric degeneracies for me, such that the CMB only constraint on
me is & 20 times weaker than for ↵EM (see Sect. 3.1.3).

A small di↵erence related to the renormalizations of the pho-
toionization and recombination rates (blue/dashed line) appears.
For �me/me > 0, the photoionization rate is increased and the re-
combination rate is reduced for these contributions [cf. Eq. (1)].
Both e↵ects delay recombination (see Fig. 4). Thus, around z ' 103

the net e↵ect is slightly larger than for ↵EM. In contrast to ↵EM, at
late time no net acceleration of recombination occurs. These ef-
fects slightly modify the overall redshift dependence of the total
Xe change, in addition lowering the e↵ect in the freeze-out tail (see
Fig. 5 for direct comparison). At the level �me/me ' 1%, additional
higher order terms become important, allowing one to break the
degeneracy between ↵EM and me in joint analyses (see also Planck
Collaboration et al. 2015b).

We note that we ignored the extra ⇢b/me scaling in the Comp-
ton cooling term for Te, rescaling me in the atomic quantities
only. When varying fundamental constants, dimensionless vari-
ables should furthermore be used (e.g., ?), so that an analysis of
explicit me variations remains phenomenological.

2.2.2 Comparing Recfast++ and CosmoRec

We close by directly comparing the results for Xe obtained with
Recfast++ and CosmoRec (Fig. 5). Both codes agree extremely
well, departing by . 0.1% in Xe. Tiny di↵erences in the resultant
�Xe/Xe are visible around helium recombination (z ' 1700), which
are related to radiative transfer e↵ects that CosmoRec models ex-
plicitly. Similarly, around the maximum of the Thomson visibil-
ity function (z ' 1100), small percent-level di↵erences in �Xe/Xe

are present. These di↵erences do not a↵ect the computation of the
CMB anisotropies at a significant level and thus our Recfast++
treatment is su�cient for the analysis presented in Sect. 4. We ex-
plicitly confirmed this by comparing the constraints obtained with
the two recombination codes for ↵EM and me, finding them to agree
to high precision. Similarly, for the analysis of future CMB data
(e.g. CMB Stage-IV), we deem our treatment with Recfast++ to
su�ce in these cases.
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A higher value of the fine structure constant leads to a broader visibility
function, which simultaneously reduces its height. For illustration, the dot-
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2.3 Adding an explicit redshift dependence to the variations

We extend our treatment of variation of fundamental constants by
also considering an explicit redshift-dependence of ↵EM and me,
assuming a phenomenological power-law scaling around pivot red-
shift2

z0 = 1100. This could in principle be caused by the presence
of a scalar field and its coupling to the standard particle sector dur-
ing recombination. For ↵EM, our model reads

↵EM(z) = ↵EM(z0)
 

1 + z

1100

!p

, (4)

and similarly for me. For p ⌧ 1, we find a logarithmic de-
pendence on redshift, ↵EM(z) ⇡ ↵EM(z0) (1 + p ln[(1 + z)/1100]).
Note that the rescaled value at the pivot redshift is not necessarily
↵EM(z0) ⌘ ↵EM,0 ' 1/137, but can also be varied. Here, p is a vari-
able index that determines how the ionization history is stretched or
compressed around the central redshift. We added this new option
to Recfast++. Some examples are shown in Fig. 6. For p > 0, re-
combination is accelerated at z & 1000 with respect to the standard
case, while it is delayed at z . 1000. For p , 0, due to cumula-
tive e↵ects the change in Xe does not vanish at the pivot redshift.
Also, the modification is very di↵erent to that of a constant shift of
↵EM, predominantly a↵ecting the width of the Thomson visibility
function as opposed to the position (see Sect. 3). Thus, geometric
degeneracies are found to be less important when constraining the
value of p using CMB data (Sect. 4).

3 PROPAGATING THE EFFECTS TO THE CMB
ANISOTROPIES

The temperature and polarization power spectra of the CMB de-
pend on the dynamics of recombination through the ionization his-
tory, which defines the Thomson visibility function and last scat-
tering surface (e.g., Sunyaev & Zeldovich 1970; Peebles & Yu
1970; Hu & Sugiyama 1996). Therefore, when varying ↵EM and
me, this leads to changes in the CMB power spectra. In this section,
we show the modifications of the Thomson visibility function for
the e↵ects discussed in Section 2. The modified CMB temperature

2 This choice de-correlates redshift-dependent and constant changes.
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spect to the standard case, depending on the chosen value for p , 0.

for the computation of the visibility function strongly enhances ge-
ometric degeneracies for me, such that the CMB only constraint on
me is & 20 times weaker than for ↵EM (see Sect. 3.1.3).

A small di↵erence related to the renormalizations of the pho-
toionization and recombination rates (blue/dashed line) appears.
For �me/me > 0, the photoionization rate is increased and the re-
combination rate is reduced for these contributions [cf. Eq. (1)].
Both e↵ects delay recombination (see Fig. 4). Thus, around z ' 103

the net e↵ect is slightly larger than for ↵EM. In contrast to ↵EM, at
late time no net acceleration of recombination occurs. These ef-
fects slightly modify the overall redshift dependence of the total
Xe change, in addition lowering the e↵ect in the freeze-out tail (see
Fig. 5 for direct comparison). At the level �me/me ' 1%, additional
higher order terms become important, allowing one to break the
degeneracy between ↵EM and me in joint analyses (see also Planck
Collaboration et al. 2015b).

We note that we ignored the extra ⇢b/me scaling in the Comp-
ton cooling term for Te, rescaling me in the atomic quantities
only. When varying fundamental constants, dimensionless vari-
ables should furthermore be used (e.g., ?), so that an analysis of
explicit me variations remains phenomenological.

2.2.2 Comparing Recfast++ and CosmoRec

We close by directly comparing the results for Xe obtained with
Recfast++ and CosmoRec (Fig. 5). Both codes agree extremely
well, departing by . 0.1% in Xe. Tiny di↵erences in the resultant
�Xe/Xe are visible around helium recombination (z ' 1700), which
are related to radiative transfer e↵ects that CosmoRec models ex-
plicitly. Similarly, around the maximum of the Thomson visibil-
ity function (z ' 1100), small percent-level di↵erences in �Xe/Xe

are present. These di↵erences do not a↵ect the computation of the
CMB anisotropies at a significant level and thus our Recfast++
treatment is su�cient for the analysis presented in Sect. 4. We ex-
plicitly confirmed this by comparing the constraints obtained with
the two recombination codes for ↵EM and me, finding them to agree
to high precision. Similarly, for the analysis of future CMB data
(e.g. CMB Stage-IV), we deem our treatment with Recfast++ to
su�ce in these cases.
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A higher value of the fine structure constant leads to a broader visibility
function, which simultaneously reduces its height. For illustration, the dot-
ted lines exclude the rescaling of �T within CAMB.

2.3 Adding an explicit redshift dependence to the variations

We extend our treatment of variation of fundamental constants by
also considering an explicit redshift-dependence of ↵EM and me,
assuming a phenomenological power-law scaling around pivot red-
shift2

z0 = 1100. This could in principle be caused by the presence
of a scalar field and its coupling to the standard particle sector dur-
ing recombination. For ↵EM, our model reads

↵EM(z) = ↵EM(z0)
 

1 + z

1100

!p

, (4)

and similarly for me. For p ⌧ 1, we find a logarithmic de-
pendence on redshift, ↵EM(z) ⇡ ↵EM(z0) (1 + p ln[(1 + z)/1100]).
Note that the rescaled value at the pivot redshift is not necessarily
↵EM(z0) ⌘ ↵EM,0 ' 1/137, but can also be varied. Here, p is a vari-
able index that determines how the ionization history is stretched or
compressed around the central redshift. We added this new option
to Recfast++. Some examples are shown in Fig. 6. For p > 0, re-
combination is accelerated at z & 1000 with respect to the standard
case, while it is delayed at z . 1000. For p , 0, due to cumula-
tive e↵ects the change in Xe does not vanish at the pivot redshift.
Also, the modification is very di↵erent to that of a constant shift of
↵EM, predominantly a↵ecting the width of the Thomson visibility
function as opposed to the position (see Sect. 3). Thus, geometric
degeneracies are found to be less important when constraining the
value of p using CMB data (Sect. 4).

3 PROPAGATING THE EFFECTS TO THE CMB
ANISOTROPIES

The temperature and polarization power spectra of the CMB de-
pend on the dynamics of recombination through the ionization his-
tory, which defines the Thomson visibility function and last scat-
tering surface (e.g., Sunyaev & Zeldovich 1970; Peebles & Yu
1970; Hu & Sugiyama 1996). Therefore, when varying ↵EM and
me, this leads to changes in the CMB power spectra. In this section,
we show the modifications of the Thomson visibility function for
the e↵ects discussed in Section 2. The modified CMB temperature

2 This choice de-correlates redshift-dependent and constant changes.
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Parameter Planck 2015 + varying ↵EM/↵EM,0 + varying p + varying ↵EM/↵EM,0 and p

⌦bh
2 0.02224 ± 0.00016 0.02225 ± 0.00016 0.02226 ± 0.00018 0.02223 ± 0.00019

⌦ch
2 0.1193 ± 0.0014 0.1191 ± 0.0018 0.1194 ± 0.0014 0.1193 ± 0.0020

100✓MC 1.0408 ± 0.0003 1.0398 ± 0.0035 1.0408 ± 0.0003 1.0406 ± 0.0051
⌧ 0.062 ± 0.014 0.063 ± 0.014 0.062 ± 0.014 0.063 ± 0.015
ln(1010

As) 3.057 ± 0.025 3.060 ± 0.027 3.058 ± 0.026 3.059 ± 0.027
ns 0.9649 ± 0.0047 0.9668 ± 0.0081 0.9663 ± 0.0060 0.9666 ± 0.0081

↵EM/↵EM,0 – 0.9993 ± 0.0025 – 0.9998 ± 0.0036
p – – 0.0008 ± 0.0025 0.0007 ± 0.0036

H0 [km s�1 Mpc�1] 67.5 ± 0.6 67.2 ± 1.0 67.5 ± 0.6 67.3 ± 1.4

Table 1. Constraints on the standard ⇤CDM parameters and the fundamental constant parameters ↵EM/↵EM,0 and p for di↵erent combinations of parameters.
The standard Planck runs include the TTT EEE likelihood along with the low ` polarization and CMB lensing likelihoods and the errors are the 68% limits.

scattering surface is reduced3. The separate e↵ect of rescaling �T

inside CAMB is also illustrated in Fig. 11, an e↵ect that we find to
have a negligible impact when constraining the value of p alone.
Similar comments apply for changes to me.

We show the changes in the CMB temperature power spec-
tra due to redshift-dependent variations of ↵EM in Fig. 12. When
we choose p < 0, the CMB peaks are amplified. This is expected
from the reduced width, �z

FWHM/z max, of the visibility function in
Fig. 11. Similarly, for p > 0, a larger damping e↵ect due to blurring
is found. The relative change of C` for p = 5 ⇥ 10�3 is shown in
Fig. 10. The smoothness of the titled curve indicates that blurring
of anisotropies is indeed the dominant e↵ect. Again, similar e↵ects
are found for changes to me.

4 CONSTRAINTS USING PLANCK DATA

We now constrain the variations of ↵EM, me and p discussed in
Sec. 3 using CosmoMC (Lewis & Bridle 2002) with the Planck 2015
data4. We sample over the acoustic angular scale, ✓MC. Although for
this specific analysis, H0 is expected to de-correlate quicker, we did
not encounter any problems. We find that the constraints derived for
↵EM and me are consistent with those for Planck 2013 data (Planck
Collaboration et al. 2015b), albeit here with slightly improved er-
rors. We also show the new constraints for our redshift dependent
model of ↵EM. Our marginalized constraints are summarized in Ta-
bles 1 and 2. For comparison, the standard 6 ⇤CDM parameter run
for the Planck data is also given. For each run, we show the derived
H0 parameter. The 2D parameter contours are shown in Fig. 13.

4.1 Constraining ↵EM and me

When varying ↵EM, assuming constant �↵/↵, along with the 6 stan-
dard cosmological parameters, we find the marginalized parameter
values in the second column of Table 1. These show that ↵EM/↵EM,0

is equal to unity well within the 68% limit. The errors on ✓MC in-
creases by about one order of magnitude, due to the added uncer-
tainty in the distance to the last scattering surface. We also find a
slight increase in the errors of the scalar spectral index, ns, which
interacts with the modifications to the photon di↵usion damping
scale caused by ↵EM. Similarly, the error of the cold dark matter
density, ⌦ch

2, increases slightly, due to geometric degeneracies.

3 An explanation of this damping e↵ect can be found in Mukhanov (2004).
4 When quoting Planck 2015 data we usually refer to the likeli-
hood Planck 2015 TTT EEE+lowP+lensing. For Planck 2013, we imply
Planck+WP+lensing as baseline.

The other parameters (i.e., ⌧ and As) are largely unaltered by the
addition of ↵EM as a parameter (see Fig. 13). This highlights the
stability and consistency of the data with respect to non-standard
extensions of the cosmological model.

Although the contributions from �T appear to have a negli-
gible e↵ect on the C` (see Fig. 9), we find that the inclusion of
this e↵ect improves the errors on ↵EM by ' 30%. The small e↵ect
on the power spectra hinders some of the degeneracy between ✓MC

and ↵EM/↵EM,0, as pointed out in previous analyses (e.g. Planck
Collaboration et al. 2015b). For example, the marginalized value of
↵EM/↵EM,0 changes from 0.9988± 0.0033 to 0.9993± 0.0025 when
including �T rescaling within CAMB. The former result is consistent
with the one presented recently in Di Valentino et al. (2016), which
suggests that in their analysis this modification was neglected.

For constant changes to me, we obtain the results given in the
first two columns of Table 2. Using 2015 CMB data alone, we
find me/me,0 = 0.961+0.046

�0.072 and H0 = 60+ 8
�16 km s�1 Mpc�1, which

is consistent with the corresponding result (Planck+WP+lensing),
me/me,0 = 0.969 ± 0.055 and H0 = (62 ± 10) km s�1 Mpc�1, given
in Planck Collaboration et al. (2015b). Following the Planck 2013
analysis, we used a flat prior H0 = [40, 100] km s�1 Mpc�1. We note
that at the lower end of this range this leads to a slight trunca-
tion of the posterior distribution for H0. Also, our errors for the
CMB-only analysis remain asymmetric, even when repeating the
Planck 2013 run, for which we find me/me,0 = 0.964+0.054

�0.068 and
H0 = 61+9.5

�15 km s�1 Mpc�1. We confirmed that the remaining dif-
ference is not related to the slightly di↵erent scalings for ↵rec and
�phot used in Planck Collaboration et al. (2015b).

For varying me, the values of H0 and me are both biased
low when only using CMB data (see also Planck Collaboration
et al. 2015b). Interestingly, this bias is removed when neglect-
ing the e↵ect of �T on the Thomson visibility, for which we find
H0 = (67.0 ± 1.6) km s�1 Mpc�1 and me/me,0 = 0.9970 ± 0.0098.
This treatment also significantly decreases the errors due to reduced
geometric degeneracies, which highlights the importance of �T for
the computation of constraints on variations of me. At the level of
�me/me ' 1%, also non-linear corrections become noticeable.

Given the large geometric degeneracy, we also ran the con-
straint for me when adding BAO data (see Table 2). In this case,
we obtained5

me/me,0 = 1.0039 ± 0.0074, which, albeit improved
error, is consistent with the result me/me,0 = 1.004± 0.011 given in
Planck Collaboration et al. (2015b). The value of H0 returns to the
standard CMB value when adding BAO data. For this combination

5 Adding lensing did not a↵ect the constraint at a very significant level.
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Figure 14. The joint likelihood contour for me and ↵EM for Planck

2013+WP+lensing and Planck 2015 TTT EEE+lowP+lensing data. The
Planck 2015 contours are narrowed in the ↵EM direction due to improved
polarization information over Planck 2013. Adding BAO data to Planck

2015 further improves the constraint in particular on me. The dashed lines
indicate �me/me = �↵/↵ = 0 for reference.

of datasets, we also find that the error on me is ' 3 times larger
than the corresponding error on ↵EM, as naively expected from the
similarity of the changes in the TT power spectrum (Fig. 10).

4.1.1 Simultaneously constraining ↵EM and me

We finish our analysis of this section by simultaneously varying
↵EM and me (see Table 2 for our constraints). The responses in the
CMB power spectra are quite similar for �↵/↵ ' �me/me ' 10�3

(see Fig. 10), suggesting a significant degeneracy between ↵EM and
me. However, combined CMB-only constraints are obtained when
non-linear corrections in particular for me become noticeable, so
that both parameters can be simultaneously constrained.

The strong degeneracies between ↵EM and me are substan-
tially reduced when going from WMAP to Planck 2013, as al-
ready described in Planck Collaboration et al. (2015b). In Fig. 14,
we show our contours for Planck 2013 and 2015 data. The non-
Gaussian shapes of the contours are reminiscent of the non-linear
terms mentioned above. We find ↵EM/↵EM,0 = 0.9990 ± 0.0025
and me/me,0 = 0.962+0.044

�0.074 for Planck 2015. This improves over
our constraint for Planck 2013, ↵EM/↵EM,0 = 0.9936 ± 0.0042 and
me/me,0 = 0.977+0.056

�0.071, which is in good agreement with the result
given in Planck Collaboration et al. (2015b) for this case. The im-
provement is mainly due to better polarization information.

As for the analysis of me, we can see that CMB data alone
tends towards low values of H0 and me/me,0. This bias is removed
when adding BAO, for which we find ↵EM/↵EM,0 = 0.9989±0.0026,
me/me,0 = 1.0056±0.0080 and H0 = 68.1±1.3. These numbers are
consistent with the standard Planck 2015 cosmology (see Table 2).

4.2 Constraining the redshift dependence of ↵EM and me

Next, we consider redshift-dependent variations of ↵EM, using the
parametrization in Eq. (4) with ↵EM(z0) = ↵EM,0. The constraints
for this case are shown in third column of Table 1. Since varying p

mainly a↵ects the tilt of the CMB power spectra, degeneracies with
ns and⌦bh

2 are expected. Indeed, we find the errors of these param-
eters to be slightly increased, while all other parameters are basi-
cally una↵ected (see Fig. 13). In particular, the ✓MC contours still

mimic the Planck 2015 contours without varying ↵EM as shown by
the red and dotted black line in Fig. 13. This already indicates that
the individual e↵ects of variations of ↵EM(z0) and p should be sepa-
rable. When varying both parameters independently, we obtain the
constraints indicated by the last column in Table 1. Albeit slightly
weakened, we can independently constrain ↵EM(z0) and p.

Carrying out a similar analysis for me, setting me(z0) = me,0 we
find p = 0.0006±0.0044 for Planck 2015 TTT EEE+lowP+lensing
data. This is roughly 2 times weaker than for ↵EM, consistent with
naive analysis of the free electron fraction scaling around z ' 1100
(see Fig. 5). Also varying me(z0), we obtain me/me,0 = 0.960+0.046

�0.071
and p = 0.0012+0.0047

�0.0042. When adding BAO data, this improves to
me/me,0 = 1.0023 ± 0.0074 and p = 0.0007 ± 0.0043, again with
no significant biases in the standard parameters with respect to the
Planck 2015 cosmology remaining.

5 CONCLUSIONS

Current observations provide us with very precise cosmological
datasets, that allow us to ask detailed questions about the condi-
tions of the Universe around the recombination epoch. In this pa-
per, we analyzed the di↵erent e↵ects on the recombination problem
when varying ↵EM and me. We explained the modifications to the
recombination codes, Recfast++ and CosmoRec, that are required
to vary these constants in an easy and e�cient way. In particu-
lar, we developed an improved correction function treatment for
Recfast++ (Sect. 2.1.1), which allows us to accurately represent
the full computation of CosmoRec (cf. Fig. 5). We find that the re-
maining di↵erences between the two recombination codes can in
principle be neglected at the current level of precision.

For constant |�↵/↵| . 1%, we find a total e↵ect on the ioniza-
tion history of �Xe/Xe ' �27 ⇥ �↵/↵ at z ' 103 (see Fig. 3). This
is dominated by the required rescaling of the ionization potential in
the equilibrium Boltzmann factors. Other corrections related to A2�,
↵rec and �phot contribute at the ⇠ 10% level to this net e↵ect. We also
find that when varying ↵EM and me the associated direct changes to
the recombination history caused by scaling the Thomson scatter-
ing cross section are negligible (see Fig. 3). We still include this
correction in our analysis for consistency.

When varying me, we find the net e↵ect on Xe around z ' 103

to be comparable to that of varying ↵EM for �me/me ⇡ 2.5⇥�↵/↵.
The net change of Xe in the freeze-out tail is smaller than for ↵EM

(see Fig. 4 and 5), an e↵ect that is related to the di↵erent scaling of
↵rec and �phot with ↵EM and me (see Sect. 2.2).

We also include explicit redshift-dependent variations of
↵EM. This has a very di↵erent e↵ect on the ionization history
around recombination. Instead of shifting the recombination red-
shift during hydrogen recombination, the ionization history is
stretch/compressed di↵erentially, depending on the chosen param-
eters (see Fig. 6). This has a distinct e↵ect on the CMB anisotropies
that can be separated from the one for constant variations.

The propagation of the modifications in the recombination
dynamics through to the Thomson visibility function and CMB
anisotropies is also illustrated (see Sect. 3). For constant �↵/↵, our
results are in agreement with previous analyses (e.g., Kaplinghat
et al. 1999; Battye et al. 2001). We find that the changes to the CMB
temperature power spectrum caused by variation of ↵EM and me are
practically degenerate when �me/me ⇡ (2 � 3) ⇥ �↵/↵ ' 10�3

(see Fig. 10). However, combined constraints on ↵EM and me are
obtained in a regime in which higher order terms especially for me

become relevant (Sect. 4.1.1), making them again distinguishable.
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Parameter Planck 2015 + varying ↵EM/↵EM,0 + varying p + varying ↵EM/↵EM,0 and p

⌦bh
2 0.02224 ± 0.00016 0.02225 ± 0.00016 0.02226 ± 0.00018 0.02223 ± 0.00019

⌦ch
2 0.1193 ± 0.0014 0.1191 ± 0.0018 0.1194 ± 0.0014 0.1193 ± 0.0020

100✓MC 1.0408 ± 0.0003 1.0398 ± 0.0035 1.0408 ± 0.0003 1.0406 ± 0.0051
⌧ 0.062 ± 0.014 0.063 ± 0.014 0.062 ± 0.014 0.063 ± 0.015
ln(1010

As) 3.057 ± 0.025 3.060 ± 0.027 3.058 ± 0.026 3.059 ± 0.027
ns 0.9649 ± 0.0047 0.9668 ± 0.0081 0.9663 ± 0.0060 0.9666 ± 0.0081

↵EM/↵EM,0 – 0.9993 ± 0.0025 – 0.9998 ± 0.0036
p – – 0.0008 ± 0.0025 0.0007 ± 0.0036

H0 [km s�1 Mpc�1] 67.5 ± 0.6 67.2 ± 1.0 67.5 ± 0.6 67.3 ± 1.4

Table 1. Constraints on the standard ⇤CDM parameters and the fundamental constant parameters ↵EM/↵EM,0 and p for di↵erent combinations of parameters.
The standard Planck runs include the TTT EEE likelihood along with the low ` polarization and CMB lensing likelihoods and the errors are the 68% limits.

scattering surface is reduced3. The separate e↵ect of rescaling �T

inside CAMB is also illustrated in Fig. 11, an e↵ect that we find to
have a negligible impact when constraining the value of p alone.
Similar comments apply for changes to me.

We show the changes in the CMB temperature power spec-
tra due to redshift-dependent variations of ↵EM in Fig. 12. When
we choose p < 0, the CMB peaks are amplified. This is expected
from the reduced width, �z

FWHM/z max, of the visibility function in
Fig. 11. Similarly, for p > 0, a larger damping e↵ect due to blurring
is found. The relative change of C` for p = 5 ⇥ 10�3 is shown in
Fig. 10. The smoothness of the titled curve indicates that blurring
of anisotropies is indeed the dominant e↵ect. Again, similar e↵ects
are found for changes to me.

4 CONSTRAINTS USING PLANCK DATA

We now constrain the variations of ↵EM, me and p discussed in
Sec. 3 using CosmoMC (Lewis & Bridle 2002) with the Planck 2015
data4. We sample over the acoustic angular scale, ✓MC. Although for
this specific analysis, H0 is expected to de-correlate quicker, we did
not encounter any problems. We find that the constraints derived for
↵EM and me are consistent with those for Planck 2013 data (Planck
Collaboration et al. 2015b), albeit here with slightly improved er-
rors. We also show the new constraints for our redshift dependent
model of ↵EM. Our marginalized constraints are summarized in Ta-
bles 1 and 2. For comparison, the standard 6 ⇤CDM parameter run
for the Planck data is also given. For each run, we show the derived
H0 parameter. The 2D parameter contours are shown in Fig. 13.

4.1 Constraining ↵EM and me

When varying ↵EM, assuming constant �↵/↵, along with the 6 stan-
dard cosmological parameters, we find the marginalized parameter
values in the second column of Table 1. These show that ↵EM/↵EM,0

is equal to unity well within the 68% limit. The errors on ✓MC in-
creases by about one order of magnitude, due to the added uncer-
tainty in the distance to the last scattering surface. We also find a
slight increase in the errors of the scalar spectral index, ns, which
interacts with the modifications to the photon di↵usion damping
scale caused by ↵EM. Similarly, the error of the cold dark matter
density, ⌦ch

2, increases slightly, due to geometric degeneracies.

3 An explanation of this damping e↵ect can be found in Mukhanov (2004).
4 When quoting Planck 2015 data we usually refer to the likeli-
hood Planck 2015 TTT EEE+lowP+lensing. For Planck 2013, we imply
Planck+WP+lensing as baseline.

The other parameters (i.e., ⌧ and As) are largely unaltered by the
addition of ↵EM as a parameter (see Fig. 13). This highlights the
stability and consistency of the data with respect to non-standard
extensions of the cosmological model.

Although the contributions from �T appear to have a negli-
gible e↵ect on the C` (see Fig. 9), we find that the inclusion of
this e↵ect improves the errors on ↵EM by ' 30%. The small e↵ect
on the power spectra hinders some of the degeneracy between ✓MC

and ↵EM/↵EM,0, as pointed out in previous analyses (e.g. Planck
Collaboration et al. 2015b). For example, the marginalized value of
↵EM/↵EM,0 changes from 0.9988± 0.0033 to 0.9993± 0.0025 when
including �T rescaling within CAMB. The former result is consistent
with the one presented recently in Di Valentino et al. (2016), which
suggests that in their analysis this modification was neglected.

For constant changes to me, we obtain the results given in the
first two columns of Table 2. Using 2015 CMB data alone, we
find me/me,0 = 0.961+0.046

�0.072 and H0 = 60+ 8
�16 km s�1 Mpc�1, which

is consistent with the corresponding result (Planck+WP+lensing),
me/me,0 = 0.969 ± 0.055 and H0 = (62 ± 10) km s�1 Mpc�1, given
in Planck Collaboration et al. (2015b). Following the Planck 2013
analysis, we used a flat prior H0 = [40, 100] km s�1 Mpc�1. We note
that at the lower end of this range this leads to a slight trunca-
tion of the posterior distribution for H0. Also, our errors for the
CMB-only analysis remain asymmetric, even when repeating the
Planck 2013 run, for which we find me/me,0 = 0.964+0.054

�0.068 and
H0 = 61+9.5

�15 km s�1 Mpc�1. We confirmed that the remaining dif-
ference is not related to the slightly di↵erent scalings for ↵rec and
�phot used in Planck Collaboration et al. (2015b).

For varying me, the values of H0 and me are both biased
low when only using CMB data (see also Planck Collaboration
et al. 2015b). Interestingly, this bias is removed when neglect-
ing the e↵ect of �T on the Thomson visibility, for which we find
H0 = (67.0 ± 1.6) km s�1 Mpc�1 and me/me,0 = 0.9970 ± 0.0098.
This treatment also significantly decreases the errors due to reduced
geometric degeneracies, which highlights the importance of �T for
the computation of constraints on variations of me. At the level of
�me/me ' 1%, also non-linear corrections become noticeable.

Given the large geometric degeneracy, we also ran the con-
straint for me when adding BAO data (see Table 2). In this case,
we obtained5

me/me,0 = 1.0039 ± 0.0074, which, albeit improved
error, is consistent with the result me/me,0 = 1.004± 0.011 given in
Planck Collaboration et al. (2015b). The value of H0 returns to the
standard CMB value when adding BAO data. For this combination

5 Adding lensing did not a↵ect the constraint at a very significant level.
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Changes caused by directly varying the CMB monopole tempera-
ture, T0, should in principle be distinguishable due to the ISW ef-
fects (see Sect. 3.1.4 and Fig. 10), although we do not explore this
possibility in more detail here.

We also illustrate the e↵ect of redshift-dependent changes. In-
stead of shifting the maximum of the Thomson visibility function
(cf. Fig. 7), a power-law variation of ↵EM with redshift (see Eq. 4)
causes a change in the width of the visibility function (see Fig. 11).
This primarily modifies the blurring of CMB anisotropies (compare
Fig. 8 and 12) and can thus be distinguished.

In Sect. 4, we present our constraints on di↵erent cases us-
ing Planck 2015 data. Our results (see Table 1 and 2) for constant
�↵/↵ and �me/me are consistent with those given in Planck Col-
laboration et al. (2015b). We obtain the updated individual con-
straints ↵EM/↵EM,0 = 0.9993 ± 0.0025 and me/me,0 = 0.961+0.046

�0.072
using Planck 2015 data alone. Also adding BAO data, we find
↵EM/↵EM,0 = 0.9997 ± 0.0023 and me/me,0 = 1.0039 ± 0.0074.
When varying me, the addition of BAO data removes the bias in
H0 towards low values, making the results consistent with the stan-
dard Planck cosmology (Table 2). Simultaneous constraints when
varying both ↵EM and me are presented in Sect. 4.1.1.

Although we show that the e↵ect of rescaling �T for the com-
putation of the Thomson visibility function is quite small (cf., Fig. 7
and 11), this e↵ect should be included in the analysis (see also
Planck Collaboration et al. 2015b). For models with varying ↵EM,
we find that this e↵ect improves the constraint by ' 30%. The
change is more dramatic when varying me. Here, we find that ne-
glecting the rescaling of �T leads to a significant underestimation
of the error (a factor & 5) unless BAO data is added. This is due
to enhanced geometric degeneracies caused by the scaling of �T in
the visibility function calculation (see Sect. 4.1).

Allowing for power-law redshift dependence of ↵EM around
z0 = 1100 with ↵EM(z0) = ↵EM,0, we find the new constraint,
p = 0.0008 ± 0.0025, on the power-law index. When varying
both ↵EM(z0) and p, we obtain ↵EM(z0)/↵EM,0 = 0.9998 ± 0.0036
and p = 0.0006 ± 0.0036 (see Table 1). Similarly, for me we find
p = 0.0006 ± 0.0044 (CMB only) assuming me(z0) = me,0. Vary-
ing both me(z0) and p we obtain me/me,0 = 1.0023 ± 0.0074 and
p = 0.0007 ± 0.0043 when also adding BAO data (see Sect 4.2).
All these results are fully consistent with the standard values, high-
lighting the impressive precision, stability and consistency of the
data with respect to non-standard extensions. This also suggests
that a wider class of varying fundamental constant models can in
principle be probed using the CMB, possibly with more complex
redshift-dependence (e.g., phase transition, spikes or higher order
temporal curvature).

Modified recombination physics can also be investigated using
CMB spectral distortions. For the future, we aim to continue this
study with the cosmological recombination radiation (e.g., Rubiño-
Martı́n et al. 2006; Chluba & Sunyaev 2006a; Sunyaev & Chluba
2009). Modeling these variations in CosmoSpec (Chluba & Ali-
Haı̈moud 2016) will enlighten us on how the fundamental constants
change the recombination spectrum and provide us with another
dataset for constraints. This could allow us to alleviate existing pa-
rameter degeneracies and further deepen our understanding of the
recombination epoch, allowing us to confront clear theoretical pre-
dictions with direct observational evidence. This might also open
the possibility to probe the redshift-dependence of the fundamen-
tal constants at even earlier phases through the individual e↵ects
on hydrogen and helium recombination (e.g., see Fig. 6 for the ef-
fect on Xe), which would remain inaccessible otherwise. One could

furthermore refine constraints on spatial variations of fundamental
constants. We look forward to exploring these opportunities.
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Model-independent constraints



Principle component analysis for recombination
  

• E.g., something standard was missed, or something non-standard happened !?  

• A non-parametric estimation of possible corrections to the recombination history 
would be very useful  → Principle component analysis (PCA)

Farhang, Bond & JC, 2012



Power spectrum response at different redshifts

Luke Hart & JC, in preparation

�Ne/Ne = 5⇥ 10�3
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• E.g., something standard was missed, or something non-standard happened !?  

• A non-parametric estimation of possible corrections to the recombination history 
would be very useful  → Principle component analysis (PCA)
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PCA analysis with Planck 2015

Planck Collaboration, XIII, 2015

• Planck data is consistent 
with standard recombination 

• Non-trivial statement, even if 
it is expected! 

• Improvement in next release

Planck Collaboration: Cosmological parameters

the constancy of aTCMB ⌘ T0 over such a large dynamic range
in redshift. Of course, if we did find that aTCMB around recom-
bination were discrepant with T0 now, then we would need to
invent a finely-tuned late-time photon injection mechanism34 to
explain the anomaly. Fortunately, the data are consistent with the
standard TCMB / (1 + z) scaling of the CMB temperature.

Another approach to measuring aTCMB is through the ther-
mal Sunyaev-Zeldovich e↵ect in rich clusters of galaxies at var-
ious redshifts (Fabbri et al. 1978; Rephaeli 1980), although it is
unclear how one would interpret a failure of this test without
an explicit model. In practice this approach is consistent with
a scaling aTCMB = constant, but with lower precision than ob-
tained here from Planck (e.g., Battistelli et al. 2002; Luzzi et al.
2009; Saro et al. 2013; Hurier et al. 2014). A simple TCMB =
T0(1 + z)1�� modification to the standard temperature redshift
relation is frequently discussed in the literature (though this case
is not justified by any physical model and is di�cult to realise
without creating a CMB spectral distortion, see Chluba 2014).
For this parameterization we find

� = (0.2 ± 1.4) ⇥ 10�3 Planck TT+lowP+BAO, (84a)
� = (0.4 ± 1.1) ⇥ 10�3 Planck TT,TE,EE+lowP+BAO, (84b)

where we have adopted a recombination redshift of z⇤ = 1100.35

Because of the long lever-arm in redshift a↵orded by the CMB,
this is an improvement over earlier constraints by more than an
order of magnitude (e.g., Hurier et al. 2014).

In a self-consistent picture, changes of T0 would also a↵ect
the BBN era. We might therefore consider a simultaneous varia-
tion of Ne↵ and YP to reflect the variation of the neutrino energy
density accompanying a putative variation in the photon energy
density. Since we find aTCMB at recombination to be highly con-
sistent with the observed CMB temperature from COBE/FIRAS,
considering this extra variation seems unnecessary. Instead, we
may view the aTCMB variation investigated here as complemen-
tary to the limits discussed in Sects. 6.4 and 6.5.

6.7.4. Semi-blind perturbed recombination analysis

The high sensitivity of small-scale CMB anisotropies to the
ionization history of the Universe around the epoch of recom-
bination allows us to constrain possible deviations from the
standard recombination scenario in a model-independent way
(Farhang et al. 2012, 2013). The method relies on an eigen-
analysis, often referred to as a principle component analysis,
of perturbations in the free electron fraction, Xe(z) = Ne/NH,
where NH denotes the number density of hydrogen nuclei. The
eigenmodes selected are specific to the data used in the analysis.
Similar approaches have been used to constrain deviations of the
reionization history from the simplest models (Mortonson & Hu
2008) and annihilating dark matter scenarios (Finkbeiner et al.
2012), both with the prior assumption that the standard recombi-
nation physics is fully understood, as well as for constraining tra-
jectories in inflation Planck Collaboration XX (2015) and dark
energy Planck Collaboration XIV (2015) parameterizations.

Here, we use Planck data to find preferred ionization frac-
tion trajectories Xe(z) composed of low-order perturbation eigen-
modes to the standard history (Xe-modes). The Xe-modes are
constructed through the eigen-decomposition of the inverse of

34Pure energy release in the form of heating of ordinary matter would
leave a Compton y-distortion (Zeldovich & Sunyaev 1969) at these late
times (Burigana et al. 1991; Hu & Silk 1993; Chluba & Sunyaev 2012).

35The test depends on the logarithm of the redshift and so is insensi-
tive to the precise value adopted for z⇤.

Table 7. Standard parameters and the first three Xe-modes, as
determined for Planck TT,TE,EE+lowP+BAO.

Parameter + 1 mode + 2 modes + 3 modes

⌦bh2 . . . . . . . 0.02229 ± 0.00017 0.02237 ± 0.00018 0.02237 ± 0.00019
⌦ch2 . . . . . . . 0.1190 ± 0.0010 0.1186 ± 0.0011 0.1187 ± 0.0012
H0 . . . . . . . . 67.64 ± 0.48 67.80 ± 0.51 67.80 ± 0.56
⌧ . . . . . . . . . 0.065 ± 0.012 0.068 ± 0.013 0.068 ± 0.013
ns . . . . . . . . 0.9667 ± 0.0053 0.9677 ± 0.0055 0.9678 ± 0.0067
ln(1010As) . . . . 3.062 ± 0.023 3.066 ± 0.024 3.066 ± 0.024
µ1 . . . . . . . . �0.03 ± 0.12 0.03 ± 0.14 0.02 ± 0.15
µ2 . . . . . . . . . . . �0.17 ± 0.18 �0.18 ± 0.19
µ3 . . . . . . . . . . . . . . �0.02 ± 0.88

the Fisher information matrix for base ⇤CDM (the six cosmo-
logical parameters and the nuisance parameters) and recombi-
nation perturbation parameters (see Farhang et al. 2012, for de-
tails). This procedure allows us to estimate the errors on the
eigenmode amplitudes, µi, providing a rank ordering of the Xe-
modes and their information content.

The first three Xe-modes for Planck TT,TE,EE+lowP are il-
lustrated in Fig. 44, together with their impact on the di↵erential
visibility function. Figure 45 shows the response of the CMB
temperature and polarization power spectra to these eigenmodes.
The first mode mainly leads to a change in the width and height
of the Thomson visibility function (bottom panel of Fig. 44).
This implies less di↵usion damping, which is also reflected in
the modifications to the CMB power spectra (cf. Fig. 45). The
second mode causes the visibility maximum to shift towards
higher redshifts for µ2 > 0 (bottom panel of Fig. 44). This leads
to a shift of the CMB extrema to smaller scales; however, for
roughly constant width of the visibility function it also intro-
duces less damping at small scales (cf. Fig. 45). The third mode
causes a combination of changes in both the position and width
of the visibility function, with a pronounced e↵ect on the loca-
tion of the acoustic peaks (cf. Fig. 45). For the analysis of Planck
data combinations, we only use Xe-modes that are optimized for
Planck TT,TE,EE+lowP.

We modified CosmoMC to estimate the mode amplitudes.
The results for Planck TT,TE,EE+lowP+BAO are presented in
Table 7. Although all mode amplitudes are consistent with stan-
dard recombination, adding the second Xe-mode causes mild
shifts in H0 and ⌧. For Planck TT+lowP, we find µ1 = �0.11 ±
0.51 and µ2 = �0.23 ± 0.50, using the Planck TT,TE,EE+lowP
eigenmodes, again consistent with the standard recombination
scenario. Adding the polarization data improves the errors by
more than a factor of 2. However, the mode amplitudes are in-
sensitive to the addition of external data.

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 this mode resem-
bling the first mode determined using Planck data (Fig. 44).
The WMAP9+SPT data gave a non-zero value for the first
eigenmode at about 2�, µSPT

1 = �0.80 ± 0.37. However, the
WMAP9+ACT data gave µACT

1 = 0.14 ± 0.45 and the com-
bined pre-Planck data (WMAP+ACT+SPT) gave µpre

1 = �0.44±
0.33, both consistent with the standard recombination scenario
(Calabrese et al. 2013). The variation among these results is an-
other manifestation of the tensions between di↵erent pre-Planck
CMB data, as discussed in PCP13.

Although not optimal for Planck data, we also com-
pute the amplitudes of the first three Xe-modes constructed
for the WMAP9+SPT data set. This provides a more di-
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Fig. 44. Eigen-modes of the recombination history, marginalized
over the standard six cosmological and Planck nuisance parame-
ters. The upper panel shows the first three Xe-modes constructed
for Planck TT,TE,EE+lowP data. The lower panel show changes
in the di↵erential visibility corresponding to 1� deviations from
the standard recombination scenario for the first three Xe-modes.
The maximum of the Thomson visibility function and width are
indicated in both figures.

rect comparison with the pre-Planck constraints. For Planck
TT,TE,EE+lowP+BAO we obtain µSPT

1 = �0.10 ± 0.13 and
µSPT

2 = �0.13 ± 0.18. The mild tension of the pre-Planck data
with the standard recombination scenario disappears when us-
ing Planck data. This is especially impressive, since the er-
rors have improved by more than a factor of 2. By projecting
onto the Planck modes, we find that the first two SPT modes
can be expressed as µSPT

1 ⇡ 0.69µ1 + 0.66µ2 ⇡ �0.09 and
µSPT

2 ⇡ �0.70µ1 + 0.64µ2 ⇡ �0.13, which emphasizes the
consistency of the results. Adding the first three SPT modes,
we obtain µSPT

1 = �0.09 ± 0.13, µSPT
2 = �0.14 ± 0.21, and

µSPT
3 = �0.12 ± 0.86, which again is consistent with the stan-

dard model of recombination. Note that the small changes in the
mode amplitudes when adding the third mode arise because the
SPT modes are non-optimal for Planck and so are correlated.

6.8. Cosmic defects

Topological defects are a generic by-product of symmetry-
breaking phase transitions and a common phenomenon in con-
densed matter systems. Cosmic defects of various types can

Fig. 45. Changes in the TT (upper panel) and EE (lower panel)
power spectra caused by a 1� deviation from the standard re-
combination scenario for the first three Xe-modes (see Fig. 44).

be formed in phase transitions in the early Universe (Kibble
1976). In particular, cosmic strings can be produced in some
supersymmetric and grand-unified theories at the end of infla-
tion (Jeannerot et al. 2003), as well as in higher-dimensional
theories (e.g., Polchinski 2005). Constraints on the abundance
of cosmic strings and other defects therefore place limits on
a range of models of the early Universe. More on the forma-
tion, evolution and cosmological role of topological defects can
be found, for example, in the reviews by Vilenkin & Shellard
(2000), Hindmarsh & Kibble (1995), and Copeland & Kibble
(2010).

In this section we revisit the power spectrum-based con-
straints on the abundance of cosmic strings and other topo-
logical defects using the 2015 Planck data, including Planck
polarization measurements. The general approach follows that
described in the Planck 2013 analysis of cosmic defects
(Planck Collaboration XXV 2014), so here we focus on the up-
dated constraints rather than on details of the methodology.

Topological defects are non-perturbative excitations of the
underlying field theory and their study requires numerical simu-
lations. Unfortunately, since the Hubble scale, c/H0, is over 50
orders of magnitude greater that the thickness of a GUT-scale
string, approximately (~/µc)1/2 with µ the mass per unit length
of the string, it is impractical to simulate the string dynamics ex-
actly in the late Universe. For this reason one needs to make ap-
proximations. One approach considers the limit of an infinitely
thin string, which corresponds to using the Nambu-Goto (“NG”)
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Fig. 45. Changes in the TT (upper panel) and EE (lower panel)
power spectra caused by a 1� deviation from the standard re-
combination scenario for the first three Xe-modes (see Fig. 44).

be formed in phase transitions in the early Universe (Kibble
1976). In particular, cosmic strings can be produced in some
supersymmetric and grand-unified theories at the end of infla-
tion (Jeannerot et al. 2003), as well as in higher-dimensional
theories (e.g., Polchinski 2005). Constraints on the abundance
of cosmic strings and other defects therefore place limits on
a range of models of the early Universe. More on the forma-
tion, evolution and cosmological role of topological defects can
be found, for example, in the reviews by Vilenkin & Shellard
(2000), Hindmarsh & Kibble (1995), and Copeland & Kibble
(2010).

In this section we revisit the power spectrum-based con-
straints on the abundance of cosmic strings and other topo-
logical defects using the 2015 Planck data, including Planck
polarization measurements. The general approach follows that
described in the Planck 2013 analysis of cosmic defects
(Planck Collaboration XXV 2014), so here we focus on the up-
dated constraints rather than on details of the methodology.

Topological defects are non-perturbative excitations of the
underlying field theory and their study requires numerical simu-
lations. Unfortunately, since the Hubble scale, c/H0, is over 50
orders of magnitude greater that the thickness of a GUT-scale
string, approximately (~/µc)1/2 with µ the mass per unit length
of the string, it is impractical to simulate the string dynamics ex-
actly in the late Universe. For this reason one needs to make ap-
proximations. One approach considers the limit of an infinitely
thin string, which corresponds to using the Nambu-Goto (“NG”)
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We can do this for fundamental constants too…

Luke Hart & JC, in preparation

�↵/↵ = 10�2
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 Cosmological Recombination Radiation



Simple estimates for hydrogen recombination

Hydrogen recombination: 

• per recombined hydrogen atom an energy  
 of ~ 13.6 eV in form of photons is released  

• at z ~ 1100 à Δε/ε ~ 13.6 eV Nb / (Nγ 2.7kTr) ~ 10-9 -10-8  

à recombination occurs at redshifts z < 104 

à At that time the thermalization process doesn’t work anymore! 

à There should be some small spectral distortion due to  
additional Ly-α and 2s-1s photons!  

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

à In 1975 Viktor Dubrovich emphasized the possibility to 
observe the recombinational lines from n > 3 and Δn << n!
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Another way to do CMB-based cosmology! 
Direct probe of recombination physics!
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New detailed and fast computation!

JC & Ali-Haimoud, arXiv:1510.03877
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CosmoSpec: fast and accurate computation of the CRR

JC & Ali-Haimoud, arXiv:1510.03877

• Like in old days of CMB anisotropies! 
• detailed forecasts and feasibility studies 
• non-standard physics (variation of α, 

energy injection etc.)

CosmoSpec will be available here: 

www.Chluba.de/CosmoSpec 
 

http://www.Chluba.de/CosmoSpec


Dark matter annihilations / decays

JC, 2009, arXiv:0910.3663
•  Additional photons at all frequencies 
•  Broadening of spectral features 

•  Shifts in the positions



Conclusions

• The standard recombination problem has been 
solved to a level that is sufficient for the analysis of 
current and future CMB data (<0.1% precision!) 

• Many people helped with this problem! 

• Without the improvements over the original version 
of Recfast cosmological parameters derived from 
Planck would be biased significantly 

• In particular the discussion of inflation             
models would be affected 

• Cosmological recombination radiation                          
allows us to directly constrain                                
the recombination history 


