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Modified recombination 
not doing as well…

But a few things are 
still missing…





How does the recombination history enter all this?



CMB Sky  Cosmology

CMB Sky                
(temperature & polarization)

alm

TT

Power spectraGaussianity

small scales large scales 

~1° 

TE

EE

BB

(Joint) analysis

Other cosmological Datasets:  
Supernovae, large-scale structure/BAO,   
Lyman-α forest, weak lensing, ... 

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



CMB Sky  Cosmology

CMB Sky                
(temperature & polarization)

alm

TT

Power spectraGaussianity

small scales large scales 

~1° 

TE

EE

BB

(Joint) analysis

Other cosmological Datasets:  
Supernovae, large-scale structure/BAO,   
Lyman-α forest, weak lensing, ... 

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

Ne(z)



700 1100 2000 3000 4000 6000 8000

Redshift z

0

0.2

0.4

0.6

0.8

1

1.2

1.4

790,000 260,000370,000 130,000 18,000

Cosmological Time in Years

V
isi

bi
lit

y 
Fu

nc
tio

n
Free Electron Fraction Plasma fully 

ionized

Pl
as

m
a 

ne
ut

ra
l

Ne/[Np+NH]

CMB-Anisotropies
Why does the ionization  
history matter for Planck?



700 1100 2000 3000 4000 6000 8000

Redshift z

0

0.2

0.4

0.6

0.8

1

1.2

1.4

790,000 260,000370,000 130,000 18,000

Cosmological Time in Years

V
isi

bi
lit

y 
Fu

nc
tio

n
Free Electron Fraction Plasma fully 

ionized

Pl
as

m
a 

ne
ut

ra
l

Ne/[Np+NH]

CMB-Anisotropies
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)



Hydrogen recombination 
• Two-photon decays from higher levels	 	 	                             

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

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

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

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

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

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

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

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

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 



3s and 3d two-photon decay spectrum

Lorentzian profile

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

Lorentzian profile

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

Direct Escape from optically thin regions:

JC & Sunyaev, A&A, 2008 



5s two-photon decay spectrum

 matters become more complicated quickly 
 splitting of resonance and non-resonant parts simplify the computation greatly 
 luckily including these effects up to n ~ 4-5 is enough

JC & Sunyaev, 2008, A&A, 480
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This is where it 
matters most!

              
Comparison with 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 have been 
biased low 

• Small effect on H0

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 of CosmoRec
JC & Thomas, 2010, ArXiv:1010.3631



Planck Collaboration, 2015, paper XX

Importance of recombination for inflation constraints

• Analysis uses refined recombination model of CosmoRec

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

JC & Thomas, 2010, ArXiv:1010.3631



Kallosh et al., ArXiv:2503.21030 
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Kallosh et al., ArXiv:2503.21030 

Beware of modified 
recombination…



Recombination problem seems solved! *** 

What could be wrong then?

*** There are still a few standard processes that could contribute at ~0.1%…



Recombination problem seems solved! *** 

What could be wrong then?

Assumptions 1: Standard atomic physics 

*** There are still a few standard processes that could contribute at ~0.1%…



Recombination problem seems solved! *** 

What could be wrong then?

Assumptions 1: Standard atomic physics 

Assumptions 2: Uniform medium 

*** There are still a few standard processes that could contribute at ~0.1%…



Recombination problem seems solved! *** 

What could be wrong then?

Assumptions 1: Standard atomic physics 

Assumptions 2: Uniform medium 

Allowing for departures in either seems to 
alleviate the Hubble tension!

*** There are still a few standard processes that could contribute at ~0.1%…



Varying fundamental constants

Luke Hart



Variation of ↵EM and me 3

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-

c� 2017 RAS, MNRAS 000, 1–12

Varying the fine-structure constants at recombination 
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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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Figure 7. Visibility functions for a variety of fine structure constant values.
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.

c� 2017 RAS, MNRAS 000, 1–12

• Constant change of α and me were frequently considered                              
(e.g., Kaplinghat et al., 1999; Battye et al., 2001; Planck Collaboration, 2015)
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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.
This shows that as the fine structure constant increases, the anisotropies
shift toward smaller scales and higher amplitudes.
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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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Figure 7. Visibility functions for a variety of fine structure constant values.
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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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. 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.
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1 = �0.10 ± 0.13 and
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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
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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
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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.
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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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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. 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.
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TT,TE,EE+lowP+BAO we obtain µSPT

1 = �0.10 ± 0.13 and
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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
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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.
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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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• Planck data is consistent 
with standard recombination 

• Non-trivial statement, even if 
it is expected! 
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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. 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
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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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ACT Study of Extended Cosmological Models

Modified recombination scenarios 
do quite well in comparison to 

other HT solutions!
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What if the Universe is lumpy at recombination?

Some patches will recombine 
faster some more slowly…

Modifications are non-linear

Average history is modified, typically 
leading to early recombination

This is consistent with 
the reconstructions…



What if the Universe is lumpy at recombination?

Second effect coming from the coherence scale of the fluctuations!
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Additional effects of baryon clumping at very 
small scales

Γ = σTN̄ea

Uniform medium Clumpy medium

Γ ≈ σTN̄ea[1 − ζe]
ζe = τcσ2

e

τc

Γ

Γ

Γ

Γ

Γ1 < Γ2 Γ2

Optical depth 
across coherence 

length Electron variance

Average 
recombination 

history



What if the Universe is lumpy at recombination?

Third effect on Photon transfer functions can be treated using Itô calculus!

Ornstein-Uhlenbeck process



What if the Universe is lumpy at recombination?

Third effect on Photon transfer functions can be treated using Itô calculus!

Ornstein-Uhlenbeck process



What if the Universe is lumpy at recombination?

Third effect on Photon transfer functions can be treated using Itô calculus!

Ornstein-Uhlenbeck process



What if the Universe is lumpy at recombination?

Third effect on Photon transfer functions can be treated using Itô calculus!

Ornstein-Uhlenbeck process

<latexit sha1_base64="euPtPRiROCONxaSQ1gvfTIicL3c="></latexit>〈
df

dω

〉
=

〈
lim

!ω→0

f
(
εe(ω +!ω)

)
→ f

(
εe(ω)

)

!ω

〉
=???
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Third effect on Photon transfer functions can be treated using Itô calculus!

Ornstein-Uhlenbeck process

Picks up new terms from 
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New terms in Boltzmann equation using Ito calculus

Gaussian 
fluctuations

JC, Vasil & Battye, ArXiv:2505.22242

New terms not degenerate with changes in 
average recombination history!



Changes to CMB power spectra



Illustration of potential for solving Hubble tension

Stay tuned for full data constraints….



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Novel constraints on the variance 
and coherence length of small-scale 

fluctuations during recombination

Preliminary
Preliminary

Preliminary



How well do these models do?

Gabriel Lynch

Lynch et al. 2026 in prep

Novel constraints on the variance 
and coherence length of small-scale 

fluctuations during recombination

Preliminary
Preliminary

Preliminary

Still some loopholes left…



Directly Testing recombination with the 
cosmological recombination radiation
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Rubino-Martin et al. 2006, 2008; Sunyaev & JC, 2009, JC & Ali-Haimoud, arXiv:1510.03877
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FIG. 7: The cosmological recombination radiation arising from the hydrogen and helium components. The
helium distortion (blue) is the net accumulation of the HeI and HeII emission along with other effects (i.e.
helium absorption and collisions). The spectral series of hydrogen have also been highlighted. The unique
spectral shapes given by the CRR would provide us with a revolutionary new cosmological probe of the

atomic physics in the early Universe.

surements can be used to derive stringent constraints. The shape of the ALPs distortion depends
upon the mass of the axions and the density of electrons in the Milky Way. For the best-fit model
of electron density [245] and magnetic field [246, 247] of the Milky Way, ALPs in the mass range
from a mALP ' few ⇥10

�13 eV to a few ⇥10
�12 eV can be probed by the process of resonant con-

version. The measurement of this large angular scale spectral distortion signal requires both wide
frequency- and sky-coverage, which is possible only with space-based CMB missions. The same
physical effect also arises in galaxy clusters [248] and produces polarized spectral distortions that
can be measured using high-resolution CMB experiments with an imaging telescope [58, 249].

Along with the resonant conversion of CMB photons into ALPs, there will also be a non-
resonant conversion of CMB photons into ALPs, as the CMB photons propagate through the
turbulent magnetic field of our galaxy, IGM and voids [184]. This leads to an unpolarized spectral
distortion of the CMB blackbody. This avenue will provide stringent constraints on the coupling
strength g��a for all the masses of ALPs below ' 10

�11 eV. The first constraint of this kind of
distortion is obtained from the data of Planck satellite [250].

This new probe of ALP physics will be accessible with a CMB spectrometers like PIXIE or
Super-PIXIE. In this way, we can explore a new parameter space of the coupling strength g��a
and ALP masses, which are currently beyond the reach of particle-physics experiments. Spectral
distortions are capable of discovering ALPs even if they are a fraction of DM and hence will open
a completely new complementary window for studying ALPs in nature. The discovery space is
enormous and provides a direct cosmological probe into the string axiverse [229].

2.6. The Cosmological Recombination Radiation

The cosmological recombination process causes another small but inevitable distortion of the
CMB. Line emission from hydrogen and helium injects photons into the CMB, which after redshift-
ing from z ' 10

3 are visible today as complex frequency structure in the microwave bands (Fig. 7)
[20, 251–258]. The cosmological recombination radiation (CRR) has a simple dependence on
cosmological parameters and the dynamics of recombination; since it includes not only hydrogen
but also two helium recombinations, it probes eras well beyond the last-scattering surface ob-
served by CMB anisotropies [21, 22, 259]. Modern computations now include the bound-bound
and free-bound contributions from hydrogen, neutral helium and hydrogenic helium and thus allow
precise modeling of the total signal and its parameter dependences [22].

Another way to do CMB-based cosmology! 
Direct probe of recombination physics!

Cosmological Recombination Radiation

http://arxiv.org/abs/1909.01593
Courtesy Luke Hart
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Dark matter annihilations / decays

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

•  Shifts in the positions



Hart & JC, 2022, ArXiv:2209.12290

• Hubble tension persists… New Physics?? 

• H0 Olympics identified EDE, Primordial 
Magnetic fields and varying me models    
as best solutions! 

• These should affect the CRR!

Testing the origin of the Hubble tension with the CRR



Spatial variations from PMF could be seen with CRR
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The physics of recombination could be directly 
probed with a future CMB spectrometer!



New Probes of the small-scale Universe



Small-scale power constraints and PBH formation

IMBHSMBH SBH

JC, Khatri & Sunyaev, 2012 
JC, Erickcek & Ben-Dayan, 2012 
Jeong et al., 2014 
Cyr et al., 2023, ArXiv:2309.02366

FOSSIL



Dissipation of small-scale acoustic modes



Dissipation of small-scale acoustic modes

Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 47. CMB-only power spectra measured by Planck (blue),
ACT (orange), and SPT (green). The best-fit PlanckTT+lowP
⇤CDM model is shown by the grey solid line. ACT data at
` > 1000 and SPT data at ` > 2000 are marginalized CMB
bandpowers from multi-frequency spectra presented in Das et al.
(2013) and George et al. (2014) as extracted in this work. Lower
multipole ACT (500 < ` < 1000) and SPT (650 < ` < 3000)
CMB power extracted by Calabrese et al. (2013) from multi-
frequency spectra presented in Das et al. (2013) and Story et al.
(2012) are also shown. Note that the binned values in the range
3000 < ` < 4000 appear higher than the unbinned best-fit line
because of the binning (this is numerically confirmed by the re-
sidual plot in Planck Collaboration XIII 2015, figure 9).

spectra are reported in Fig. 47. We also show ACT and SPT
bandpowers at lower multipoles as extracted by Calabrese et al.
(2013). This figure shows the state of the art of current CMB
observations, with Planck covering the low-to-high-multipole
range and ACT and SPT extending into the damping region. We
consider the CMB to be negligible at ` > 4000 and note that
these ACT and SPT bandpowers have an overall calibration un-
certainty (2 % for ACT and 1.2 % for SPT).

The inclusion of ACT and SPT improves the full-mission
Planck spectrum extraction presented in Sect. 5.5 only margin-
ally. The main contribution of ACT and SPT is to constrain
small components (e.g., the tSZ, kSZ, and tSZ⇥CIB) that are
not well determined by Planck alone. However, those compon-
ents are sub-dominant for Planck and are well described by the
prior based on the 2013 Planck+highL solutions imposed in the
Planck-alone analysis. The CIB amplitude estimate improves by
40 % when including ACT and SPT, but the CIB power is also
reasonably well constrained by Planck alone. The main Planck
contaminants are the Poisson sources, which are treated as in-
dependent and do not benefit from ACT and SPT. As a result,
the errors on the extracted Planck spectrum are only slightly re-
duced, with little additional cosmological information added by
including ACT and SPT for the baseline ⇤CDM model (see also
Planck Collaboration XIII 2015, section 4).

6. Conclusions

The Planck 2015 angular power spectra of the cosmic mi-
crowave background derived in this paper are displayed in

Fig. 48. These spectra in TT (top), T E (middle), and EE (bot-
tom) are all quite consistent with the best-fit base-⇤CDM model
obtained from TT data alone (red lines). The horizontal axis is
logarithmic at ` < 30, where the spectra are shown for individual
multipoles, and linear at ` � 30, where the data are binned. The
error bars correspond to the diagonal elements of the covariance
matrix. The lower panels display the residuals, the data being
presented with di↵erent vertical axes, a larger one at left for the
low-` part and a zoomed-in axis at right for the high-` part.

The 2015 Planck likelihood presented in this work is based
on more temperature data than in the 2013 release, and on
new polarization data. It benefits from several improvements
in the processing of the raw data, and in the modelling of
astrophysical foregrounds and instrumental noise. Apart from
a revision of the overall calibration of the maps, discussed
in Planck Collaboration I (2015), the most significant improve-
ments are in the likelihood procedures:

(i) a joint temperature-polarization pixel-based likelihood at
`  29, with more high-frequency information used for fore-
ground removal, and smaller sky masks (Sects. 2.1 and 2.2);

(ii) an improved Gaussian likelihood at ` � 30 that includes
a di↵erent strategy for estimating power spectra from data-
subset cross-correlations, using half-mission data instead of
detector sets (which allows us to reduce the e↵ect of cor-
related noise between detectors, see Sects. 3.2.1 and 3.4.3),
and better foreground templates, especially for Galactic dust
(Sect. 3.3.1) that allow us to mask a smaller fraction of the
sky (Sect. 3.2.2) and to retain large-angle temperature in-
formation from the 217 GHz map that was neglected in the
2013 release (Sect. 3.2.4).

We performed several consistency checks of the robustness
of our likelihood-making process, by introducing more or less
freedom and nuisance parameters in the modelling of fore-
grounds and instrumental noise, and by including di↵erent as-
sumptions about the relative calibration uncertainties across fre-
quency channels and about the beam window functions.

For temperature, the reconstructed CMB spectrum and er-
ror bars are remarkably insensitive to all these di↵erent as-
sumptions. Our final high-` temperature likelihood, referred to
as “PlanckTT” marginalizes over 15 nuisance parameters (12
modelling the foregrounds, and 3 for calibration uncertainties).
Additional nuisance parameters (in particular, those associated
with beam uncertainties) were found to have a negligible impact,
and can be kept fixed in the baseline likelihood.

For polarization, the situation is di↵erent. Variation of the as-
sumptions leads to scattered results, with larger deviations than
would be expected due to changes in the data subsets used, and
at a level that is significant compared to the statistical error bars.
This suggests that further systematic e↵ects need to be either
modelled or removed. In particular, our attempt to model cal-
ibration errors and temperature-to-polarization leakage suggests
that the T E and EE power spectra are a↵ected by systematics at
a level of roughly 1 µK2. Removal of polarization systematics at
this level of precision requires further work, beyond the scope of
this release. The 2015 high-` polarized likelihoods, referred to
as “PlikTE” and “PlikEE”, or “PlikTT,EE,TE” for the com-
bined version, ignore these corrections. They only include 12
additional nuisance parameters accounting for polarized fore-
grounds. Although these likelihoods are distributed in the Planck
Legacy Archive,15 we stick to the PlanckTT+lowP choice in the
baseline analysis of this paper and the companion papers such

15 http://pla.esac.esa.int/pla/
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Hu & White, 1997, ApJ

Silk-damping is 
equivalent to 
energy release!

Dissipation of small-scale acoustic modes

Ideas go back to Sunyaev & Zeldovich, 1970
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History of distortion experiments and proposals

1989 20112008 2013 2015 2016
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Polarized Radiation Imaging and Spectroscopy Mission 

Spokesperson: Paolo de Bernardis 
e-mail: paolo.debernardis@roma1.infn.it — tel: + 39 064 991 4271 

PRISM 
Probing cosmic structures and radiation  
with the ultimate polarimetric spectro-imaging  
of the microwave and far-infrared sky 
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PRISM
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•  Concordia station: 

•  75° 06’ S – 123° 21’ E 

•  3233 m a.s.l. 
•  <T>=-50°    ;    min(T)=-85° 

 
•  High altitude but fully logistical 

supported 

•  16 crew-members during winter. 
Maximum 80 people during summer 

•  Diffusely site tested at all 
wavelengths and continuous 
atmospheric monitoring 

•  Water Vapour Content ~75% of the 
time below 0.4mm PWV       
(Tremblin et al., 448 A65 A&A 2012) 

•  Circular and linear polarizations 
constrained to  

•  CP<0.19%;  
•  LP<0.11% (Battistelli et al., 

423 1293 MNRAS  2012) 

Elia Battistelli for the COSMO collaboration 

  

COSMO
De Bernardis, Masi & Battistelli
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Figure 6. 3D visualization of the TMS optical system, as modelled with the Creo Parametric 3D Modelling
software. The optical design is based on a Gregorian o�set configuration, with a 1.49 m-primary mirror and a
0.6 m-ellipsoidal secondary mirror. The TMS feedhorn is positioned at one of the sub-reflector foci, aligned
with its phase center at 15 GHz. The removal of this sub-reflector allows us to switch between observations
with and without optics.

included the verification of the 3D mechanical model and subsequent adjustments. This process
required a few iterations until the final design was obtained. To conclude, we performed a more
complete analysis of the system radiation properties acknowledging the aforementioned di�raction
e�ects and the TMS feed behaviour. To this end, we used CST Studio Suite and performed a
preliminary study assuming an ideal system, which is presented in section 4.

Figure 6 shows the final optical design, based on a Gregorian system with a projected diameter
aperture of 1.2 m, and an equivalent focal length of 0.7 m, resulting in an F/D~0.58. The primary
mirror (PM) of the TMS is an o�set paraboloid, with 1.49 m major axis, and the secondary mirror
(SM) is an o�set concave ellipsoid, with a 0.6 m diameter and eccentricity n of 0.45. The half-angle
subtended by the SM at the feed is 30.32°, ensuring illumination levels  �20 dB in the mirror rims
along the whole TMS band. The system provides an angular resolution of about 1.5° on average.

It is worth noting that the final system does not satisfy the Mizuguchi [27] condition of
minimum cross-polarization by ⇠15° of deviation with respect to the optimal pointing of the
antenna. Similarly, the condition given by Rusch [28] for minimum cross-polarization and spillover
is not met. This design decision was motivated by the need to separate the cryostat and its pump
as far as possible from the optics, in order not to produce a blockage. Shading by the cryostat
was avoided by slightly reducing the pointing angle of the antenna with respect to the PM axis.
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Figure 6. 3D visualization of the TMS optical system, as modelled with the Creo Parametric 3D Modelling
software. The optical design is based on a Gregorian o�set configuration, with a 1.49 m-primary mirror and a
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with its phase center at 15 GHz. The removal of this sub-reflector allows us to switch between observations
with and without optics.
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Conclusions

• We live in an amazing era with lots of high precision data 
now and in the future

• We can “park the Hubble tension” but we should not forget it 
in the ongoing discussions!

• The small scale Universe is on of the places we have not 
constrained as much as we make believe

• Modifying recombination physics is one of the conservative 
ways of augmenting our cosmological model
• Is excess lensing possibly also related? Another Ito 

problem to solve?

• Could larger  also be linked?                                           
More small scale structures  earlier reionization?

τ
→
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Still much to do and it could be many things!


