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Planck all-sky 
temperature map

• CMB has a blackbody spectrum in every direction

• tiny variations of the CMB temperature ΔT/T ~ 10-5

Cosmic Microwave Background Anisotropies



Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Huge compression of 
information to a few 
hundred numbers!

Planck all-sky 
temperature map

• CMB has a blackbody spectrum in every direction

• tiny variations of the CMB temperature ΔT/T ~ 10-5

Cosmic Microwave Background Anisotropies



CMB provides another independent piece of information!

Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576 
Fixsen, 2003, ApJ, 594, 67
Fixsen, 2009, ApJ, 707, 916  

COBE/FIRAS

• CMB monopole is 10000 - 100000 times  
larger than the fluctuations

T0 = (2.726± 0.001)K

Absolute measurement required!
One has to go to space...



Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576 
Fixsen et al., 2003, ApJ, 594, 67  

COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Nobel Prize in Physics 2006!

 Error bars a small fraction 
of the line thickness!

Theory and Observations

Average spectrum



(Te >> Tγ)

thermal SZ effect

Sunyaev & Zeldovich, 1980, ARAA, 18, 537

Compton y-distortion

• also known from thSZ effect
• up-scattering of CMB photon
• important at late times (z<50000)
• scattering inefficient • important at very times (z>50000)

• scattering very efficient

Chemical potential µ-distortion

Sunyaev & Zeldovich, 1970, ApSS, 2, 66

Standard types of primordial CMB distortions

Blackbody 
restored



Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576 
Fixsen et al., 2003, ApJ, 594, 67  

COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Nobel Prize in Physics 2006!

 Error bars a small fraction 
of the line thickness!

Theory and Observations

Only very small distortions of CMB spectrum are still allowed!

Average spectrum



Physical mechanisms that lead to spectral distortions

• Cooling by adiabatically expanding ordinary matter                                                                     

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011)

• Heating by decaying or annihilating relic particles                                                       
(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013)

• Evaporation of primordial black holes & superconducting strings                                                                            
(Carr et al.  2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013)

• Dissipation of primordial acoustic modes & magnetic fields                                                                
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaev, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013)

• Cosmological recombination radiation                                                                     
(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009)

•                                                                                  

• Signatures due to first supernovae and their remnants                                        
(Oh, Cooray & Kamionkowski, 2003)

• Shock waves arising due to large-scale structure formation                                    
(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999)

• SZ-effect from clusters; effects of reionization                                                              
(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008)

• more exotic processes                                                                                          
(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)

„high“ redshifts

„low“   redshifts
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Standard sources 
of distortions



PIXIE: Primordial Inflation Explorer

• 400 spectral channel in the frequency 
range 30 GHz and 6THz (Δν ~ 15GHz)

• about 1000 (!!!) times more sensitive than 
COBE/FIRAS 

• B-mode polarization from inflation (r ≈ 10-3)
• improved limits on µ and y 
• was proposed 2011 as NASA EX mission 

(i.e. cost ~ 200 M$)

Kogut et al, JCAP, 2011, arXiv:1105.2044

Average spectrum



NASA 30-yr Roadmap Study
(published Dec 2013)

How does the Universe work?

“Measure the spectrum of the 
CMB with precision several orders 
of magnitude higher than COBE 
FIRAS, from a moderate-scale 
mission or an instrument on CMB 
Polarization Surveyor.”

New call from NASA  
expected end 2016



Energy release distortions primer





        

     CMB distortions probe the 
thermal history of the 
Universe at z < few x 106

pre- post-recombination epoch
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     CMB distortions probe the 
thermal history of the 
Universe at z < few x 106

pre- post-recombination epoch

Di
sc

ov
er

y
sp

ac
e!

Measurements of CMB spectrum will open a new 
unexplored window to the early Universe!
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Simple estimates for the distortion µ- and y-
parameters caused by energy release

6 Chluba

3.1 Simple estimates for the µ and y-parameters

To compute estimates for the µ and y-parameters, several approx-
imations have been discussed in the literature. Given the energy
release history, d(Q/⇢�)/ dz, they can all be compactly written as
(e.g., Chluba 2013b; Chluba & Jeong 2014)

y =
1
4
�⇢�
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������
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1
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Z 1

0
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where �⇢�/⇢�
���
y and �⇢�/⇢�

���
µ

denote the e↵ective energy release
in the y- and µ-era, respectively. The individual distortion visibility
functions,Ji(z), determine the di↵erences between various existing
approximations. The simplest approach assumes that the transition
between µ and y occurs sharply at z = zµy ' 5 ⇥ 104 and that no
distortions are created at z & zth, where zth is the thermalization
redshift, which is given by (Burigana et al. 1991; Hu & Silk 1993a)

zth ⇡ 1.98 ⇥ 106
"
(1 � Yp/2)

0.8767

#�2/5"
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0.02225

#�2/5 T0
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�1/5
. (8)

In this case, we have the simple approximation (‘Method A’)

Jy(z) =

8>><
>>:

1 for zrec  z  zµy
0 otherwise

(9a)

Jµ(z) =

8>><
>>:

1 for zµy  z  zth

0 otherwise.
(9b)

For the estimates of y from early energy release, we will not include
any contributions from after recombination, z . 103 = zrec. These
contributions will be attributed to the reionization y-parameter.

The next improvement is achieved by taking into account that
the thermalization e�ciency does not abruptly vanish at z ' zth, but
that even at z > zth a small µ-distortion is produced (Sunyaev &
Zeldovich 1970b; Danese & de Zotti 1982; Burigana et al. 1991;
Hu & Silk 1993a). With this we have (‘Method B’)

Jy(z) =

8>><
>>:

1 for zrec  z  zµy
0 otherwise

(10a)

Jµ(z) =

8>><
>>:
Jbb(z) for zµy  z
0 otherwise.

(10b)

where Jbb(z) ⇡ e�(z/zth)5/2 is the distortion visibility function.4

The next simple approximations also include the fact that the
transition between µ and y distortions is not abrupt at z ' zµy. The
distortion around this redshift is mostly given by a superposition of
µ and y, with a smaller correction in form of the residual (r-type)
distortion, which can be modeled numerically. By simply determin-
ing the best-fit approximation to the distortion Green’s function us-
ing only µ and y one can write (Chluba 2013b)

Jy(z) ⇡
8>>><
>>>:

✓
1 +
h

1+z
6⇥104

i2.58
◆�1

for zrec  z

0 otherwise
(11a)

Jµ(z) ⇡ Jbb(z)
2
666641 � exp

0
BBBB@�
"

1 + z
5.8 ⇥ 104

#1.881CCCCA
3
77775 . (11b)

4 Refined approximation for the distortion visibility function have been dis-
cussed (Khatri & Sunyaev 2012b; Chluba 2014), but once higher accuracy
is required it is easier to directly use the Green’s function method, such that
we do not go into more details here.
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Figure 2. Principal component decomposition for PIXIE-like setting
({⌫min, ⌫max,�⌫} = {30, 1000, 15}GHz). – Upper panel: first two residual
distortion eigenmodes, S (k), in comparison with the spectral shapes of tem-
perature shift, µ and y-distortions. We scaled the templates by convenient
factors to make them comparable in amplitude. – Lower panel: associated
energy release eigenmodes, E(k), and visibilities, Ji, of temperature shift, µ
and y-distortions. The figures were adapted from Chluba & Jeong (2014).

We shall refer to this as ‘Method C’ and only represents the exact
proportions of µ and y to ' 10%�20% precision. To ensure full en-
ergy conservation (no leakage of energy to the r-distortion), instead
one can use Jµ(z) ⇡ [1 �Jy(z)]Jbb(z) (‘Method D’).

All the above expressions give slightly di↵erent results for the
expected distortion µ and y-parameters. Below we will compare
them with the more accurate distortion principal component de-
composition (Chluba & Jeong 2014), which optimizes the repre-
sentation when simultaneously estimating µ, y and � = �T/T0. At
the same time, these approximations allow one to quickly estimate
the expected distortion signals and their dependence on di↵erent
parameters, which can be useful for order of magnitude work. We
will see that a simple interpretation of the distortion in terms of µ
and y derived in this way di↵ers slightly from what future measure-
ments will recover (Sect. 3.3). Specifically, due to the uncertainty
in the value of the CMB monopole, the projections of the distortion
signals onto µ are underestimated by ' 20% � 30% (Table 1).

c� 0000 RAS, MNRAS 000, 000–000

• Generalization of classical approximations:

• Differences in the approximations are due to visibility functions 

Energy release history

• An overview can be found in ArXiv:1603.02496

• One commonly used approximation (e.g., see Hu&Silk, 1993):
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any contributions from after recombination, z . 103 = zrec. These
contributions will be attributed to the reionization y-parameter.
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the thermalization e�ciency does not abruptly vanish at z ' zth, but
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where Jbb(z) ⇡ e�(z/zth)5/2 is the distortion visibility function.4
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transition between µ and y distortions is not abrupt at z ' zµy. The
distortion around this redshift is mostly given by a superposition of
µ and y, with a smaller correction in form of the residual (r-type)
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is required it is easier to directly use the Green’s function method, such that
we do not go into more details here.
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Figure 2. Principal component decomposition for PIXIE-like setting
({⌫min, ⌫max,�⌫} = {30, 1000, 15}GHz). – Upper panel: first two residual
distortion eigenmodes, S (k), in comparison with the spectral shapes of tem-
perature shift, µ and y-distortions. We scaled the templates by convenient
factors to make them comparable in amplitude. – Lower panel: associated
energy release eigenmodes, E(k), and visibilities, Ji, of temperature shift, µ
and y-distortions. The figures were adapted from Chluba & Jeong (2014).

We shall refer to this as ‘Method C’ and only represents the exact
proportions of µ and y to ' 10%�20% precision. To ensure full en-
ergy conservation (no leakage of energy to the r-distortion), instead
one can use Jµ(z) ⇡ [1 �Jy(z)]Jbb(z) (‘Method D’).

All the above expressions give slightly di↵erent results for the
expected distortion µ and y-parameters. Below we will compare
them with the more accurate distortion principal component de-
composition (Chluba & Jeong 2014), which optimizes the repre-
sentation when simultaneously estimating µ, y and � = �T/T0. At
the same time, these approximations allow one to quickly estimate
the expected distortion signals and their dependence on di↵erent
parameters, which can be useful for order of magnitude work. We
will see that a simple interpretation of the distortion in terms of µ
and y derived in this way di↵ers slightly from what future measure-
ments will recover (Sect. 3.3). Specifically, due to the uncertainty
in the value of the CMB monopole, the projections of the distortion
signals onto µ are underestimated by ' 20% � 30% (Table 1).

c� 0000 RAS, MNRAS 000, 000–000

• step-function transition between 
µ and y around 
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3.1 Simple estimates for the µ and y-parameters

To compute estimates for the µ and y-parameters, several approx-
imations have been discussed in the literature. Given the energy
release history, d(Q/⇢�)/ dz, they can all be compactly written as
(e.g., Chluba 2013b; Chluba & Jeong 2014)

y =
1
4
�⇢�
⇢�

������
y
=

1
4

Z 1

0
Jy(z0)

d(Q/⇢�)
dz0

dz0 (7a)

µ = 1.401
�⇢�
⇢�

������
µ

= 1.401
Z 1

0
Jµ(z0)

d(Q/⇢�)
dz0

dz0 (7b)

where �⇢�/⇢�
���
y and �⇢�/⇢�

���
µ

denote the e↵ective energy release
in the y- and µ-era, respectively. The individual distortion visibility
functions,Ji(z), determine the di↵erences between various existing
approximations. The simplest approach assumes that the transition
between µ and y occurs sharply at z = zµy ' 5 ⇥ 104 and that no
distortions are created at z & zth, where zth is the thermalization
redshift, which is given by (Burigana et al. 1991; Hu & Silk 1993a)

zth ⇡ 1.98 ⇥ 106
"
(1 � Yp/2)

0.8767

#�2/5"
⌦bh2

0.02225

#�2/5 T0

2.726 K

�1/5
. (8)

In this case, we have the simple approximation (‘Method A’)

Jy(z) =

8>><
>>:

1 for zrec  z  zµy
0 otherwise

(9a)

Jµ(z) =

8>><
>>:

1 for zµy  z  zth

0 otherwise.
(9b)

For the estimates of y from early energy release, we will not include
any contributions from after recombination, z . 103 = zrec. These
contributions will be attributed to the reionization y-parameter.

The next improvement is achieved by taking into account that
the thermalization e�ciency does not abruptly vanish at z ' zth, but
that even at z > zth a small µ-distortion is produced (Sunyaev &
Zeldovich 1970b; Danese & de Zotti 1982; Burigana et al. 1991;
Hu & Silk 1993a). With this we have (‘Method B’)
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where Jbb(z) ⇡ e�(z/zth)5/2 is the distortion visibility function.4

The next simple approximations also include the fact that the
transition between µ and y distortions is not abrupt at z ' zµy. The
distortion around this redshift is mostly given by a superposition of
µ and y, with a smaller correction in form of the residual (r-type)
distortion, which can be modeled numerically. By simply determin-
ing the best-fit approximation to the distortion Green’s function us-
ing only µ and y one can write (Chluba 2013b)
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4 Refined approximation for the distortion visibility function have been dis-
cussed (Khatri & Sunyaev 2012b; Chluba 2014), but once higher accuracy
is required it is easier to directly use the Green’s function method, such that
we do not go into more details here.
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Figure 2. Principal component decomposition for PIXIE-like setting
({⌫min, ⌫max,�⌫} = {30, 1000, 15}GHz). – Upper panel: first two residual
distortion eigenmodes, S (k), in comparison with the spectral shapes of tem-
perature shift, µ and y-distortions. We scaled the templates by convenient
factors to make them comparable in amplitude. – Lower panel: associated
energy release eigenmodes, E(k), and visibilities, Ji, of temperature shift, µ
and y-distortions. The figures were adapted from Chluba & Jeong (2014).

We shall refer to this as ‘Method C’ and only represents the exact
proportions of µ and y to ' 10%�20% precision. To ensure full en-
ergy conservation (no leakage of energy to the r-distortion), instead
one can use Jµ(z) ⇡ [1 �Jy(z)]Jbb(z) (‘Method D’).

All the above expressions give slightly di↵erent results for the
expected distortion µ and y-parameters. Below we will compare
them with the more accurate distortion principal component de-
composition (Chluba & Jeong 2014), which optimizes the repre-
sentation when simultaneously estimating µ, y and � = �T/T0. At
the same time, these approximations allow one to quickly estimate
the expected distortion signals and their dependence on di↵erent
parameters, which can be useful for order of magnitude work. We
will see that a simple interpretation of the distortion in terms of µ
and y derived in this way di↵ers slightly from what future measure-
ments will recover (Sect. 3.3). Specifically, due to the uncertainty
in the value of the CMB monopole, the projections of the distortion
signals onto µ are underestimated by ' 20% � 30% (Table 1).
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3.1 Simple estimates for the µ and y-parameters

To compute estimates for the µ and y-parameters, several approx-
imations have been discussed in the literature. Given the energy
release history, d(Q/⇢�)/ dz, they can all be compactly written as
(e.g., Chluba 2013b; Chluba & Jeong 2014)
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where �⇢�/⇢�
���
y and �⇢�/⇢�

���
µ

denote the e↵ective energy release
in the y- and µ-era, respectively. The individual distortion visibility
functions,Ji(z), determine the di↵erences between various existing
approximations. The simplest approach assumes that the transition
between µ and y occurs sharply at z = zµy ' 5 ⇥ 104 and that no
distortions are created at z & zth, where zth is the thermalization
redshift, which is given by (Burigana et al. 1991; Hu & Silk 1993a)
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In this case, we have the simple approximation (‘Method A’)

Jy(z) =

8>><
>>:

1 for zrec  z  zµy
0 otherwise

(9a)

Jµ(z) =

8>><
>>:

1 for zµy  z  zth

0 otherwise.
(9b)

For the estimates of y from early energy release, we will not include
any contributions from after recombination, z . 103 = zrec. These
contributions will be attributed to the reionization y-parameter.

The next improvement is achieved by taking into account that
the thermalization e�ciency does not abruptly vanish at z ' zth, but
that even at z > zth a small µ-distortion is produced (Sunyaev &
Zeldovich 1970b; Danese & de Zotti 1982; Burigana et al. 1991;
Hu & Silk 1993a). With this we have (‘Method B’)

Jy(z) =

8>><
>>:

1 for zrec  z  zµy
0 otherwise

(10a)

Jµ(z) =

8>><
>>:
Jbb(z) for zµy  z
0 otherwise.

(10b)

where Jbb(z) ⇡ e�(z/zth)5/2 is the distortion visibility function.4

The next simple approximations also include the fact that the
transition between µ and y distortions is not abrupt at z ' zµy. The
distortion around this redshift is mostly given by a superposition of
µ and y, with a smaller correction in form of the residual (r-type)
distortion, which can be modeled numerically. By simply determin-
ing the best-fit approximation to the distortion Green’s function us-
ing only µ and y one can write (Chluba 2013b)

Jy(z) ⇡
8>>><
>>>:

✓
1 +
h

1+z
6⇥104

i2.58
◆�1

for zrec  z

0 otherwise
(11a)
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0
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"
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#1.881CCCCA
3
77775 . (11b)

4 Refined approximation for the distortion visibility function have been dis-
cussed (Khatri & Sunyaev 2012b; Chluba 2014), but once higher accuracy
is required it is easier to directly use the Green’s function method, such that
we do not go into more details here.
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Figure 2. Principal component decomposition for PIXIE-like setting
({⌫min, ⌫max,�⌫} = {30, 1000, 15}GHz). – Upper panel: first two residual
distortion eigenmodes, S (k), in comparison with the spectral shapes of tem-
perature shift, µ and y-distortions. We scaled the templates by convenient
factors to make them comparable in amplitude. – Lower panel: associated
energy release eigenmodes, E(k), and visibilities, Ji, of temperature shift, µ
and y-distortions. The figures were adapted from Chluba & Jeong (2014).

We shall refer to this as ‘Method C’ and only represents the exact
proportions of µ and y to ' 10%�20% precision. To ensure full en-
ergy conservation (no leakage of energy to the r-distortion), instead
one can use Jµ(z) ⇡ [1 �Jy(z)]Jbb(z) (‘Method D’).

All the above expressions give slightly di↵erent results for the
expected distortion µ and y-parameters. Below we will compare
them with the more accurate distortion principal component de-
composition (Chluba & Jeong 2014), which optimizes the repre-
sentation when simultaneously estimating µ, y and � = �T/T0. At
the same time, these approximations allow one to quickly estimate
the expected distortion signals and their dependence on di↵erent
parameters, which can be useful for order of magnitude work. We
will see that a simple interpretation of the distortion in terms of µ
and y derived in this way di↵ers slightly from what future measure-
ments will recover (Sect. 3.3). Specifically, due to the uncertainty
in the value of the CMB monopole, the projections of the distortion
signals onto µ are underestimated by ' 20% � 30% (Table 1).
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imations have been discussed in the literature. Given the energy
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functions,Ji(z), determine the di↵erences between various existing
approximations. The simplest approach assumes that the transition
between µ and y occurs sharply at z = zµy ' 5 ⇥ 104 and that no
distortions are created at z & zth, where zth is the thermalization
redshift, which is given by (Burigana et al. 1991; Hu & Silk 1993a)
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For the estimates of y from early energy release, we will not include
any contributions from after recombination, z . 103 = zrec. These
contributions will be attributed to the reionization y-parameter.

The next improvement is achieved by taking into account that
the thermalization e�ciency does not abruptly vanish at z ' zth, but
that even at z > zth a small µ-distortion is produced (Sunyaev &
Zeldovich 1970b; Danese & de Zotti 1982; Burigana et al. 1991;
Hu & Silk 1993a). With this we have (‘Method B’)
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0 otherwise
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where Jbb(z) ⇡ e�(z/zth)5/2 is the distortion visibility function.4

The next simple approximations also include the fact that the
transition between µ and y distortions is not abrupt at z ' zµy. The
distortion around this redshift is mostly given by a superposition of
µ and y, with a smaller correction in form of the residual (r-type)
distortion, which can be modeled numerically. By simply determin-
ing the best-fit approximation to the distortion Green’s function us-
ing only µ and y one can write (Chluba 2013b)
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4 Refined approximation for the distortion visibility function have been dis-
cussed (Khatri & Sunyaev 2012b; Chluba 2014), but once higher accuracy
is required it is easier to directly use the Green’s function method, such that
we do not go into more details here.
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Figure 2. Principal component decomposition for PIXIE-like setting
({⌫min, ⌫max,�⌫} = {30, 1000, 15}GHz). – Upper panel: first two residual
distortion eigenmodes, S (k), in comparison with the spectral shapes of tem-
perature shift, µ and y-distortions. We scaled the templates by convenient
factors to make them comparable in amplitude. – Lower panel: associated
energy release eigenmodes, E(k), and visibilities, Ji, of temperature shift, µ
and y-distortions. The figures were adapted from Chluba & Jeong (2014).

We shall refer to this as ‘Method C’ and only represents the exact
proportions of µ and y to ' 10%�20% precision. To ensure full en-
ergy conservation (no leakage of energy to the r-distortion), instead
one can use Jµ(z) ⇡ [1 �Jy(z)]Jbb(z) (‘Method D’).

All the above expressions give slightly di↵erent results for the
expected distortion µ and y-parameters. Below we will compare
them with the more accurate distortion principal component de-
composition (Chluba & Jeong 2014), which optimizes the repre-
sentation when simultaneously estimating µ, y and � = �T/T0. At
the same time, these approximations allow one to quickly estimate
the expected distortion signals and their dependence on di↵erent
parameters, which can be useful for order of magnitude work. We
will see that a simple interpretation of the distortion in terms of µ
and y derived in this way di↵ers slightly from what future measure-
ments will recover (Sect. 3.3). Specifically, due to the uncertainty
in the value of the CMB monopole, the projections of the distortion
signals onto µ are underestimated by ' 20% � 30% (Table 1).
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Example: Energy release by decaying relict particle

Computation carried out with CosmoTherm      
(JC & Sunyaev 2012)

• initial condition: full 
equilibrium 

• total energy release:       
    Δρ/ρ~1.3x10-6

• most of energy 
release around:

    zX~2x106

• positive µ-distortion 

• high frequency 
distortion frozen 
around z≃5x105

• late (z<103) free-free 
absorption at very 
low frequencies 
(Te<Tγ) 

redshift

difference between 
electron and photon 
temperature 

today x=2 x 10-2 means ν~1GHz



Quasi-Exact Treatment of the Thermalization Problem

• But: distortions are small ⇒ thermalization problem becomes linear!

• Case-by-case computation of the distortion (e.g., with CosmoTherm, JC & 
Sunyaev, 2012, ArXiv:1109.6552) still rather time-consuming 

• Simple solution: compute “response function” of the thermalization 
problem ⇒ Green’s function approach (JC, 2013, ArXiv:1304.6120) 

• Final distortion for fixed energy-release history given by

�I⌫ ⇡
Z 1

0
Gth(⌫, z

0)
d(Q/⇢�)

dz0
dz0

• For real forecasts of future prospects a precise & fast method for 
computing the spectral distortion is needed!

Thermalization Green’s function

• Fast and quasi-exact! No additional approximations!

CosmoTherm available at: www.Chluba.de/CosmoTherm

http://cosmos.astro.uiuc.edu/rico
http://cosmos.astro.uiuc.edu/rico
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Distortion Green’s function for energy release
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hybrid distortion probes 
time-dependence of 
energy-release history
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Distortion contains much more 
information than previously thought!

hybrid distortion probes 
time-dependence of 
energy-release history
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Physical mechanisms that lead to spectral distortions

• Cooling by adiabatically expanding ordinary matter                                                                     

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011)

• Heating by decaying or annihilating relic particles                                                       
(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013)

• Evaporation of primordial black holes & superconducting strings                                                                            
(Carr et al.  2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013)

• Dissipation of primordial acoustic modes & magnetic fields                                                                
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaev, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013)

• Cosmological recombination radiation                                                                     
(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009)

•                                                                                  

• Signatures due to first supernovae and their remnants                                        
(Oh, Cooray & Kamionkowski, 2003)

• Shock waves arising due to large-scale structure formation                                    
(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999)

• SZ-effect from clusters; effects of reionization                                                              
(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008)

• more exotic processes                                                                                          
(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)

„high“ redshifts

„low“   redshifts

pr
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Standard sources 
of distortions



Average CMB spectral distortions
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Average CMB spectral distortions
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• Huge ‘foreground’ signal!

• makes it ‘hard’ to use y-distortion 
part of primordial signals!



Average CMB spectral distortions

1 3 6 10 30 60 100 300 600 1000 3000
ν  [GHz]

10-1

100

101

102

103

104
Δ
I  

[ J
y 

sr
-1

]

low redshift y-distortion for y = 2 x 10-6

negative
 branch

PIXIE sensitivity



Average CMB spectral distortions
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Should be considered as an 
“effective” sensitivity that 
includes estimate of the 
foreground removal penalty 
(Kogut et al. 2011)

 →  requires more work... 



Average CMB spectral distortions
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Average CMB spectral distortions
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high significance using 
present day technology!

⇒ relativistic corrections 
measurable! (Hill et al. 2015) 



Average CMB spectral distortions
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Average CMB spectral distortions
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Computed directly 
with CosmoTherm
(with description of JC, Khatri 
& Sunyaev, 2012 for heating)



Average CMB spectral distortions
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Average CMB spectral distortions
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Rubino-Martin et al. 2006, 2008; Sunyaev & JC, 2009

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



New detailed and fast computation!

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

JC & Ali-Haimoud, arXiv:1510.03877

• Like in old days of CMB anisotropies!

• detailed forecasts and feasibility studies

• non-standard physics (variation of α, 
energy injection etc.)

CosmoSpec will be available here:

www.Chluba.de/CosmoSpec
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Conclusions

• CMB spectral distortions will open a new window to 
the early Universe

• new probe of the inflation epoch and particle physics

• complementary and independent source of 
information not just confirmation

• in standard cosmology several processes lead to 
early energy release at a level that                         
will be detectable in the future

• extremely interesting future for                            
CMB-based science!

We should make use of 
all this information!
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