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Lecture II: Science with CMB Spectral Distortions

Les Houches, August 2nd, 2013

CMB Spectral Distortions as New Probe of            
Early-Universe Physics
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Intermediate distortions 
probe time-dependence of 
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high-z SZ effect

Intensity signal for different heating redshifts

Response function: 
energy injection ⇒ distortion

What does the spectrum look like after energy injection?

JC & Sunyaev, 2011, ArXiv:1109.6552
JC, 2013, ArXiv:1304.6120
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Main Goals for this Lecture

• Convince you that future CMB distortions science 
will be extremely exciting!

• Provide an overview for different sources of early-
energy release

• Show why the CMB spectrum is a complementary 
probe of inflation physics and particle physics



Physical mechanisms that lead to spectral distortions

• Cooling by adiabatically expanding ordinary matter: Tγ ~ (1+z) ↔ Tm ~ (1+z)²                                                                     

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

• continuous cooling of photons until redshift z ~ 150 via Compton scattering
• due to huge heat capacity of photon field distortion very small  ( Δρ/ρ ~ 10-10-10-9 )

• Heating by decaying or annihilating relic particles
• How is energy transferred to the medium?
• lifetimes, decay channels, neutrino fraction, (at low redshifts: environments), ... 

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

• rather fast, quasi-instantaneous but also extended energy release

• Dissipation of primordial acoustic modes & magnetic fields                                                                
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; Jedamzik et al. 2000)

• Cosmological recombination
•                                                                                  

• 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 (Heating of medium by X-Rays, Cosmic Rays, etc) 
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„low“   redshifts
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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



Instruments:
• L-class ESA mission
• White paper, May 24th, 2013
• Imager:

- polarization sensitive
- 3.5m telescope [arcmin resolution 
at highest frequencies]

- 30GHz-6THz [30 broad (Δν/ν~25%) 
and 300 narrow (Δν/ν~2.5%) bands] 

• Spectrometer:
- FTS similar to PIXIE
- 30GHz-6THz (Δν~15 & 0.5 GHz) 

Sign up at:
http://www.prism-mission.org/

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 

1

Some of the science goals:
• B-mode polarization from 

inflation (r ≈ 5x10-4)
• count all SZ clusters >1014 Msun

• CIB/large scale structure
• Galactic science
• CMB spectral distortions

http://www.prism-mission.org
http://www.prism-mission.org
http://www.prism-mission.org
http://www.prism-mission.org


Adiabatically cooling ordinary matter



Spectral distortion caused by the cooling of ordinary matter
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End of HI recombination

• adiabatic expansion 
⇒  Tγ ~ (1+z) ↔ Tm ~ (1+z)²

• photons continuously cooled / 
down-scattered since day one 
of the Universe!      

• Compton heating balances 
adiabatic cooling

⇒ 

• at high redshift same scaling 
as annihilation (           )

⇒ cancellation possible
/ N2

X

da4⇢�

a4dt
' �Hk↵hT� / (1 + z)6

Electrons & baryons always 
slightly cooler than photons

JC, 2005; JC & Sunyaev, 2012
Khatri, Sunyaev & JC, 2012



• adiabatic expansion 
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• adiabatic expansion 
⇒  Tγ ~ (1+z) ↔ Tm ~ (1+z)²

• photons continuously cooled / 
down-scattered since day one 
of the Universe!      

• Compton heating balances 
adiabatic cooling

⇒ 

• at high redshift same scaling 
as annihilation (           )

⇒ cancellation possible
/ N2

X

today x=2x10-2 means ν~1GHz
• negative µ and y distortion      

• late free-free absorption at 
very low frequencies

• Distortion a few times below 
PIXIE’s sensitivity

µ ' 1.4
�⇢�

⇢�

����
µ

⇡ �3⇥ 10�9 y ' 1
4

�⇢�

⇢�

����
y

⇡ �6⇥ 10�10

da4⇢�

a4dt
' �Hk↵hT� / (1 + z)6

JC, 2005; JC & Sunyaev, 2012
Khatri, Sunyaev & JC, 2012

Spectral distortion caused by the cooling of ordinary matter



Reionization and structure formation
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Simple estimates for the distortion

• Gas temperature T ≃ 104 K

• Thomson optical depth  ! ≃ 0.1

• second order Doppler effect y ≃ few x 10-8

• structure formation / SZ effect (e.g., Refregier et al., 2003)   y ≃ few x 10-7-10-6



Average CMB spectral distortions
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Average CMB spectral distortions
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Signal detectable with very 
high significance using 
present day technology!



Fluctuations of the y-parameter at large scales

Example: 
Simulation of reionization process 
(1Gpc/h) by Alvarez & Abel

• spatial variations of the 
optical depth and 
temperature cause 
small-spatial variations 
of the y-parameter at 
different angular scales

• could tell us about the 
reionization sources 
and structure formation 
process

• additional independent 
piece of information! 



Decaying particles



• Yield variable ⇒ 
parametrizes the total 
energy release relative to 
total entropy density of 
the Universe

• Evis hides physics of 
energy deposition      
(decay channels, neutrino 
fraction, etc.)

• current CMB limit rather 
weak....

YX ' NX/S

Constraints from measurements of light elements

from Kawasaki et al, 2005

(FIRAS)

“Yield” variable



• Energy release rate

• For computations:                                        and

• Efficiency factor       contains all the physics describing the cascade 
of decay products

• At high redshift deposited energy goes into heat

• Around recombination and after things become more complicated
     (Slatyer et al. 2009; Cirelli et al. 2009; Huts et al. 2009; Slatyer et al. 2013)

⇒ branching ratios into heat, ionizations, and atomic excitation

d(Q/⇢�)

dz
⇡ f⇤MXc

2

H(z)(1 + z)

NX(z)

⇢�(z)
�Xe

��Xt

"X =
fX
zX

f⇤

fX = f⇤MXc
2NX/NH

Energy release by decaying particles



Average CMB spectral distortions
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Average CMB spectral distortions
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Spectral distortions provide 
probe of particle physics!

Signature of Particles with 
different lifetimes can be 
distinguished!

Example:
lifetime tX ~ 114 yrs

�⇢

⇢
' few ⇥ 10�7



Text

10
3

10
4

10
5

10
6

redshift z

10
-8

10
-7

10
-6
ef

fe
ct

iv
e 

h
ea

ti
n

g
 r

at
e 

(1
+

z)
 d

(Q
/ρ

) 
/ 

d
z

z
X

 = 2x10
4

z
X

 = 8x10
4

z
X

 = 3x10
5

µ - distortiony - distortion µ−y transition

f
X

 / z
X

 = 1 eV

Decaying particle scenarios

JC & Sunyaev, 2011, Arxiv:1109.6552
JC, 2013, Arxiv:1304.6120



Text

1 10 100 1000
ν [GHz]

-300

-200

-100

0

100

200

300

400
∆

I ν
 [

 1
0

-2
6
 W

 m
-2

 s
-1

 H
z

-1
 s

r-1
 ]

y-distortion with y = 2x10
-7

z
X

 = 2x10
4

z
X

 = 8x10
4

z
X

 = 3x10
5

Decaying particle scenarios

JC & Sunyaev, 2011, Arxiv:1109.6552
JC, 2013, Arxiv:1304.6120

Shape of the distortions depends 
on the particle lifetime!
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Decaying particle scenarios (information in residual)

Distortion constraints 7
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Figure 5. Lifetime e↵ect for di↵erent decaying particle scenarios. The up-
per panel shows the energy release rate for all cases, while the central panel
illustrates the distortion in comparison with a y-distortion of y = 2 ⇥ 10�7.
The lower panel shows the residual distortion after subtracting the best-fit
µ- and y-superposition.

a pure µ-distortion is insensitive to when it was created and thus
does not allow di↵erentiating between scenarios with di↵erent par-
ticle lifetimes at z & few ⇥ 105. Still, a tight upper limit on the
total amount of energy that is release can be placed, constrain-
ing the possible abundance of decaying particles with lifetimes
tX ' 6 ⇥ 106 sec � 3 ⇥ 108 sec.

These statements, however, depend strongly on the sensitiv-
ity of the experiment and on how large the average distortion is.
As explained above, the information about the particle lifetime is
largely encoded in the deviations from a pure superposition of µ and
y-distortion, however, the residual is a correction and thus higher
sensitivity or a larger distortion are needed to make use of that in-
formation. Assuming fX/zX = 1 eV and zX = 2 ⇥ 104, a PIXIE-
type experiment is unable to constrain the lifetime of the particle.
The degeneracy is already broken at twice the sensitivity of PIXIE,
yielding ' 29% error on fX/zX and ' 17% error on zX. This fur-
ther improves to ' 14% error on fX/zX and ' 9% error on zX for
four times the sensitivity of PIXIE. This energy release scenario
corresponds to �⇢�/⇢� ' 6.4 ⇥ 10�7, so that the distortion is com-
parable in amplitude to the y-signal from late times. Assuming that
less energy is liberated by the decaying particle increases the er-
rors (and hence the degeneracy), and conversely, for larger decay
energy the errors diminish. Overall, a PIXIE-type experiment will
provide a pretty good probe for long-lived particles with lifetimes
tX ' 5.8 ⇥ 108 sec � 1.4 ⇥ 1010 sec and fX/zX & 1 eV.

5 DISSIPATION OF SMALL-SCALE ACOUSTIC MODES

The prospect of accurate measurements of the CMB spectrum with
a PIXIE-type experiment spurred renewed interests in how primor-
dial perturbations at small-scales dissipate their energy (Chluba
& Sunyaev 2012; Khatri et al. 2012a; Pajer & Zaldarriaga 2012;
Chluba et al. 2012b; Dent et al. 2012; Ganc & Komatsu 2012;
Chluba et al. 2012a; Powell 2012; Khatri & Sunyaev 2013; Chluba
& Grin 2013). It was shown, that this e↵ect can be used to place
tight limits on the amplitude and shape of the power spectrum at
scales far smaller than what is probed with measurements of the
CMB anisotropies, in principle allowing to discover the distortion
signatures from several classes of early universe models (e.g., see
Chluba et al. 2012a).

Taking a conservative perspective, one can assume that the
power spectrum of curvature perturbations is fully determined by
CMB anisotropy measurements at large scales, implying an ampli-
tude A⇣ ' 2.2 ⇥ 10�9, spectral index nS ' 0.96, and its running
nrun ' �0.02, at pivot scale k0 = 0.05 Mpc�1 (Planck Collaboration
et al. 2013b). This is a significant extrapolation from wavenumbers
k < 1 Mpc�1 all the way to k ' few⇥104 Mpc�1, and it was already
argued that for a PIXIE-type experiment the signal remains just
short of the 1�-detection limit (Chluba & Sunyaev 2012; Chluba
et al. 2012b). Improving the sensitivity a few times will allow a de-
tection of this signal, however, given that the errors on A⇣ , nS, and
nrun from CMB data are now . 1%, to use spectral distortion as
a competitive probe, factors of ' 20 � 50 improvement are neces-
sary3. The strongest dependence of the distortion signal is due to
nrun (see Fig. 6 for illustration), since small changes a↵ect the am-
plitude of the small-scale power spectrum and hence the associated
spectral distortion by a large amount (Khatri et al. 2012a; Chluba

3 See Powell (2012) and Khatri & Sunyaev (2013) for some more in depth
discussion of this challenge.

c� 0000 RAS, MNRAS 000, 000–000

JC & Sunyaev, 2011, Arxiv:1109.6552
JC, 2013, Arxiv:1304.6120

Best-fit µ + y-distortion 
was removed



Text

Decaying particle scenarios (information in residual)

Distortion constraints 7

10
3

10
4

10
5

10
6

redshift z

10
-8

10
-7

10
-6

ef
fe

ct
iv

e 
h

ea
ti

n
g

 r
at

e 
(1

+
z)

 d
(Q

/ρ
) 

/ 
d

z

z
X

 = 2x10
4

z
X

 = 8x10
4

z
X

 = 3x10
5

µ - distortiony - distortion µ−y transition

f
X

 / z
X

 = 1 eV

1 10 100 1000
ν [GHz]

-300

-200

-100

0

100

200

300

400

∆
I ν

 [
 1

0
-2

6
 W

 m
-2

 s
-1

 H
z

-1
 s

r-1
 ]

y-distortion with y = 2x10
-7

z
X

 = 2x10
4

z
X

 = 8x10
4

z
X

 = 3x10
5

1 10 100 1000
ν [GHz]

-60

-40

-20

0

20

∆
I ν

 [
 1

0
-2

6
 W

 m
-2

 s
-1

 H
z

-1
 s

r-1
 ]

z
X

 = 2x10
4

z
X

 = 8x10
4

z
X

 = 3x10
5

Figure 5. Lifetime e↵ect for di↵erent decaying particle scenarios. The up-
per panel shows the energy release rate for all cases, while the central panel
illustrates the distortion in comparison with a y-distortion of y = 2 ⇥ 10�7.
The lower panel shows the residual distortion after subtracting the best-fit
µ- and y-superposition.

a pure µ-distortion is insensitive to when it was created and thus
does not allow di↵erentiating between scenarios with di↵erent par-
ticle lifetimes at z & few ⇥ 105. Still, a tight upper limit on the
total amount of energy that is release can be placed, constrain-
ing the possible abundance of decaying particles with lifetimes
tX ' 6 ⇥ 106 sec � 3 ⇥ 108 sec.

These statements, however, depend strongly on the sensitiv-
ity of the experiment and on how large the average distortion is.
As explained above, the information about the particle lifetime is
largely encoded in the deviations from a pure superposition of µ and
y-distortion, however, the residual is a correction and thus higher
sensitivity or a larger distortion are needed to make use of that in-
formation. Assuming fX/zX = 1 eV and zX = 2 ⇥ 104, a PIXIE-
type experiment is unable to constrain the lifetime of the particle.
The degeneracy is already broken at twice the sensitivity of PIXIE,
yielding ' 29% error on fX/zX and ' 17% error on zX. This fur-
ther improves to ' 14% error on fX/zX and ' 9% error on zX for
four times the sensitivity of PIXIE. This energy release scenario
corresponds to �⇢�/⇢� ' 6.4 ⇥ 10�7, so that the distortion is com-
parable in amplitude to the y-signal from late times. Assuming that
less energy is liberated by the decaying particle increases the er-
rors (and hence the degeneracy), and conversely, for larger decay
energy the errors diminish. Overall, a PIXIE-type experiment will
provide a pretty good probe for long-lived particles with lifetimes
tX ' 5.8 ⇥ 108 sec � 1.4 ⇥ 1010 sec and fX/zX & 1 eV.

5 DISSIPATION OF SMALL-SCALE ACOUSTIC MODES

The prospect of accurate measurements of the CMB spectrum with
a PIXIE-type experiment spurred renewed interests in how primor-
dial perturbations at small-scales dissipate their energy (Chluba
& Sunyaev 2012; Khatri et al. 2012a; Pajer & Zaldarriaga 2012;
Chluba et al. 2012b; Dent et al. 2012; Ganc & Komatsu 2012;
Chluba et al. 2012a; Powell 2012; Khatri & Sunyaev 2013; Chluba
& Grin 2013). It was shown, that this e↵ect can be used to place
tight limits on the amplitude and shape of the power spectrum at
scales far smaller than what is probed with measurements of the
CMB anisotropies, in principle allowing to discover the distortion
signatures from several classes of early universe models (e.g., see
Chluba et al. 2012a).

Taking a conservative perspective, one can assume that the
power spectrum of curvature perturbations is fully determined by
CMB anisotropy measurements at large scales, implying an ampli-
tude A⇣ ' 2.2 ⇥ 10�9, spectral index nS ' 0.96, and its running
nrun ' �0.02, at pivot scale k0 = 0.05 Mpc�1 (Planck Collaboration
et al. 2013b). This is a significant extrapolation from wavenumbers
k < 1 Mpc�1 all the way to k ' few⇥104 Mpc�1, and it was already
argued that for a PIXIE-type experiment the signal remains just
short of the 1�-detection limit (Chluba & Sunyaev 2012; Chluba
et al. 2012b). Improving the sensitivity a few times will allow a de-
tection of this signal, however, given that the errors on A⇣ , nS, and
nrun from CMB data are now . 1%, to use spectral distortion as
a competitive probe, factors of ' 20 � 50 improvement are neces-
sary3. The strongest dependence of the distortion signal is due to
nrun (see Fig. 6 for illustration), since small changes a↵ect the am-
plitude of the small-scale power spectrum and hence the associated
spectral distortion by a large amount (Khatri et al. 2012a; Chluba

3 See Powell (2012) and Khatri & Sunyaev (2013) for some more in depth
discussion of this challenge.
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Figure 4. Large and small distortion decaying particle scenario. Contours
and lines are as before. For large energy release the distortion can be easily
constrained, however, for small energy release the parameter space becomes
more complicated and higher sensitivity improves matters significantly.

4 DECAYING PARTICLE SCENARIOS

Decaying relic particle with lifetimes ' 380 kyr (corresponding to
the time of recombination) are again tightly constrained by mea-
surement of the CMB anisotropies (Zhang et al. 2007; Giesen et al.
2012), while particles with minute lifetimes can a↵ect the light el-
ement abundances and bounds derived from BBN apply (Kawasaki
et al. 2005; Jedamzik 2008). However, experimental constraints for
particles with lifetimes ' 106�1012 sec are less stringent, still leav-
ing rather large room for extra energy release �⇢�/⇢� . 10�6�10�5

(e.g., Hu & Silk 1993b; Kogut et al. 2011). A PIXIE-type CMB ex-
periment thus has a large potential to discover the signature of some

long-lived relic particle, or at least provide complementary and in-
dependent constraints to these scenarios. If most of the energy is
released at z & 3 ⇥ 105 a pure µ-distortion is created, so that this
case is practically degenerate, e.g., with scenarios that include an
annihilating particle with p-wave annihilation cross section. How-
ever, for energy release around z ' 5 ⇥ 104 the distortion can di↵er
su�ciently to become distinguishable.

In Fig. 4 we show the projected constraints for a large and
small distortion scenario, with energy release �⇢�/⇢� ' 6.4 ⇥ 10�6

and �⇢�/⇢� ' 1.3⇥10�7, respectively. Since the total energy release
scales as �⇢�/⇢� / fX/zX (cf. Chluba & Sunyaev 2012), it is best
to consider the variables fX/zX and zX ' 4.8 ⇥ 109 �1/2

X sec1/2 as
parameters. This reduces the parameter covariance significantly. To
accelerate the computation we furthermore tabulate the distortion
for di↵erent particle lifetimes and interpolate on this grid to obtain
the resulting distortion. With this method ' 105 samples can be
taken in a few minutes on a standard quad-core laptop.

One can see that for the large distortion scenario a ' 1% preci-
sion can be achieved for fX/zX and zX assuming PIXIE sensitivity.
The uncertainty on yre increases to about ' 3%, due to correlations
with the signal induced by the decaying particle. This is simply
because a noticeable fraction of the decay energy goes into produc-
tion of y-distortions at late time, which induces an anti-correlation
of fX/zX and yre, but a correlation of zX and yre (increasing zX

means less energy-release at low redshift close to recombination,
and hence more of the y-distortion is attributed to yre). Considering
the small distortion scenario (with �⇢�/⇢� ' 1.3 ⇥ 10�7 going into
distortions), shows that at PIXIE sensitivity the parameter space
becomes rather large, showing extended regions of low probabil-
ity due to degeneracies and correlations. Improving the sensitivity
four times significantly tightens possible constraints on these sce-
narios, allowing better than 5�-detections of the particle signature.
The constraint on the amount of energy that is released (/ fX/zX)
is less prone to changes in the sensitivity than zX, being a proxy for
the particle’s lifetime. This is because sensitivity to zX is introduced
mainly by the ability to distinguish a superposition of pure µ- and
y-distortion from full distortion (Chluba & Sunyaev 2012; Khatri
& Sunyaev 2012a; Chluba 2013), but the residuals are a correction
and thus harder to utilize.

One can ask the question about how strongly the errors change
when leaving the total energy release constant, but varying the par-
ticle lifetime. For zX . 104 one expects degeneracy with the y-
distortion created at low redshifts, while for lifetimes shorter than
tX ' 3⇥108 sec the signal becomes maximally orthogonal (µ versus
y-distortion). In Fig. 5 we illustrate this dependence of the spectral
distortion on zX. Decreasing zX (i.e., increasing the lifetime) moves
the distortion from µ- to a y-distortion. The residual of the distor-
tion with respect to a superposition of pure µ- and y-distortion is
largest for zX ' 8 ⇥ 104, reaching roughly 30% of the total signal
at 100 GHz. Both closer to zX ' 104 and zX ' 3 ⇥ 105 the residual
becomes smaller, making a distinction harder.

Assuming fX/zX = 1 eV and PIXIE sensitivity we find that
for zX ' 4 ⇥ 104 � 2 ⇥ 105 the errors on fX/zX and zX are typi-
cally better than . 30%. At zX ' 105 we obtain a ' 8% error on
fX/zX and ' 6% error on zX, representing one of the best cases. For
zX . 4 ⇥ 104 the degeneracy with yre already becomes too large,
and the error on zX inflates to & 27%. Similarly, for zX & 2 ⇥ 105

the signal is already too close to a pure µ-distortion, which causes
a large degeneracy between fX/zX and zX (with multi-modal so-
lutions), simply because simultaneously increasing fX/zX and zX

(to compensate for the suppression of the distortion amplitude by
thermalization) gives rise to the same distortion. In other words,
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Figure 12. Expected uncertainties of A⇣ (k0 = 45 Mpc�1), nS, and nrun using
measurements of µ, µ1, and µ2. We assumed 5 times the sensitivity of PIXIE
and A⇣ = 5⇥10�8 as reference value (other cases can be estimated by simple
rescaling). For the upper panel we also varied nrun as indicated, while in the
lower panel it was fixed to nrun = 0. The corresponding error in the particle
lifetime is �tX/tX ' 2�zX/zX.

though the absolute distance between line varies relative to the er-
ror bars they seem rather constant. To show this more explicitly,
from µ, µ1, and µ2 we computed we the expected 1�-errors on
A⇣(k0 = 45 Mpc�1), nS, and nrun around the maximum likelihood
value using the Fisher information matrix, Fi j = �µ�2 @piµ @p jµ +P

k �µ
�2
k @piµk@p jµk, with p ⌘ {A⇣ , nS, nrun}. Figure 12 shows the

corresponding forecasts assuming PIXIE-setting but with 5 times
its sensitivity. If only p ⌘ {A⇣ , nS} are estimate for fixed nrun, the
errors of A⇣ and nS are only a few percent. Also trying to constrain
nrun we see that the errors increase significantly, with an absolute
error on �nrun ' 0.07 rather independent of nS. If we change the
sensitivity by a factor f = �Ic/[10�26 W m�2 Hz�1 sr�1, all curved
can be rescaled by this factor to obtain the new estimate. Similarly,
if A⇣(k0 = 45 Mpc�1) di↵ers by f⇣ = A⇣/5 ⇥ 10�8, we have to
rescale the error estimates by f �1

⇣ . Overall, our analysis shows that
CMB spectral distortion measurement provide an unique probe of
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Figure 13. Detectability of µ, µ1, µ2, and µ3. For a given particle lifetime,
we compute the required value of ✏X = fX/zX for which a 1�-detection of
the corresponding variable is possible with PIXIE. The violet shaded area is
excluded by measurements of the primordial 3He/D abundance ratio (65%
c.l., adapted from Fig. 42 of Kawasaki et al. 2005).

the small-scale power spectrum, which can be utilized to directly
constraint inflationary models.

5.2.3 Decaying relic particles

The distortion signals for the three decaying particle scenarios pre-
sented in Table 1 will all be detectable with a PIXIE-like experi-
ment. More generally, Fig. 13 shows the 1�-detection limits for µ,
µ1, µ2, and µ3, as a function of the particle lifetime. CMB spec-
tral distortions are sensitive to decaying particles with ✏X as low as
' 10�2 eV for particle lifetimes 107 sec . tX . 1010 sec. To directly
constrain tX, at least a measurement of µ1 is needed. At PIXIE sen-
sitivity this means that the lifetime of particles with 2 ⇥ 109 sec .
tX . 6⇥1010 sec for ✏X & 0.1 eV and 3⇥108 sec . tX . 1012 sec for
✏X & 1 eV will be directly measurable. Most of this parameter space
is completely unconstrained [see upper limit from measurements of
the primordial 3He/D abundance ratio2 (from Fig. 42 of Kawasaki
et al. 2005) in Fig. 13]. Higher sensitivity will allow cutting deeper
into the parameter space and widen the range over which the parti-
cle lifetime can be directly constrained.

To illustrate this even further we can again look at the µ �
⇢k-parameter space covered by decaying particles. The projections
into the µ � ⇢1 and ⇢1 � ⇢2-plane are shown in Fig. 14 for ✏X =
1 eV and PIXIE settings. Varying ✏X moves the µ�⇢1 trajectory left
or right, as indicated. Furthermore, all error bars of ⇢k have to be
rescales by f = [✏X/1 eV]�1 under this transformation. Measuring
µ and ⇢1 is in principle su�cient for determination of ✏X and the
particle lifetime, tX = [4.9⇥109/(1+zX)]2 sec, with most sensitivity
around zX ' 5 ⇥ 104 � 105 or tX ' 2.4 ⇥ 109 � 9.6 ⇥ 109 sec for
the shown scenario. For short lifetime, the signal is very close to a

2 In the particle physics community the abundance yield, YX = NX/S ,
and deposited particle energy, Evis [GeV], are commonly used. Here NX
is the particle number density at t ⌧ tX and S = 4

3
⇢

kT ' 7 N� '
2.9 ⇥ 103 (1 + z)3 cm�3 denotes the total entropy density. We thus find
✏X ⌘ (Evis YX) 109S/[NH (1 + zX)] ' 1.5 ⇥ 1019(Evis YX)/(1 + zX).
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rescaling). For the upper panel we also varied nrun as indicated, while in the
lower panel it was fixed to nrun = 0. The corresponding error in the particle
lifetime is �tX/tX ' 2�zX/zX.

though the absolute distance between line varies relative to the er-
ror bars they seem rather constant. To show this more explicitly,
from µ, µ1, and µ2 we computed we the expected 1�-errors on
A⇣(k0 = 45 Mpc�1), nS, and nrun around the maximum likelihood
value using the Fisher information matrix, Fi j = �µ�2 @piµ @p jµ +P

k �µ
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k @piµk@p jµk, with p ⌘ {A⇣ , nS, nrun}. Figure 12 shows the

corresponding forecasts assuming PIXIE-setting but with 5 times
its sensitivity. If only p ⌘ {A⇣ , nS} are estimate for fixed nrun, the
errors of A⇣ and nS are only a few percent. Also trying to constrain
nrun we see that the errors increase significantly, with an absolute
error on �nrun ' 0.07 rather independent of nS. If we change the
sensitivity by a factor f = �Ic/[10�26 W m�2 Hz�1 sr�1, all curved
can be rescaled by this factor to obtain the new estimate. Similarly,
if A⇣(k0 = 45 Mpc�1) di↵ers by f⇣ = A⇣/5 ⇥ 10�8, we have to
rescale the error estimates by f �1

⇣ . Overall, our analysis shows that
CMB spectral distortion measurement provide an unique probe of

48004.8x10
6

2x10
6

5x10
5

10
5

5x10
4

2x10
4

10
4

2x10
5

z
X

10
-2

10
-1

10
0

10
1

f X
 /

 z
X

  
[ 

eV
 ]

µ
µ

1
µ

2
µ

3

10
6

10
7

10
8

10
9

10
10

10
11

10
12

t
X

 [ sec ]

10
-8

10
-7

10
-6

10
-5

∆
ρ

γ
/ 

ρ
γ

3
He / D 

 bound

Figure 13. Detectability of µ, µ1, µ2, and µ3. For a given particle lifetime,
we compute the required value of ✏X = fX/zX for which a 1�-detection of
the corresponding variable is possible with PIXIE. The violet shaded area is
excluded by measurements of the primordial 3He/D abundance ratio (65%
c.l., adapted from Fig. 42 of Kawasaki et al. 2005).

the small-scale power spectrum, which can be utilized to directly
constraint inflationary models.

5.2.3 Decaying relic particles

The distortion signals for the three decaying particle scenarios pre-
sented in Table 1 will all be detectable with a PIXIE-like experi-
ment. More generally, Fig. 13 shows the 1�-detection limits for µ,
µ1, µ2, and µ3, as a function of the particle lifetime. CMB spec-
tral distortions are sensitive to decaying particles with ✏X as low as
' 10�2 eV for particle lifetimes 107 sec . tX . 1010 sec. To directly
constrain tX, at least a measurement of µ1 is needed. At PIXIE sen-
sitivity this means that the lifetime of particles with 2 ⇥ 109 sec .
tX . 6⇥1010 sec for ✏X & 0.1 eV and 3⇥108 sec . tX . 1012 sec for
✏X & 1 eV will be directly measurable. Most of this parameter space
is completely unconstrained [see upper limit from measurements of
the primordial 3He/D abundance ratio2 (from Fig. 42 of Kawasaki
et al. 2005) in Fig. 13]. Higher sensitivity will allow cutting deeper
into the parameter space and widen the range over which the parti-
cle lifetime can be directly constrained.

To illustrate this even further we can again look at the µ �
⇢k-parameter space covered by decaying particles. The projections
into the µ � ⇢1 and ⇢1 � ⇢2-plane are shown in Fig. 14 for ✏X =
1 eV and PIXIE settings. Varying ✏X moves the µ�⇢1 trajectory left
or right, as indicated. Furthermore, all error bars of ⇢k have to be
rescales by f = [✏X/1 eV]�1 under this transformation. Measuring
µ and ⇢1 is in principle su�cient for determination of ✏X and the
particle lifetime, tX = [4.9⇥109/(1+zX)]2 sec, with most sensitivity
around zX ' 5 ⇥ 104 � 105 or tX ' 2.4 ⇥ 109 � 9.6 ⇥ 109 sec for
the shown scenario. For short lifetime, the signal is very close to a

2 In the particle physics community the abundance yield, YX = NX/S ,
and deposited particle energy, Evis [GeV], are commonly used. Here NX
is the particle number density at t ⌧ tX and S = 4

3
⇢

kT ' 7 N� '
2.9 ⇥ 103 (1 + z)3 cm�3 denotes the total entropy density. We thus find
✏X ⌘ (Evis YX) 109S/[NH (1 + zX)] ' 1.5 ⇥ 1019(Evis YX)/(1 + zX).
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Figure 14. Parameter range of µ, µ1, and µ2 for decaying particle scenar-
ios. We assumed PIXIE settings and sensitivity, and ✏X = fX/zX = 1 eV
(i.e. A ⌘ ✏X/1 eV). The blue symbols with error bars are for zX as labeled.
Measurements in the µ � ⇢1 plane can be used constrain zX with the most
sensitive range around zX ' 5 ⇥ 104 � 105. The ⇢1-⇢2 plane can be used to
further improve this measurement, but also for model-comparison.

pure µ-distortion, with little information in the residual (⇢1 and ⇢2

are very small). Similarly, for long lifetimes the particle signature
is close to a y-distortion. In both cases the sensitivity to the lifetime
is very weak and only an overall integral constraint can be derived
(see also discussion in Chluba 2013a).

We can again estimate the expected 1�-errors on ✏X and zX

around the maximum likelihood value using the Fisher informa-
tion matrix, Fi j = �µ�2 @piµ @p jµ +

P
k �µ

�2
k @piµk@p jµk, with p ⌘

{✏X, zX}. In Fig. 15 we show the corresponding Fisher-forecasts as-
suming PIXIE-setting but with 5 times its sensitivity. For 1.7⇥104 .
zX . 3.5⇥105 (2⇥109 sec . tX . 8.3⇥1010 sec) the particle lifetime
can be constrained to better than ' 20% and ✏X can be measured
with uncertainty . 10% . These findings are in good agreement
with those of Chluba (2013a), where direct MCMC simulations
where performed. CMB spectral distortion are thus a powerful tool
for early Universe particle physics, providing constraints that are
independent and complementary to those derived from light ele-

10
4

2x10
4

5x10
4

10
5

2x10
5

5x10
5

z
X

10
-3

10
-2

10
-1

R
el

at
iv

e 
E

rr
o

r 
x

 [
1

eV
 /

 ε
X

 ]

ε
X

 = f
X

 / z
X

z
X

5 times PIXIE sensitivity

Reference ε
X

 = 1 eV
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ing). The corresponding error in the particle lifetime is �tX/tX ' 2�zX/zX.

ment abundances (e.g., Kawasaki et al. 2005; Kohri & Takahashi
2010; Pospelov & Pradler 2010). We emphasize again, the CMB
spectrum can be utilized to directly probe the particle lifetime, a
measurement that cannot be obtained by other means.

5.3 Comparing models using distortion eigenmodes

To illustrate how one can use distortion eigenmodes to compare
di↵erent models, let us start by assuming that the time-dependence
of the energy release is fixed. In that case the shape of eigenspec-
trum does not change and only the overall amplitude is free. If
only µ can be constrained then di↵erent models cannot be distin-
guished unless some other constraint can be invoked. For example,
finding µ ' 10�7 is unlikely to be caused by s-wave annihilation,
which is bound to much smaller annihilation e�ciencies by CMB
anisotropy measurements, unless time-dependent Sommerfeld en-
hancement is at work.

To compare di↵erent models and how well they can be dis-
cerned it is useful to scale all µk by µ to remove the dependence on
the overall amplitude of the distortion. These rescaled parameters,
⇢k = µk/µ, then define the shape of the distortion, and di↵erences
in one of the constrainable parameter allows telling models apart.
For example, the dissipation scenario with nS = 1 and nrun = 0 has
⇢-vector ⇢diss ⇡ (1.74, 0.033, 1.14, 0.073) while the s-wave annihi-
lation scenarios has ⇢ann,s ⇡ (1.71, 0.065, 1.10, 0.11), showing that
these two cases are quasi-degenerate. The small di↵erences stem
from the late-time behavior of Q(z) at z . 104, but very high preci-
sion is indeed needed to discern these. In addition adjusting nS can
aline these two ⇢-vectors nearly perfectly. For the p-wave scenario
we find ⇢ann,p ⇡ (0.25, 0.24, 0.36, 0.44), which definitely is di↵er-
ent from the s-wave and dissipation scenarios. However, adjusting
nS ' 1.67 practically alines ⇢diss with ⇢ann,p. This is expected since
for nrun = 0 one has Qac / (1+ z)3(nS�1)/2 (e.g., Chluba et al. 2012b),
which becomes Qac / (1 + z) for nS ' 5/3.

By transforming to ⇢k we can also answer whether degenera-
cies in parameter space for one model exist. Regions for which
entries of ⇢ do not change much are not as easy to distinguish.
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Figure 14. Parameter range of µ, µ1, and µ2 for decaying particle scenar-
ios. We assumed PIXIE settings and sensitivity, and ✏X = fX/zX = 1 eV
(i.e. A ⌘ ✏X/1 eV). The blue symbols with error bars are for zX as labeled.
Measurements in the µ � ⇢1 plane can be used constrain zX with the most
sensitive range around zX ' 5 ⇥ 104 � 105. The ⇢1-⇢2 plane can be used to
further improve this measurement, but also for model-comparison.

pure µ-distortion, with little information in the residual (⇢1 and ⇢2

are very small). Similarly, for long lifetimes the particle signature
is close to a y-distortion. In both cases the sensitivity to the lifetime
is very weak and only an overall integral constraint can be derived
(see also discussion in Chluba 2013a).

We can again estimate the expected 1�-errors on ✏X and zX

around the maximum likelihood value using the Fisher informa-
tion matrix, Fi j = �µ�2 @piµ @p jµ +

P
k �µ

�2
k @piµk@p jµk, with p ⌘

{✏X, zX}. In Fig. 15 we show the corresponding Fisher-forecasts as-
suming PIXIE-setting but with 5 times its sensitivity. For 1.7⇥104 .
zX . 3.5⇥105 (2⇥109 sec . tX . 8.3⇥1010 sec) the particle lifetime
can be constrained to better than ' 20% and ✏X can be measured
with uncertainty . 10% . These findings are in good agreement
with those of Chluba (2013a), where direct MCMC simulations
where performed. CMB spectral distortion are thus a powerful tool
for early Universe particle physics, providing constraints that are
independent and complementary to those derived from light ele-
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ment abundances (e.g., Kawasaki et al. 2005; Kohri & Takahashi
2010; Pospelov & Pradler 2010). We emphasize again, the CMB
spectrum can be utilized to directly probe the particle lifetime, a
measurement that cannot be obtained by other means.

5.3 Comparing models using distortion eigenmodes

To illustrate how one can use distortion eigenmodes to compare
di↵erent models, let us start by assuming that the time-dependence
of the energy release is fixed. In that case the shape of eigenspec-
trum does not change and only the overall amplitude is free. If
only µ can be constrained then di↵erent models cannot be distin-
guished unless some other constraint can be invoked. For example,
finding µ ' 10�7 is unlikely to be caused by s-wave annihilation,
which is bound to much smaller annihilation e�ciencies by CMB
anisotropy measurements, unless time-dependent Sommerfeld en-
hancement is at work.

To compare di↵erent models and how well they can be dis-
cerned it is useful to scale all µk by µ to remove the dependence on
the overall amplitude of the distortion. These rescaled parameters,
⇢k = µk/µ, then define the shape of the distortion, and di↵erences
in one of the constrainable parameter allows telling models apart.
For example, the dissipation scenario with nS = 1 and nrun = 0 has
⇢-vector ⇢diss ⇡ (1.74, 0.033, 1.14, 0.073) while the s-wave annihi-
lation scenarios has ⇢ann,s ⇡ (1.71, 0.065, 1.10, 0.11), showing that
these two cases are quasi-degenerate. The small di↵erences stem
from the late-time behavior of Q(z) at z . 104, but very high preci-
sion is indeed needed to discern these. In addition adjusting nS can
aline these two ⇢-vectors nearly perfectly. For the p-wave scenario
we find ⇢ann,p ⇡ (0.25, 0.24, 0.36, 0.44), which definitely is di↵er-
ent from the s-wave and dissipation scenarios. However, adjusting
nS ' 1.67 practically alines ⇢diss with ⇢ann,p. This is expected since
for nrun = 0 one has Qac / (1+ z)3(nS�1)/2 (e.g., Chluba et al. 2012b),
which becomes Qac / (1 + z) for nS ' 5/3.

By transforming to ⇢k we can also answer whether degenera-
cies in parameter space for one model exist. Regions for which
entries of ⇢ do not change much are not as easy to distinguish.
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PIXIE and PRISM will be great 
probe for decaying particles 
with lifetime ~ 109 - 1011 sec



Decaying particle during & after recombination

Chen & Kamionkowski, 2004

• Modify recombination history

• this changes Thomson 
visibility function and thus 
the CMB temperature and 
polarization power spectra

• ⇒ CMB anisotropies allow 
probing particles with 
lifetimes ≳ 1012 sec

• CMB spectral distortions 
provide complementary 
probe!



Cancellation of cooling by heating from annihilation

JC & Sunyaev, 2012

• fann ≡ annihilation efficiency       
(Padmanabhan & Finkbeiner, 2005; JC 2010)

• CMB anisotropy constraint

(Galli et al., 2009; Slatyer et al., 2009;            
Huetsi et al., 2009, 2011)

• Limit from Planck satellite 
will be roughly 6 times 
stronger → more precise 
prediction for the distortion 
will be possible

• uncertainty dominated by 
particle physics

• limits from PIXIE/PRISM 
several times weaker, but 
independent

fann . 2⇥ 10�23eVs�1

da4⇢�

a4dt
' fannNH(1 + z)3

fann = 1.1 ⇥ 10�24 100GeV
MXc2


⌦Xh2

0.11

�2 h�vi
3 ⇥ 10�26cm3/s

Cancellation for 
fann ~ 2 x 10-23 eV / s



The dissipation of small-scale acoustic modes



Dissipation of small-scale acoustic modes



Dissipation of small-scale acoustic modes

Keisler et al., 2011, ApJ

Damping Tail

nS = 0.9663 ± 0.0112

TestTest



Hu & White, 1997, ApJ

Silk-damping is 
equivalent to 
energy release!

Dissipation of small-scale acoustic modes



Energy release caused by dissipation process

‘Obvious’ dependencies:
• Amplitude of the small-scale power spectrum

• Shape of the small-scale power spectrum

• Dissipation scale → kD ~ (H0 Ωrel1/2 Ne,0)1/2 (1+z)3/2 at early times

not so ‘obvious’ dependencies:
• primordial non-Gaussianity in the squeezed limit                          

(Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012)

• Type of the perturbations (adiabatic ↔ isocurvature)                               
(Barrow & Coles, 1991; Hu et al., 1994; Dent et al, 2012, JC & Grin, 2012)

• Neutrinos (or any extra relativistic degree of freedom)



Energy release caused by dissipation process

‘Obvious’ dependencies:
• Amplitude of the small-scale power spectrum

• Shape of the small-scale power spectrum

• Dissipation scale → kD ~ (H0 Ωrel1/2 Ne,0)1/2 (1+z)3/2 at early times

not so ‘obvious’ dependencies:
• primordial non-Gaussianity in the squeezed limit                          

(Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012)

• Type of the perturbations (adiabatic ↔ isocurvature)                               
(Barrow & Coles, 1991; Hu et al., 1994; Dent et al, 2012, JC & Grin, 2012)

• Neutrinos (or any extra relativistic degree of freedom)

CMB Spectral distortions provide probe of Inflation physics!!!



Dissipation of acoustic modes: ‘classical treatment’

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ

• energy stored in plane sound waves 

Landau & Lifshitz, ‘Fluid Mechanics‘, § 65 ⇒  Q ~ cs2 ρ (δρ/ρ)2

• expression for normal ideal gas where ρ is ‘mass 
density’ and cs denotes ‘sounds speed’
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Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ

• energy stored in plane sound waves 

Landau & Lifshitz, ‘Fluid Mechanics‘, § 65 ⇒  Q ~ cs2 ρ (δρ/ρ)2

• expression for normal ideal gas where ρ is ‘mass 
density’ and cs denotes ‘sounds speed’

• photon-baryon fluid with baryon loading R << 1

(cs/c)2 = [ 3 (1+R) ]-1 ~ 1/3
ρ → ργ  = aR T4

δρ/ρ → 4(δT0/T) ≡ 4Θ0   only perturbation in the 
monopole accounted for



Dissipation of acoustic modes: ‘classical treatment’

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ

• energy stored in plane sound waves 

Landau & Lifshitz, ‘Fluid Mechanics‘, § 65 ⇒  Q ~ cs2 ρ (δρ/ρ)2

• expression for normal ideal gas where ρ is ‘mass 
density’ and cs denotes ‘sounds speed’

• photon-baryon fluid with baryon loading R << 1

(cs/c)2 = [ 3 (1+R) ]-1 ~ 1/3
ρ → ργ  = aR T4

δρ/ρ → 4(δT0/T) ≡ 4Θ0  
⇒   (a4ργ)-1 da4Qac/dt = -16/3 d<Θ02>/dt 

 ‘minus’ because decrease of Θ 
at small scales means increase 
for average spectrum

 can be calculated using first 
order perturbation theory
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Dissipation of acoustic modes: ‘classical treatment’

Sunyaev & Zeldovich, 1970
Hu, Scott & Silk, 1994, ApJ

• energy stored in plane sound waves 

Landau & Lifshitz, ‘Fluid Mechanics‘, § 65 ⇒  Q ~ cs2 ρ (δρ/ρ)2

• expression for normal ideal gas where ρ is ‘mass 
density’ and cs denotes ‘sounds speed’

• photon-baryon fluid with baryon loading R << 1

(cs/c)2 = [ 3 (1+R) ]-1 ~ 1/3
ρ → ργ  = aR T4

δρ/ρ → 4(δT0/T) ≡ 4Θ0  
⇒   (a4ργ)-1 da4Qac/dt = -16/3 d<Θ02>/dt 

‣ total energy release is 9/4 ~ 2.25 
times larger!

‣ only 1/3 of the released energy 
goes into distortions

• Simple estimate does not capture 
all the physics of the problem:



Dissipation of acoustic modes: ‘microscopic picture’

JC, Khatri & Sunyaev, 2012

• average energy stored in photon field at                  
any given moment

   < ργ > = aR <T4> ≈ aR <T>4 [1+ 4<Θ> + 6<Θ2> ]

• after inflation: photon field has spatially 
varying temperature T

 E.g., our snapshot at z=0== 0
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• after inflation: photon field has spatially 
varying temperature T

 E.g., our snapshot at z=0

⇒   (a4ργ)-1 da4Qac/dt = -6 d<Θ2>/dt 

• Monopole actually drops out of the equation!

• In principle all higher multipoles contribute to the energy release

== 0



Dissipation of acoustic modes: ‘microscopic picture’

JC, Khatri & Sunyaev, 2012

• average energy stored in photon field at                  
any given moment

   < ργ > = aR <T4> ≈ aR <T>4 [1+ 4<Θ> + 6<Θ2> ]

• after inflation: photon field has spatially 
varying temperature T

 E.g., our snapshot at z=0

⇒   (a4ργ)-1 da4Qac/dt = -6 d<Θ2>/dt 

• Monopole actually drops out of the equation!

• In principle all higher multipoles contribute to the energy release

== 0

‣ net (gauge-invariant) dipole and contributions from 
higher multipoles are negligible

• At high redshifts (z ≥ 104):

‣ dominant term caused by quadrupole anisotropy

⇒   (a4ργ)-1 da4Qac/dt ≈ -12 d<Θ02>/dt 

9/4 larger than classical estimate



Where does the 2:1 ratio come from?



Superpositions of blackbody spectra

Zeldovich, Illarionov & Sunyaev, 1972 
JC & Sunyaev 2004

blackbody at te
mperature T0

0



Superpositions of blackbody spectra

Zeldovich, Illarionov & Sunyaev, 1972 
JC & Sunyaev 2004

ΔT/T0 = 0.4

 Blackbody T2=T0+ΔT

 Blackbody T1=T0-ΔT



Superpositions of blackbody spectra

Zeldovich, Illarionov & Sunyaev, 1972 
JC & Sunyaev 2004

 Average spectrum is NOT 
a blackbody at the 
average temperature T0 !

<T> = (T1+T2)/2==T0 
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Superpositions of blackbody spectra

Zeldovich, Illarionov & Sunyaev, 1972 
JC & Sunyaev 2004

 Average spectrum is NOT 
a blackbody at the 
average temperature T0 !

y-distortionstemperature shift

<T> = (T1+T2)/2==T0 t

0

⇒ 2/3 of the stored energy 
appears as temperature shift

⇒ 1/3 as y-distortion!



Distortion caused by superposition of blackbodies

• average spectrum

⇒  

• known with very high precision 

JC & Sunyaev, 2004
JC, Khatri & Sunyaev, 2012
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Distortion caused by superposition of blackbodies

• average spectrum

⇒  

• known with very high precision 

JC & Sunyaev, 2004
JC, Khatri & Sunyaev, 2012

y ' 1
2

*✓
�T

T

◆2
+
⇡ 8⇥ 10�10

�Tsup ' T

*✓
�T

T

◆2
+
⇡ 4.4nK

• CMB dipole ( βc ~ 1.23x10-3)

⇒  

• electrons are up-scattered
• can be taken out at the level 

of ~ 10-9

�Tsup ' T
�2

c

3
⇡ 1.4µK

y ' �2
c

6
⇡ 2.6⇥ 10�7

COBE/DMR: ΔT = 3.353 mK



• Effective heating rate from full 2x2 Boltzmann treatment (JC, Khatri & Sunyaev, 2012)

Effective energy release caused by damping effect

gauge-independent dipole effect of polarization higher multipoles

hXY i =
Z

k2dk

2⇡2
P (k)X(k)Y (k)

Primordial power spectrum

⇥` =
1
2

Z
⇥(µ)P`(µ)dµ

1
a4⇢�

da4Qac
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= 4�TNec
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• Effective heating rate from full 2x2 Boltzmann treatment (JC, Khatri & Sunyaev, 2012)

Effective energy release caused by damping effect

JC, Khatri & Sunyaev, 2012

gauge-independent dipole effect of polarization higher multipoles

hXY i =
Z

k2dk

2⇡2
P (k)X(k)Y (k)

Primordial power spectrum

⇥` =
1
2

Z
⇥(µ)P`(µ)dµ

1
a4⇢�

da4Qac

dt
= 4�TNec
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• quadrupole dominant at high z
• net dipole important only at 

low redshifts
• polarization ~5% effect
• contribution from higher 

multipoles rather small

nS = 0.96

Units: Aς H / σT Ne c

Scale factor a=1/(1+z)



Our computation for the effective energy release

JC, Khatri & Sunyaev, 2012

WMAP7 case

Power spectrum 
with running

scaled such that constant for nS =1

• Amplitude of the distortion 
depends on the small-
scale power spectrum

• Computation carried out 
with CosmoTherm              
(JC & Sunyaev 2011)

• Our 2. order perturbation 
calculation showed that 
the classical picture was 
slightly inconsistent

Primordial power spectrum of curvature 
perturbations is input for the calculation



Which modes dissipate in the µ and y-eras?

JC, Erickcek & Ben-Dayan, 2012

• Modes with wavenumber                  
50 Mpc-1 < k < 104 Mpc-1  
dissipate their energy 
during the µ-era

• Modes with k < 50 Mpc-1 
cause y-distortion

• Single mode with 
wavenumber k 
dissipates its energy at 

    

  zd ~ 4.5x105(k Mpc/103)2/3
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But this is not all that one could look at !!!



Power spectrum constraints

• Amplitude of power spectrum rather uncertain at k > 3 Mpc-1

• improving limits at smaller scales would constrain inflationary models

Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 

CMB et al.

rather model dependent



Power spectrum constraints

• Amplitude of power spectrum rather uncertain at k > 3 Mpc-1

• improving limits at smaller scales would constrain inflationary models

Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 

CMB et al.

rather model dependent

CMB distortions

• CMB spectral distortions could allow extending our lever arm to k ~ 104 Mpc-1

• See JC, Erickcek & Ben-Dayan, 2012 for constraints on more general P(k)
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Probing the small-scale power spectrum
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Distortion constraints 9

(�⇤ ⌘ � � �f )

Fiducial values:

�f = 1.2 ⇥ 10�4

yre = 4 ⇥ 10�7

�A⇣ = 4 ⇥ 10�7

ks = 30 Mpc�1

Figure 7. Large distortion scenario caused by a step in the small-scale
power spectrum. Contours and lines are as before. A PIXIE-like experiment
allows constraining scale and amplitude of a step in the power spectrum at
ks ' 20 Mpc�1 � 50 Mpc�1 with �A⇣ & 4 ⇥ 10�7 to . 6% precision.

some scale kb, introducing a simple bend. This behavior could be
expected from running mass models (e.g., Stewart 1997a,b; Covi
& Lyth 1999), or a small-scale isocurvature mode with blue spec-
tral index that is completely subdominant at large scales (Chluba &
Grin 2013). The shape of the distortion is determined by nb, since it
sets the µ/y-distortion mixture, and how significant deviations from
this simple superposition are. The value of kb just parametrizes the
overall amplitude of the distortion, with spectral distortion mea-
surements being insensitive to scenarios with kb & few⇥104 Mpc�1

(Chluba et al. 2012a). Also, if nb < nS, this scenario will be hard
to constrain, since already the signature from the standard power
spectrum is rather small. For nb > nS, more energy is dissipated
and hence a detection should be possible with a PIXIE-like experi-
ment (see Fig. 6 for illustration).

Estimates for the amplitude of the distortion can be computed
from the model of the small-scale power spectrum, using Eq. (3)
and �⇢�/⇢� '

R
d(Q/⇢�)/ dz e�(z/zµ)5/2 dz. Furthermore, an approxi-

mation of how large the e↵ective µ- and y-parameters are can be
obtained using k-space window function given in Chluba et al.
(2012a) and Chluba & Grin (2013), or the simple approximations
for the Green’s function provided in Chluba (2013). From these
considerations it follows that the larger kb, the steeper does the
small-scale power spectrum have to become for fixed experimental
sensitivity to allow determination of the spectral index and bend
location. Similarly, for fixed value of nb, sensitivity to the location
of the bend is diminished, the larger kb becomes (the distortion be-
comes smaller since less energy is liberated).

For parameter estimations it is better to specify the ampli-
tude of the small-scale power spectrum at some pivot scale in-
stead of using kb. Setting the power spectrum amplitude, Ab, at
k0,b ' 45 Mpc�1 keeps the total energy release roughly constant
when changing nb. To determine Ab(kb), assuming no running of the
background power spectrum, we can use Ab = A⇣k

nS�nb
b k1�nS

0 knb�1
0,b .

To ensure that kb � 1 Mpc�1 (we shall not consider cases with both

step and change of the spectral index here) we have the condition
Ab . 2.0 ⇥ 10�9 45nb�1.

To give some examples, for nb = 1.5 and kb = 3 Mpc�1(Ab '
7.2 ⇥ 10�9) the total energy available for creation of distortions is
�⇢�/⇢� ' 2.5 ⇥ 10�7. The associated signal should be easily de-
tectable with a PIXIE-like experiment, however, due to degenera-
cies the underlying parameters are less constrained. We find that
for 10 times PIXIE’s sensitivity the errors are �nb/nb ' 10% and
�Ab/Ab ' 15% around the most probable solution, however, addi-
tional solutions away from the input parameters were found, show-
ing how challenging it is to constrain this scenario.

Matters do not improve when assuming a larger change of
the spectral index. For instance, for a scenario with nb = 2.0 and
kb = 3 Mpc�1(Ab ' 2.8 ⇥ 10�8) the most probable solution was
nb ' 1.8, Ab ' 6 ⇥ 10�8, yre ' 3.8 ⇥ 10�7, and �⇤ ' 9 ⇥ 10�9 for 10
times the sensitivity of PIXIE, illustrating the degeneracies of the
parameter space, which can only be broken at very much higher
experimental sensitivity. The distortion in this case is already dom-
inated by a pure µ-distortion, which contains too little information
for constraining the 2 model parameters, making this behavior plau-
sible. In addition this case is degenerate with the p-wave annihila-
tion scenario discussed above, indicating that model-independent
constraints are hard to derive.

We also considered some cases with simultaneous step and
change of the spectral index. Scenarios with spectral index n0S ' 1
and large step amplitude are easiest to constrain, giving rise to a
large overall signal and su�cient mixture of µ-, y- and intermedi-
ate distortion. Similarly, models with bumps introduced by some
scenarios with particle production (e.g., Barnaby 2010b) could be
directly constrained using spectral distortion, however, in this case
degeneracies with decaying particles scenarios are expected. Given
the large plausible parameter space we stopped our discussion of
this problem at this stage, and look forward to more detailed in-
vestigations including realistic estimates of foregrounds and other
instrumental e↵ects.

6 ADDITIONAL ASPECTS

In this section we mention a few caveats that might a↵ect the calcu-
lations carried out above at some significant level. In future work,
these issues will have to be dealt with, however, they are beyond
the scope of this paper.

6.1 Cosmology-dependence of the Green’s function

For the parameter estimations we assumed that the background cos-
mology does not a↵ect the problem. This is true as long as e↵ects
(and errors) & 1% are considered. However, for scenarios with
large disparity of the associated signals (large p-wave annihilation
with simultaneous small s-wave annihilation signal), or when dif-
ferences of the signal with respect to a simple superposition of pure
µ- and y-distortion are important (e.g., when attempting to use the
residual to learn something about the lifetime of a decaying parti-
cle), this assumption could lead to an underestimation of the errors,
correlations, and degeneracies. In this situation, the computations
carried out with the Green’s function method have to be extended
to include its cosmology-dependence, and constraints should be de-
rived simultaneously using CMB anisotropy, BAO, supernova, and
large-scale structure data. This in principle can be easily achieved,
however, will be left to future work.

c� 0000 RAS, MNRAS 000, 000–000
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Dissipation scenario: 1σ-detection limits for PIXIE

JC & Jeong, 2013

Distortion PCA 11
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Figure 10. 1�-detection limits for µ, µ1, µ2, and µ3 caused by dissipation
of small-scale acoustic modes for PIXIE-like settings. We used the standard
parametrization for the power spectrum with amplitude, A⇣ , spectral index,
nS, and running nrun around pivot scale k0 = 45 Mpc�1. The heavy lines are
for nrun = 0, while all other lines are for nrun = {�0.1, 0.1} in each group.
For reference we marked the case nrun = 0.1.

tor & 200 over PIXIE will be necessary, making this application of
spectral distortions very futuristic (see also Chluba 2013a).

The exact shape and amplitude of the small-scale power spec-
trum are, however, unknown, and a large range of viable early-
universe models producing enhanced small-scale power exist (see,
Chluba et al. 2012a, for examples). Observationally, the amplitude
of the small-scale power spectrum is limited to A⇣ . 10�7 � 10�6 at
wavenumber 3 Mpc�1 . k . few ⇥ 104 Mpc�1 (the range that is of
most interest for CMB distortions) using ultra-compact minihalos
(Bringmann et al. 2012; Scott et al. 2012). Although not absolutely
model-independent, this leaves lots of room for non-standard dissi-
pation scenarios.

Shifting the pivot scale to k0 = 45 Mpc�1 (corresponding to
heating around zdiss ' 4.5 ⇥ 105[k/103 Mpc�1]2/3 ' 5.7 ⇥ 104) and
using the standard parameterization for the power spectrum, we can
ask, how large A⇣(k0 = 45 Mpc�1) has to be to obtain a 1�-detection
of µ, µ1, µ2, and µ3, respectively. The results of this exercise are
shown in Fig. 10 for PIXIE settings. Around nS ' 1, detections of
µ are possible for A⇣ & 10�9, while A⇣ & 6 ⇥ 10�9 is necessary
to also have a detection of µ1. In this case two of the three model-
parameters can in principle be constrained independently. To also
access information from µ2 and µ3 one furthermore needs A⇣ &
10�7. In this case we could expect to break the degeneracy between
all three parameters.

These statements can be phrased in another way. Assuming
A⇣ ' 10�9, at least a factor of 5 improvement over PIXIE sensitivity
is needed to allow constraining combinations of two power spec-
trum parameters. To measure all p = {A⇣(k0 = 45 Mpc�1), nS, nrun}
independently an overall factor of ' 200 improvement over PIXIE
sensitivity is required, although in this (very conservative) case the
corresponding constraints would still not be competitive with those
reached at large scales using CMB anisotropy measurements.

We can also ask the question of how well the power spec-
trum parameters can be constrained for di↵erent cases. If only µ is
available, then the corresponding constraints on small-scale power
spectrum parameters remain rather weak, but could still be used to
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Figure 11. Parameter range of µ, µ1, and µ2 for dissipation scenarios. We
assumed PIXIE settings with 5 times its sensitivity, and power spectrum
amplitude A⇣ (k0 = 45 Mpc�1) = 5⇥10�8 (i.e. A ⌘ A⇣/5⇥10�8). The heavy
solid black lines are for nrun = 0, while the thin solid brown lines indicate
nS = const. The other light lines are for nrun = {�0.2,�0.1, 0.1, 0.2}. The
open symbols mark nS in steps �nS = 0.1. The blue symbols with error
bars (tiny in the upper panel) are for nS = {0.5, 1, 1.5, 1.8} and nrun = 0 and
illustrate how the error scales in di↵erent regions of the parameter space.
Measurements in the µ � ⇢1 plane can be used to fix the overall amplitude
of the small-scale power spectrum for a given pair nS and nrun, but no in-
dependent constraint on nS and nrun can be deduced. The constraints on ⇢1
and ⇢2 allow to partially break the remaining degeneracy.

limit the parameters space (e.g., Chluba et al. 2012b,a). If µ and µ1

can be accessed, we can limit the overall amplitude of the power
spectrum for given pairs of nS and nrun. This can be seen from the
upper panel of Fig. 11, where we illustrate the possible parameter
space of µ, ⇢1 / µ1/µ and ⇢2 / µ2/µ in some range of nS and
nrun. For the considered sensitivity, the errors on µ and ⇢1 are very
small, but since the overall amplitude, A⇣ , can be adjusted without
a↵ecting ⇢1, the measurement is not independent of nS and nrun.

If in addition µ2 can be constrained the degeneracy can be bro-
ken. As Fig. 11 (lower panel) indicates, the relative dependence
on nrun seems rather similar in all parts of parameter space: al-
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Distinguishing dissipation and decaying particle scenarios

JC & Jeong, 2013
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Modified µ-distortion in the squeezed limit

• Modes that dissipate energy have k1 ≈ k2 >> k3

• Non-Gaussian power spectrum → presence of positive 
long-wavelength mode enhances small-scale power

• More small-scale power → larger µ-distortion

• → Spatially varying µ-distortion caused by non-Gaussianity!             
(Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012)

• Non-vanishing µ-T correlation at large scales

• Might be detectable with PIXIE-type experiment for fNL > 103

Requirements
• precise cross-calibration of 

frequency channels

• higher angular resolution does 
not improve cumulative S/N                                              

Ganc & Komatsu, 2012
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heating
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The cosmological recombination radiation



Simple estimates for hydrogen recombination

Hydrogen recombination:

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

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

 recombination occurs at redshifts z < 104

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

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

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

 In 1975 Viktor Dubrovich emphasized the possibility to 
observe the recombinational lines from n > 3 and Δn << n!



First recombination computations completed in 1968!

Yakov Zeldovich

Vladimir Kurt 
(UV astronomer)

Rashid Sunyaev Jim Peebles

Moscow Princeton



100-shell hydrogen atom and continuum
CMB spectral distortions

free-bound:
 

- only a few features 
distinguishable

- slope ~ 0.6

bound-bound & 2s:
 

- at ν > 1GHz: distinct 
features 

- slope ~ 0.46

Total:
 

- f-b contributes ~ 30% 
and more

- Balmer cont.  ~ 90%
- Balmer: 1γ per HI
- in total 5γ per HI 

JC & Sunyaev, 2006, A&A, 458, L29 (astro-ph/0608120)



100-shell hydrogen atom and continuum
Relative distortions

Wien-region:
 

- L α and 2s distortions 

 are very strong 
- but CIB more dominant

@ CMB maximum:
 

- relative distortions 
extremely small 

- strong ν-dependence

RJ-region:
 

- relative distortion exceeds 
level of ~ 10-7 below ν ~ 
1-2 GHz 

- oscillatory frequency 
dependence with ~ 1-10 
percent-level amplitude: 

- hard to mimic by known
foregrounds or systematics

14 13

JC & Sunyaev, 2006, A&A, 458, L29 (astro-ph/0608120)
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What about the contributions from helium 
recombination?

• Nuclear reactions: Yp~0.24    NHeI / NH ~8 %    
               expected photon number rather small
• BUT: 
  (i)   two epochs of He recombination 

   HeIIIHeII at z~6000 and HeIIHeI at z~2500
  (ii)  Helium recombinations faster 
         more narrow features with larger amplitude
  (iii) non-trivial superposition 
         local amplification possible
  (iv) reprocessing of HeII & HeI photons by HeI and HI 
 

         increases the number of helium-related photons

 May opens a way to directly measure the 
primordial (pre-stellar!!!) helium abundance!



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

Grotrian diagram for neutral helium

 Fine-structure transitions



Helium contributions to the cosmological          
recombination spectrum

 Fine-structure absorption features
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Another way to do CMB-based cosmology!

Direct probe of recombination physics!
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What would we actually learn by doing such hard job?

Cosmological Recombination Spectrum opens a way to measure:
  the specific entropy of our universe (related to Ωbh2)

  the CMB monopole temperature T0

  the pre-stellar abundance of helium Yp

  If recombination occurs as we think it does, then the lines can be predicted   
with very high accuracy! 

  In principle allows us to directly check our understanding of the standard 
recombination physics



• CMB based cosmology 
alone

• Spectrum helps to break 
some of the parameter 
degeneracies

• Planning to provide a 
module that computes the 
recombination spectrum in 
a fast way

• detailed forecasts: which 
lines to measure; how 
important is the absolute 
amplitude; how accurately 
one should measure; best 
frequency resolution; 

computations prepared by Chad Fendt
in 2009 using detailed recombination code
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Factor of ~ 10 needed to 
detect recombination lines
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But this is again not all!



Extra Sources of Ionizations or Excitations

Peebles, Seager & Hu, ApJ, 2000

• ,Hypothetical’ source of extra photons 
parametrized by εα & εi  

• Extra excitations ⇒ delay of Recombination

• Extra ionizations ⇒ affect ‘freeze out’ tail

• From WMAP ⇒ εα < 0.39 & εi < 0.058 at 
95% confidence level (Galli et al. 2008)

• Extra ionizations & excitations should also 
lead to additional photons in the 
recombination radiation!!!

• This in principle should allow us to check for 
such sources at z~1000

• This affects the Thomson visibility function



Dark matter annihilations / decays

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

•  Shifts in the positions



Pre-recombination atomic transitions after possible 
early energy release

• non-blackbody CMB
     (Lyubarsky & Sunyaev, 1983)

     atoms “try” to restore full 
         equilibrium
     atomic cycles develop
        (cont. bound  cont.)
     “splitting” of photons
     cycles mainly end in 
         Lyman-continuum
     Balmer-cont. cycles work       
         just before recombination

• pure blackbody CMB 

  no net emission or absorption of
    photons before recombination epoch!
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CMB spectral distortions after single energy release
25 shell HI and HeII bb&fb spectra: dependence on y

JC & Sunyaev, 2008, astro-ph/0803.3584

Hydrogen Helium +
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CMB spectral distortions after single energy release
25 shell HI and HeII bb&fb spectra: dependence on y

 Large increase in the total amplitude of the distortions with value of y!

 Strong emission-absorption feature in the Wien-part of CMB (absent for y=0!!!)

 HeII contribution to the pre-recombinational emission as strong as the one from 
Hydrogen alone !

JC & Sunyaev, 2008, astro-ph/0803.3584

Hydrogen Helium +



CMB spectral distortions after single energy release
25 shell HI and HeII bb&fb spectra: dependence on z

 Large increase in the total amplitude of the distortions with injection redshift!

 Number of spectral features depends on injection redshift!

 Emission-Absorption feature increases ~2 for energy injection z ⇒11000

JC & Sunyaev, 2008, astro-ph/0803.3584

Hydrogen and Helium +

Value allowed by Cobe/Firas



What would we actually learn by doing such hard job?

Cosmological Recombination Spectrum opens a way to measure:
  the specific entropy of our universe (related to Ωbh2)

  the CMB monopole temperature T0

  the pre-stellar abundance of helium Yp

  If recombination occurs as we think it does, then the lines can be predicted   
with very high accuracy! 

  In principle allows us to directly check our understanding of the standard 
recombination physics

If something unexpected or non-standard happened:
  non-standard thermal histories should leave some measurable traces
  direct way to measure/reconstruct the recombination history!
  possibility to distinguish pre- and post-recombination y-type distortions
  sensitive to energy release during recombination
  variation of fundamental constants
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Summary

• CMB spectral distortions open a new window to the 
early Universe and inflationary epoch

• complementary and independent source of 
information about our Universe not just confirmation

• simplicity of thermalization physics allows making 
very precise predictions for the distortions caused 
by different heating mechanisms

• 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!


