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Primordial power spectrum

Bringmann, Scott & Akrami 2011

• is rather unconstrained on small scales (k≳1~3 Mpc-1)!	



• Where else can we look at to put other constraints?  



CMB temperature anisotropies

Planck collaboration, 2013
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Planck collaboration, 2013

exponential suppression: 
damping tail



Why call it a damping tail?
Hu & White 1997

Silk damping  



Silk damping: diffusion of photon
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Silk damping: diffusion of photon

mean free path:  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Temperature fluctuations inside of the 
diffusion scales are smoothed out!

temperature anisotropies  
at ~0.0001’’ scale



So, it damps the acoustic waves
Hu & White 1997

Q: Where does the acoustic 
energy go? 

A: To mean energy spectrum



Smoothed intensity spectrum
is NOT a black body (Zeldovich, Illarionov & Sunyaev 1972)

1.4T 0.6T

black body (0.6T)
black body (1.4T)
sum of two black bodies
black body with T



Energy and Number density
• Smoothing the black bodies with temperature 	



• superposed energy density 	



• superposed number density	



• Need to produce (It is well known that 3/4x6 - 3 = 3/2.)  

 
 
in order to maintain the black body form:  
 
 

T = T̄ (1 +⇥)

⇢ /
⌦
(1 +⇥)4

↵
= ⇢(T̄ )(1 + 6

⌦
⇥2

↵
)

n /
⌦
(1 +⇥)3

↵
= n(T̄ )(1 + 3

⌦
⇥2

↵
)

�n

n
=

3

4

�⇢

⇢

�n

n
=

3

2

⌦
⇥2

↵



Thermalization at z≳2x106

• Photon (entropy) production due to double-Compton 
scattering and  Bremsstrahlung + photon transport is efficient 	



• Thermalization follows immediately after the diffusion process	



• Net entropy production is proportional to the amplitude of 
primordial power spectrum (kD~1/λD):  
 
 
 
 
 

N�(z) ' N⇤
� (z) exp


�3

2

C2

Z z

0
�

2
R(kD)

d ln kD
d ln z

d ln z

�

number density extrapolated 	


from 411cm-3 today

2x106



Spectral distortion at z≲2x106

• Two extreme cases with excess energy (compared to number)	



• At higher redshifts (z≳3x105): µ-distortion	



• Interaction is fast enough to relax the intensity spectrum to 
the Bose-Einstein form with ‘effective‘ chemical potential	



• At lower redshifts (z≲104): y-distortion	



• inefficient energy exchange leads to  
the Compton y-type distortion  
(a.k.a. thermal SZ effect)  
 

(Te >> Tγ)

thermal SZ effect

Sunyaev & Zeldovich 1980



How does the distortion look?
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=T + µ + y + residual (µ1, µ2, µ3,…)

Chluba & Sunyaev 2012, Chluba 2013



kD with the Standard Model
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y µ Thermalization:  
Diffusion is dominated by shear viscosity 



Constraint from BBN
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 elevated baryon asymmetry	


=> 	

 modified avg. energy/particle 
(because of the neutrino spectral distortion!)
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Corrections to BBN come from modes  
that dissipate after BBN (present during BBN) 

slide courtesy: Josef Pradler



Theory Seminar - Josef Pradler -

Constraint from Baryon Asymmetry
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Extrapolation for SM

If quarks are thermalized,  
principal bound:

Weak bound, but  

1.  applies on very small scales	


2.  dilution factor is substantial
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CDM freeze-out (WIMP miracle)
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• Effect from revised 
temperature-redshift 
relation	



• FO density is 
determined by ‘revised’ 
CMB temperature	



• Shaded region:  
Ωcdm = 0.2594±0.0074  
(Planck 2-σ)



CMB is very very black-body!

Samtleben+, 2007
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• T0=2.527±0.001K 
from COBE/FIRAS  
(Mather+ 1994,Fixen
+1996,Fixen+2003)	



• |y| ≤ 1.5x10-5	



• |µ| ≤ 9x10-5



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

slide courtesy: Jens Chluba



Dissipation scenario: 1σ-detection limits for PIXIE

JC & Jeong, 2013
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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

4x10
-7

10
-6

5x10
-6

10
-5

µ / A

10
-2

10
-1

10
0

ρ
1

n
run

 < 0

n
run

 = 0

n
run

 > 0

n
S
 = 1

n
S
 = 0.7

n
run  = -0.2

n
run  = 0.2

Sensitivity
to n

run
 low

Sensitivity
to n

run
 high

n
S
 = 1.3

Rescaling A
ζ

0 0.1 0.2 0.3 0.4

ρ
1

-5

-4

-3

-2

-1

0

1

2

ρ
2

x
 1

0
0

n
run

 < 0

n
run

 = 0

n
run

 > 0
n

S
 = 1

n
S
 = 0.7

n
run  = -0.2

n
run  = 0.2

Sensitivity
to n

run
 low

Sensitivity
to n

run
 high

n
S
 = 1.3

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-

c� 0000 RAS, MNRAS 000, 000–000

Notice different 
pivot scale

slide courtesy: Jens Chluba



A⇣ = 5⇥ 10�8

Distinguishing dissipation and decaying particle scenarios

JC & Jeong, 2013

• measurement of µ, 
µ1 & µ2  

• trajectories of 
decaying particle and 
dissipation  scenarios 
differ! 

• scenarios can in 
principle be 
distinguished 

~ µ1 / µ

~ 
µ 2

 / 
µ

slide courtesy: Jens Chluba
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• measurement of µ, 
µ1 & µ2  

• trajectories of 
decaying particle and 
dissipation  scenarios 
differ! 

• scenarios can in 
principle be 
distinguished 

A⇣ = 5⇥ 10�8
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Conclusion
• Dissipation of small-scale acoustic modes provides yet another 

way of constraining primordial power spectrum!	



• Here, we provide a new limit only using the standard model of 
particle physics and cosmology. But, extension beyond the standard 
model is also trivial.	



• The thermal history in the early Universe has to be modified with 
dissipation. Watch out! Too much small-scale power will spoil your 
thermal history.	



• Future CMB spectral distortion measurement (e.g. PIXIE, COrE+)  
will put a tighter constraint on 10<k<104 Mpc-1.


