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Spectral distortions of the CMB and what we 
can learn about inflation?



Main goals of this contribution

• By measuring the CMB spectrum one can constrain the primordial 
power spectrum of curvature perturbations at very small scales, 
corresponding to wavenumbers 1 Mpc-1 < k < 104 Mpc-1

• Any inflation model or whatever is invoked to create the initial seeds 
of structures has to satisfy these constraints

JC, Rishi Khatri & Rashid Sunyaev, ArXiv:1202.0057 
JC, Adrienne Erickcek & Ido Ben-Dayan, ArXiv:1203.2681

• The physics behind these constraints are well understood / simple 
and the limits can be computed for any given power spectrum



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!



Why should one expect some spectral distortion?

Full thermodynamic equilibrium (certainly valid at very high redshift)

• CMB has a blackbody spectrum at every time (not affected by expansion)
• Photon number density and energy density determined by temperature Tγ

• Tγ  ~ 2.725 (1+z) K

•  Nγ ~ 410 cm-3 (1+z)3 ~ 2×109 Nb

• ργ  ~ 5.1×10-7 mec² cm-3 (1+z)4 ~ ρb x (1+z) / 900
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(combined action of Compton scattering, double Compton and Bremsstrahlung in the expanding Universe)
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Which mechanisms could lead to release of energy and what 
determines how the residual spectral distortion looks today?
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Physical mechanisms that lead to release of energy
• 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 very small effect  ( Δρ/ρ ~ 10-10-10-9 )

• electron-positron annihilation (z~ 108-109)

• too early to leave some important traces (completely thermalized)

• Heating by decaying or annihilating relic particles
• How is energy transferred to the medium?
• lifetimes, decay channels, (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 energy release

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

• 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) 

„high“ redshifts

„low“   redshifts



Zeldovich & Sunyaev, 1969, Ap&SS, 4, pp. 301 
Sunyaev & Zeldovich, 1980, ARAA, 18, 537

Compton y and chemical potential (µ) distortions

Sunyaev & Zeldovich, 1970, Ap&SS, 7, pp.20-30 
Illarionov & Sunyaev, 1975, Sov.Astr., 18, pp. 413
Danese & de Zotti, 1982, A&A, 107, 39-42 

‘Late’ Energy Release (z ≤ 50000) 
  y-type spectral distortion

‘Early’ Energy Release (z ≥ 50000)
  µ-type spectral distortion

up-scattering 
of photons



Thermalization from y → µ

Burigana, De Zotti & Danese, 1991, ApJ
Burigana, Danese & De Zotti, 1991, A&A

• amount of energy 

↔ amplitude of distortion
↔ position of ‘dip’

• Intermediate case (3x105 ≥ z ≥ 6000)   
⇒ mixture between µ & y

• details at very low frequencies change



PIXIE: Primordial Inflation Explorer

• 400 spectral channel in the frequency 
range 30 GHz and 6THz

• about 1000 times higher 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 ~120-180M$)

Kogut et al, JCAP, 2011, arXiv:1105.2044



Cosmic Microwave Background Anisotropies

Example: WMAP-7 • CMB has blackbody spectrum in every direction

• Variations of the CMB temperature ΔT/T~10-5
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Example: WMAP-7 • CMB has blackbody spectrum in every direction

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

Keisler et al., 2011, ApJ

Damping Tail

nS = 0.9663 ± 0.0112

TestTest



Cosmic Microwave Background Anisotropies

Example: WMAP-7 • CMB has blackbody spectrum in every direction

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

Hu & White, 1997, ApJ

diffusion damping 
is equivalent to 
energy release!



Dissipation of acoustic modes: ‘classical treatment’

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

• energy stored in plane sound waves 

Landau & Lifshitz, ‘Fluid Mechanics’  ⇒  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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‣ detailed treatment with Boltzmann equation shows 
that the total energy release is 9/4 ~ 2.25 times larger!

‣ also only 1/3 of the released energy goes into 
distortions while 2/3 only adiabatically raise the 
average CMB temperature

• This simple estimate for the total energy release does 
not fully capture the physics of the problem:
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Dissipation of acoustic modes: ‘microscopic treatment’

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



Dissipation of acoustic modes: ‘microscopic treatment’

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



Dissipation of acoustic modes: ‘microscopic treatment’

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
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ΔT/T0 = 0.4

 Blackbody T2=T0+ΔT

 Blackbody T1=T0-ΔT
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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 
appear as temperature shift
⇒ 1/3 as y-distortion!



Effective energy release and spectral distortions

JC, Khatri & Sunyaev, 2012

WMAP7 case

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

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

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

• ‘balanced’ energy release 
scenarios ↔ adiabatic 
cooling effect is canceled 
by acoustic damping 
process → µ ~ 0

standard power 
spectrum with running

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



Constraints on the standard primordial power spectrum

JC, Khatri & Sunyaev, 2012

• For the standard power spectrum PIXIE 
might detect the µ-distortion caused by 
acoustic damping at ~1.5σ level

• For any given power spectrum very precise 
predictions are possible!

• The physics going into the computation are 
well understood

• Most currently favoured models with 
running are closed to balanced injection 
scenarios, for which PIXIE will only give 
upper limits

• y-distortion will be more hard to measure, 
since there are many other astrophysical 
processes that could cause y-distortions at 
low redshift

• PIXIE could independently rule out a scale-
invariant power spectrum at ~2.5σ level



Power spectrum constraints

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

• improving constraint at smaller scales would constrain inflation models

Bringmann , Scott & Akrami, 2011, ArXiv:1110.2484 

CMB et al.
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CMB distortions

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



Primordial power spectra with ‘bend’ at small scales

JC, Erickcek & Ben-Dayan, 2012

• simple formula to compute the 
effective µ and y-parameter

Text • COBE/FIRAS ⇒ spectral index at 
k ~ 1 Mpc-1 cannot change by 
more than Δn~1



Running mass inflation models

JC, Erickcek & Ben-Dayan, 2012

• PIXIE could rule out running 
mass inflation models!



Conclusions

• By measuring the CMB spectrum one can constrain the primordial 
power spectrum of curvature perturbations at very small scales, 
corresponding to wavenumbers 1 Mpc-1 < k < 104 Mpc-1

• Any inflation model or whatever is invoked to create the initial seeds 
of structures has to satisfy these constraints

JC, Rishi Khatri & Rashid Sunyaev, ArXiv:1202.0057 
JC, Adrienne Erickcek & Ido Ben-Dayan, ArXiv:1203.2681

• Constraints can be computed with simple k-space window function

• The physics going into these constraints are well understood

• PIXIE could open a new window to early Universe physics




