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Figure 5. Limits on the amplitude of the power spectrum at k > 1 Mpc�1 for di↵erent pure perturbations modes and spectral indices. The heavy lines show
constraints for a PIXIE-type experiment with 1� detection limits y = 2⇥10�9 and µ = 10�8. Light lines are present limits from COBE/FIRAS. Mode amplitudes
above the corresponding lines are/will be ruled out by CMB spectral distortion measurements. Assuming one overall power-law perturbation spectrum at small
scales, the limits derived from µ and y are not independent, and their ratio can in principle be used to distinguish AD, NDI and NVI on the one side from
BI and CI, on the other (see the text for discussion). Interpreting the limits independently, y-distortions constrain power at 1 Mpc�1 . k . 50 Mpc�1, while
the limit from µ probes power at 50 Mpc�1 . k . 11000 Mpc�1. Note also that we assumed pivot scale, k0 = 0.002 Mpc�1, to make the spectral distortion
constraint directly comparable with the large-scale CMB constraint; values for k⇤0 , k0 can be obtained by rescaling with (k⇤0/k0)1�n.

the presence of all four isocurvature modes with general correla-
tions (Planck Collaboration et al. 2013c). Even though the curva-
ton model can excite the NDI mode, the overall change in µ and y
over the null (adiabatic) hypothesis is of the order of 10%, and thus
undetectable at the sensitivity level possible with PIXIE. Future ad-
vances may change this dim state of a↵airs. An in-depth discussion
of other correlated models is beyond the scope of this paper.

6 CONCLUSIONS

In the future, spectral distortions of the CMB might provide a pow-
erful new probe of early-universe physics. Here, we studied dis-
tortions produced by the dissipation of small-scale perturbations,
exploring the dependence of the signal on the di↵erent types of
cosmological initial conditions. As one main result, we obtained a
unified formalism for the specific heating rates of the modes, allow-
ing us to describe the e↵ect of pure modes but also mode mixtures
in a quasi-analytic manner (see Sects. 3 and 4). Our expressions can
be used for precise computations of the SD signal using CosmoTh-
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I. The CMB is a nearly perfect blackbody

II. Injected energy can distort the blackbody
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Fig. 7. y-type and µ-type distortions. Difference in intensity from the blackbody spectrum is
shown. The distortions shown correspond approximately to the COBE/FIRAS limits. Both types
of distortions shown have the same energy density and number density of photons. Figure from
Ref. 35.

4.1. y-type distortions from reionization and WHIM

Present observations indicate that the Universe was reionized between redshifts of
6 ! z ! 20,28 when the first stars and galaxies flooded the Universe with ultra-
violet radiation. The ionizing radiation also heated the gas to temperatures well
above the CMB temperature, with the electron temperature in the ionizing regions
Te ∼ 104 K. Late time structure formation shock heated the gas to even higher
temperatures,38 105 ! Te ! 107 K, creating the warm-hot intergalactic medium
(WHIM).39 The optical depth, τ , to the last scattering surface is well constrained
by CMB observations28 to be τ ≈ 0.087± 0.014, assuming ΛCDM cosmology. Thus
if Te ≈ 104 K, we expect y ∼ 10−7. However if a significant fraction of baryons end
up in the WHIM at z ! 3, as expected from recent simulations,39, 40 we expect the
y-distortions from the WHIM to dominate over those from reionization.41 In any
case, these distortions would be easily detected by PIXIE3 and the next genera-
tion CMB experiments like CoRE,4 ACTPol42 and SPTPol43 should also be able to
detect the fluctuations in the y-type distortions from the the WHIM. The rate of
y-type distortion injection with redshift is shown in Fig. 8 for a simple model where
reionization happens between 8 < z < 15 and the density averaged temperature of
free electrons is assumed to be Te = 104 K for z > 3 and Te = 106/(1 + z)3.3 K at

 Probing early times ...
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Figure 1. Power which disappears from the anisotropies appears in the monopole as spectral distortions. CMB
damped and undamped power spectra were calculated using analytic approximations [33–36]. Scale range
probed by the CMB anisotropy experiments such as COBE-DMR, WMAP, Planck, SPT and ACT is marked
by the shaded region on the left side of the plot. Spectral distortions probe much smaller scales up to the
blackbody photosphere boundary at ` ⇠ 108.

spectrum. The energy stored in the perturbations (or the sound waves in the primordial radiation
pressure dominated plasma) on the dissipating scales, however, does not disappear but goes into the
monopole spectrum creating y, µ and i-type distortions, see Fig. 1. This e↵ect was estimated initially
by Sunyaev and Zeldovich [2] and later by Daly [43] and Hu, Scott and Silk [44]. Recently, the
energy dissipated in Silk damping and going into the spectral distortions was calculated precisely in
[45], correcting previous calculations and also giving a clear physical interpretation of the e↵ect in
terms of mixing of blackbodies [45, 46] 2. The calculations in [45] showed that photon di↵usion just
mixes blackbodies and the resulting distortion is a y-type distortion which can comptonize into i-type
or µ-type distortion, depending on the redshift. We can write down the (fractional) dissipated energy
(Q ⌘ �E/E�) going into the spectral distortions as [45, 46]

dQ
dt
= �2

d
dt

Z
k2dk
2⇡2 P�i (k)

2
6666664
1X

`=0

(2` + 1)⇥2
`

3
7777775 ⇡ �2

d
dt

Z
k2dk
2⇡2 P�i (k)

h
⇥2

0 + 3⇥2
1

i
, (2.1)

where ⇥`(k) are the spherical harmonic multipole moments of temperature anisotropies of the
CMB, t is proper time and P�i (k) = 4

0.4R⌫+1.5 P⇣ ⇡ 1.45P⇣ , P⇣ = (A⇣2⇡2/k3)(k/k0)ns�1+ 1
2 dns/d ln k(ln k/k0),

the amplitude of comoving curvature perturbation A⇣ is equivalent to �2
R in Wilkinson Microwave

2See [47] for a slightly di↵erent way of calculating µ-type distortions and also [48].
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III. Sources of spectral distortion (SD)
a. Dark matter decay/annihilation
b. Cosmic reionization
c. Acoustic mode dissipation

 Probing small scales...

IV. There is hope of detecting such SDs

V. Entropy fluctuations and SD (from 
work with J. Chluba, arXiv:1304.4596)

when thermalizing reactions decouple

VI. Phase transitions and SD   
(with KICC fellow Mustafa Amin)

Chemical potential (μ)  
distortions

Compton y distortions

Figure 22. Left panel: The two satellites inside the Ariane-V fairing. The main satellite is on top (the Sun
shields, in stowed position, are not shown). The bottom satellite (displayed in the Ariane-V SYLDA for a
possible launch configuration) provides a set of calibrators for the observatory and the high gain, high data rate
communication system. Right panel: Detail of main satellite, showing a possible layout for the two PRISM
instruments with the locations of the off-axis telescope with a 3.5 x 4.2 m primary, the polarimeter focal plane,
and the spectrometer.

is achieved with the coldest possible mirror temperature. While increased sensitivity is not critical for the de-
tection of dusty galaxies (which is background limited), it is important for the detection of galaxy clusters via
the thermal SZ effect, which is one of the main mission objectives.

10.2.2 Cooling chain
In addition to the cooling of the large telescope of the polarimetric imager to below 10 K, the 50 cm telescope
of the spectrophotometer will be cooled to 2.7 K, and the detectors will operate at sub-Kelvin temperatures.

The cooling chain will rely on a first stage of passive cooling of the payload using a set of deployable
V-grooves, as well as an inner solid cylindrical shield (Fig. 21). The large mirror of the polarimetric imager will
be cooled using a cryogenic chain that will use as a starting point the study of the SPICA 3.2 meter telescope
cooling system, for which a temperature of 5-6K can be achieved. PRISM has a mirror about 30% bigger in
area, but the requirement on the telescope temperature (< 10K) is less stringent (however with an objective
of 4K if possible for optimal sensitivity). The focal planes of both instruments will be cooled to 0.1K using a
cryogenic system adapted from the dilution refrigerator onboard Planck but with continuous helium recycling
for a longer mission duration of 4 years (baseline) or beyond.

10.2.3 Scan strategy
The observing strategy must provide: (1) full sky coverage for both instruments; (2) cross-linked scan paths and
observation of all sky pixels in many orientations for all detectors of the polarimetric imager; (3) fast scanning
of the imager to avoid low-frequency drifts; (4) slow scanning for the spectrophotometer field of view to allow
for few seconds long interferogram scans with negligible depointing; (5) avoiding direct solar radiation on the
payload.
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Figure 4. PIXIE observatory and mission concept. The instrument is maintained at 2.725 K and is
surrounded by shields to block radiation from the Sun or Earth. It observes from a 660 km polar sun-
synchronous terminator orbit. The rapid spin and interferometer stroke e�ciently separate Stokes I,
Q, and U parameters independently within each pixel to provide a nearly diagonal covariance matrix.

Interleaving observations with and without the calibrator allows straightforward transfer of
the absolute calibration scale to linear polarization, while providing a valuable cross-check of
the polarization solutions obtained in each mode.

The PIXIE design di↵ers radically from kilo-pixel focal plane arrays, but shares a num-
ber of similarities with the Far Infrared Absolute Spectrophotometer (FIRAS) instrument
on NASA’s Cosmic Background Explorer (COBE) mission [15–17]. Both instruments use a
polarizing Michelson interferometer with free-standing wire grid polarizers to measure the
frequency spectrum over several decades. PIXIE unfolds the optics so that each photon
interacts with each grid and mirror once instead of twice, thus requiring four grids to FI-
RAS’ two. The larger PIXIE etendu (4 cm2 sr compared to 1.5 cm2 sr for FIRAS) and
lower bolometer NEP (0.7⇥ 10�16 W Hz�1/2 compared to 2⇥ 10�15 W Hz�1/2 for FIRAS)
provide a factor of 76 in improved sensitivity. FIRAS compared a single sky beam to an
internal blackbody calibrator, and occasionally inserted an external calibrator for absolute
calibration. The PIXIE optical path is fully symmetric, with two sky beams incident on the
FTS. The PIXIE external calibrator can be moved to block either beam or stowed so that
both beams view the sky. Dichroic splitters divided the FIRAS output into a high-frequency
and low-frequency band, using a total of four identical detectors (left high, left low, right
highn and right low). PIXIE divides each ouput by polarization, also utilizing four identical
detectors (left x̂, left ŷ, right x̂, and right ŷ). Each PIXIE detector measures the di↵erence
between orthogonal linear polarizations from opposite sides of the instrument.

The frequency multiplex advantage inherent in the FTS spectrometer also means that
each synthesized frequency bin contains noise defined not by the background intensity evalu-
ated at that frequency, but by the integrated background intensity incident on the detector.
For a ground-based experiment, the resulting noise from atmospheric emission would be un-
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Diffusion of photons out of wavefronts 
dissipates acoustic waves 
in baryon-photon plasma

Lost energy goes  
to spectral distortions!!
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Figure 5. Limits on the amplitude of the power spectrum at k > 1 Mpc�1 for di↵erent pure perturbations modes and spectral indices. The heavy lines show
constraints for a PIXIE-type experiment with 1� detection limits y = 2⇥10�9 and µ = 10�8. Light lines are present limits from COBE/FIRAS. Mode amplitudes
above the corresponding lines are/will be ruled out by CMB spectral distortion measurements. Assuming one overall power-law perturbation spectrum at small
scales, the limits derived from µ and y are not independent, and their ratio can in principle be used to distinguish AD, NDI and NVI on the one side from
BI and CI, on the other (see the text for discussion). Interpreting the limits independently, y-distortions constrain power at 1 Mpc�1 . k . 50 Mpc�1, while
the limit from µ probes power at 50 Mpc�1 . k . 11000 Mpc�1. Note also that we assumed pivot scale, k0 = 0.002 Mpc�1, to make the spectral distortion
constraint directly comparable with the large-scale CMB constraint; values for k⇤0 , k0 can be obtained by rescaling with (k⇤0/k0)1�n.

the presence of all four isocurvature modes with general correla-
tions (Planck Collaboration et al. 2013c). Even though the curva-
ton model can excite the NDI mode, the overall change in µ and y
over the null (adiabatic) hypothesis is of the order of 10%, and thus
undetectable at the sensitivity level possible with PIXIE. Future ad-
vances may change this dim state of a↵airs. An in-depth discussion
of other correlated models is beyond the scope of this paper.

6 CONCLUSIONS

In the future, spectral distortions of the CMB might provide a pow-
erful new probe of early-universe physics. Here, we studied dis-
tortions produced by the dissipation of small-scale perturbations,
exploring the dependence of the signal on the di↵erent types of
cosmological initial conditions. As one main result, we obtained a
unified formalism for the specific heating rates of the modes, allow-
ing us to describe the e↵ect of pure modes but also mode mixtures
in a quasi-analytic manner (see Sects. 3 and 4). Our expressions can
be used for precise computations of the SD signal using CosmoTh-
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A global phase transition seeds density fluctuations, sourcing gravitational forces and 
exciting acoustic fluctuations and additional spectral distortions 

Entropy fluctuations (CDM, baryon, neutrino) 

1) Extremely blue non-relativistic entropy flucts can be probed with SD 
experiments than CMB anisotropy 
!
2) Mildly blue relativistic (neutrino) entropy fluctuations are better probed 
with SD experiments than CMB anisotropy 


