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Spectral distortion science and measurement challenges

Plan for the talk : 

1. The monopole spectral distortions 

• Key science goals and what we hope to uncover

2. The foregrounds challenge

• Where we stand right now and where we are heading

3. Anisotropic spectral distortions

• Probing primordial non-Gaussianity with spectral distortions
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First exquisite measurement of the CMB spectrum in the early 90’s

FIRAS

COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Nobel Prize in Physics 2006! Mather et al., 1994, ApJ, 420, 439

Fixsen et al., 1996, ApJ, 473, 576 

Fixsen et al., 2003, ApJ, 594, 67  
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Anisotropy measurements have made huge strides

B-modes, lensing, tSZ, kSZ etc…

LiteBird, AdvAct, SPT-3G, SO, etc…….
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Summary talks by Jo Dunkley & 
Anthony Challinor on Day-1
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+ ACT, SPT, BICEP, SPIDER, CLASS, QUIJOTE, CBASS …
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FIRAS already puts very stringent constraints on SD

FIRAS

? There exist many definitive 
signals  providing unique 

insights into the early 
universe, motivating more 

refined measurements

|μ | ≤ 9 × 10−5

|y | ≤ 1.5 × 10−5

Only very small distortions of CMB spectrum 
are still allowed!

but…

Progress has stalled See talk by Jens Chluba on Day-5
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How do you generate distortions to the Planck spectrum? 
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Credit : Jens Chluba
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SD offer a unique probe of the low as well as high z universe

Photon energy Photon energy Photon energyPhoton energy

D
ist

or
tio

n 
Si

gn
al

Photon energy Photon energy Photon energy Photon energy

Photon energyPhoton energyPhoton energyPhoton energy

y-distortion µ-distortion temperature shifty+µ+residual distortion

Redshift104 2 x 1063 x 10510310

Time 2 months8 years7,000 years380,000 years

H
yd

ro
ge

n
 l

in
es

N
eu

tr
a

l 
H

el
iu

m
 l

in
es

Io
n

iz
ed

 H
el

iu
m

 l
in

es

La
st

 S
ca

tt
er

in
g 

Su
rf

a
ce

time-dependent information

full thermalizationscattering 
efficient

scattering 
inefficient

intermediate 
regime

Recombination signal

Ly
m

an
-α

Ba
lm

er
-α

Pa
sc

he
n-
α

Maximum of 
CMB blackbody

Maximum of 
CMB blackbody

Blackbody era

R
ei

o
n

iz
a

ti
o

n

B
ig

 B
a

n
g 

N
u

cl
eo

sy
n

th
es

is

Voyage 2050 white paper: arXiv:1909.01593
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The y-distortion spectrum and the relativistic corrections to it

Sunyaev & Zeldovich, 1980

Rephaeli, 1995

Birkinshaw, 1999

Carlstrom, Holder & Reese, 2002

Mroczkowski et al, 2019
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What we seek to measure are the monopole 
y and rSZ distortion

Accessible through future 
X-ray and SZ observations 

Accessible using CMB spectral distortions
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FIG. 8: Theoretical predictions and forecasted constraints for the late-time Compton-y and relativistic SZ
spectral distortions due to structure formation and reionization, with y = 2⇥10

�6 and kTe = 1.3 keV as fiducial
values [277]. The light blue ellipse encompasses the approximate range of several current predictions for
these quantities. Each of the labeled squares denotes a specific prediction from the simulations of [278],
where only the sub-grid feedback model is varied. The green rectangle indicates the range of results for
the cosmo-OWLS simulations [279]. The red ellipses show the forecasted constraints on these quantities
for PRISTINE and PIXIE (is hardly visible for PIXIE); more powerful missions in the Voyage 2050 program

would provide even tighter constraints.

state-of-the-art cosmological hydrodynamics simulations [278, 279], including precise predictions
from different feedback implementations. The figure also shows forecasted constraints for PRIS-
TINE and PIXIE, as illustrative spectral distortion missions. It is clear that such measurements will
strongly distinguish between current sub-grid feedback models, yielding significant breakthroughs
in our understanding of galaxy formation. A direct measurement of the average rSZ temperature
would also shed new light on the ’missing baryon problem’ [273] without the need to resolve the
warm-hot-intergalactic medium, a unique opportunity that we should make use of in the future.

The late-time y-distortion has an additional contribution at the level of y ' few ⇥ 10
�8 due to

second-order Doppler terms from the large-scale velocity field [272, 288]. This signal and the
average distortion from the reionized ' 10

4 K gas could be accessed by masking resolved SZ
clusters, or by isolating the latter signal through cross-correlations with galaxy and cluster catalogs.
This procedure also reduces one of the largest primordial distortion foregrounds, the low-redshift
y-distortion itself, and would therefore allow us to tighten the upper limits on early energy release
occurring at z ' 10

3
� 10

4, a unique opportunity for combining CMB spectroscopy and imaging.
Measurements at ⌫ & 500 GHz will furthermore probe the total cosmic ray energy density of the
Universe through the non-thermal relativistic SZ effect [26, 289–291].

2.8. Line Intensity Mapping

The measurement of the integrated Far-IR background [292] was a significant legacy of the
COBE/FIRAS mission. The amplitude of the Far-IR background suggests that half of the starlight
in the Universe is absorbed and reprocessed through thermal dust emission. Similarly to the
other spectral distortions, the extragalactic background light provides a synoptic view of energetic
processes in all galaxies. The COBE/FIRAS measurement of integrated dust emission became
a reference point for two decades of fruitful observations to resolve the sources of this emission
into individual galaxies. The continuum radiation spectrum has no identifiers for the redshift of
its emission, but cross-correlation with a galaxy redshift survey permits some dissection of the
emission into its constituent redshifts [293]. Future spectral surveys will be able to measure not
only the dust continuum but also the integral of diffuse line radiation (namely CO ladder, [CII]

Sky averaged signals :

⟨y⟩ ∼ few × 10−6

⟨kTe⟩ = 1 − 3 keV

• Models highly uncertain
• Tight constraints from spectral distortions
• Census of all the hot gas in the Universe from y parameter

Voyage 2050 white paper: arXiv:1909.01593
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Hu & White, 1997, ApJ

Silk-damping is 
equivalent to 

energy release!

Dissipation of small-scale acoustic modes sources distortions 
in the early universe

Details of how much SDs are produced, naturally depend on the  etc….As, ns, kD
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Testing CDM in unchartered territoryΛ
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Gravitational Wave Constraints with Distortions

  Spectral distortions allow probing: 

• Phase transitions 

• Axion inflation models 

• Cosmic bubble collisions 

Spectral distortions 
bridge the gap!

Andrea Ravenni Thomas KiteKite, Ravenni, Patil & Chluba, 2020, arXiv:2010.00040
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CDM works with the dark matter hypothesisΛ

•   A priori no specific particle in mind 

• But: we do not know what dark matter is and where it really came 

from! 

• Was dark matter thermally produced or as a decay product of some 

heavy particle? 

• is dark matter structureless or does it have internal (excited) states? 

• sterile neutrinos? Axions? PBH? Some other relic (sub-dominant) 

particle? 

• From the theoretical point of view really no shortage of particles to 

play with...

CMB spectral distortions offer a new independent 
way to constrain these kind of models
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Photon injection distortions from particle decays

FIRAS + EDGES • New way to constrain 
particle decays/
excited states of DM

• Application to axions
• Possible link to 

ARCADE excess   
and EDGES?

Bolliet, JC & Battye, 2020, arXiv:2012.07292

See poster by Boris Bolliet
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Updated constraints on high energy release from SD

• Requires solving the non-linear Kompaneets eq.
See poster by Sandeep Acharya

Acharya & Chluba, 2021, arxiv:2112.06699
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The Cosmological Recombination Radiation
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Rubino-Martin et al. 2006, 2008
Sunyaev & Chluba, 2009
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Cosmology with the feature rich CRR spectrum

Hart, Rotti & Chluba, 2020, 
arXiv:2006.04826v1



C

Discovery Space

Si
gn

al
 L

ev
el

Redshift104 2 x 1063 x 10510310

                              Decaying particles / Primordial Black Holes / Axions

Primordial Magnetic Fields

WIMP annihilation

y-distortion y+µ+residual distortion

µ-distortion
ΔT

Photon injection distortions

Non-thermal distortions
ΔNeff

R
ei

on
iz

at
io

n 
an

d 
St

ru
ct

ur
e 

fo
rm

at
io

n

p-wave annihilation

Adiabatic Cooling

FIRAS

Mission 
Concept

PIXIE

Cosmological 
Recombination 

Lines

PRISTINE
Distortions from enhanced small-scale power 

Time 2 months8 years7,000 years380,000 years

Super-
PIXIE

O
bs

er
va

bl
e

Damping of small-scale scalar perturbations in ΛCDM with µ = 2×10-8

Voyage 
2050

SZ Clusters
Relativistic SZ

Intensity Mapping
Line scattering



Spectral distortion science and measurement challenges

Prominent spectral distortion signals

5 parameter model

• Definitive signals that we expect to see in 

• Not shown - residual distortion (in standard cosmology this is small, but could be 
amplified in non standard scenarios - think discovery space!)

ΛCDM

Mean pressure 
of baryons

Mean temperature 
of baryons

A unique probe of energetics of the 
universe, behind the SLS

Detailing the recombination of 
H and He



Spectral distortion science and measurement challenges

Requirements for measuring spectral distortions

• Sensitivity ( ~ 0.1 Jy/sr )

• Many many channels with good 
frequency coverage

• Good cross channel calibration

• Sky coverage

• Resolution ? (there is always a 
sensitivity - resolution bargain)

• Signals are small!

• Many many foregrounds (+ ones 
we have not seen yet !!)

• Variation in signals are small.

• In principle, single pixel 
measurement is enough. But, 
sky coverage and resolution 
might help with mitigating the 
foregrounds challenge + 
provide visual clues!

We seek to measure the monopole signal
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FTS concepts targeting spectral distortion measurements

 beam∼ 1.5∘
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The foregrounds challenge for SD

Require foreground cleaned sensitivity of  nK to measure  and CRR signals

This is the same as the requirements for measuring primordial B-modes @ 
but…

 for SD the dominant signal that we seek to measure is in the monopole and we dont 
have the multipole leverage that we have with measurements of 

+ 
we have to deal with intensity foregrounds as opposed to the “fewer” polarized 

foregrounds for B-modes

≲ 10 μ
r ∼ 10−3

CBB
ℓ
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Some of the foregrounds and their spatial variation
Planck Collaboration: Di↵use component separation: Foreground maps

Ad
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mKRJ @ 545 GHz

Fig. 11. Maximum posterior (top) and posterior rms (bottom) thermal dust intensity maps derived from the joint baseline analysis
of Planck, WMAP, and 408 MHz observations.
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Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 10. Maximum posterior (top) and posterior rms (bottom) spinning dust intensity maps derived from the joint baseline analysis
of Planck, WMAP, and 408 MHz observations. The top panel shows the sum of the two spinning dust components in the base-
line model, evaluated at 30 GHz, whereas the bottom shows the standard deviation of only the primary spinning dust component,
evaluated at 22.8 GHz.
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Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 9. Maximum posterior (top) and posterior rms (bottom) free-free emission measure maps derived from the joint baseline analysis
of Planck, WMAP, and 408 MHz observations.
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Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 8. Maximum posterior (top) and posterior rms (bottom) synchrotron intensity maps derived from the joint baseline analysis of
Planck, WMAP, and 408 MHz observations.
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The foregrounds landscape

• Assuming the fiducial functional forms (  : synchrotron,  : dust, cib) for these foregrounds, in the 
simplest case this is characterized by 11 parameters

• Then there are the unknown unknowns ….but ….we will learn lot about these via upcoming anisotropy 
experiments that will measure the sky with comparable sensitivity.

να νβBν(Td)



Spectral distortion science and measurement challenges

A BASIC model for our sky

16 parameters
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Fisher forecasting procedure

dν = ∑
c

AcSc
ν( ⃗α )+nν

Non-linear optimization problem

Linearize

Fisher analysis

SNR forecasts

M. Abitbol, J. Chluba, J. C. Hill and B. R. Johnson et. al. MNRAS (2017) 471 (1): 1126-1140
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Forecasts for SD measurements

Voyage 2050 white paper: arXiv:1909.01593

|μ | < 9 × 10−5|y | < 15 × 10−6

This is a good first step! But we need a more careful assessment

Assumption : Foreground characterized by the simple SED form on the
 monopole spectrum
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With Fisher we can already forecast cosmology constraints from CRR 
measurements, accounting for the foreground degradation

Hart L., Rotti A. & Chluba J.  MNRAS 497, 4, 2020
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Given the order of magnitude jump in sensitivity we 
cannot assume the simple SED models to accurately 

describe foregrounds!
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Observer assumption

Bν(α, T ) = A
2hν3

c2 ( ν
ν0 )

α
1

ehν
kT − 1

Each cloud emits a modified 
black body spectrum.

[T1, α1]
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Reality in nature

Sν = ∫
dI
ds

ds ≠ Bν(α′ , T′ )

[T1, α1] [T2, α2] [T3, α3]

Bν(α, T ) =
2hν3

c2 ( ν
ν0 )

α
1

ehν
kT − 1

Each cloud emits a modified 
black body spectrum.
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Sν(α0, T0, A, pα, pT, pαα, pαT, pTT, ⋯) ≃ ABν(α0, T0)

Describing SED resulting from sum of modified black bodies: 
Sν = ∫

dI
ds

ds = ∫ Bν(α, T )P(α, T )dαdT

Sν = ∑
m,n

∂m
α ∂n

TBν(α0, T0)∫ (α − α0)m(T − T0)nP(α, T )dαdT

What are moments?

Building on top of the simple parametrization:

+ pα∂αBν(α0, T0) + pT∂TBν(α0, T0)

+ pαα∂2
αB(α0, T0) + pαT∂α∂TB(α0, T0) + pTT∂2

TB(α0, T0) + ⋯

Moments of the distribution function

J. Chluba, J. C. Hill & M. H. Abitbol, MNRAS, Vol. 472, Iss. 1,  1195-1213
A. Rotti & J. Chluba arXiv:2006.02458
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Moments work really well

Two component MBB: [9.75 K, 1.63] + [15.7,2.82]
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How many moments to model foregrounds to 
desired accuracy for the Planck sky?

• SED evaluated from sky sims. generated using Python Sky Model (fsky=0.66)

• These moments are generated from spatial averaging.

• One expects similar order of magnitude moments arising from line of sight averaging

SKY AVERAGED - SINGLE PIXEL
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Do we need to fit all the spectral degrees of freedom 
- a single pixel experiment would mandate that!  

Could we circumvent this by exploiting the fact that 
foregrounds are spatially varying — ILC motivated 
semi-blind methods ? 
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Moment ILC - A semi-blind component separation 
approach

⃗m̂ = [VT𝒞−1
νν′ 

V ]−1[VT𝒞−1
νν′ 

dν′ ]V = [SCMB
ν , StSZ

ν , Sμ
ν , ⋯]

If V spans all spectral degrees of freedom, then this is equivalent to 
parametric fitting.

+ frg. moments

Goal : Minimize bias at the least noise cost

Remazeilles M., Delabrouille J., & Cardoso J. F. arXiv:1006.5599 (2010)
A. Rotti & J. Chluba arXiv:2006.02458 (2020)

Remazeilles M., Rotti A., & Chluba J : arXiv:2006.08628 (2020)
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Simulations
30 GHz

3000 GHz

• 4 different sensitivities 

• 30 channels from 30-3000 
GHz 

• 30 arc minute Gaussian beam

• Only dust frg. D2 model from PySM

•  distortion amplitude ~100 smaller than 
FIRAS

μ
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Solutions from moment ILC

Foreground m
om

ent m
aps

Noise RMS : 50 Jy/px A. Rotti & J. Chluba arXiv:2006.02458 (2020)
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Moment ILC can successfully recover the SD monopole signals

A. Rotti & J. Chluba arXiv:2006.02458 (2020)
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Next target : Get realistic forecasts for SD monopole 
measurements using PySM simulated skies

Work in progress
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Anisotropic spectral distortions
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Primordial NG can generate anisotropic distortions

kμ > > kT

μΔT

Adapted from slides by Andrea Ravenni

Pajer E. & Zaldarriaga M., 2012, arXiv:1201.5375
Ganc J. & Komatsu E., 2012, arXiv:1204.4241v2
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The predicted signal ∝ fNL

•  signal is an order of magnitude smaller, it gains from having to deal with fewer 
foregrounds

• Also less susceptible to biases sourced by SZ and CIB

μE

Shiraishi M. et. al. 2015, arXiv:1507.05615
Ravenni A., et. al., 2017, arXiv:1707:04759
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How to make unbiased measurements of μ

• Deprojection CMB when reconstructing  is critical for both  and  measurements.

• tSZ deprojection important for  measurement.
μ μT μE

μT

Simple simulations : CMB + tSZ. +  + Planck Noiseμ

Remazeilles M. & Chluba J. 2018  arXiv:1802.10101
Rotti A., Ravenni A. & Chluba J, in prep.
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Previous work has attempted the  measurementμT

• LFI not used

• No CMB deprojection Khatri & Sunyaev, 2015, arXiv:1507.05615
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The analysis is sensitive to very subtle details

• At multipole of interest , RIMO and effective Gaussian beams differ by < 
1%, but this is important.

• Same is true for the pixel window correction.

ℓ ≲ 500

Rotti A., Ravenni A. & Chluba J, in prep.
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If these subtle details are not accounted for…

…one would claim a detection of primordial non-Gaussianity

Not using the accurate beam model, can be thought of introducing a multipole dependent 
miscalibration causing a T to  leakage (low multipole measurements well explained by 0.5% leakage). μ

Rotti A., Ravenni A. & Chluba J, in prep.
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The  &  measurements from Planck dataμT μE

Note the importance of CMB deprojection

Rotti A., Ravenni A. & Chluba J, in prep.
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Very consistent  &  measurements when using 
Planck SMICA maps
μT μE

Rotti A., Ravenni A. & Chluba J, in prep.
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Interpretation of these  constraintsfNL

  &  measurements only constrain the highly squeezed configuration in μT μE

Planck Collaboration 2019

C
ourtesy : Andrea R

avenni
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These  constraints assume is known!fNL < μ >

Translating  
measurements to 

limits on , 
necessarily assumes 
a huge extrapolation 

of  into 
untested territory.

μT & μE

fNL

ΛCDM

μT & μE ∝ fNL < μ >

To make these  model independent, we need to complement these 
measurements with  those of —> that needs a spectrometer

fNL
< μ >
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Outlook

• Spectral distortions are a direct probe into epochs not directly accessible via any 
other measurement. Measurements will test CDM in new ways

• These measurements allow you to probe the universe at very high wave numbers 
( ), though relying on fully linear physics

• CDM extrapolated predictions are tiny and driving current instrument design, but SD 
measurements will open up a huge discovery space. 

• Foregrounds will be challenging, but we will have fewer unknown unknowns in the 
near future owing to measurements by anisotropy experiments.

• SD foreground cleaning methods will benefit a lot from those developed for anisotropy 
analyses and vice versa (e.g. moments).

• Finally anisotropic spectral distortions will be probed by anisotropy experiments, but a 
model independent interpretation of these will necessarily need spectrometer 
measurements.

Λ

k ∼ 104 Mpc−1

Λ


