CMB spectral distortion science beyond the Monopole
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Cosmic Microwave Background Anisotropies

Planck all-sky
temperature map

« CMB has a blackbody spectrum in every direction

« tiny variations of the CMB temperature AT/T ~ 10-5
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CMB spectral distortion science is all about the monopole!

Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576
Fixsen, 2003, ApJ, 594, 67
Fixsen, 2009, ApJ, 707, 916
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COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)
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Average ANCDM spectral distortions
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Small-scale power constraints and PBH formation
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A CMB spectrometer could shed light on

primordial black hole formation



History of distortion experiments and proposals
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Voyage 2050

Final recommendations from
the Voyage 2050 Senior Committee

« > 100 WP evaluated

* |dentified three L-Class
themes

» Moons of the giant planets

* From temperate Exoplanets
to the Milky Way

« New physical probes of the
early Universe

- CMB Spectral distortions
recognized as a possible
‘New physical probe of
the early Universe’

Voyage 2050 Senior Committee: Linda J. Tacceni (choir), Christopher S. Arridge (o chair)
Alessandie Buonanno, Mike Cruise, O ivier Grassel, Amina Helimi, Luciano less, Ziichiro Komatsu,
|Erdmy Leconta Jocrit Leenaarts, lesus Martin-Pintaco, RamiNakamura, Dacach Watson May 2021




Voyage 2050

Final recommendations from
the Voyage 2050 Senior Committee

« > 100 WP evaluated

* |dentified three L-Class
themes

» Moons of the giant planets

* From temperate Exoplanets
to the Milky Way

« New physical probes of the
earl '

CMB Spectral distortion
recognized as a possible
‘New physical probe of
the early Universe’

Voyage 2050 Senior Committee: Linda J. Tacceni (choir), Christopher S. Arridge (o chair)
Alessandie Buonanno, Mike Cruise, O ivier Grassel, Amina Helimi, Luciano less, Ziichiro Komatsu,
|Erdmy Leconta Jocrit Leenaarts, lesus Martin-Pintaco, RamiNakamura, Dacach Watson May 2021




Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science
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Cosmic Microwave Background Anisotropies

Planck all-sky « CMB has a blackbody spectrum in every direction
emperature map - tiny variations of the CMB temperature AT/T ~ 10-5




Cosmic Microwave Background Anisotropies
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Thermal SZ effect is now routinely observed!
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Thermal SZ effect is now routinely observed!
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Spatially-varying heating from the dissipation of
acoustic modes for non-Gaussian perturbations



Spatially-varying heating and dissipation of acoustic
modes for non-Gaussian perturbations
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Uniform heating (e.g., dissipation in Gaussian case or quasi-uniform energy release)
— distortion practically the same in different directions

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016



Spatially-varying heating and dissipation of acoustic
modes for non-Gaussian perturbations

Uniform heating (e.g., dissipation in Gaussian case or quasi-uniform energy release)
— distortion practically the same in different directions

Spatially Varying heating rate (e.g., due to ultra-squeezed limit non-Gaussianity or cosmic bubble collisions)
— distortion varies in different directions
— probe of scale-dependent non-Gaussianity at k~10 Mpc-1 and ~740 Mpc-1

Pajer & Zaldarriaga, 2012; Ganc & Komatsu, 2012; Biagetti et al., 2013; JC et al., 2016
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Primordial (local-type) non-Gaussianity
causes u-T/E correlations
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u-distortion anisotropies (fjj, = 4500)
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Distortion anisotropies

Probe of primordial non-Gaussianity
(local type)

Sensitive to correlations at much
smaller scales k ~ 740 Mpc-

Complements other probes

Science target for future CMB
Imagers (e.g., Litebird, CMB-S4 & PICO)

Polarization correlations can also be
used (reduced foreground challenge?)
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Distortions from effect of perturbations on
the average spectrum

*using conformal Newtonian gauge



Distortions from effect of perturbations on
the average spectrum

For temperature anisotropies

- Direct source of anisotropies from initial conditions (i.e., inflation)

- New sources/conversion from evolution of perturbations

- Doppler peaks
- Potential driving

- Free streaming process
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Distortions from effect of perturbations on
the average spectrum

For temperature anisotropies
- Direct source of anisotropies from initial conditions (i.e., inflation)
- New sources/conversion from evolution of perturbations
- Doppler peaks
- Potential driving

- Free streaming process

1 | .
nt) ¢ — n(z'” - a4+ gDy O 0V

0 10

on'  cp - s o [ODD P .
o MLLAN O O.n” o LA 1O PP
. a a

= Doppler and potential driving due to presence of average CMB!

*using conformal Newtonian gauge



Distortions from effect of perturbations on
the average spectrum

For temperature anisotropies
- Direct source of anisotropies from initial conditions (i.e., inflation)
- New sources/conversion from evolution of perturbations
- Doppler peaks
- Potential driving

- Free streaming process
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= Doppler and potential driving due to presence of average CMB!

If the average spectrum is distorted this will lead to

distortion anisotropies is a similar manner!

*using conformal Newtonian gauge



Challenge of the exact calculation



Challenge of the exact calculation
Standard evolution equations for photon temperature
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- Solve for multiple Kk modes (depending on how clever the sampling is...)
- Multipoles £ ~5-20 (depending on required precision and truncation scheme...)
= Need to solve O(30) coupled ODEs for ~102-103 values in k
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- Solve for multiple Kk modes (depending on how clever the sampling is...)
- Multipoles £ ~5-20 (depending on required precision and truncation scheme...)
= Need to solve O(30) coupled ODEs for ~102-103 values in k

For spectrum also frequency evolution has to be followed!
- CosmoTherm runs usually require ~4000 bin in frequency (~30-60 seconds)

- Each £ mode in principle has a different spectrum
= Need to solve O(10%) coupled ODEs for ~102-103 values in k



Challenge of the exact calculation

Standard evolution equations for photon temperature
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- Solve for muItipIe Kk modes (depending on how clever the sampling is...)
- Multipoles £ ~5-20 (depending on required precision and truncation scheme...)
= Need to solve O(30) coupled ODEs for ~102-103 values in k

For spectrum also frequency evolution has to be followed!
- CosmoTherm runs usually require ~4000 bin in frequency (~30-60 seconds)

- Each £ mode in principle has a different spectrum
= Need to solve O(10%) coupled ODEs for ~102-103 values in k

Problem becomes ‘uncomfortable’ even with

additional approximations and HPC!



Greens function method for thermalization process

Intensity signal for different heating redshifts
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: 6
temperature-shift, z > few X 10

: : 5
u-distortion at z ~ 3 X 10

: : 4
y-distortion, z, < 10

Response function:
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hybrid distortion probes
time-dependence of
energy-release history
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JC & Sunyaeyv, 2012, ArXiv:1109.6552
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Greens function method for thermalization process

Intensity signal for different heating redshifts

: 6
temperature-shift, z > few X 10
: : 5
u-distortion at z ~ 3 X 10

: : 4
y-distortion, z, < 10

°

i
& L
Response function: &S

It seems like a compression codbe posszble if we
. could somehow reformulate the thermalization
Greens functlon usmga new basis?

hybrid distortion probes
time-dependence of
energy-release history

JC & Sunyaeyv, 2012, ArXiv:1109.6552
JC, 2013, ArXiv:1304.6120



Simplest G, M and Y decomposition

Ansatz: An=0G(Kx)+uM(x)+yY(x)

xe' e* + 1 1 1
6= rw=GwlS I -e M =6m|a -
Temperature shift y-distortion p-distortion
hv
X =—
kT

Redshift-independent photon frequency



Simplest G, M and Y decomposition

Ansatz: An=0G(Kx)+uM(x)+yY(x)
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E ~ YT Xc ng M, 7 — 41'92)) E ~ )’p 4TQZ (4),) — YN Xe ngﬂ
Source of distortions kT
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Z 2
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Dimensionless temperature
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Coefficients from energy integrals

Xe

Double Compton / Bremsstrahlung critical frequency



Simplest G, M and Y decomposition
Ansatz: An=0G(Kx)+uM(x)+yY(x)
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Simplest G, M and Y decomposition
Ansatz: An=0G(Kx)+uM(x)+yY(x)

00 . iyl o O . .
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| Already captures the main
behavior very well!
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Beyond simplest G, M and Y decomposition

Ansatz: An=0GKx)+uMx)+yY(x) + Z Vi Y (%)
k=1

A

Yi(x) = (1/4) Oy (x) Oy = —x0x

‘Boosts’ of Y Boost operator



Beyond simplest G, M and Y decomposition

Ansatz: An=0GKx)+uMx)+yY(x) + Z Vi Y (%)

k=1
Yi(x) = (1/4)0ky (x) Ox = —xdsx
‘Boosts’ of Y Boost operator
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lllustration of the Yk basis
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- Basis extension focuses on high frequency part
- Imperfections of representation at intermediate frequencies expected




Beyond simplest G, M and Y decomposition

Ansatz: An=0GKx)+uMx)+yY(x) + Z Vi Y (%)
k=1

An = 0. Y + K, An — y ~ Mgy

Kompaneets Equation Kompaneets Matrix

Y=, %, 91,...,y8 )T

Spectral parameter vector

K, = x7%0.x*0, +x720 x*[1 + 2n, ]

Kompaneets operator



Residuals

Comptonization of y-spectrum

o0 1 —— Exact
Yo representation
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Representation improved with inclusion of more basis functions



Beyond simplest G, M and Y decomposition
Ansatz: An=0GKx)+uMx)+yY(x) + Z Vi Y (%)
k=1

Emission/Absorption terms Heating term
\ / Q,

An' = 0.Y + K, An + An'lemabs + AR’y — Y = Mgy+ D+ Y.

D= (yrx.p,0,0,...,0,—ynx. )", @ =(0,&Q,0,...,0,0)" .

Y=, %, 91,...,y8 )T



Beyond simplest G, M and Y decomposition

Ansatz: An=0GKx)+uMx)+yY(x) + Z Vi Y (%)

k=1
Emission/Absorption terms Heating term
An" = 0. Y + K An + An'lemjaps + An'ly,

D = (yrx.p,0,0,...,0, —ynxc p)"

y — (®,y,yl,‘

y =~ Mgy+

Q’
D+
b,

. @ =(0,@Q,0,...,0,0).

YNt




Beyond simplest G, M and Y decomposition
Ansatz: An=0GKx)+uMx)+yY(x) + Z Vi Y (%)
k=1
Emission/Absorption terms Heating term
\ / Ql

A’ = 0. Y + Ky An+ Arlopyjans + An'ly, ¥y ~ Mgy +D+ 7

D= (yrx.p,0,0,...,0,—ynx. )", @ =(0,&Q,0,...,0,0)" .

y=(0,y,Y1,...,yn, )T

Thermalization problem reduced to rotation of the

spectral distortion parameters with y-source!



r Main thermalization stages
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Generalizing the Boltzmann hierarchy



Generalizing the Boltzmann hierarchy
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Generalizing the Boltzmann hierarchy
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Generalizing the Boltzmann hierarchy
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Generalizing the Boltzmann hierarchy
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This gives the standard photon Boltzmann hierarchy



Generalizing the Boltzmann hierarchy
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Add a distortion of monopole

N
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k=1



Generalizing the Boltzmann hierarchy
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Add a distortion of monopole
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Generalizing the Boltzmann hierarchy
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Add a distortion of monopole

N
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Time-dependent change of Doppler and potential driving



More general source vector due to coupling
with average background
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Representation of Boosts of y-spectrum

rd —
197 —— Exact
---------- Yo representation
= 94 === Y] representation
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Even very lowest order projections work well in this case



Including thermalization effects

Greens function discretization

An' = 0. Y + K, An + An'lemjabs + AR'ly,  «— Y = Mgy+ D+ %,

D = (yrx.,0,0,...,0,—yvxc )", @ =(0,Q,0,...,0,0)".

Y =(0,9,1,...,yn, )]



Including thermalization effects

Greens function discretization

An' = 0. Y + K, An + An'lemjabs + AR'ly,  «— Y = Mgy+ D+ %,

D = (yrx.,0,0,...,0,—yvxc )", @ =(0,Q,0,...,0,0)".

Y=, %, 91,...,y8 )T
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Including thermalization effects

Greens function discretization

An' = 0. Y + K, An + An'lemjabs + ARl «— Yy = Mgy+ D+ %,

= (7TxC)ua 09 03 NN 09 —YNXc ﬂ)T o Q, — (0, Q,, 0, oo ap O, O)T

Y=, %, 91,...,y8 )T
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Thomson terms as we just discussed



Including thermalization effects

Greens function discretization

4
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New thermalization terms in perturbed monopole



Including thermalization effects

Greens function discretization

/
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This gives a new photon Boltzmann hierarchy with thermalization



Final photon Boltzmann hierarchy with
thermalization effects
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Final photon Boltzmann hierarchy with
thermalization effects
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Final photon Boltzmann hierarchy with
thermalization effects
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Now implemented in CosmoTherm but can be done with any

Boltzmann code (e.q., CAMB or CLASS)




Evolution of modes for injection at z = 50,000
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Evolution of modes for injection at z = 50,000
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Evolution of modes for injection at z = 50,000
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Evolution of modes for injection at z = 50,000
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Evolution of modes for injection at z = 50,000
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Evolution of modes for injection at z = 50,000
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Evolution of modes for injection at z = 50,000
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Evolution of modes for injection at z = 50,000
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CMB power spectra for injection at various z
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- CosmoTherm is able to
reproduce standard CMB
temperature signals

- Auto spectra indeed quite
small...

- Cross-power spectra are
within reach without
violating COBE/FIRAS!

- Time-dependent
information visible
— - through spatial modes
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CMB power spectra for decaying particles
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CMB power spectra for decaying particles
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- New way to constrain
these scenarios

- Anisotropic heating is
important!

- Degeneracy between
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can in principle be
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These new signals are not negligible!
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Could be primordial ‘foreground’ for non-Gaussian signals
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Future CMB imagers can improve over FIRAS
limit on average energy release
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Future CMB imagers can improve over FIRAS
limit on average energy release
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Novel synergistic targets for both CMB anisotropy and distortion enthusiasts!
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experiment

—- - Single dish mode is enough
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- Constraints on small scales 102
- SKA+Litebird equivalent to

— i % T/E: Optimistic
v WX TIE: Pessimistic
—  TJ/E bispectrum

— Galaxy bispectrum

experiment

- Single dish mode is enough
for u-T constraints

- Low frequency foreground
monitor

PICO in terms of u-T E
- SKA could even do B- © 10!
modes...
Detailed study with realistic 100 e
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Importance for LSSxCMB
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Importance for LSSxCMB

New types of observables

- Many explorations have now become possible
- New way of ‘slicing’ the last scattering surface

- Signals can be extracted using familiar
analysis methods

Signals could confuse searches with other observables
- Primordial ‘foreground’ for SZ correlation studies
- Marginalization is in principle required
- CMB monopole measurements could eliminate this issue...

CMB distortion searches need modeling of low-z universe
- Foreground challenge for extraction of p-distortion monopole
- Synergistic approach combining all observables will be required



Uniqueness of CMB Spectral Distortion Science
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Uniqueness of CMB Spectral Distortion Science

Litebird, CMB-S4, PICO
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Beyond Simplest G, M and Y decomposition
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Basis representation is not perfect

— Y} Yis — CosmoTherm - Least squares
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- CosmoTherm result not exactly captured at around z~10°
- Precision still much better than simple ®, i + y basis

- Reduction from ~4000 equations to ~10-15 makes anisotropy
computation possible
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Basis representation is not perfect

— Yy Yis — CosmoTherm Least squares
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- CosmoTherm result not exactly captured at around z~10°
- Precision still much better than simple ®, i + y basis

- Reduction from ~4000 equations to ~10-15 makes anisotropy
computation possible
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Evolution of modes for injection at z = 500,000

— All effects

No perturbed thermalization

Effects of physical settings
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No anisotropic heating
— == No Doppler/potential driving
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Evolution of modes for injection at z = 500,000

Effects of physical settings
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