Science with Spectral Distortions of the CMB - I

Primordial Distortions
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Main Goals of my Lectures
• Convince you that future CMB distortions science will
be extremely exciting!
• Explain in detail how distortions evolve and thermalize
• Definition of different types of distortions
• Computations of spectral distortions (you should be able
to do this yourself afterwards!)

• Provide an overview for different sources of primordial
distortions
• Show you why the CMB spectrum provides a
complementary probe of inflation and particle physics

Structure of the Lectures (at least in theory)
Lecture I:
• Overview and motivation
• Simple blackbody radiation warm-ups
• Formulation of the thermalization problem

Structure of the Lectures (at least in theory)
Lecture I:
• Overview and motivation
• Simple blackbody radiation warm-ups
• Formulation of the thermalization problem

Lecture II:
• Analytic description of the distortions
• Distortion visibility function
• Fast computation of the distortions

Structure of the Lectures (cont.)
Lecture III:
• Overview of different sources of distortions
• Dissipation of acoustic modes
• Decaying particles

Structure of the Lectures (cont.)
Lecture III:
• Overview of different sources of distortions
• Dissipation of acoustic modes
• Decaying particles

Lecture IV:
• Recombination physics and why it is important
• The cosmological recombination radiation
• Sunyaev-Zeldovich effect and what the signals could tell us

References for the Theory of Spectral Distortions
• Original works
- Zeldovich & Sunyaev, 1969, Ap&SS, 4, 301
- Sunyaev & Zeldovich, 1970, Ap&SS, 7, 20
- Illarionov & Sunyaev, 1975, Sov. Astr., 18, 413
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• More recent overviews
- Sunyaev & JC, 2009, AN, 330, 657
- JC & Sunyaev, 2012, MNRAS, 419, 1294
- JC, MNRAS, 436, 2232 & ArXiv:1405.6938

Overview and Motivation

Some of the Big Questions of Cosmology
• What is the Universe made of?
• What are the initial conditions?
• Where do all the structures come from?
• Why do things look the way they do?
• Dark energy & dark matter?
• Gravitational Waves?
• Physics beyond the standard model?

Cosmic Microwave Background Anisotropies
helped us to answer these questions!

Planck all sky map

• CMB has a blackbody spectrum in every direction
• tiny variations of the CMB temperature ΔT/T ~ 10-5
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Dependence of the Power Spectrum on the Main
Cosmological Parameters
• Total density (curvature)
→ positions of peaks
• dark energy
→ ISW at large scales
• Baryon density
→ damping tail / ratio of
peaks
• dark matter
→ gravitational driving /
enhancement of third
peak over second
• spectral index nS
→ tilt of the overall power
spectrum
• Thomson optical depth 𝝉
→ large scale E-mode
polarization
→ damping tail
Hu & Dodelson, 2002, ARAA

Cosmic Microwave Background Anisotropies
helped us to answer these questions!

Planck all sky map

• CMB has a blackbody spectrum in every direction
• tiny variations of the CMB temperature ΔT/T ~ 10-5

Cosmic Microwave Background Anisotropies
helped us to answer these questions!

Huge compression of
information to a few
hundred numbers!
Planck Collaboration, 2013, paper XV

Planck all sky map

• CMB has a blackbody spectrum in every direction
• tiny variations of the CMB temperature ΔT/T ~ 10-5

CMB anisotropies clearly taught us a lot about
the Universe we live in!
1˚

Precision cosmology

l ~ 200

WMAP at L2

Tiny error bars!

Pie-chart of the Universe

e.g. Komatsu et al., 2011, ApJ, arXiv:1001.4538
Dunkley et al., 2011, ApJ, arXiv:1009.0866

CMB anisotropies clearly taught us a lot about
the Universe we live in!
SPT

Calabrese et al. 2013

ACT

combined TT power spectrum

Amazing consistency between different experiments!

Precision Cosmology with Planck
Standard parameters

• Massive amount of
information! (close to 30
Planck papers in March 2013)

Foregrounds and secondaries

• Impressive consistency
between different
experiments!

Derived parameters

• Amazing confirmation
of ΛCDM

Planck Satellite
Planck Collaboration, 2013, paper XV

CMB constraints on Neff and Yp
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Planck Collaboration, 2013, paper XV

• Helium determination from CMB
consistent with SBNN prediction
• CMB constraint on Neff competitive!
• Partial degeneracy with Yp and running
• Some tension between different data sets
Calabrese et al. 2013

All kind of fun new science with the CMB anisotropies!

Power spectrum of
the lensing potential

Effect of our motion

Illustration from
Chluba 2011

Planck Collaboration, 2013, paper XVII

SZ clusters on the sky
Planck Collaboration, 2013, paper XXVII

• Non-Gaussianity (test of inflation models)
• Topology
• CMB anomalies
Planck Collaboration, 2013, paper XXIV

• CIB and Galactic science
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CMB anisotropies as probe of Inflation
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Text

• Big goal/hope: detection of B-polarization
r0.002

• Plenty of progress over the next few years:

ground/balloon: BICEP2, SPTpol, ACTpol, Spider, ...
space: Planck, LiteBIRD, PIXIE, COrE+, ...?

Polarization from Thomson scattering
• Thomson scattering of anisotropic
radiation (quadrupole part) creates
linear polarization signal
• signal is small, since quadrupole
part of the radiation field is
scattering with 1/10 probability of
the monopole
• Thomson scattering only creates
E-mode polarization at lowest
order in perturbation theory
• generation of polarization at
recombination & reionization

Temperature
perturbation

“Divergence free”

“Curl free”

WMAP Polarization Measurements
• From TE and EE power
spectra constraint on
Thomson optical depth
𝛕~0.1 to reionization
reionization
bump

• upper limit on B-mode
polarization
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WMAP 3yr, Page et al., 2007
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⟹ limits tensor to scalar ratio
⟹ energy-scale of inflation
⟹ gravity waves

• Lots of experiments are
trying to go for this:
PLANCK, LITEBIRD, SPIDER,
CLASS, BICEP2, KECKarray,
PIXIE, COrE+, Stage IV-CMB

0

50

100

150

200

250

300

0

50

100

150

200

250

300

0

50

100

150 200
Multipole

250

300

F IG . 2.— B ICEP 2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple 2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.

“To dust or not to dust?”

Simulation: E from lensed−ΛCDM+noise

BICEP2: E signal
1.7µK

1.7µK

−50

1.8

0

µK

−55
−60
−65

−1.8
Simulation: B from lensed−ΛCDM+noise

BICEP2: B signal

0.3µK

0.3

−50
−55
0

µK

Declination [deg.]

0.3µK

−60
−65
−0.3
50

0
Right ascension [deg.]

−50

50

DETECTION OF B-MODES BY BICEP2

0.05

l(l+1)CBB
/2π [µK2]
l

−50

15

F IG . 3.— Left: B ICEP 2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent
magnitudeBICEP2
and orientation
of
collaboration,
lihood ratio
between
r = 0 and maximum
of map
2.2 ⇥
10-8
linear polarization. Note that excess B-mode is detected over lensing+noise
with
high signal-to-noise
ratio in the
(s/n
> ,2equivper map mode at ` ⇡ 70). (Also
note thatB2xB2
the E-mode and B-mode maps use different color/lengthalent
scales.)
to a PTE of 2.9 ⇥ 10-9 or 5.9 . Performing this subtracB2xB1c
B2xKeck (preliminary)

0.04

0.03

0.02

0.01

0

−0.01

0

0

50

100

150
200
Multipole

250

300

F IG . 9.— Comparison of the B ICEP 2 BB auto spectrum and cross spectra

tion slightly increases 2 (to 1.46) but the fit remains perfectly
acceptable (PTE 0.84).
The dust foreground is expected to have a power law spectrum which slopes modestly down / `⇠-0.6 in the usual
l(l + 1)Cl /2⇡ units (Dunkley et al. 2009). In Figure 6 we
see that the DDM2 model appears to do this in both auto and
cross, before the auto spectrum starts to rise again due to noise
in the polarization fraction and angle input maps. We note
that the s/n bandpower weighting scheme described above
weights the first bin very highly. Therefore if we were to
exclude it the difference between the unsubtracted and foreground subtracted model lines in Figure 11 would be much
smaller; i.e. while dust may contribute significantly to our
first bandpower it definitely cannot explain bandpowers two
through five.
Computing an r constraint using the B ICEP 2⇥B ICEP 1comb
cross spectrum shown in Figure 9 yields r = 0.19+0.11
-0.08 . The
likelihood ratio between r = 0 and the maximum is 2.0 ⇥ 10-3

r=

2014

+0.07
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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 ΔT/T ~ 10-5

Cosmic Microwave Background Anisotropies

Let’s forget about
this now!

Planck all-sky
temperature map

• CMB has a blackbody spectrum in every direction
• tiny variations of the CMB temperature ΔT/T ~ 10-5

CMB provides another independent piece of information!

COBE/FIRAS
T0 = (2.726 ± 0.001) K

Absolute measurement required!
One has to go to space...
Mather et al., 1994, ApJ, 420, 439
Fixsen et al., 1996, ApJ, 473, 576
Fixsen, 2003, ApJ, 594, 67
Fixsen, 2009, ApJ, 707, 916

• CMB monopole is 10000 - 100000 times
larger than the fluctuations

COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Theory and Observations

Error bars a small fraction
of the line thickness!

Average spectrum
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

Standard types of primordial CMB distortions
Compton y-distortion

Chemical potential µ-distortion

(Te >> Tγ)

thermal SZ effect

Sunyaev & Zeldovich, 1980, ARAA, 18, 537

•
•
•
•

also known from thSZ effect
up-scattering of CMB photon
important at late times (z<50000)
scattering inefficient

Blackbody
restored

Sunyaev & Zeldovich, 1970, ApSS, 2, 66

• important at very times (z>50000)
• scattering very efficient

COBE / FIRAS (Far InfraRed Absolute Spectrophotometer)

Theory and Observations

Error bars a small fraction
of the line thickness!

Average spectrum
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

Only very small distortions of CMB spectrum are still allowed!

ARCADE
(Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission)

• Balloon experiment flown in Texas
• Several flights (2001, 2003, 2005, 2006)
• Frequencies 𝝂 = {3, (5), 8, 10, 30, 90} GHz

Kogut et al. 2006, New Astronomy Rev., 50, 925
Kogut et al., 2011, ApJ, 734, 9
Fixsen et al., 2011, ApJ, 734, 11
Seiffert et al., 2011, ApJ, 734, 8

ARCADE
(Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission)

• Distortion constraints:

|µ| < 6 ⇥ 10

|Y↵ | < 10

4

4

• No limit on y-parameter

Kogut et al. 2006, New Astronomy Rev., 50, 925
Kogut et al., 2011, ApJ, 734, 9
Fixsen et al., 2011, ApJ, 734, 11
Seiffert et al., 2011, ApJ, 734, 8

ARCADE
(Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission)

• Found some low frequency excess
• Spectrum:

T (⌫) = (24.1 ± 2.1)K(⌫/⌫0 )
⌫0 = 310 MHz

2.599±0.036

• Origin of excess unclear
• New population of radio sources?
• Systematic effect?
• In tension with TRIS results? (next slide)

Kogut et al. 2006, New Astronomy Rev., 50, 925
Kogut et al., 2011, ApJ, 734, 9
Fixsen et al., 2011, ApJ, 734, 11
Seiffert et al., 2011, ApJ, 734, 8

TRIS and Other Low Frequency Measurements
TRIS

• Ground-based radio antenna
• Grand Sasso Lab, Italy
• Frequencies 𝝂 = {0.6, 0.82, 2.5} GHz

FIRAS

• Distortion constraints:

|µ| < 6 ⇥ 10
6.3 ⇥ 10

6

5 (30% improvement over FIRAS)

< Y↵ < 1.3 ⇥ 10

5

• No new limit on y-parameter (too low 𝝂)
Zannoni et al. 2008, ApJ, 688, 12
Gervasi et al., 2008, ApJ, 688, 24
Tartari et al., 2008, ApJ, 688, 32

No primordial distortion found so far!? Why are we
at all talking about this then?

Physical mechanisms that lead to spectral distortions
(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011)

• Heating by decaying or annihilating relic particles
(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013)

• Evaporation of primordial black holes & superconducting strings
(Carr et al. 2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013)

• Dissipation of primordial acoustic modes & magnetic fields
(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaev, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013)

• Cosmological recombination radiation

(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009)

pre-recombination epoch

Standard sources
of distortions

• Cooling by adiabatically expanding ordinary matter

„high“ redshifts
•

• 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
(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008)

• more exotic processes

(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)

post-recombination

„low“ redshifts

Dramatic improvements in angular resolution and
sensitivity over the past decades!

~ 7 degree
beam
~ 0.3 degree
beam

~ 0.08 degree
beam

Cosmic Microwave Background Anisotropies with ACT

Point sources

primordial CMB

SZ cluster

ACT - collaboration, 148 GHz Map, Hajian et al. 2010

~ 0.02 degree beam!

Cosmic Microwave Background Anisotropies with ACT

Point sources

primordial CMB

Measurements of the CMB energy spectrum on the other
hand are still in the same state as some ~20+ yrs ago!
SZ cluster

ACT - collaboration, 148 GHz Map, Hajian et al. 2010

~ 0.02 degree beam!

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$)

Average spectrum

Kogut et al, JCAP, 2011, arXiv:1105.2044

NASA 30-yr Roadmap Study
(published Dec 2013)

How does the Universe work?
“Measure the spectrum of the
CMB with precision several orders
of magnitude higher than COBE
FIRAS, from a moderate-scale
mission or an instrument on CMB
Polarization Surveyor.”

New call from NASA expected
~2-3 years from now

Polarized Radiation Imaging and Spectroscopy Mission

PRISM

Probing cosmic structures and radiation
with the ultimate polarimetric spectro-imaging
of the microwave and far-infrared sky

Instruments:
• L-class ESA mission
• White paper, May 24th, 2013
• Imager:
- polarization sensitive
- 3.5m telescope [arcmin resolution
at highest frequencies]

- 30GHz-6THz [30 broad (Δν/ν~25%)
and 300 narrow (Δν/ν~2.5%) bands]

• Spectrometer:
- FTS similar to PIXIE
- 30GHz-6THz (Δν~15 & 0.5 GHz)
Some of the science goals:
• B-mode polarization from
inflation (r ≈ 5x10-4)
• count all SZ clusters >1014 Msun
• CIB/large scale structure
• Galactic science
• CMB spectral distortions

Spokesperson: Paolo de Bernardis

1
e-mail: paolo.debernardis@roma1.infn.it
— tel: + 39 064 991 4271

More info at:
http://www.prism-mission.org/

Polarized Radiation Imaging and Spectroscopy Mission

PRISM

COrE+

Probing cosmic structures and radiation
with the ultimate polarimetric spectro-imaging
of the microwave and far-infrared sky

Instruments:
• L-class ESA mission
• White paper, May 24th, 2013
• Imager:
- polarization sensitive
- 3.5m telescope [arcmin resolution
at highest frequencies]

- 30GHz-6THz [30 broad (Δν/ν~25%)
and 300 narrow (Δν/ν~2.5%) bands]

M4 proposal to ESA currently under
discussion but spectrometer
presently not part of baseline :(

Spokesperson: Paolo de Bernardis

1
e-mail: paolo.debernardis@roma1.infn.it
— tel: + 39 064 991 4271

• Spectrometer:
- FTS similar to PIXIE
- 30GHz-6THz (Δν~15 & 0.5 GHz)
Some of the science goals:
• B-mode polarization from
inflation (r ≈ 5x10-4)
• count all SZ clusters >1014 Msun
• CIB/large scale structure
• Galactic science
• CMB spectral distortions

More info at:
http://www.prism-mission.org/
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CMB distortions probe the
thermal history of the
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Measurements of CMB spectrum will open a new
unexplored window to the early Universe!
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post-recombination epoch
CMB distortions probe the
thermal history of the
Universe at z < few x 106

HI&He

µ-y-era

µ-era

T-era

pre-

post-recombination epoch

y-distortion era

CMB spectrum adds another dimension to the problem!

HI&He

µ-y-era

µ-era

T-era

pre-

post-recombination epoch

y-distortion era

Simple blackbody radiation warm-ups

Figure 2.2: Blackbody spectrum for di↵erent temperatures. The intensity maximum is roughly at ⌫max ⇡ 58.8 GHz K 1 T ,
which for the CMB blackbody today is ⌫max ' 160 GHz or at 2 mm wavelength. For T ' 104 K the intensity maximum
Abisbini lthe
d u visible
n g 2.1:
Schwarzk
örperspektrum
part of
the electromagnetic
spectrum. für verschiedene Temperaturen: Der kosmische Mi-

krowellenhintergrund hat das Spektrum eines schwarzen Körpers mit T

2.7 K.

2.3. WHAT DO WE NEED TO DO TO CHANGE THE BLACKBODY TEMPERATURE?
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Figure 2.3: Blackbody spectrum and the spectrum of a temperature shift, T @T B⌫ = I0 (T ) x3G(x) = I0 (T ) x4 @ x nPl (x). For
convenience, we plot the spectrum as a function of x = h⌫/kT and normalize the left y-axis by I0 (T ) = (2h/c2 )(kT/h)3 ⇡
270 MJy sr 1 (T/2.725K)3 [the shown curves are basically x3 /(e x 1) and x3G(x)]. The maximum of the blackbody is at
x ⇡ 2.821 (⌘ 160GHz), while the maximum of the temperature shift is at x ' 3.830 (⌘ 217GHz). The upper x-axis and
right y-axis also gives the corresponding frequency and spectral intensity for T = 2.725 K.

Formulation of the thermalization problem

1965ApJ...142

e+e-

BBN
CMB

T
r
m

(1 + z)
(1 + z)4
(1 + z)3

Figure 3.1: Sketch of the thermal history of our Universe from the paper of Dicke et al. [14], published in the same
issue with the CMB discovery paper of Penzias & Wilson [30] in 1965. Parts of this picture were already worked out
by Gamow, Alpher and Herman years earlier, but the value of T 0 ' 3.5 K fixed the energy scale for radiation. Neutrinos
decoupled at a temperature kT ' 1.5 MeV 2 MeV, while electron-positron annihilation finished around kT ' 0.5 MeV.
The light elements produced in the Big Bang Nucleosynthesis (BBN) era froze out at kT . 0.1 MeV.
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Figure 3.4: Comparison of the Thomson scattering time-scale with the Hubble expansion time-scale.
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