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Outline

* Review:
- Theory of spectral distortions
- Current constraints

e Signals:
- Compton-y (and more)
-

- Beyond yand u




Colin Hill

Theory of Spectral Distortions "¢

Thermal History of Universe — Key

—pochs

e 7 >> 106: efficient Comptonization + production of low-
frequency photons by double-Compton + brem.

— Iinjection only changes temperature-time relation —
produces unobservable change in mean Tcwus
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Theory of Spectral Distortions "¢

Thermal History of Universe — Key Epochs

z >> 106: efficient Comptonization + production of low-
frequency photons by double-Compton + brem.

— Iinjection only changes temperature-time relation —
produces unobservable change in mean Tcwus

e 5x 104 <z < 2x 10%: double-Compton not efficient, but
(elastic) Compton scattering is; equilibrium can be
achieved but with conserved photon number

— Injection produces u-type distortion
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Theory of Spectral Distortions "¢
Thermal History of Universe — Key Epochs

z >> 106: efficient Comptonization + production of low-

frequency photons by double-Compton + brem.
— Injection only changes temperature-time relation —

produces unobservable change in mean Tcwms

(elastic) Compto
achieved but wit
— njection p

N scattering Is; equ
N conserved photo

5x 104 <z < 2 x 108 double-Compton not efficient, but

l1brium can be
N number

roduces py-type dis

‘ortion

¢ 7z <5 x 10% Compton scattering not efficient; photons fall
out of kinetic equilibrium with electrons
—— Injection produces y-type distortion
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Theory of Spectral Distortions “*

What processes can inject (or remove) energy”
Electron-positron annihilation (z ~ 108 - 10°): too early

Adiabatically expanding ordinary matter
- non-relativistic matter redshifts as Te ~ (1+2)?
- since Tows ~ (1+2), electrons “Compton cool” CMB until z~150

- due to large heat capacity of CMB, small effect: p ~ -2 x 10°

Heating by decaying/annihilating particles + exotic sources

Sunyaev, Zel’'dovich, Danese, de Zotti, Hu, Silk, 7 Chluba, Daly, many others
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* Dissipation of primordial acoustic modes: prediction of standard
cosmological model (positive g and y distortions)
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Theory of Spectral Distortions "¥¢*

What processes can inject (or remove) energy”
 Electron-positron annihilation (z ~ 108 - 10°): too early

« Adiabatically expanding ordinary matter

- non-relativistic matter redshifts as Te ~ (1+2)?

- since Tows ~ (1+2), electrons “Compton cool” CMB until z~150
- due to large heat capacity of CMB, small effect: p ~ -2 x 10°

e Heating by decaying/annihilating particles + exotic sources

* Dissipation of primordial acoustic modes: prediction of standard
cosmological model (positive g and y distortions)

 Thermal SZ Effect from groups+clusters, intergalactic medium,
reionization: prediction of standard cosmological model
(positive y distortion)

Sunyaev, Zel'dovich, Danese, de Zotti, Hu, Silk, 9 Chluba, Daly, many others
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State Of the F|e‘d IAS/CCA

DMR Antennas

F | RAS Deployable Sun, Earth,
RF/Thermal Shield

launched
1 989 Helium Dewar

Deployable Solar Panels

Earth Sensors

WFF Omni Antenna

TDRSS Orni Antenna,
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State Of the F|e‘d AS/CCA

CMB spectrum is blackbody to 50 ppm precision
T =2.72548 +/- 0.00057 K

CosMiC MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE

§
:
;
;

Fixsen+ (1996); Fixsen (2009) 1
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State Of the F|e‘d IAS/CCA
FIRAS

« ly| < 1.5 x 105 at 95% CL

e |ul <9 x 105 at 95% CL

* Dipole spectrum ~ dP/dT (also using FIRAS+WMAP)
* Absolute CIB spectrum
 Absolute Zodiacal light spectrum

 Map of major Galactic emission lines

Fixsen+ (1996) + more 12
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Signals: Mean y Distortion "o

13



Colin Hill

Signals: Mean y Distortion "o

Groups and clusters dominate (“foreground”/signall)

 Groups and clusters: y ~ 1.6 x 106 [JCH+ 2015]
e |GM:y ~ 107 [JCH+ 2015; Battaglia, JCH+ (to appear)]
 Reionization:y ~ 107 [JCH+ 2015; Battaglia, JCH+ (to appear)]

 Small-scale CMB T fluctuations: y ~ 8 x 10-10 [Chluba &
Sunyaev 2004]

 Damping of acoustic modes: y ~ 4 x 10 [Chluba+ 2012]

o Local Group:y ~ 5 x 1072 [e.g. Khatri & Sunyaev 2015]

14
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A gual’aﬂ’[eed Sigﬂa‘ IAS/CCA
PIXIE: ~10000 detection of global tSZ signal (stat. err. only)

/Hz /sr]

Specific
intensity =
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non-relativistic tSZ (pure y)
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2000 4000 6000 8000 10000 1200.0
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JCH+ (2015) 15
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A gual’aﬂ’[eed Sigﬂa‘ IAS/CCA
PIXIE: ~10000 detection of global tSZ signal (stat. err. only)

N d_o_m_l_n__ated___by._g_r__o_u_ps_
| /N ;~*(ﬁ25135kmwn |
20 e o <y> ~-1, 8 X 10 6-
specific =2 | X |ICM~16x10¢ g
= | | N |IGM~107 |
INTENSILY = 10p- o - 07 S
E T T~ -
x 00 —F— | |
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5_1 Oj __________ ,' ________ non-relativistic tSZ (pure y) ( foreground”)
| =‘= / — relativistic tSZ
Sﬁiyzl | — ux 100
20— i ' '

200.0 400.0 600.0 800.0 IOd0.0 IQd0.0
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JCH+ (2015); see also Dolag+ (2015) & de Zotti+ 16 (2016)
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. ~300 detection of relativistic effects in global



What will we learn”
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sub-percent constraints on models of baryonic structure

2.0
mean
y-weighted -
electron |
temp.
in the L
Universe

Mean Electron Temperature of the Universe [keV|

Battaglia, JCH+ (in prep.)

formation (“gastrophysics”)

71 Range of current simulations |
B PJIXIFE constraints

He-07 le-06  1.5e-06  2e-06  2.5e-06  3e-06  3.5e-06

Mean Electron Pressure of the Universe (y)

mean gas pressure in the Universe
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What Wl” Wwe |earn? IAS/CCA

 Measurement of total thermal energy in electrons

d*h
— c2/ /le n,l) oc BV

. “Integral constraint” on feedbaok energy injected over

cosmic time (analogous to T for reionization)
Eth tot __ ECOH—ECOOI—I—EIHJ

JCH+ (2015); Battaglia, JCH+ (to appear) 19



Colin Hill

What Wl” Wwe |earn? IAS/CCA

 Measurement of total thermal energy in electrons

d*h
— 62/ /le n,l) oc ESM

. “Integral constraint” on feedbaok energy injected over

cosmic time (analogous to T for reionization)
Eth tot __ Ecoll_Ecool+E1nJ

* Crucial ingredient for understanding baryonic effects on
matter power spectrum (necessary for e.g. upcoming
weak lensing surveys)

e Calibration of X-ray T—M relation with relativistic effects

e After low-z contributions are isolated via cross-correlations
with tracer samples, new reionization constraints

JCH+ (2015); Battaglia, JCH+ (to appear) 20
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Signals: Dissipation of Acoustic Modes

— ,
\\\“JKA%Q
20} N
> \
i% CMBJ/LSS !
LOf 'aj 2 x 106
104 001 1 100 104
k Mpc
@ [dlogkaiomr 0~ [ dlogk kW0

Probe of primordial power on extremely small scales
(50 hiMpc < k < 104 h/iMpc)

Pajer & Zaldarriaga (2012); Chluba+ (2012); Emami+ (2015)
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Dissipation of Acoustic Modes"¥**
Distortion signal depends on ns, Nnrun=dns/dInk, ...

v [GHZz]
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Chiuba+ (2012) 25"
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Dissipation of Acoustic Modes"*
PIXIE forecasted constraints from primordial p

0.02 , . , . ,
~\_Planck 2015 Z WMAP7
001 = ACT —
TT, TESEE+lowP O  SPT
* —

2 -0.01

-0.02

-0.03

-0°0‘}) 9 095 1 1.05 1.1
Chluba+ (2012) S
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Dissipation of Acoustic Modes"¥*
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Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 k (Mpc™1)

Increase from ~7 to ~17 in number of inflationary e-
foldings probed by cosmologists!
Probe power spectrum at Msun scales!

+Chluba 24
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Dissipation of Acoustic Modes"¥**

Also a sensitive probe of small-scale non-Gaussianity

* uT correlation probes the very-squeezed limit of the
orimordial bispectrum (yT perhaps also possible)

e CVIlimit: fne ~ 103 (compared to ~5 for TTT)

* For PIXIE, large fnL on small scales would be necessary for

a detection: L Vam x 10~8
— ~ 0.7x10°bfNL ~1/2
N l Wi

~1
* But we are probing an entirely new regime!

Pajer & Zaldarriaga (2012) 25



Spectral Radiance [Jy/sr]

Example: PIXIE
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Abitbol, Chluba, JCH, and Johnson (2017) 26
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Example: PIXIE hsjeen
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Abitbol, Chluba, JCH, and Johnson (2017) 27



PIXIE Forecasts
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first spectral distortion forecasts with full foreground model

Foreground Spectral Radiance [Jy/sr] Free Parameters and Values Additional Information
x= ,j'TD Ap = 1.36 x 10° Jy/sr Alp(v,) = 6,608 Jy/sr
Ahermmat Dust Alp(v) = Ap ¥ Bp = 1.53
Tp =21K
X = g Acip = 3.46 x 10° Jy/sr Alcp(v,) = 6,117 Jy/sr
CIB :
Alci(v) = Acr XPciB e‘i—l Bcs = 0.86
Tcs = 18.8K
Ag = 288.0 Jy/sr Als(v,) = 288 Jy/sr
Synchrotton - Ar(vy = As ()™ [1 + fws n? (2)] as = —0.82 10% prior assumed on As and as
ws =0.2 vo = 100 GHz
Free-Free ver = v (Te/107 K) . Apr = 300 Jy/sr Alg(vy) = 972 Jy/st
Alr(v) = Arr (1 +1In[1+ () i ]) {Te, ver} = {7000 K, 255.33 GHz}
Integrated CO Oco(v) = CO template(v) Aco = Alco(vr) = 1,477 Jy/st
Alco(v) = Aco®co(v) Template in Jy/sr
Spinning Dust ®sp(v) = SD template(v) Agp =1 Alsp(v,) = 0.25 Jy/sr

Alsp(v) = AspOsp(v)

Template in Jy/sr

Abitbol, Chluba, JCH, and Johnson (2017)

forecasts use only spectral information



PIXIE Forecasts ASJoOA

o(Tems) ~ 100 nK
(S/N ~ 1.3 x 107)

Dust+CIB+CO / Dust+CIB+Synch+FF / All fg

' k
1 :
] o |
1R
. \

Compton-y detection

S/N ~ 200

U limit (95% CL): |y < 3.6 x 107 vy .
(250x better than FIRAS limit) | ars | SN

(1077 “l
Relativistic thermal Sunyaev-Zel’'dovich
deteCthq S/N ~ 10 510 13 12

2 -1 0 1 2
x1073+1.2 [

Ar[1077]

2 4 6 8 10 [
x1072+1.7 [

y[10~]

Abitbol, Chluba, JCH, and Johnson (2017) 29 KT, [keV]
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Primordial y: hope”? "

|s there any hope for primordial y? Subtle effects In
recombination line spectrum
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AT 110 Wm?Hz sr']

Beyond y and U

reS|dua| ( r—type )distortions

I ' I ' ' I

_______ R(Vv) at z < 38000
R(v) at z ~ 38000
.............. R(v) at z > 38000

— ———

30 60 100 300 600

v [GHZ]

1000
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- distortions can be decomposed Iin principal components

- new set of observables — key to origin of SD signal

Chluba & Jeong (2013)
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OUUOOK IAS/CCA

The global thermal SZ signal is the largest guaranteed CMB
spectral distortion (<y>), including relativistic effects.

Measurements with PIXIE or similar probes will provide
unprecedented constraints on baryonic structure formation.

Target for y: LCDM Silk damping signal, p ~ -2 x 108

- PIXIE: Ap ~ few x 1077 (w/ foregrounds)

- Even new limits strongly constrain decaying particles, running of
spectral index, primordial black holes, +++

Many other possible signals:

- Constraints on local-type primordial non-Gaussianity via <yT> and <yE>
cross-correlations [Emami+ (2015)] Or scale-dependent halo bias in <yy> power
SPEeCtrum [JCH & Pajer (2013)]

-Detection of higher-order moments of the electron temperature
distribution (beyond <Te¢>)



