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This course intends to give you a modern and up-to-date introduction to the science and experimental techniques relating to the Cosmic Microwave Background

No prior knowledge of cosmology is necessary, your prerequisite are a basic understanding of electrodynamics and thermal physics and some familiarity with
Python programming.
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What we aim to learn today

= The blackbody spectrum of the CMB

® Why the spectrum is a blackbody? what created it?
@ Why it has remained a blackbody?

= U and y-type distortions on the blackbody spectrum

® What are these spectral distortions? When are they created?
® Have we detected those? Why should we care?
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The near-uniform blackbody
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An Introduction to the CMB

CMB temperature map on
a scale of 0 K (black) to 3 K
(white), made by Ned Wright
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First evidence of blackbody spectrum

COSMIC BACKGROUND RADIATION AT 3.2 cm—-SUPPORT FOR COSMIC BLACK-BODY RADIATION*

P. G. Rollf and David T. Wilkinson

Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received 27 January 1966)
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Measurement of Tcug

Ground and balloon based

Credit: D. Samtleben experiments have been measuring

10-7 & R —— —— T . .
: | | ' 1 CMB temperature for decades with
- 1 Increasing precision.
10~ = . .
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= - B FIRAS on COBE satellite » .
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Deployable Sun, Earth,"
. RF/Thermal Shield
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N 'Depl_oyabié Solar Panels -
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Credit: NASA
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COBE satellite

~~Earth Sensors .

S .WFF Omm Antenna .

Launched on Nov. 1989 on a Delta
rocket.

DIRBE: Measured the absolute sky
brightness in the 1-240 pm
wavelength range, to search for the
Infrared Background

FIRAS: Measured the spectrum of the
CMB, finding it to be an almost perfect
blackbody with Tp =2.725 + 0.002 K

DMR: Found “anisotropies” in the
CMB for the first time, at a level of 1
part in 105

2006
Nobel
prize in
physics
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FIRAS on COBE

e One input is either the sky or a
blackbody, other is a well-calibrated
blackbody

e Zero output when the two inputs
are equal

e A movable-mirror mechanism
adjusts the path difference against
PCIIBR. 1| changing calibrator temperature
Credit: NASA B4~ ) |~ e The residual is the measurement!

Far Infra—Red Absolute
Spectrophotometer

A differential polarizing
Michelson interferometer

Sky
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The CMB blackbody mather ecal. (1994

Fixsen et al. (1996)

MEASUREMENT OF THE COSMIC MICROWAVE BACKGROUND SPECTRUM BY THE COBE!
FIRAS INSTRUMENT

J. C. MATHER,? E. S. CHENG,? D. A. CorTINGHAM,® R. E. EPLEE, JR.,* D. J. FixseNn,® T. HEWAGAMA,®
R. B. IsaAAcMAN,* K. A. JENSEN,® S. S. MEYER,” P. D. NOERDLINGER,” S. M. READ,® L. P. ROSEN,°
R. A. SHAFER,? E. L. WRIGHT,? C. L. BENNETT,? N. W. BoGGESss,> M. G. HAUSER,? T. KELSALL,?

S.

H. MOSELEY, JRr.,2 R. F. SILVERBERG,? G. F. SM0o0T,? R. WEIss,” AND D. T. WILKINSON'?
Received 1993 February 5; accepted 1993 July 21

ABSTRACT

The cosmic microwave background radiation (CMBR) has a blackbody spectrum within 3.4 x 10~8 ergs
cm~2? s7! sr™! cm over the frequency range from 2 to 20 cm ! (5-0.5 mm). These measurements, derived
from the FIRAS instrument on the COBE satellite, imply stringent limits on energy release in the early uni-
verse after t ~ 1 year and redshift z ~ 3 x 10°. The deviations are less than 0.03% of the peak brightness, with
an rms value of 0.01%, and the dimensionless cosmological distortion parameters are limited to
|ly] <2.5x 1077 and | u| < 3.3 x 107 (95% confidence level). The temperature of the CMBR is 2.726 + 0.010
K (95% confidence level systematic).

Subject headings: cosmic microwave background — cosmology: observations — early universe

B 1 1 1 i _l 1 1 I I I I 1 1 ] I 1 1 I 1 l I _
0b\k 2.730— 9 —
i | 1 Note:CMB is cooling !
< 2.728— —
< - 4 From T(t) = Ty/a(t)
o — —
> HERXY, 4 .
s [t] 3
E - -
= 2.7241 ~ See Abitbol et al. (2019)
- ] for actual possibilities of
2.722 — — measuring this cooling
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The CMB blackbody
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The blackbody shape is preserved at all redshifts if expansion is purely
adiabatic. The frequency shifts by 1/a and energy density drops by 1/a4.
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Cosmology basics

e Static (i.e., non-expanding) Euclidean space  Homogeneously expanding Euclidean space

e In Cartesian coordinates = = (z,v, 2) e |In Cartesian comoving coordinates z = (z,y, 2)

ds? = dxr? + dy2 -+ dz? d82 — a2 (t)(da:Q + dy2 -+ dZQ)

“scale factor

The Friedmann-Robertson-Walker (FRW) metric defines the ‘distance element’ in an
expanding universe

[Ref. Cosmology lectures]

ls* = 2 dt* — a®(t) [dx® + [ (x) (A% +sin®0dp?)] | fx(0 {K_Wsm(KmX) (k20
ds® =c°dt® — a X X Sin © K(X)=4{ X =
K (—K)~Y2%sinh[(—K)'/?x] (K < 0)

The function H(t) is called the Hubble parameter , or the Hubble expansion rate.
Its value at the present time, Hy , is the Hubble constant.

d_t:%—d_a H2

H(t)=a/a @ aH’ 0= Qrat+ Qma® + Qa™? + Qy

14+ 2z =

Q| =
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Cosmology basics

H)

HZ

5 = Qra ™+ Qna™> + Qa2+ Qp
0

The inverse of the Hubble rate gives the
cst typical expansion time-scale of the universe

-1

|

a

To derive this equation for the dynamics of the universe, you would need General Relativity,
whose solution (for a homogeneous, isotropic universe) is given by the famous
Friedmann equations.

These are a series of equations, one connecting the scale factor a(t) of the universe with the

spatial curvature and the homogeneous energy density p(t), and the others for conservation

equations for different components of p(t). Putting together the contributions from different
components, one gets the above-mentioned form of Friedmann equation.

G
N2 Qur —
a G ’1G kc? A M 2 2 PM
etc.

An Introduction to the CMB 02: CMB thermal spectrum (part 1) |12



Cosmology basics

N\ 2 2
2 _ (&) _ 819 gmg o ke A
H'__(a) T~ 3R T 3aM T @ T3

The density of radiation, matter, spatial curvature, and a cosmological constant changes with the
scale factor of the universe as a-#, a3, a2, and a9, respectively.

Radiation domination Matter domination

.9 -2 9
a —4 1/2 1 & -3 2/3 N
—oca”la(t)ct!? H(t) = o S oca T, alt)octTr, H(t) = o
Matter-radiation equality
a3 so we can find this scale factor of matter-radiation equality by _ Pro
Pm B (eq .
e X -—1 = % knowing the matter and radiation densities today (when a = 7) Pmo
2
Py = g_og*,effo?O =78 x 107" g/cm3. ' Ueq = 4.15 % 10_5(th2>_1-
39777,H2 pr— 4 2
Dm0 = 0 —1.879 x 1072°Q,,h% g/cm?>. 14 zeq = 2.4 X 10782 1%,
817G ~ 3070

Q, h2 = Quh2 + Qg h2. From WMAP: Q, h2 = 0.128 + 0.008.
02: CMB thermal spectrum (part 1) |3



Cosmology basics
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p’y:%

g*’effT,;lo =78 x 10734 g/cm3.

30, H?

v 1.879 x 1072Q,,,h? g/cm?.

Pm0 =

Q, h2 = Quh2 + Qg h2. From WMAP: Q, h2 = 0.128 + 0.008.

Radiation domination

—xat,  alt)xtY?, H(®)
Matter domination
— xa?, alt)xt??,  H(t)

Pro
Pmo .

Qoq = 4.15 x 107°(Q,,h*) L.

1+ Zog = 2.4 x 10*Q,,, h?,
~ 3070
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Properties of blackbody radiation

3
B,(T) = 2h 4 [B,(T)] = ergssec”' cm “Hz 'sr™ ! = 10" MJysr'.
4 c2 ev/kT _ 1"

Planck’s law determines the specific intensity of photons (i.e., the power flowing
orthogonal to a unit surface area per unit solid angle per unit frequency). The specific
energy density of photons is U, = B, /c.

10-% LALLM AL S L B 1) L
At low frequencies, we have the Rayleigh-Jeans limit 1o

100000K
104 10000K |1
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N
10-¢

2 10-7

hy<kT 2V e

B,(T) =~ =—kT «v°T, T
c? =

10-10
‘E 10-11
- 1012

Whereas at the high-frequency limit we have the Wien law = !0

—

> 10*14
Y 10—15
= -6 b
o1 g0

3 10-18 A
BTy "2 2 it
4 c2 . 10-20 07
1021 07 |
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Properties of blackbody radiation

Blackbody radiation arises when
matter in thermodynamic equilibrium
is optically thick, thereby photons
scatter many times before

2
encountering an observer. Under such £
conditions, the particle and photons b
share their kinetic energies. 5

i Increasing
The CMB provides such a condition. S density;
The container wall (the last scattering fixed temp.
surface) and the radiation are at the % —

same temperature, as in the famous
“container with a cavity” (Hohlraum).

Log frequency

This figure shows the so-called “blackbody
limit” of thermal radiation, as particles are
BAT added to an optically thin gas holding the
(1) volume and temperature constant. The thermal
bremsstrahlung curve rises upwards and
reaches the blackbody curve, but first only at
the low-frequencies! The emission becomes
optically thick first at low frequencies, the
break is known as the low-frequency cutoff.

LLLLEHEEITIRTTTIIRRRN
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Properties of blackbody radiation

The photon occupation number of a blackbody radiation field represents the mean number
of photons for every specific state of energy, and is give by

cUAT)  *B(T) 1 1

nPl — - - — ) ’
2hv3 2hv3 e/kT — 1 ¥ —1
U, = B,/c is the specific energy density x = hv/kT (x = 1 corresponds to v ~ 56.8 GHz).
Defined for T = Tcmvs = 3.726 K
A B
logn If we divide the mean energy E by the energy per photon hr we obtain the mean occupation number
n ~ ATT/IU/ n = 1 (5 24)
- ePhv '
o hv < kT expanding the exponential as a Taylor series the leading order term is n ~ kT /hv >
1. In this ‘Raleigh-Jeans’ region the occupation number is large — each state contains a large
1 number of photons, and photon discreteness effects are negligible. The occupation number
/1‘17/1 o T diverges as v — 0, but the mean energy remains finite £ ~ ET'.
— e hv ~ KT': this is the characteristic photon energy, and the occupation number is of order unity.
e hv > kT: the +1 in the denominator is negligible and n ~ exp(—hr/kT") and becomes
/ exponentially small.
n ~ e—hl//kT
log v

An Introduction to the CMB 02: CMB thermal spectrum (part 1) |7



Properties of blackbody radiation

The photon occupation number of a blackbody radiation field is

3 2
cU(T) ¢ B/(T) 1 1
np| = ST = 3 = T ] = 1 x = hv/kT (x = 1 corresponds to v ~ 56.8 GHz).

Photon energy density and number density for blackbody radiation:

py:nydde:%vaznvddeEfEfd3p, y—fh—vdvdﬂ——fvznvdvdﬁzffd3p.

o 2h V3 87h (kT)4 f Xdx  8PKT)

Pr=a e—"'—ldVdQ: 3\ h e*—1 1563h3

Blackbody photon
energy density

4 7o s T T\
=arT” ~ 5.1 10~ w ~ (.2
agT™ ~ 510 x 107" mec“cm (2.7251() 0 66\/(2.7251()

2 2 3
Photon number NPl 2;; f 14 dV dQ — 8 (kT) f x‘ dx — 167[(3(kT)
density er —1 h eX — 1 33

3

T
_ peT3 ~ 41 —3( ) ,
bk Oem™ {3755k
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Properties of blackbody radiation

Blackbody entropy

We can apply the standard laws of thermodynamics to blackbody radiation:

Pl

p 4 4
TdSy = dEy+ PydV = d(Vpy)+ —5-dV = Vdp)' + 20,/ dV = V d(arT*) + 3 (arT*)dV,

where S, is the photon entropy, E, = Vps1 the total internal energy and P, = pgl/ 3 the photon pressure

4 4 4 4 S, 4p"
2 3 3 3 3 Y Y
dSy = VdapT* + g(aRT )dV = Vd(gaRT )+ §(ClRT )dV = d(g arT V) - 7 = 57

This expression implies that for adiabatic changes of a blackbody (S, = const) we have V T3 = const. This
just means that if you increase the temperature by a factor of f you need to decrease the confining volume by
a factor of 1/, as we already argued above. Recasting this expression in terms of PV” = const we find the
adiabatic index of photons y = 4/3. For comparison, a monoatomic ideal gas has y = 5/3 and for diatomic
idea gases one has y = 7/5.

At constant S we have T x V3 and PxT*x V™43

Blackbody radiation in The adiabatic equation of state for black-body radiation radiation is therefore
adiabatic expansion

PV? = constant

with adiabatic index v = 4/3.

An Introduction to the CMB 02: CMB thermal spectrum (part 1) |9



What is needed to keep a blackbody?

Blackbody radiation is fully characterized by only one parameter: its temperature T.
Let’s suppose the temperature is increased to T’ by adding some energy:

e = Apy/py(T) = (T"/T)* — 1,

AT

A
T=(1+e>1/4—1~l e

4 Pl

To maintain the blackbody radiation, N o« T3, one then needs to add photons:

AN, . v AT AN, 3 Ap,

—:(T’/T)‘—l:(l—}—e)‘/ —1%3— — —_— i ————
Pl

Ny T Ny 4 p)

However, this is necessary but not sufficient condition! These photons need to be
redistributed in energy to keep the blackbody spectrum. In the early universe, the
photon creation part is taken care of by double-Compton scattering and bremsstrahlung
processes, and the Compton scattering takes care of the energy redistribution.

An Introduction to the CMB 02: CMB thermal spectrum (part 1) 20



What is needed to keep a blackbody?

To keep a blackbody spectrum at a new temperature T’ the photon occupation number
must change as the following:

1 | AT X
Any, = np|(T") — np|(T) = ——— — ——— = —x0ynp — + O(AT|T)?* = s

T
- + O(AT/T)?
ex’ —1 eX — 1 0( / )

(eX—-1)2> T

with X" = xT /T’
The figure shows a blackbody spectrum and the spectrum of a

e xe*
temperature shift: TarB, = Io(T) x*G(x) = —Iy(T) x*0,npi(x). G(x) = —x0ynp = ———
v [ GHz ] (e*-1)
1 10 100 1000
i TT | T T T T 1T || T I T T TTT | T || —] _1_00
14— !
L Blackbody spectrum
f === Temperature shift X 1/4
12—
- agl0
S _
é) 08 - E
= - 200 —
g 2
> B §Z
= 06 5
5 =
2 - =
= L
04 —{ 100
02
i \
\
i 47T ! L ! [ 0
001 0.1 1 10 30 50
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Blackbody in an expanding universe

We saw for blackbody radiation the entropy is proportional to the photon number and the entropy
change follows the condition

4 4 4 4
dS, = V4agT* + §(aR:r3)dV = Vd(gaRT3) + 5(aRT3)dV = d(§ aRT3V)
This means that in adiabatic expansion (S, = const), we will have V17 = const.

This is consistent with the expression PV = const with photon adiabatic index y = 4/3.

Thus, the temperature goes down with the inverse of radius, i.e. the scale factor of the universe:

(The electron temperature will go down as 1/R2?
due to electron’s adiabatic index 5/3)

I'(t)="T1o/a(t)

Since CMB photon number far dominates the baryon number, the entropy of the universe is
practically equal to the entropy of the CMB photons!

Ny 022 m™
n, 4.1x10°m™

baryon to photon ratio : 1 = ~5%x10710

>the CMB number density dominates over that of baryons by
~10°- (valid for all times).

An Introduction to the CMB 02: CMB thermal spectrum (part 1) 22



Thermalization of the CMB

Process that changes photon energy, not number:
Compton scattering:e+v=¢€+ Y

Processes that creates photons:

Radiative (double) Compton scattering:e +y=¢e+ Yy + Y
Bremsstrahlung: e+Z=e+Z+vy

At an early enough epoch, timescale of the radiative Compton scattering rate
Is much shorter than the expansion timescale. They are equal at z ~ 2x106,
or roughly two months after the big bang.

The universe reaches thermal equilibrium by this time through scattering and
photon-generating processes. Thermal equilibrium generates a blackbody

radiation field. Any energy injection before this time cannot leave any spectral
signature on the CMB blackbody.

For pure adiabatic expansion of the universe afterwards, a blackbody spectrum —
once established — should be maintained.

An Introduction to the CMB 02: CMB thermal spectrum (part 1) 23
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Events in the history of the
CMB spectrum

e+/e—
an;ﬁhilatior; CMB
10>z>10 /
BBN g -E/
z ~ 3x10

w

g
Big 3 5
: Blackbody n =
: —
Bang Photosphere 5 S
& =
® =

T
et
ddeJans SULId}IBIS JSe]

/

z=2x10

z=10 5\;

Figure 1. Important events in the history of the CMB spectrum and anisotropy formation in big bang cos-
mology. Redshift range (2 X 10° > z > 10°), where the energy injection would give rise to a Bose-Einstein
spectrum (u-type distortion), is marked as u. At much smaller redshifts (z < 10%), any heating of CMB through
Compton scattering would create a y-type distortion. The spectrum in the intermediate redshift range would

not be a pure u or y type but in between the two types. _
From Khatri & Sunyaev (2012)
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Compton scattering and bremsstrahlung

k’

One would expect the bremsstrahlung process to be the main culprit for producing photons,
but due to the high photon-to-baryon ratio of our universe, the double Compton scattering
(or radiative Compton scattering) plays a dominant role in the early phase.

After the photon creation is done (which is more efficient at low frequencies), the
redistribution of photon energies is done by the standard Compton scattering. However, this
process may not be fully efficient. We can define two epochs: that of ‘efficient’
Comptonization (or the era of p-type distortion, before z~ 5x104), and the era of ‘inefficient’

Comptonization (or y-type distortion) below that redshift.

The change in photon energy via Compton Y o_ L= A :
scattering is given by the well-known equation: v 1=+ ),,,IZCQ(I — Hsc)

where B =v/c,y=1/+1 =B u=cosa, i’ =cosa’ and s = cos ®
An Introduction to the CMB 26



Time scales vs expansion rate

To understand the relative importance of different scattering process, we need to
compare their characteristic time-scales with the expansion time-scale of the universe.

Whenever an interaction rate I' drops below the expansion rate of the universe

I'<H
we can consider the corresponding reaction “frozen”. It becomes negligible.

We will also see this later for recombination and decoupling: When the recombination
rate drops below the expansion rate, recombination freezes and the ionization fraction
remains constant. When the Thomson scattering rate of photons on electrons falls
below the expansion rate, photons become free to propagate without further scattering.

An Introduction to the CMB 02: CMB thermal spectrum (part 1) 27



Time scales vs expansion rate

To understand the relative importance of different scattering process, we need to
compare their characteristic time-scales with the expansion time-scale of the universe.

The typical expansion time-scale is given by the inverse of Hubble expansion rate, H(z)

F_ g 4.8 x 10" (1 +2)7* sec (radiation domination)
o 84 %107 (1 +2)732 sec (matter domination),

Comparing it with the Thomson scattering time-scale, we can find when the universe
becomes transparent to the CMB photons. The Thomson scattering time-scale is:

-3
years,

|l +z2
1100

X. ]“

tt = (0rNec) ™' = 2.7 x 10 X' (1 + 2)7° sec =~ 4.0 x 10* [0 —

Comparing it with the Compton time-scale for transfer of energy from the electrons to the
photons, we find that the Comptonization process becomes inefficient at roughly z ~ 5x104

—1

1 +z _
X 2 12%10°(1 +2)7* sec.

t
foy = — =~ 4.9% 10° rr 50

40,
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Compton scattering efficiency

matter-radiation equality
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The Bose-Einstein spectrum

When many scatterings occur, the photon spectrum is driven towards an equilibrium via
the Comptonization process, and the result is a Bose-Einstein (BE) spectrum:

|
etetio — 1’

NBE —

Note that the statement “photons have no rest mass and hence their chemical potential is
zero” is only true if there is full equilibrium, i.e. we have a blackbody at the temperature of the
medium! More generally, for a fixed photon number, the chemical potential can be non-zero.

e 1y > 0: fewer photons than a in blackbody at T, — energy release / photon destruction
e 1y = 0: blackbody at temperature T — full equilibrium

e 1y < 0: more photons than a in blackbody at 7. — energy extraction / photon injection

The statement thermal equilibrium is established at the high redshift (z > 2x1069) is
equivalent to say that p is driven essentially to zero by that redshift.

When energy is added to the CMB radiation field after redshift of ~2x106, there may
still be time to reintroduce kinetic equilibrium, but not full thermal equilibrium. In
that case, the spectrum would be a Bose-Einstein spectrum. This phase is generally
termed as the epoch of p-distortion (~2x106 < z < ~105). Here Comptonization is
efficient in driving the photon energy distribution to an equilibrium.
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The Bose-Einstein spectrum

Bose-Einstein spectrum for large chemical potential u = 0.5 and T; = Ty = 2.726 K.
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v [GHZ]
If we expand the BE spectrum in powers of the p
chemical potential, we can see that the 4. - 1 ~ — L Glxe)
maximum departure from a blackbody spectrum etetHo — 1 et —1] Xe
is expected at low frequencies (xe << 1)

po + O(ug)

An Introduction to the CMB 02: CMB thermal spectrum (part 1) 31



u- and y-type distortions

A l-type distortion can not be generated at recent epochs (Comptonization is very inefficient)
and thus directly probe the physics of the pre-recombination era.

At later times, leading up to the epoch of recombination, and then during reionization, any
energy input will generally create a y-type distortion. Here Comptonization is inefficient ( I >
H-1), but Compton scatterings still take place, and we get y << 1. This can be created at any

redshift after zrec, down to z = 0 (e.g. in hot clusters, SZ effect).

e+/e—
annihilation CMB

109> z>10 : /
z~3x10 <3 @
g &
. BlaCkbOdy '.; ) ¥ : E
Bang Photosphere i 2 3
& w =
Fig. ref: g\ §., S
. ret. - g
Khatri & Sunyaev 2=2x10 —_ B
arXiv:1203.2601 2=10" | 0 » .
z=10 = =
a —»

The Compton-y parameter depends on the
number of scattering (related to 7) and the v = f’ k(Te —T,) dr — f’ k(T. —T,)
0 0

. orNecdt"
net energy exchange per scattering. MeC> MeC? :
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Compton-y distortion

Compton-y distortion is created when scattering between electrons and photons are inefficient in
causing an energy exchange. This is typically the case when the electron and photon temperatures
are vastly different, so that electrons practically don’t change energy after scattering. The energy
exchange is parametrized by the Compton y-parameter and in this typical case we have y<<1.

The Comptonization of photons, i.e. repeated scattering of photons by electrons in an isotropic
medium, can be described by the Kompaneets equation:

on _ 6. 0 4 0 T ) O ZkTe/meC2
ar 12 (?_X an " Te n(l+m, (dimensionless electron
temperature)

This photon evolution equation in presence of electron-photon collisions can be solved analytically
only in limiting cases. Starting with an initial blackbody distribution function, ngg, one gets after a

very short time interval (i.e., At << 1) the following expression:

ATQ 0
x2 6x

At (6, -6.) 0
x2 Ox

~ AT (6 — 0) [4xm6(1 + 1) — (1 + np)(1 + 2e) |

An

4
X" npp(1 + npp)

[_nbb + =L npp(1 + i) | =

e’ + 1

~ At (6. — 0,) G(x) [x - 4] = At (e — 0,) Ysz(x),
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Compton-y distortion

Compton-y distortion is created when scattering between electrons and photons are inefficient in
causing an energy exchange. This is typically the case when the electron and photon temperatures
are vastly different, so that electrons practically don’t change energy after scattering. The energy

exchange is parametrized by the Compton y-parameter and in this typical case we have y<<1.

1 T rrrrr| T T T v rrrrg

AT0O. 0 0
An ~ e — x| =—npp + = npb(1 + npp)
x2 Ox |Ox

T,
~ AT (6, — 6) [4xnbb(1 + npb) — 1 (1 + np)(1 + znbb)]

~ At (6 - 6,) G(x) lx el 4] = At (0 — 6,) Ysz(), | \/

e* —1

x? 0x ~ y-distortion
spectrum

AT (0, —6.) O
] ~ © ) x*npp (1 + 1)

Al,, [MJy/sr]
o

raal
1

_4] N {—— for xx1 7 [t/am)

e+ 1
e* —1

x(x —4)e ™™ for x> 1.

Ys7(x) = G(x) [x

This is the definition of the Compton-y distortion, first studied by Sunyaev & Zeldovich in 1968 for

the case of CMB scattering by hot plasma inside galaxy clusters. The important parameter is the
Compton-y parameter (below), which depends on the number of scattering and the net energy
exchange, Av/v ~ 4(6, — 6,), per scattering.

Tk(T. =T "k(T. = T
y:f (Ze y) dr’ :f (Ze 7)O'TNecdt’,
0 0

MeC2 MaC?
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Compton-y distortion

Compton-y distortion is created when scattering between electrons and photons are inefficient in
causing an energy exchange. This is typically the case when the electron and photon temperatures
are vastly different, so that electrons practically don’t change energy after scattering. The energy
exchange is parametrized by the Compton y-parameter and in this typical case we have y<<1.

v[GHz ]
g 1 10 100 1000
i | | | | ] The y-distortion spectrum zero
oL Blackbody spectrum I'Y G — 400 crossing frequency:
14 - e Temperature shift X 1/4 ST 8
) IEEEEERETE y-distortion X 1/4 . | ~ — v~
e — U-distortion X 1.401 \ — 300 v =~ 217GHz (_ X 3830)
= ]
< i ]
= 08 —200 <
B 06 1 2 The BE spectrum zero crossing
£ oal Jio S frequency:
£ 021 1 =
- - _ . G Voo ® 124GHz (1 — 0.304 1 1n u)
a O === .—.n————"" I. 0 §
2 o2 T~ / _ E
— - N -
06 '~ =t :
oL A "k(Te =T "k(Te =T
08K : y = f - 5 ) dr’ = f ° = y)aTNec dr’,
L 0 mecC 0 mecC-
-1
i | I I | I | | I I I | | | | | I I | | | I— _300
12
0.01 0.1 1 10 30 50
e y > (: overall energy is transferred from the electrons to the photons — Comptonization
Y gy P 4
e y < 0: energy flows from the photons to the electrons — Compton cooling
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y—distortion from Sum of Blackbodies

Here we show the important result that when you mix two (or more) blackbodies, the result is not
another blackbody at an intermediate temperature. Rather, it leads to y-type spectral distortion!

We need to use the derivative of blackbody intensity spectrum at a fixed temperature:

AT dinl AT B ze® AT

I dnT T e—-1T

Let’s assume we have two blackbodies, B,(T) and B,(T’), where the temperature
difference is A = (T’ - T) / T. Then from Taylor expansion we get the following:

Al I'—1 e’ —1

—_— = - T 1
I I ex(1+4) —21 where g(z) = :1:; + T 2.
xe” A 3 -
N [A+g(x)7] + O(A?)
. . . AT A? 9
By recasting to relative temperature difference: = A + g(a:)7 + O(A”)
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u and y distortions: Summary

y - distortion u—y transition u - distortion

y-distortion ¥(x) 1 r  distortion M(x)

Scattering ‘inefficient’ | | Scattering “efficient’

ll[
1 1 .
x=hv/kTY x=hv/kT

: : redshift z
Figure credit: Jens Chluba
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u and y distortions: Summary

CMB
BBN -
8 =
+ — z~3x10 a
ele = 4
annihilation & =1 o=
8 a e &,
10> 2> 10 2 =) z
& Intermediate y 7e <
BlaCkbOdy w u _type % gP. >
Photosphere g =5 z
& &
3 a
[ XX g
6 5 4
7=2x10 z=2x10 7=1.5x10 7=1100 z=30 z=6
Frequency(GHz)
20 rooted  ev >0 Fig. left: p- and y-type distortions for a fixed
' ] l N "
; LN addition of energy e=AE/E=4x10-°t0 a
[ u=5.6x1072 - | AN T
105 R I AN blackbody at temperature T.
A Shown here is the intensity difference w.r.t
- VAR .\ 71 thereference CMB blackbody.
R / }E,’/ E”I S 1\:.
\\\\\ e These values are roughly at the level of
e D B 1 current observational limits, obtained
l ! 1 roughly 30 years ago!
. L. .
1 219  3.83 10 (From Khatri & Sunyaev 2012)
x=hv/kKT
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Current limits on Spectral Distortions
(from COBE/FIRAS, early 90-s)

e Energy added after z~2x106 will show up as spectral
distortions. Departure from a Planck spectrum at fixed T is
known as “p distortion” (B-E distribution). p distortion is

easier to detect at wavelengths A >10 cm.
COBE measurement: |[gy] < 9 x 10-5 (95% CL)

e The amount of inverse Compton scattering at later epochs
(z < 105) show up as "y distortion”, where y ~ o1 ne kTe (e.q.
the Sunyaev-Zel’dovich effect). This rules out a uniform

intergalactic plasma as the source for X-ray background.
COBE measurement:y < 1.2 x 10-5 (95% CL)

e Energy injection at much later epochs (z << 105), e.q.

free-free distortions, are also tightly constrained.
COBE measurement: Y < 1.9 x 10-5 (95% CL)
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COBE/FIRAS Measurements

Wavelength [mm]
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An Introduction to the CMB

Fundamental FIRAS measurement
is the plot at the bottom: the
difference between the CMB and
the best-fitting blackbody. The
top plot shows this residual
added to the theoretical
blackbody spectrum at the best
fitting cold load temperature.

The three curves in the lower
panel represents three likely
non-blackbody spectra:

Red and blue curves show effect
of hot electrons adding energy
before and after recombination
(roughly), the grey curve shows
effect of a non-perfect
blackbody as calibrator (less
than 10-4)
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u- and y-type distortion candidates

Table 1. Census of p distortions in standard cosmology.

The adiabatic cooling of matter results in negative distor-
tions shown in red. Table is taken from Ref.

Process L
electron-positron annihilation 10—178
BBN tritium decay 2x 1015
BBN 7Be decay 1016
WIMP dark matter annihilation | 3 x 1072, ,i(\]f’\,\p
Silk damping 1078 —1079
Adiabatic cooling of matter and
Bose-Einstein condensation —2.7x 1079

Table 2. Census of y-type distortions in standard cosmology. y-type
distortion from the mixing of blackbodies in our CMB sk are also

shown. Adiabatic cooling of matter creates negative distortions shown
in red. Reionization/WHIM contributions after recombination dominate.

Table is taken from Ref.

Ref: Khatri & Sunyaev, arXiv:1203.2601

Process Y
WIMP dark matter annihilation 6 x 10710 £, ,}f"?—]‘;}p
Silk damping 10-8 —10~9
Adiabatic cooling of matter and
Bose-Einstein condensation —6 x 10710
Reionization/WHIM 107% —1077
Mixing of blackbodies: CMB £ > 2 multipoles 8 x 1010
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u- and y-type distortion candidates

= WIMP dark matter annihilation: WIMPs are a popular candidate of dark matter that
can be thermally produced in the early universe. Even after the DM reactions freeze out in

the very early stage, a small number of residual annihilation can keep on happening
throughout the history of the universe, and release energy.

= BBN Be’ and tritium decay: Even though BBN happens before the blackbody
photosphere, Be’ and tritium (H3) survives until late times, whose decay can cause a p-
type spectral distortion.

= Silk damping: The acoustic waves generated in the photon-baryon fluid decay on the
small scales due to viscous drag and thermal conduction. This effect is known as Silk
damping (see lecture on CMB angular power spectrum later!) and it releases energy.

= Bose-Einstein condensate: The cooling of electron/baryons and the photons have
different time (or scale factor) dependence, but Comptonization keep them at equal
temperature in the early universe. This leads to a BE-condensate for the photons where
energy is transferred from radiation to the matter. The resulting p- and y-distortions have
opposite sign compared to energy release.

= Reionization / WHIM: Star formation and shock-heating in the cosmic filaments ionize
the neutral hydrogen, creating y-distortion on a global scale.
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Factor ~103 better with current technology

Sensitivity of the proposed Pixie satellite
Kogut et al. (2011), arXiv:1105.2044
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Spectral distortion science in focus

https://www.esa.int/Science_Exploration/Space_Science/
Voyage 2050 sets sail ESA chooses future science mission_themes

-

Voyage 2050 b

Gy,
S8 AN o
. R
3

Final recommendations from
the Voyage 2050 Senior Committee

<
i ' =

e New Physical Probes of the Early Universe. How did the Universe begin? How id the first cosmic
structures and black holes form and evolve? These are outstanding questions in fundamental
physics and astrophysics, and we now have new astronomical messengers that can address them.
Our recommendation is for a Large mission deploying gravitational wave detectors or precision
microwave spectrometers to explore the early Universe at large redshifts. This theme follows the

breakthrough science from Planck and the expected scientific return from LISA.

An Introduction to the CMB 02: CMB thermal spectrum (part 1)

44



Instrumentation for Voyage2050 CMB probe

Microwave Imaging and Spectroscopy Telescope PICO focal plane .
g
1. A broad-band, multi-frequency polarised imager o
» Reference model: PICO instrument at the focus of 3.5m cold telescope g
e 21 overlapping bands from 20 to 800 GHz, Av/v ~ 0.3 78 om > °
e Angular resolution 1' at 300 GHz, 25" at 800 GHz _
« Full-sky sensitivity > 5000 Planck missions et s DeSh'm;{f R1Ju(1] | £
Aluminium absorber 2 4 I'§|'I-
2. Asensitive filterbank spectrometer with R & 300 s o
« Reference model: Extended Deshima at the focus of the same telescope B 49 speciral channels “::
« Frequency range 100-1000 GHz (goal 50-2000 GHz) - . ----- " Sy sgnaline E
« Angular resolution 1' at 300 GHz Lnesignal [ siq signa ins fereency) =
3. An absolutely calibrated Fourier Transform Spectrometer >
» Reference model: a three-module version of PIXIE / PRISTINE 03
» Frequency range 10-2000 GHz 8 - il §
» Degree-scale angular resolution A I =
« Sensitivity 104 to 105 times better than COBE/FIRAS Q \ S
PIXIE FTS T o

Lorentz_  Mission: Spectro-Polarimetry
g1 {{@ of the Microwave Sky

Workshop @Oort 31 October - 4 November 2022, Leiden, the Netherlands
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Questions?

L 3

Feel free to email me or ask questions
in our eCampus Forum
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