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Synopsis:

e Introduction CMB radiation

EM Research

e Maxwell - Lorentz ElectroMagnetic field equations for CMB radiation

e EM field and source quantities in CMB radiation

e EM moving particle source quantities in CMB radiation
e Configuration for analyzing CMB radiation

e Far-source approximation in CMB radiation

e Spectral representation of the CMB radiation field

e Observation with the Cosmic Background Imager (CBI)

e State of polarization of the observed field
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e CMB radiation (equivalent black-body radiation temperature 7' = 2.725 K,
spectral intensity /(v) peaked at v = 160.2 GHz) is conjectured to bel!]

e ElectroMagnetic (EM) radiation generated by accelerated motion of
electrically charged and/or electrically polarized and /or (spin)magnetized par-

ticles (Lorentz theory of electrons, 1905), present in ranges of the universe

with very low number density of particles

e Radiation damping is ascribed to Thompson scattering: EM field incident

on particle — EM force on particle — acceleration of particle — (Thompson
scattered) EM field radiated by particle:

e F.-mode damping: influence of electric force on particle predominates

e B-mode damping: influence of magnetic force (Lorentz force) on particle

\ predominates (usually negligibly small) J
03

Introduction to CMB radiation
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e CMB radiation is observed and interpreted in 4D space-time (R xR) with

e 3D Euclidean space R?

e orthonormal Cartesian reference frame {O, 21, %5, 23}
e position vector & = 1141 + Tats + 7313 € R?

e 1D timet e R
e Notation:

e 0,, = differentiation with respect to x,,, (m = 1, 2, 3)

e 0; = differentiation with respect to ¢

o /

CMB radiation in space-time
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e {E£ H|} = radiated EM field

e Maxwell - Lorentz EM field equations for CMB radiation:

e {J, P, M} = moving sources generating the field
e 1o = (magnetic) permeability of vacuum [ = 47 % 1077 H/m [(SI)]
e ¢y = (electric) permittivity of vacuum [eg = (pocg) ™t F/m (SI)]

\ e ¢y = electromagnetic wave speed in vacuum [cy = 299792458 m/s (SI)] /

EM Research

+ 0, | P,

05

Maxwell (1873) - Lorentz (1905) ElectroMagnetic field equations for CMB radiation
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e EM field quantities in CMB radiation:

o E(x,t)=electric field strength (V/m)

EM Research

e H(x,t) = magnetic field strength (A/m)

e EM source quantities in CMB radiation:

o J(x,t) = volume density of electric convection current (A/m?)

e P(x,1) = volume density of electric polarization (C/m?)

e M (x,t)=volume density of (spin) magnetization (A/m)

06 /

EM field and source quantities in CMB radiation
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e EM moving particle source quantities in CMB radiation:?

e x((t) = position of particle at time ¢

)=
e v(t) = velocity of particle at time t [vy(t) = dyaxy(t)]
e 0°(xz) = 3D Dirac delta distribution operative at = 0
o 0°(x)=0forx #0
o . 8z — xo()] f(x, t)AV = flzo(t),t] ("sifting property”)
o J(x,t)=q(t)vo(t)d’[x — x0(t)]
e ((t) = electric charge (C)
o P(x,1)=p(t)8[x — xo(t)]
e p(t) = electric dipole moment (C- m)
o M(x,t)=m(t)8x — xo(t)]

e m(t) = magnetic spin moment (A- m’
\_ (1) g (A- m’) 07 J

EM moving particle source quantities in CMB radiation
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ElectroMagnetic compatibility relations

e Note that
01 Oy O3] 0 03 —0» [0 0 0]
o —03 0 0O | = implies:
0y —01 0
e EM compatibility relations
[(91 (92 (3’3] _EOatEl [81 02 (93] J1—|—atP1
_antEQ — JQ + @PQ
_—GOatEg_ _J3 + (%Pg_
01 Oy O3] | —poOLHy 01 Oy O3] | —poOLM,
—/Lo@tHQ — _,antMQ
| — o0 Hs | | — o0 M3 |
N o
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Fig. 1. Radiative cosmos with moving electric charges,
electric dipoles and magnetic (spin) dipoles, and observation
coordinates for CMB radiation.

Configuration for analyzing CMB radiation
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e Maxwell field calculation/computation in operator form:

¢ G: {J,P.M}(z,) = {E,H}(,1)
{J,P,M}(x',t') = sources
{E,H}(x,t) = field
G(x,t;x',t') = Maxwell field propagator
e Far-source approximation: e ¢/|x' — x| < 0, = 0,, >~ (&,,/¢0)0;
o G2 (], P, M}(x, 1) 2= [E, HY™(z,1)
{J,P,M}(x' ") = sources
(E,H)Y"(x,t) = field in far-source approximation
G (x,t;x',t") = far-source Maxwell field propagator
b = S T s
m as o0
o~z 2|
N L
Far-source approximation in CMB radiation
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e The CMB observed field (far-source approximation):
(B, Ho ) = — [ {EX HOWEDIQ (m=1,2,3)
i i i 47'(' cen o ) ) o )
I §& -1 && §183 O Ay | 0 —& & O
o |EX | =po| && -1 £&&3 O As | + o &3 0 =& | | O
2 BEES 382 &6 — 1] |0 As ]| & & 0 | | Ofs]
H* §& -1 && §183 O L . 0 —& & O Ay
o |H¥| =e | && & —1 0§83 Ol | — o & 0 =& | | 0A
| H3E BRES §3k2 &8s — 1] | OF3 & & 0| | 0As
RmaX
o A (E1) = / o (REE— RJco) + 0P (RE.t — RJo)[RAR  (m = 1.2.3)
R=Rpn
RmaX
o I, (E.1) = / M, (RE.t — Rjc))RAR  (m = 1,2,3)
\ R:Rmin 11 /
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The CMB observed field (far-source approximation)
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e Far-source relationships EM field equations [0,, >~ (&,,/co)0]:

0 =& & H* Lye 0
| & 0 =& | [HYE| —coeo | ES°| =10
& & 0| | HY L5t 0]
0 =& & Lye Hy* 0
| & 0 =& EC | +copo | H® | = | O
& O 0| | BT [0
e Far-source relationships EM compatibility relations [0,, ~ (&,,/c)04]:
&1 & &l | BT &1 & & | H®
o Esel =0 o H*| =0
Lg* H3*
- " .
Far-source field relationships
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e Spectral representation of electric and magnetic field strength

(Fourier representation):

. {E,H}(:c,t):i / ) exp(jwt {E, H}(x, jw)dw

2T J e — oo
(w = angular frequency)

_ / exp(i2mvt) [ B, HY(z, i2m0)dv

=00

(v = frequency = w/2m)

e Fourier theorem:

©.¢)

{E,HY(x,jw) = / exp(—jwt){E, H }(x,t)dt

l=—00
e Since the field vectors are real-valued, also:

(B H(z.t) = / " Re [exp(jwt){i?,ﬂ}(a:, jwﬂ dw

\ TJw=20 (3 /

Spectral representation of the CMB radiation field
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e For any set of components of the electric and the magnetic field

strength (Parseval’s theorem):

AN AN

o /too E(x,t)H(x,t)dt = : /OO E(x,jw)H(x, —jw)dw

=—00 2m =—00

= / E(x,j2mv)H (x, —j2nv)dy

o F(x,jw)H (x, —jw) = spectral power density
e Since the field vectors are real-valued, also:

/too E(x,t)H(x,t)dt = l/oo Re [E(w,jw)ﬁ(w, —jw)} dw

=—00 TJw =20

N G

Spectral power density (Parseval’s theorem)
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Notation: Vectors are denoted by bold-face symbols, - denotes inner product,
o ‘E|2 =FE-FE

e Each spectral field component:

A A

o E(x,t)=Re|E(x,jw)| cos(wt) — Im|E(x, jw)] sin(wt)

AN AN

describes at position @ in the plane through Re|E(x,jw)| and Im[E(x, jw)] a

closed curve in the course of time over any cycle of duration 27 /w.

e In:
o E(x,t)= Ex cos(wt + 1) + Ey sin(wt + 1)

{Ex, Ey} can be constructed such that

[ EX-Ey:O (EX 1 Ey>
N o

State of polarization (Spectral field component)
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e Since:

o Ex =Re(E)cos(v)) + Im(E)sin(v) (wt =0)

AN

o Ey =Re(E)sin(¢) — Im(E) cos(¢))  (wt = 7/2)

e tan(2 1) is found as
2 Re(E)-Im(E)

o tan(2y) = Re(E|)]2 — |Im(E)|?

e while:

o E-Eyx = |Ex|*cos(wt +1) o E-Ey = |Ey|*sin(wt + 1)

o —>

E-Ex\° [(E-Ev\~ o
o (\E é) + (\E é) =1 <= ellipse if |[Ex|* # |Ey|*’
X Y

N N

State of polarization (Spectral field component)(Contd.)
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e Semi major axis of ellipse (if o |Ex|* # |Ey|?) :
1 A .
o |Bx| =5 (IRe(B) + [m(B)) +
2
| A A 5 A o] 12
[1 (IRe(E)? = [tm(B)?) "+ (Re()-Im(E) ]
e Semi minor axis of ellipse (if o |[Ex|* # |Ey|?) :
1 A .
o |By[? =5 (IRe(B) + Im(E)[?) +
| A A 5 A 9] 1/2
[Z (IRe(B)? = [Im(B)]?)” — (Re(E)-Im(E) ]
If: ¢ |[Ex|° = |Ey|* ellipse = circle

If: ¢« Ex || Ey ellipse = line

N o

State of polarization (Elliptic, Circular, Linear)
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