Topics in radiation

What is "radiation"

The closed lines of radiation fields
Larmor formula

The angular momentum of radiation
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What is radiation?

* The idea behind radiation is that it corresponds to the flow of something (energy, momentum, etc.) that is carried along some direction, but dA
is not “attached" to its source.

* In EM, the power that crosses some area d A = r2d’Q is determined by the Poynting vector:
dP = (S -dA), = ¢, [(Ex B), ?] 2 d’Q
* We can expand the power per solid angle as a series over the distance r from the source:

lim ap = Py, p) + 1P(Q(p)+

1 —_— 5 —_— 5 e

r—o0 d2Q 0 r !

* For“true” radiation, the term P, is non-zero: there is a part of the fields which are “detached” from the source, and which are able to carry that

energy and momentum out to infinity.

* Always remember that there is “price" to pay for the ejected energy and momentum: the work done on (or by) the system that generated
those fields. In order to see that, remember the Poynting theorem:

a —_ — —_— —

pab;M +V.-S+J-E =0, andlIntegrating that over any volume we obtain, using the Divergence theorem:
U rud —_ —
an+a£dA .S =—Jd3xJ . E

* Now, consider a surface far away from the source, and a disturbance that lasts for a short time At.

= While the disturbance does its work on the charges/currents, the energy is changing, but there is no energy transfer through that
surface (the fields could not yet reach that far away surface).

= | ater, there is no more work being done, but the Poynting vector takes that energy away from the volume.

= Finally, there is neither work being done, nor radiation crossing the surface, and the energy is constant again — but with a lower
value.
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Larmor’s formula

* An interesting expressions for the emitted power from a radiating source is Larmor’s formula. In Lecture 15 we came across a result used for the Jefimenko
expressions:

Fe5) = 04— [d3, ARy AR (o 11 0T
7-x X ——— = e —_—
dre A2’ Ret? " c Ax | or c2 Ax or

t'=t
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1'=lRes

* If we neglect the terms ~ 1/Ax2 (in other words, if we assume that we are in the radiation zone), then Ax — r, A% — 7 and we get:

- 1 0 1 (0T
e [ () -1(
4reycr o) .,_ o, € ot’

t/=tRel

t,:tRet

* Using the continuity equation and the identity A X (Z X _>) = X(_) . _>) — ?(X . Z), we can derive another useful expression for the electric field:
— 7 0T (X"t =t—rlc
E, . Pl ?x‘d?’x’ ( )
4z r ot
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Larmor’s formula

- Consider a point charge moving along some time-dependent trajectory ?q(t) , velocity 7q =

—

q

* This particle has a current density:

J=q7, 5% - %, 0]

. Substituting this into the expression we just found for the electric field and neglecting terms ~ vq/c we get:

luoq —

F X [ff X E’q(tRet)] ~ o

— Hodq
E = r aJ_(tRet) ’

rad —

A r

where El is the component of the acceleration perpendicular to the direction 7.

—

The magnetic field is perpendicular to both Emd and 7: ﬁrad =rX E/c.

* This means that the power radiated by this moving particle is given by:

dP o r? Hoq 2 _ )
— =—|E  *= a *(tg,,) sin*@
dQ  pgc HoC Arr

2
Hod —9 )
= a “(t sin“ @
1672¢ (ger

This is basically Larmor’s formula: it tells us that the radiation from moving particles is directly given by the

acceleration — at the retarded times!

and acceleration

a,=v g Furthermore, let’s assume that the particle’s position is always close to the origin, | Yq | ~0.

=

ELECTRODYNAMICS I / IFUSP / LECTURE 17

rad



Radiation and field line reconnections

* One of the implications from the discussion above is that the fields become “detached" from the sources. We can see that in terms of the field lines of radiative fields closing in on themselves
at some pointin time.

* To see that, consider the dipole field. Let’s take the vector potential we found in an earlier class (Lecture 15):

— eikr = = eikr . 0 7/
A, Lt J‘d3x’x’V'-Jw(xl) = o Jd3x’x’—pw( )
Az r A r ot
— Ho . ei(kr—wt) _
= A, x) = 4—(—10))—p0
V4 r

* Now, we can use the Ampére law to write the Electric field as:

laf — — —_ = — =
———=VXB=V(V-A)-V~-A
c?2 ot

* Now, suppose that the dipole is oriented in the z direction,so A = A_Z and we have:

1 ()F — — N i(kr—wr) . itkr—wr)
5o =V(0.4) ~ VA, = 22 (—iw) [v(az—e )_2v2<e

c? r r
* Itis clear that the time derivative of 0 E /0t = (—iw) E . Now, due to axial symmetry, it is convenient to use cylindrical coordinates. We obtain:

2 i(kr—wt) i(kr—wt)
— HoC™ Do n e n 1 e
E = 0,0 —Zz—0 0

* This means that we can write the field in terms of the following expression:

N Po 1 . ) ei(kr—a)t)
E = —(pazf—zapf> ,  Where f=pd,| ——
p

r
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Radiation and field line reconnections

* Let's write this result again here:

—  py 1/ A g!(kr=wi) cos (kr — wt)
E=—"—(po.f-20,f) . f=p9, ~ pd,

drey p r r

» Now, notice that V f = pd, f+ 20, f, so we get that

quVf) ,  hence f-szO

- This means that the field is always tangential to the surfaces of equal values of f, and the norm of the two
are basically the same:

2
— Ho Po 1 — 2
E|? = V
| E | <4ﬂ> p2| fl

- What is interesting about this expression for the electric field is that we can regard the surfaces of constant f
as the marking the places of equal field strength.
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Radiation and field line reconnections

-

- So, the surfaces of constant f as the marking the -
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places of equal | E |.But since that function has
also a time dependence, the lines of constant f are

“dynamic’, they change with time — see the figures
on the right, where the dipole is in the center.

- Moreover, the lines of equal values of f depend on

the phase, kr — wt, so they “move" around, and
every so often they “pinch off” at some place, as
shown in this last figure. This means that the field
lines at the “pinch" are connecting and separating:
the field lines separate into lines that connect with
the source, and lines that are detached from the
source! Now, that’s radiation!
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The EM force, energy and momentum

* We saw in an earlier class that the stress-energy tensor for EM is given by:

o= Lpep, y Lsepr| = L pep,  Lonp
I Lo VT _Mo poogq H

In particular, the space-space part of that tensor is given by:

o1l 1 (B
T'=— |—EE+BB -——5. —+B
Ty | c? 2 7\ ¢

Conservation of the electromagnetic stress-energy tensor means that:
0.1 + " =0
Consider first the component ¢ = 0. Using Maxwell’s equations we obtain:

— —

P .
0T+ f0=0 = ’:)EtM+v-S+J-E=0 ,

— —

which describes the rate of change of energy in terms of the flux of momentum (V - §) and the work done to the system (T- ).

The spatial component, on the other hand, again takes a bit more algebra, but you can show that it yields:
i
i i _ o ij i T — TR .
0TI+ =0 = > 0T +f"=0 , where § =-—FE X B isthePoynting vector.
ce ot Ho

Wherefis the Lorentz force. This last equation describes momentum flux (since the density of momentumis p = ?/cz), including the force that is exerted
on the system (f = pf+ J X F). Another way to write this equation is in terms of the total force and momentum of the particles in the system:

. dP!

F'= = |d’x| ———+0TV , and if you work out this expression using Maxwell’s equations you obtain:
dt /

F = [d3x <pf+ J X ﬁ)
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The EM force, energy and momentum

* Butlet’s go back to our previous expression:

. dP ; 1 oS
Fl=— = |dx( ~———+0T"
dt c? ot

* Notice that we could have written:

d . 3 1 . ; 3
— | P+ |d°x—S8") = |d x()jT’J
dt c2

and since the total momentum is the integral over the volume of the momentum density (pi), we have:

e pi+isi = [d°x0.TY
dt c? /

Therefore, the two terms above are the momentum density in the particles and in the EM field. We can now use the
Divergence theorem to turn the integral of the right-hand-side into a surface integral, leading to:

= (P’ + P;;M) ‘dZS TY ,  where the EM momentum density is Pz, = S/c? , and PL, = "d3xpEM

Clearly, if we take the surface to be sufficiently far away that the stress-energy tensor is zero, then we get conservation
of total momentum.

So, in some sense the components T tell us how much of the momentum component P’ is flowing through a
surface element oriented in the direction S] :
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Another viewpoint on the vector potential

* These results all point to an interpretation of the Poynting vector as the EM momentum density. Now we will show how we can reduce this to what is basically the vector
potential.

* We found that the EM momentum in a given volume is determined by:

— 1—) — —
PEM=Jd3x§S =Jd3x € EXB

or, in components,
Pi, =€ Jd3x e""E; B, = ¢, Jd3x e*E; (e"m9,A,,)
A bit of algebra leads us to:

oJ

— " 3
=& & |0.(E4) - (08) 4= 0, (E4) + (95 4]

Integrating by parts the total derivatives we get surface terms, which we neglect (assuming the volume large enough), resulting in:

J v

Piy=c |&x (AV-E-A0F)

—

Now, the first term just givesus V - E = pley . while the second only appears if there is a time-varying magnetic field. To see that, notice that if

VX E =0B/ot =0, then 0,E; = 0,E;, and then:

Pi = |dx <p A;— 60, 0jEl.) — [d3x [p A, — (A E) + e)(,AE,

= [d’x p A,

So, the vector potential is a kind of momentum density of the EM field! Maxwell in fact referred to the vector potential as the “electro-kinetic momentum”!
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The angular momentum of radiation

* We saw in an earlier class that stress-energy conservation also implies conservation of angular momentum. To be more specific, what we showed was:
0,T"=0 = 09,(x"T"—-x'T") =0 ()
where the components witha = 0 or 4 = 0 are satisfied automatically with the Maxwell equations.

* This expression shows us the way to find the expression for the angular momentum of the EM field in terms of the stress-energy tensor. Consider the following object, which
expresses the flux of angular momentum:

Mij =T, €kt 1
* The 3-divergence of this spatial tensor gives us exactly the spatial part of Eq. (*) above:
o;M;; = 0, (-Tik €kl rz) = (aiTik) €y 11+ Ty €3 Oit
=fe €1+ T €4y 6y = € 7 =7; . whichis exactly the torque!
* So, the force and torque laws are written as:

dP, dL,
Ma=l=r M= n=p

* Angular momentum conservation for the total system (matter + EM fields) implies that the

, [dl O S B

* Therefore, we get that the total angular momentum of the system obeys the conservation law:

< (T +Ton) = Jd3x oM, = ﬂgcﬂs. M;
dt Y J Ty
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The angular momentum of radiation

As an example, consider a sphere of radius R with constant magnetization M=M % and charge Q equally distributed on its surface, so 6 = Q /47R>.

The magnetic and electric fields are:

2

— oR —
E = 7 outside the sphere,and E = 0 inside the sphere,
€
—  poMR? . — 2 .
B = 3 (2 cosf 7 + sinf 9) outside the sphere,and B = g,uo M Z inside the sphere
r

* Now, let’s say that this magnetization of the sphere is lost: e.g., the sphere is heated up above the critical temperature (the Curie temperature). The sphere
will then “eject” the magnetic field, generating an electromotive force on the charges, which will rotate the sphere. The angular momentum of the sphere

must then be compensated by the angular momentum in the field that "flies away".

* So, let’s compute that angular momentum which is exchanged. The angular momentum in the EM field is:

Ly =6 |dx7Fx(ExB) ‘\\ //’

00 1 2r 2 3

R MR )

= € drrzj d(cose)J do7x | [ 257 ) x [ B2 sing d
1 € 3r

JR

27
de sin @ =J de cos @ =0, weget:
0

2

.SincefxO=@pand Fxp=—10 =sinei—cosﬁ(cosgofc+sinqa§1),andJ
0

- 2noMR> [ !
Lgy = ﬂo% A J d(cos @) r~*sin’ 0
-1

IR
2noMR> (*® !
=ﬂOTZ . [ ) (1 _’MZ) A// \\‘
Jr -1

2neMR> 1 2 20MR?
2 = pg————

&\l
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The angular momentum of radiation

* Now let’s check that this angular momentum is transferred to the sphere. First, let's compute the electromotive force on charges along a circular path on
the surface of the sphere, aligned with the z axis, so its radius is p = r sin 6. The electric field on that circular path is:

dd dB 1 dB
2n(rsin@)E, = — £ =—(Jrr2sin20)—Z = E =——rsinf— ,
? dt dt ? 2 dt

where B_ is the z component of the field inside the sphere

* The torque on the sphere is therefore:
7= Jd% FX(pE)=0R JdZSf x (E,®)

1, dB, (! S A
=——oR*—= J d(cos ) J desinf (—0)
2 d !

roJ- 0
* Again, the components along the x and y axis are zero by symmetry, and we are left with the only component:
1 dB 2z

1
I=——0cR* Zz[ d(cos 0 J do sin? 0
5 = _1( )0 @
4 dB 1 dB
=——0oR'*—3=——QR*—/3
3 dt 3Q dt

* If the magnetization decays, all the magnetic field inside the sphere decays as well, and the total variation is:

O U B 2
AL:—EQR ABZz=—§QR X O_EﬂoMZ

— 2 2 A A// \\‘
L =gHQR M2

which is exactly what we obtained before! So, the angular momentum which was “stored" in the field gets transferred to the angular momentum of
the sphere! Angular momentum is conserved!!
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Next class:

 Plasma phenomena
- R. Fitzpatrick, “Classical Electromagnetism’, Ch. 9

* PDF: http://farside.ph.utexas.edu/teaching/jk1/jk1.html
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