PHY 712 Electrodynamics
9-9:50 AM MWF Olin 103

Plan for Lecture 15:

Finish reading Chapter 6
1. Some details of Liénard-Wiechert results

2. Energy density and flux associated with
electromagnetic fields

3. Time harmonic fields

02/1812

2/18/2015

7 [Fri:01/30/2015  Chap. 3 Cylindrical and spherical geometries a7 02102/2015
8 |Mon: 02/02/2015 [Chap. 4 Multipole analysis #8 0210472015
9 \Wed: 02/04/2015 Chap. 4 Dipoles and dielectrics # 02106/2015
10 Fri: 02/06/2015 Chap. 4 Dipoles and dielectrics #10 02/09/2015
11 Mon: 02/09/2015 Chap. 5 Magnetostatics #11 02/11/2015
12 Wed: 02/11/2015 Chap. 5 Magnetostatics #12 02/13/12015
13 Fri: 02/13/2015 Chap. 5 Magnetostatics #13 02/16/2015
14 Mon: 02/16/2015 Chap. 6 Maxwell's equations #13 02/18/2015
» 15 Wed: 02/18/2015 Chap. 6 Electromagnetic energy and force #15 02/20/2015
16 [Fri: 02/20/2015  (Chap. 7 Electromagnetic plane waves #16 021232015
17 [Mon: 02/23/2015 (Chap. 7 Dielectric media #7 02125/2015
18 Wed: 02/25/2015 Chap. 7 Complex dielectrics #18 0212772015
19 [Fri: 02/27/2015  (Chap. 8 Wave guides
Mon. 03/02/2015 |APS Meeting  Take-home exam (no class meeting)
Mon. 03/04/2015 |APS Meeting  Take-home exam (no class meeting)
Mon. 03/06/2015 |APS Meeting _ Take-home exam (no class meeting)
[ Mon. 03/09/2015 [Spring Break
[ Wed. 03/11/2015 |Spring Break
[ [Fri. 03/13/2016 |Spring Break

20 [Fri: 02/27/2015  Chap. 8 Wave guides

PHY 712 Sprin

Wed. Feb. 18, 2015
Physics Colloquiu
Prof Matthews' Studio Course Elbinexposed to NO

Featured by Wake Forest News Broriisims U Richmond
Olin 101 4:00 PM

Refreshments at 3:30 PM
Olin Lobby

Prof Carroll receives Innovation Physics Colloquium:

Y Award Manipulating EM Waves

Prof. Fiddy, UNCC

Olin 101 4:00 PM
Refreshments at 3:30 PM
Olin Lobby

Hands on with hydrogen

PHY 712 Sprir




WFU Physics Colloquium

TITLE: Structural and Mechanical Properties of Fibrin Exposed to
Nitric Oxide

SPEAKER: Dr. Christine Helms,

Department of Physics
University of Richmond

TIME: Wednesday February 18, 2015 at 4:00 PM
PLACE: Room 101 Olin Physical Laboratory

Refreshments will be served at 3:30 PM in the Olin Lounge. All
nterested persons are cordially invited to attend.

ABSTRACT

Fibrin fibers are a major component of blood clots, which perform the mechanical and
structural task of stemming the flow of blood. Therefore mechanical and structural
properties of clots and their constituent fibrin fibers are important for understanding and
describing clot function. Studies of blood clots have related myocardial infarction, coronary
artery disease and diabetes mellitus to the mechanical properties and the structure of blood
clots. Additionally, environmental factors such as pH and ionic strength have been shown to
affect clot properties. Nitric oxide (NO) a small biological molecule produced by endothelial
cells and linked to is, diabetes and ion may affect fibrin fiber
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Solution of Maxwell’s equations in the Lorentz gauge -- continued
Liénard-Wiechert potentials and fields --
Determination of the scalar and vector potentials for a moving
point particle (also see Landau and Lifshitz The Classical
Theory of Fields, Chapter 8.)

Consider the fields produced by the following source: a point
charge g moving on a trajectory Ry(t).

Charge density: p(r,t) = g5’ (r— R,(®)

Current density: J(r,1)=gR_ ()5’ (r—R,(t)), where R, ()=

R.(t)
)
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dt

dR (1)

Solution of Maxwell’s equations in the Lorentz gauge -- continued

cb(r,t):Fl%”dvdz'%s(f—(z—\r—r'| )

1 J(r't)
A(r,f)= | d*r'dt' =—"265(t'-(t—|r-r'|/c)).

® 47reoc“~” el (r=C=lr=r'|/c))
We performing the integrations over first d®’ and then at’
making use of the fact that for any function of ¢,

O NS4 (| ; _ f(@,)
[ i 103 (1= e =R, (1) /) R eR0))
clr=R, ()|
where the ““retarded time" is defined to be
_, I R)|
" c
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Solution of Maxwell’s equations in the Lorentz gauge -- continued

Resulting scalar and vector potentials:

q 1
D(r,1) = —_—,
@0 47reoR_V' R
c
q v
A(r,t)= —_—,
®n 4/7,’6062R_V' R
c
Notation: R = r— Rq(tr) Ir— R ()]
. tr:t—#.
v=R, (), ¢
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Solution of Maxwell’s equations in the Lorentz gauge -- continued
In order to find the electric and magnetic fields, we need to

luat
evaluate E(r.1) = ~VO(r.0) - 6Aélt‘,t)

B(r,t) =V xA(r,¢)

The trick of evaluating these derivatives is that the retarded
time f, depends on position r and on itself. We can show the
following results using the shorthand notation:

R o, _ R
r C(R_V'R) and ot [R_V'Rj

c 4
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Solution of Maxwell’s equations in the Lorentz gauge -- continued

2 .
vorn=-1 1 I g[1-¥ —l(R—v R]Jr RVR|
4re, (R,V'R] c” c c c

c
_AA®) g 1 (vR(

ot 747[60 (R*v‘ R)KL c

c

sy (U UL G )

c

R—

v v-R Rxv/c RXE(r,¢
B(r.)= 73[1—# R | Rxvle | RxECD
TTENC (R—V'RJ c G [ v.RJ cR

G




Maxwell’s equations

Coulomb's law : V-D=p,,
' oD
Ampere - Maxwell'slaw : VxH - o =J e
0
Faraday's law : V><E+%*0
o

No magnetic monopoles: V-B=0

Energy analysis of electromagnetic fields and sources
Rate of work done on source J(, ) by electromagnetic field :
daw dEmuh - d3r E-J

dt dt
Expressing source current in terms of fields it produces:

d—W=jd3r E~[V><H—6—D]
dt ot
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Energy analysis of electromagnetic fields and sources -
- continued

dl:jd% E-J=[d’r E- V-2
dt ot

=—[d*r ( E><H)+E8—D HaBJ
or or

Let S=ExH "Poynting vector"
= %(E ‘D+H-B) energy density

a—u+V S=-E
ot
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Energy analysis of electromagnetic fields and sources -
- continued

dEmezh — d3 E-J
dt

E g = J.dSr ulr,z)

Poynting vector: S=ExH

From the previous energy analysis: g—’; +V-S=-E-J
dE

:>7dE”'”h +7f’61‘1 = J.d3r V-S(r §d2rr S(r

dt d HY 712 Spring 2015 cture 15

02/18/2015

. . 1
Electromagnetic energy density:  u = E(E -D+H- B)

1)




Momentum analysis of electromagnetic fields and sources

P, . 3
meh =\d’r (PE+JxB
k= [d'r (p )
Follows by analogy with Lorentz force :
F=¢(E+vxB)

Pﬁeld = SOJ.d3r (E X B)
Expression for vacuum fields:
M + M — z J‘ dSr ai
dt dt . - 67‘/

Maxwell stress tensor :

1
7= gO(E,.Ej +¢*B,B, -5, f(E-E+c2B‘B)j |

PHY 712 Spring 2015 - Leéture 15

Comment on treatment of time-harmonic fields
Fourier transformation in time domain :

By - j doEr,w)e™
2 °,

Erae) = Tth(r,t)e’"

—n

Note that E(r,¢)isreal = E(r,@)=E'(r,— o)
These relations and the notion of the superposition principle,
lead to the common treatment :

Efry=R(Emwe™ )= %(]NE(r, e +E'(r,w)e™)

2/18/2015
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Comment on treatment of time-harmonic fields -- continued

Equations for time harmonic fields :

Er)=R(Erwe™ )= %(ﬁ(r, e +E (1, w)e™)

Equations in time domain  in frequency domain

Coulomb's law : V-D=p,, v-D= P e

Ampere - Maxwell'slaw: VxH - % =J5. Vx H+ioD= j,,w
B

Faraday's law : VXE+E:0 VxE-ioB=0

No magnetic monopoles: V-B=0 v-B=0

Note -- in all of these, the real part is taken at the end of the
calculation.
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Comment on treatment of time-harmonic fields -- continued

Equations for time harmonic fields :

Ery)=R(Emwe ™ )=~ (Emwe ™ +E rwe™)

_1
2
Poynting vector : S(r,t) =ETy)xH(r1)

S(r,t)= %(ﬁ(r, @e ™ +E (1, m)e™ )>< (ﬁ(r, e ™ +H'(r, a))e”“’)
_ %(E(r, wo)xH'(r,0)+E (r,0)x Hr, w))
+ % (E(l‘, o)< H(r,w)e +E (r,0)x H'r,0)e* )

(S1),, = 9?[% (Er. o< H'(, w))j
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Summary and review

Maxwell’s equations

Coulomb's law : V-D=p,,
oD
Ampere-Maxwell'slaw: VxH- o =J 4
Faraday's law : VXE+ aa—B =0
t

No magnetic monopoles: V-B=0

82015 PHY 712 Spring 2015 — Lecture 15

Maxwell’s equations

For linear isotropic media -- D=¢E; B=uH
and no sources :
Coulomb's law : V-E=0

Ampere - Maxwell'slaw: VxB—ue %—E =0
t

Faraday's law : V><E+%—B =0
t

No magnetic monopoles: V-B=0
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Analysis of Maxwell’'s equations without sources -- continued:
Coulomb's law : V-E=0

Ampere-Maxwell'slaw: VxB-—ue % =0
Faraday's law : VXE+ 2—]; =0
t

No magnetic monopoles: V-B=0
VX(VXB*#E%)Z*VZB*/!&‘@(VXE)
t

ot
o'B
=-V’B+ue—==0
™
a(VxB)
ot

VX[VXE+afBJ=*V:E+
ot

2

> O°E
=—VE+ue—=0
“er
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Analysis of Maxwell’'s equations without sources -- continued:
Both E and B fields are solutions to a wave equation:

1 0°B
2
VB 7!
2
vﬁz-%%f:o
v t
where vzzczmsi
ue n’

Plane wave solutions to wave equation :
B(r, t) = %(Boeik"‘i”‘ ) E(r, t) — m(EOeik-r—iwt )

02/18/2015 PHY 712 Spring 2015 - Lecture 15 20

Analysis of Maxwell’'s equations without sources -- continued:
Plane wavesolutions to wave equation :

B(r, l‘) = ER(BOeik-r-iwt ) E(r, l‘) _ ER(EOeik'r_iwt)

2 2
K [wj (a’) wheren = |24
v ¢ HoEy

Note: ¢, 4, n, k can all be complex; for the moment we will
assume that they are all real (no dissipation).

Note that E and B are not independent;

from Faraday's law: VxE+ %3 =0
_kxE; nﬁxEO

c

alsonote: k-E,=0 and k-B,=0
2015 PHY
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Analysis of Maxwell’'s equations without sources -- continued:
Summary of plane electromagnetic waves :

( ) gl Xt nk X E xk r—iot E(l‘,t): ER(EOeikffimx)
C
oY (noY £ -
‘k‘z :(—j :(—j wheren=_|-££- andk-E;, =0
v ¢ Ho&g
Poynting vector for plane electromagnetic waves:

<S> 219% E, ki xi nk xE, plkrior
avg 2 0

7] c
n‘EO‘ ‘E ‘2 N
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Analysis of Maxwell’'s equations without sources -- continued:

Transverse Electric and Magnetic (TEM) waves
Summary of plane electromagnetic waves :

B(r,t) - SR[ nkxE, ok W{J E(r,t) _ ‘R(Eoe'k'r m»{)

c

2 2
2=[EJ =(Lm) wheren=_ |25 andﬁ-E0=0
v c Ho&y

Energy density for plane electromagnetic waves :

<u>w = %m(gEoeik-rﬂ'(m ‘(Eoeik'r"‘”’ )* )+

[k

*

lm 1 nkxE, plkrion nk xE, prion
4 U c c
1 2
== 2[E|
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More general result (for homework)

1. Suppose that an electromagnetic wave of pure (real) frequency w Is traveling along the z-axis of a wave guide
having a square cross section with side dimension a composed of a medium having a real permittivity constant € and
areal permeability constant . Suppose that the wave is known to have the form:

E(r.t):‘)l{ll(,e'“ ‘“’[(iﬂw)ﬁsin(ﬂ]j}}
m a
H(rJ):‘JK{II(, el { ik — sln[ jx+cos( Ji}
V4 a a

Here H, denotes a real amplitude, and the parameter K is assumed to be real and equal to

= ,u('(f):*[ﬁ]. for ;mu:>(z)
a a

a. Show that this wave satisfies the sourceless Maxwell's equations.
b. Find the form of the time-averaged Poynting vector

S z%\Jz{E(r,t)xH*(r,n}

for this electromagnetic wave.
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