Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic FreeEnergy and
Heda Production

Reversible And Irreversible
Processs In
Dispersive/Dissipative Media:
Electro-magnetic FreeEnergy
And Hea Production

Coll aborators

» Gro Hovhannisyan

 Curtis Broadbent, Melissa Clayton (Penn.
St)

* Justin Peatross

Dr. Scott Glasgow, BYU (KITP Quantum Optics Miniprogram 7/1502)



Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic FreeEnergy and
Heda Production

Goadls

» General: Develop Unambiguous Notions of
FreeEnergy & Heat in Causal

“Black-Boxes’ which are
Disg pative/Non-conservative.

» Specific: Develop Algorithm to Calculate
these Quantities for

“Phenomenological” Passve, Linear
Did ectrics- the Riemann Hilbert Problem.

Speafic: Energy Allocation in
Dieledrics—History
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Speafic: Energy Allocation in
Dieledrics—History

u) =2 B[ © + S HIP © +un ©

t

u. (t):= I(E P)(r)dr
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Speafic: Energy Allocation in
Dieledrics—History

Oughstun & Sherman
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Speafic: Energy Allocation in
Dieledrics—History

Referring to an analog of u()=1E0)+1HP0+u 0
O & S date: .

“It isevident that one may associate the first two terms on the
right-hand side of (2.2.14) with the energy density...in the
field alone and the last term with the eledric energy
density that is interading with the dispersive medium. A
certain portion of this interadion energy is ‘reactively’
stored in the medium and the remainder is absorbed, giving
the evolved hed in the asorptive medium....
Unfortunately, this separation is found to be intradable
analytically.”

Speafic: Energy Allocation in
Dieledrics—History

Oughstun & Sherman

t

J : [l &5 . 0
()= EP)(r)d ¥ EP)(r)d
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Specific: Energy Allocation in
Dielectrics—History

Oughstun & Sherman

t

Uy (©) =D (EP) (T)er +§I(E [P)(T)dr%

|]eve:rsible mreversi o[}

Specific: Energy Allocation in
Dielectrics—History

Oughstun & Sherman

P 0
Uy (1) = 0f (EP) (1)dT 5« Err (EP)@)dro
glvallable = umavailable
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Specific: Energy Allocation in
Dielectrics—History

Oughstun & Sherman

t t

O : O O i O

U, (t) = EJ (EP)@)drg  + EJ (EP)(@)dr O
0 |Qvailable 0 |:eLnavailable

To Do Work! To Do Work!

Specific: Energy Allocation in
Dielectrics—History

"In the abscence of dispersion” (i.e. withD=¢ E, B = u H),
Landau & Lifshitz statein 1958 that

u=ZER+EIH P

" has exact thermodynamic significance: it is the difference between the internal
energy per unit volume with and without the field, the density and entropy remaining
unchanged. In the presence of dispersion, no such simpleinterpretation is possible.
Moreover, in the general case of arbitrary dispersion, the electromagnetic energy
cannot be rationally defined as a thermodynamic quantity. Thisis because the
presence of dispersion in general signifies a dissipation of energy, i.e. adispersive
medium is also an absorbing medium."
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Dictionary
Oughtsun & Sherman Landau & Lifshitz G. & Pedross

PR
Dynamical) P
Revershle
P

Irreversible
P

P

D Reversible P

D  Dispersve Media PR Passive Dispersive PP Passive, Dispersive
P Passive, Dispersive M edia;Quasi-static Media;Periodic Process
Media and/or Reversible PT  Passive, Dispersive

Process Media; Transent Process
DOPOPR, PP, PT

Naive Macroscopic Picture

2

FreeEnergy

Dr. Scott Glasgow, BYU (KITP Quantum Optics Miniprogram 7/1502)



Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic FreeEnergy and
Heda Production

*Microscopic” Approadt+—
Incorrect Macroscopically

Dispersive Elements—FreeEnergy

*Microscopic” Approadt+—
Incorrect Macroscopically

'=°\ o)

"Dispersed” Energy
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*Microscopic’Approach —
Incorrect Macroscopically

N L a
+—0q

® . ..

i

L L 1 19
—Q WA —Q () +——QUt) +——Q ()
2 Z 2C 2C.

*Microscopic’Approach —
Incorrect Macroscopically

System Loss

le’Qf (r)dt + sz’Qj (r)dr
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*Microscopic’Approach —
Incorrect Macroscopically

System Loss

Sum of Ohmic Losses

*Microscopic’Approach —
Incorrect Macroscopically

Black Box Loss

Elemental Losses
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*Microscopic’Approach —
Incorrect Macroscopically

Macroscopic He

"Microscopic" Heat

*Microscopic’Approach —
Incorrect Macroscopically

Model Independl
Heat

Model Dependent
Heat
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*Microscopic’Approach —
Incorrect Macroscopically

System--Uniq

Non System--Unique

*Microscopic’Approach —
Incorrect Macroscopically

Observable

Unobservable
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*Microscopic’Approach —
Incorrect Macroscopically

Macroscopic Fre
Energy

"Microscopic" Free
Energy

1

*Microscopic’Approach —
Incorrect Macroscopically

|:o\ ~ _-I
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*Microscopic’Approach —
Incorrect Macroscopically

—

"Microscopic" Heat I

*Microscopic’Approach —
Incorrect Macroscopically

i f Macroscopic Free Energy :=Internal Energy Available To Do Work
Macro — Definition (Thermodynamics) : [ - .
1 Macroscopic Heat :=Internal Energy Unavailable To Do Work

O

[Macroscopic Free Energy < Microscopic Free Energy
Theorem: ; ; .
0 Macroscopic Heat = Microscopic Heat

[

H\/Iacroscopic Free Energy:= ‘ i _Microscopic Free Energy

Micro— Definition (Statistical Mechanics) : ] . , ;
g Meacroscopic Heat ~max ~ Microscopic Heat
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*Microscopic’Approach —
Incorrect Macroscopically

"Fact": Macro - Definition |_| Theorem |_| Micro — Definition

Question:  Macro- Définition < Micro— Definition

*Microscopic’Approach —
Incorrect Macroscopically

Question: - Macro - Definition < Micro — Definition
Unavailability of Internal Energy To Do Work Maximisation of Possible Heating

Fact: Unavail ability of Internal Energy To Do Work Maximisation of Entropy

Fact: Unavailability of Internal Energy To Do (Ordered) Work Possihility for Disorder
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*Microscopic’Approad —
Incorrect Macroscopically

Question:  Macro- Definition < Micro- Definition

Macro-Definition is " Thermodynamically [Stat. Medhanically] significant”
--Landau & Lifshitz

General Principles

« An unambiguous, dynamical nation of Free
Energy and Hea exists for a system irrespective of
the microscopic mechanisms giving rise to its
dispersive and disdpative properties whenever...

— There isadynamical notion of the Total (Internal)
Energy deposited in the system that can be viewed as
the effect of a (maaoscopic) cause —i.e. there ae grict
distinctions between past and future. By definition, a
“causal” medium should have such notions.

Dr. Scott Glasgow, BYU (KITP Quantum Optics Miniprogram 7/1502)
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General Principles

FreeEnergy Hea/Losses

Cause
Evolution

Tota Energy
Reservoir

General Principles

« An unambiguous, dynamical nation of Free
Energy and Hea exists for a system irrespective of
the microscopic mechanisms giving rise to its
dispersive and disdpative properties whenever...

— This Tota (Internal) Energy is defined to be the amount
required to €licit the cause’ s time development in the
system—the “@st” of creaing the arrent system state
viathe caise. Thuswe may say it is the net amount of
work done on the system by the caise.

Dr. Scott Glasgow, BYU (KITP Quantum Optics Miniprogram 7/1502)
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General Principles

Tota Energy
Reservoir

General Principles

« An unambiguous, dynamical notion of Free
Energy and Heat exists for a system irrespective of
the microscopic mechanisms giving rise to its
dispersive and dissipative properties whenever...

— This Tota (Internal) Energy has alower bound for all
possible causes, i.e. there is a minimum amount of
work required to develop a cause. (This precludes
active media modeled without saturation.) In that case
we can and will normalize so that this lower bound is
zero.

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02)
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General Principles

\

Tota Energy
Reservoir

Reservoir

General Principles

« An unambiguous, dynamical notion of Free
Energy and Heat exists for a system irrespective of
the microscopic mechanisms giving rise to its
dispersive and dissipative properties whenever...

— We define the Free Energy practically: the current
Free Energy of the system is the maximum amount of
work the system can perform againgt the cause in the
future, i.e. the maximum component of the current
Total (Internal) Energy that the cause can
subsequently recover from the system.

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02)
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General Principles

« An unambiguous, dynamical notion of Free
Energy and Heat exists for a system irrespective of
the microscopic mechanisms giving rise to its
dispersive and dissipative properties whenever...

— We define the Heat practically: the current Heat of the
system is the component of the current Total
(Internal) Energy that the cause cannot, under any
circumstances, subsequently recover from the
medium.

General Principles

Heat/L osses

Free Energy

S |Then”

Total Energy
Reservoir
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General Principles

« An unambiguous, dynamical notion of Free
Energy and Heat exists for a system irrespective of
the microscopic mechanisms giving rise to its
dispersive and dissipative properties whenever...

— Accounting: The Heat of the system at any time is
equivalent to the minimum value the Total (Internal)
Energy can take at any time in the future, holding the
past fixed. The Free Energy at that time is, then,
equivalent to the difference between the current Total
(Internal) Energy and the Heat.

General Principles

Heat/L osses

Free Energy

S |Then”

Total Energy
Reservoir
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General Principles

« An unambiguous, dynamical nation of Free
Energy and Hea exists for a system irrespective of
the microscopic mechanisms giving rise to its
dispersive and disdpative properties whenever...

— Conggtency: Sincethe Tota (Internal) Energy depends
only on the cause’s past, and since it has a lower bound,
the minimum required in the definitions exists over all
possible future caises and, so, is unique.

General Principles

\

Total Energy
Reservoir

Reservoir
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Specific: Energy Allocation in
Dielectrics—Principles

t

u_fty= J’(E P)(r)dr

—00

t t

E (EP)(r)dr E +0f (EP)(r)dr E
DL Deactlve DL gbsorbed

Ll [l . 1
EJ’(E [P)(r)drm +EJ(E [P)(T)dTD

Deversi ble

mreversible

Specific: Energy Allocation in
Dielectrics—Principles

U, (1) = Of (EP)(@)dr D %j’(E P)(r)dr E

Qeve rsible Hl‘wel‘é o]

> (uint.( ))reversible (ulnt- (t))irreversib|e

( int. ( )) reversible % :: . Inf ulnt (t ) Inf |nt (t )

t'0t sfuture

( int.( ))reversible = umt.(t) (u'm(t))ir'r'e\/e'sible = S:")'E)uint.(t) Z uint.(t’)
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Speafic: Energy Allocation in
Dieledrics—Principles

t

U (1) = U [EX]@© = [ (EP)(@)dr = [ (EP[Exx])(r)dz

—00

P(w) = % J; P(r)e“dr = P[E;x](w) = x(w)E(w)

Speafic: Energy Allocation in
Dieledrics—Principles

"y ()= inf u, FEH +E H." X H+oo)

t'Ot" sfutu

=inf }:((EH[ +E.H; )PEEH, +E H; ;XQ(T)dT

(EH, +EH.") (1) = E@)H, (1) +E, (OH, (1) = E@H (t ~T) + E, ())H(T ~1)

Dr. Scott Glasgow, BYU (KITP Quantum Optics Miniprogram 7/1502)
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Specific: Energy Allocation in
Dielectrics—Principles

Interaction Energy
Ui nt. :L(EP)(r)dr

Specific: Energy Allocation in
Dielectrics—Principles

Interaction Energy

11 = ¢ ERP@M)dr

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02) 25
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Specific: Energy Allocation in
Dielectrics—Principles

Interaction Energy
Ui nt. :L(EP)(r)dr

Specific: Energy Allocation in
Dielectrics—Principles

Interaction Energy

1 = ¢ ER\(r)dr
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Specific: Energy Allocation in
Dielectrics—Principles

Interaction Energy
Ui nt. :L(EP)(r)dr

7 sup u._ (H)—-Q
future Nt LL

)= inf
futureQLL

Specific: Energy Allocation in
Dielectrics—Principles

Past t Future _
Interaction Energy

1 = ¢ ER\(r)dr

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02)
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Specific: Energy Allocation in
Dielectrics—Principles

Past t Future _
Interaction Energy

Ui nt. :L(EP)(r)dr

Specific: Energy Allocation in
Dielectrics—Principles

Past t Future

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02) 28
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Specific: Energy Allocation in
Dielectrics—Principles

Past t Future _ _
Interaction Energies

Ui nt. :L(EP)(r)dr

Specific: Energy Allocation in
Dielectrics—Principles

Past t Future _ _
Interaction Energies

t
1 = ¢ ER\(r)dr

¥
5
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Specific: Energy Allocation in
Dielectrics—Principles

Past t Future _ _
Interaction Energies

Ui nt. :L(EP)(r)dr

¥

inf Q.

Off Resonant Field Envelope Single Oscillator Free Energy and Heat
T T T T T T T T

— Interaction Energy
— Free Energy
— Heat

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02)
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{ff Resanant Figld Envelope |deal and Actual Fields
T T T T T

- Marmal
— Epsilon=32
— Epsiln=64 ]
— ldeal

Field Envelope

ldeal and Actual Fields

—— Epsilon =32
—— Epsilon =64 []
— Ideal

Field Envelope
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Ideal and Actual Fields

—— Epsilon = 32
—— Epsilon =64
— lIdeal

Field Envelope

1 1
005 0.1
Time

Ewalved Interaction Energy for Past/Quasi-Recovery Field

— Naormal

—— Epsilon =64
—— Epsilon=32
—— Heat
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Ewvalved Interaction Energy for Past/Quasi-Recovery Field

— Maormal
— Epsilon =64
—— Epsilon=32
—— Heat

v

Evaolved Interaction Energy for Past/Quasi-Recovery Field

— Naormal
—— Epsilon =64
—— Epsilon=32
—— Heat

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02)

33



Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and
Heat Production

Specific: Energy Allocation in
Dielectrics—Principles

Theorem1:t > s (ulm-(t))irre/ersible = (u, (9)

irreversible

Proof: If the time series of infima ever decreased, those ancestors larger
than their descendents would not have been infima (over the future)
as originally claimed! Equivalently

s<tO infu, (t)<infu, () since {vjt=5 oft=t.

Specific: Energy Allocation in
Dielectrics—Principles

Theorem1:t>s[] (uim-(t) )irreversible = (uim- (S))irreversible

Significance of Thm I (u,, (t)). __.,. recordstheirreversibility
of the medium--field interaction.
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Specific: Energy Allocation in
Dielectrics—Principles

Interaction Energy
Ui nt. :L(EP)(r)dr

Specific: Energy Allocation in
Dielectrics—Principles

Theorem 2: (u., [E; X, + X,1(1)) > (Um,_[E?Xl](t))

irreversible

+ (Un[EXo10)

irreversible irreversible

Proof Sketch: &) u. . [E;x](t) islinear in its second argument x, but
b) (U [EXI(1)),,.pane 1S defined viaan infemum of

u_ [E;x]1(t) over itsfirst argument E with the second
argument x fixed!

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02)
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Specific: Energy Allocation in
Dielectrics—Principles

Proof: (U [E:X: + Xo1(), qerare =10 Un, FEHT+E X, + X, +o0)

irreversible ”

=0 (U FEH B HY Bl FEH 48 H s )

> inf an u, %HﬁEf' Hx, §+oo) +inf u,, %H[ +EH X, §+oo) E
E

E E¢
Z ln,f uint. BEHIA +Ef' H l+ ’Xl §+OO) * In,],c uintA %H l‘+Ef” Hl+ ’XZ %"'00)
= E

= (uim-[E;Xl] (t))irreversible * (uim~[E;XZ](t))irrevers'ble ;

Specific: Energy Allocation in
Dielectrics—Principles

Corollal’y 2: (umtv[E;Xl +X2](t))(e = (UIIth[E;Xl](t))

versible ~

reversible t (u"“v[ E'XZ] (t) )(eversme
Significance of C.2 : Energy available to do work within individua constituents of composite
media can never combine constructively.
Significance of Thm 2: Creating composites generates irreversibility / heat / entropy.

Dr. Scott Glasgow, BY U (KITP Quantum Optics Miniprogram 7/15/02)
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Specific: Energy Allocation in
Dielectrics—Principles

Kramers— Kronig: x(w) =lim I Xiorentz[ @5 @, ](w) where
w0

@, (@)

Xiowal /0, 0) = —— B s

2

W,

(wy) = wy Im[x (0, )ldew, / 7T

0 0
(U [EXT0) crrse = B [BIM [ Xigaelah, ,wp]](t)ﬁ

w10

20im [ (U EXiawal®h, @, 110), . =0

irreversible
wo0

*Microscopic’Approach —
Incorrect Macroscopically

|:o'\A |

N,

L L 1 i
—Q (WA —Q () +——Q ) +——Q (1)
2 ) 2C. 2C.
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*Microscopic’Approach —
Incorrect Macroscopically

System Loss

le’Qf (r)dr + RZJI’Q; (r)dr

*Microscopic’Approach —
Incorrect Macroscopically
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Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and
Heat Production

*Microscopic’Approach —
Incorrect Macroscopically

*Microscopic’Approach —
Incorrect Macroscopically
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*Microscopic’Approach —
Incorrect Macroscopically

*Microscopic’Approach —
Incorrect Macroscopically
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*Microscopic’Approach —
Incorrect Macroscopically

*Microscopic’Approach —
Incorrect Macroscopically
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*Microscopic’Approach —
Incorrect Macroscopically

6
5
4
3
2
1
0
-1

OSCOD A DDIros

-
U AL OSCOPI Cao
6 |
5| — 5 r
4 .
53“/‘——\\
@ g
f=4
2 W
1 1
0
0 2 4 6 8 0 1 >
Tine Time
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*Microscopic’Approach —
Incorrect Macroscopically

*Microscopic’Approach —
Incorrect Macroscopically
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*Microscopic’Approach —
Incorrect Macroscopically

Specific: Energy Allocation in
Dielectrics—Mathematics

U [EX] () = j (EP[E;X])(T)dT

P[E;x](w) = x(w)E(w), x causal, passive.
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Specific: Energy Allocation in
Dielectrics—Mathematics

Theorem (10/01/01 PRE): U, [E;X] = ]’lem[)((w)]‘ét_ (o.))‘2 dw, where

the lower analytic spectrum of E at timet, Et_ (w), is obtained by

. t . 0 .
— ot 1 jeor _alat - — 1
E (w)=€ 1o EJ;E(T)Q' dr =e7'@F %Ht gw) _E_{” E(r +t)elwrdr-

Note that ét_ (w) OA ™ :=the set of complex-valued functions analytic and rapidly

vanishing in the lower-half w-plane. Then Et+ (w) = et F %Ht+ gw) OA".

Specific: Energy Allocation in
Dielectrics—Mathematics

Theorem (10/01/01 PRE) O
(ui nt-(t))irre\/ersible . A+ HOxE =)

® 4 iy
:A+inf +J' wlmx ()] Et—(w)+Et+(w) dw.
Ef OA" -
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Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and

Heat Production

Specific: Energy Allocation in
Dielectrics—Mathematics

- : +00 . - 2 '
(uint.(t))irreversible'_ 7.7 wlm[)((w)]‘Et (@) +E, (w)‘ dew:
EYDA* -

Specific: Energy Allocation in
Dielectrics—Mathematics

- : +00 = - 2 '
(uint.(t))irreversible'_ .77 wlm[)((w)]‘Et (@) +E, (w)‘ dw:
EYDA* -
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Heat Production

Specific: Energy Allocation in
Dielectrics—Mathematics

- : +00 =z - 2 '
(uint-(t))irreversible'_A+mf 7 wlm[)((w)]IEt (@) +E, (w)‘ dw:
EYDA* -

+00

Z 3
0=8.0,- | wlm[)((w)]lEt_(w)+Et+(w)’ dow

Z T’wlm[X(w)] (ét_ (w) + E? ((L,))(CSE;‘(@))D dw, where (cSEtJ'A(m))D OA~

isarbitrary.

Specific: Energy Allocation in
Dielectrics—Mathematics

00 ; / 2
inf +j wlm[)((w)]lE[_(w)+E:'(w)| dw:
EfOA" -
%, a A 2, 4\ +5 4\ g
0= a)lm[)((a))](Et (a))+Et (a)))(éEt (w)) dw, where (6Et (w)) OA
isarbitrary.

=

wImlx (w)] (Et_ (@) +E (w)) =7, (w)OA”.
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Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and
Heat Production

Specific: Energy Allocation in
Dielectrics—Mathematics

+00 s -~ 2
Ohm“%HGENUGZ;Iw"ﬂx@mktm»+§Wwﬂdw

where E;’ (w) OA “isthe unique solution to the equation

A~ DZt_(a)) =wlIm[ x(w)] %}‘(w) * E[*:(w)@

Specific: Energy Allocation in
Dielectrics—Mathematics

2 @ =wImx(@)(E; @+ E @)

/\a)lx(w)|2 Zt_ (%)

e oxef E@
XOE ) @] Aoy D)

- WX (W)E, ()

Imix(@) .,

A= |im >

W — @ | x(w)
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Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and
Heat Production

Specific: Energy Allocation in
Dielectrics—Mathematics

/\wl)((w)]z 2{ (@)

7
KB ) = (@) Aoy O@)

- WX(W)E, (@)

Solvefor B (w) and ®_ (w) the eguation
P, (W) =V(w) P_(w) + W(w) where
o, (@OA",®_(w)OA ™, and W(w) are O(w 1) asw - ,
and V(w) >0, w0, tendsto 1 as w — o through the reals.

Specific: Energy Allocation in
Dielectrics—Mathematics

/\wl)((w)]z 2{ (@)

7
T )

- WX(W)E, (@)

I Solygfor CD+(w d P (w) tie equation
P ()= V(w) P (w) + W(w)where
o, (@OA",®_(w)OA ™, and W(w) are O(w 1) asw - ,
and V(w) >0, w00, tendsto1lasw — *oo through thereals.
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Specific: Energy Allocation in
Dielectrics—Mathematics

P, (W) =V(w) ®_(w) + W(w)

+oo
Define recursively gp(z[0C\ [) —exp Iog V(a))

e

7 : L ED T W(w)
(p+(wD D).—gll\znocp(wﬂe), d(zOC\O) = 5 (p+(w)(a)—z)

Then the solutionsare @ (wlI) = lim ®(wxie).
> N0

Specific: Energy Allocation in
Dielectrics—Mathematics

2
t |+oo _;
(4 ®) A |y x@ e e oy ar

)|rreverS|bIe o ‘s qo( w)

2
+00 _;
Io')X(w)E (w)e -iwr dw dr

A +00
(uint.(t))reversib|e 27{ _fm CU( )

va‘x(wv)‘z

0
2 +00
D 2
where A = lim M >0, qo+(w):= lim expl_ IMC’&J'
eN0 2,
0
O

W - o w\x(w)\ w'-(w+ie)

E, (@)= F HEH Ho) ="'E @), H{ (= H(-1).
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Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and
Heat Production

Specific: Energy Allocation in
Dielectrics—Mathematics

Note the irreversibility:

2
+oo
| le(w)E (T did ar
—00

¢, ()

dt \Int. " firreversible oltzn_{>o
2

< I _:pw)((é)(;))E (@)e '@t dey >0, as advertised.

Specific: Energy Allocation in
Dielectrics—Mathematics

Note the loss of oportunity to do useful, macroscopic work after E-subsidy is over:

2
00_' ~ 1
[ lpw)(((f)f;)) Et (w)e it dw{ dr =0, sothat
—00 T4

A +o00
u. t ) ===
( int. ® reversible 2t {
if E=0forallt >t0, then Et (M) EAt (w) for such t, and then
0]

2
+00 |+00 _:
:gi J J ME (w)e —iwr do| drt
dt 2m 1 |-, @, (@)

(4 0)
—lu. 1
dt |nt.() reversible

= j —wux(w)E (w)e it dw(<0.

Zoo @, (@)
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Specific: Energy Allocation in
Dielectrics—Mathematics

Note the reversibility:

A ~+o00|+00 2

=iy (w) 2 —icor ~
(ui”t-( ))reversible_ZnI _{)OWE (e~ dapdr =0

sinceE_ ()= F HEH”, Hw) =F [Ex0](@) =F [0](@) =0,

Also
2

—lox () = —icor s
(uint.( ))ra/ersue Z. 277 J _{)OWE (w)e dw| dr =0. Thus

u_. (— ={u_ (+ =0, as expected.
( |nt.( Oo))ra/ersiue ( Int.( oo))reversible 5

z A +o00|+00

Specific: Energy Allocation in
Dielectrics—Mathematics

Note the reversibility:
2

2 A +o00(+00 —iw)((w) Z S %
(ui”t-( ))reversible_ﬁI _{)OWE (e~ dapdr =0

sinceE_ ()=F HEH ", Hw) =F [Ex0](@) =F [0]@) =0,

Also
2

+og[+o0 _: 4 <
(U- )) = A [ AL (@)e T dw| dr =0. Thus
Int. reversible 2 o 9@

u_. (— ={u_ (+ =0, as expected.
( |nt.( Oo))ra/ersiue ( Int.( oo))reversible 5
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Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and
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General Principles

» Any dynamical notion of Free Energy and Heat
depending solely on distinctions between
dispersive and dissipative processes, either micro-
or macroscopically defined, isintrinsically
ambiguous/unobservable globally.

— The notion that the dispersive elements of the system
contain solely the Free Energy of the system and the
dissipative elements contain solely the Heat/losses
ignores the dynamic interplay between these elements.

General Principles

» Any dynamical notion of Free Energy and Heat
depending solely on distinctions between
dispersive and dissipative processes, either micro-
or macroscopically determined, isintrinsically
ambiguous/unobservable globally.

— Theinterplay between the elements does not in general allow these
individua allocationsto be measured “externally”, i.e. to be
measured without physical decomposition of the system into those
elements—in case these e ements are microscopic, thisreguires a
“Maxwell Demon.”
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Reversible and Irreversible Processes in Dispersive/Dissipative Media: Electro-Magnetic Free Energy and
Heat Production

General Principles

» Any dynamical notion of Free Energy and Heat
depending solely on distinctions between
dispersive and dissipative processes, either micro-
or macroscopically determined, isintrinsically
ambiguous/unobservable globally.

— Consequently allocations based on individual dispersive
and dissipative elements is artificial: these allocations
are irrelevant to the energetics of the composite system,
at least without the use of a “Maxwell Demon.”

General Principles

» Any dynamical notion of Free Energy and Heat
depending solely on distinctions between
dispersive and dissipative processes, either micro-
or macroscopically determined, isintrinsically
ambiguous/unobservable globally.

— Two, “internally distinct” systems can have precisely
the same external energetics. Because they are built
with different dispersive/dissipative elements, the
artificial, externally unmeasurable allocations
mentioned may differ dynamically.
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*Microscopic’Approach —
Incorrect Macroscopically

—

me

"Microscopic" Heat |1
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