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1) TImagine a piece of matter, either gas, liquid or solid
2) Imagine a series of excitation levels, atomic, molecular

3) Imagine the interaction of this substance with the EM radiation (dipolar int)

Now, you are ready to hearing me telling you something SURPRISING!

Electromagnetic Field
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Vector potential

2mhe? .
Z gwi (k)agre™ + e (k)azke_’kr]

The fields: E = —(1/¢)0A /0t , H = curl A

Three Maxwell’s eqs: curlE = —%aH/at, divH =0, divE =0
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The free Lagrangian:

Ly=& [dr (B>~ H?) =
= >t 1o (Cak@asc + @p 0™ o g+ Gk + @lplon) —
— D ek RZ (aaka—a k + o0’ ok T Gakpy + aZkaak)

The interacting Lagrangian:

o= i = 30T a0 (9 + 0500
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Eq of motion:

. e * 87Tw * 1
Aok +0__y + w,% (aak + a_a_k) =14/ 7 kea(k)J(k)

The fourth Maxwell’s eq:

curlH = (1/¢)0E/0t + 4rj/c

Matter Field (Substance)

Atoms, molecules ¢ = 1,2...N (non-interacting)
H, = H,(i)

Wavefunctions:
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The field:

= Zcmﬁpn(z) ) Hs'lvbn = En'lvbn

1 ,

2 0, ; .
Ci|” =1 y Wn = e " on(l
Ei | (0 ~ E on(i)
The quantization of the field:
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Boson operators: N — oo (any occupancy)
N=> bib,
n

The Lagrangian:

L, = % / dr (U - ihOW /0t — ihOT* Ot - T) — / dr 0™ H, U

L.— ;Zm[b* } Zenb*

n
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Schroedinger’s equation:
H, = enblbn , ihby, = eyby
The current density:
. 1 .

. . —zkri ikr . ikr

_;J(z) r—r; —VZJ e —Wg,](k)e
Remember the interaction with the EM field:

Lin=Y [ 2T e (T, (K)auk + € ()T (K)ay] B b

nmak V(Uk : " "
Note this matrix:
Lin(k) = = > T (i) Orimtmi ik

N

%



4 The Antiphysical Review

Schroedinger’s equation again, with interaction:

i, = £ab = 3\ T ea ()L (9 + €500 L ()] b

mak
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And Maxwell’s equation:

8
ok + i@ g + W7 (Gatc T 0" 0) = >4/ ‘7;‘;’“ e (K) L (K)b by

The most common from of the interacting hamiltonian (Quantum Electrodynamics):

ZTLt - anak ‘2/7;}7;[ a(k)Ifnn(k)aake%(E'n Em— fw)k)+

e, (K) Ly (K)af en Enomthon]pep,
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Coherence Domains

znt — Z \/ 2mh nm ak a'ock + CL ) b;bm

nmak

zkr —i(6
Fom(ak) E € (1) Ty (1) €57/ Oni=0mi)

What I want? A classical dynamics!

Note the RANDOM PHASE ikr; — i (0,,; — 0,,;)! Vanishing interaction!
We may arrange, perhaps, for some k’s, but no thermodynamics!
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Way out: A LATTICE!

For any pair (nm) of energy levels: r; = R, 4+ r,;, spatial lattice R,, r,; restricted to the first
Wigner-Seitz cell

R, such that the magnitudes of its shortest reciprocal vectors k,, r = 1,2, 3, are equal with the
magnitude of the relevant wavevectors k, i.e. those wavevectors which satisfy hwy = ¢, —e&,, > 0;
and k, R, = 27 X integer

Only a cubic and a trigonal (rhombohedral) symmetry is thus allowed
A cubic lattice: a periodicity length A = 27/k, where k is the magnitude of the relevant wavevector
13
Again
Frm(ak,) Z Cor (K )T (1) T2 =i 0 =0rm)
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Coherence condition:

k. ry — (Op;i — Opi) = K
The subsets N, (ak,): €,(k)Jum (i) = Jum
Fom(ak,) = Jum Nom(ak,) /N
> Num(ak,) =N

(nm)ak,
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The phase of the internal motion of the i-th particle is correlated to the position of
that particle

Long-range order, a cooperative phenomenon
The phase of the internal motion "feels" the particle position

Various pairs (nm): a superposition of such lattices of coherence domains
These lattices can also be one- or two-dimensional

A one-dimensional lattice of coherence domains: a set of parallel sheets (layered structure), with
the relevant periodicity length A
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Classical Dynamics

Ground-state n = 0, the first excited state n =1

Macroscopic occupation: use c-numbers (3, ; for operators by ;

The occupation number has no definite value, its conjugate phase is well defined
These are coherent states defined by bg 1 |50.1) = Boa |Go1)

€1 — €9 = hwg, where wg = ckg
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Limit the wavevectors to the basic reciprocal vectors k, of magnitude k. = kg = 27/

Use c-numbers « for the photon operators a,,

Lim = @”h Jou (4 a*) (8260 + 1)
Ly = (&2 + & +2]af’) - o] (o + o +2]af’)
4&)0 4
L= iih (ﬁ(}kﬁo — 3360 + Bi 01 — 5?51) — (20|80l + 1161
Lint = Jiﬁ (@ +a*) (Bt + Brf3)
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= /mh/6a3woJo = /Thwo(e?/6a0)(ag/a)®?

£1— €0 = hwy = 10eV, \g = 103A, g ~ 0.8eV (ag = 0.53A)
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Equations of Motion
A+ wfA = 228 (B85 + B155)
ihBo = €0 — AR
ihph = e1fh — S5 ABy
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The Hamiltonian: 5 o
_ 2 2
Hf =t A + TOA

4wo
H, =¢ \50\2 + &1 |51|2
Hipy = —\/LNA (BB + B155)
Conservation laws:

Hi+Ho+ Hpy = E, B>+ |57 =N
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Solutions: Ground-State 3y, = Bo,lemt

1/2

A= 2N [1— (hwo/29)"]
B2 = IN [1+ (hwo/29)°]

2

B? = iN [1 — (hwo/29)’]

1 24°
0= 4L =z
0 [ 2t hzwg}
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Critical coupling:
9> Ger = hwo /2

Ground-state energy:

2
E=—L N[1-(hwo/29)?]" = —hQB?
hw

21

The Antiphysical Review



The Antiphysical Review.

Some consequences

Electric field vanishing

Magnetic field quite high H ~ /lwg/a® ~ 105G's

o : 1/2
Polarization P = & >, p(i) cos (61; — 6o;) [1 — (hwo/Qg)ﬂ /
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Elementary excitations

A — A+6A, Box — Boa+ 0001, 0001 = (6Boa + iBo1660,1) €
Solutions of the form (6 A, By, dp)e™!

1
WPy = b l)\4+1i (A4—1)2+4] , A\ = 29/ hw

Elementary excitations €2 o = 0 4+ w; o
Weak coupling limit these frequencies behave as w; ~ V2w and wy ~ VA2 — 1wy (212 >~ wia).
23

Thermodynamics

No thermodynamics

eBNup

Vhwo (hwo — 1) — 4920

Z o~ trePWN=H) — [ qp. ~ PN uhwo (hwo—p1) /49>

(Compute tr by [ dBo.dBoy...)

Thermodynamic potential Q = Nuhwg (hwy — 1) /46>
Ordered phase, vanishing entropy

24

Super-Radiant Phase Transition

Hp=hwo ), (aha, +1/2) , Hy = hwobib

pt stands for the pair ak,, G =3_ g,a, and g, = V21h/VweJo N () /v N

Compute the partition function by introducing spin variables
St =boby = 325 0oibrs = 22 s+

S- = bibo = 32 0liboi = ;5
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Free ensemble for g < Awy, at any temperature

For g > hwy there exists a critical temperature T, given by h%*w?2/g*> = tanh B3.hwy/2 (or B. =~
2hwo/g°)

For T" > T. free ensemble, for T' < T, a non-trivial thermodynamics

In the former case the ensemble of particles is in the normal state, with a free energy per particle
fo = hwy/2 — B~ In [2 cosh Bhw, /2]
For T slightly below T the free energy per particle is
hw
fefo— = (U =T/T)"
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The entropy is continuous at the critical temperature

The specific heat has a discontinuity C' = Cy + hwy /2T,

The transition is of the second kind, with the order parameter the photon
occupation number
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Conclusions

A new state of matter interacting with EM radiation

Macroscopic occupation of the atomic, molecular energy levels
Macroscopic occupation of the photon field, classical field

All due to a correlation between the internal phases and spatial positions
Pattern: coherence domains

Providing certain critical conditions on the coupling strength, temperature
New collective excitations, measurable
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