Quantum-classical crossover in electrodynamics

Quantization: CED = QED
Reality: CED «— QED
Questions:

1. Can we recover

S =— Z <M2 /I ds + e; ~/m Au(x)dm“> - i/d4$(3u14u(w) — 9, Au())?,

i

the usual classical action? [Is there a variational pinciple ? (R. Jordan (1986): not)]
. Can we separate the one-particle dynamics from the many-particle correlations of the Dirac-see?
. What kind of corrections appear in the action?
. Classical or macroscopic theory?
. How does the environment, treated on the quantum level, lead to 7" and define the time arrow?
. How does decoherence appear?
. Are macroscopic and microscopic polarisable media similar?

. What is the role for Quantum Field Theory in the theory of measurement?
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. What happens with the reduced density matrix during blocking? (QRG?)

—
o

. In what kind of models are the mixing effects negligible?

Lesson: QM: Two time axes = decoherence =—> CM: single time, causality



Dynamics of expectation values of local observables

Closed time path method (CTP) of Schwinger
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1. Transition probability rather than amplitude
2. Time symmetric Quantum Mechanics (Aharonov, Bergmann, Lebowitz 1964)
3. Two time axis, doubling of the degrees of freedom to obtain the density matrix (—QRG)

4. Time passes back and forth, retarded and advanced effects separated:

jt =j*+47 = j": physical, diagonal, retarded,
J

¢: non-physical, non-diagonal, advanced



Unitarity: W[j, —j] = 0, expectation values generated by varying off-diagonal sources

?in-in” (Schwinger) and ”in-out” (Feynman) formalisms differ: |¢;) # |E)
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Measurable expectation values:
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j:infinitesimal formal parameter, j:environment

Problem: r = 0: W*[;*,j7] = -W[—j~,—j*] = W*[j,j] = -W[-j,j]
No O (jg) real part, connected two-point function

Solution: Use x # 0 mixing diagonal and non-diagonal fluctuations



Linear response: Physical source, j¢ (t) = —j?(t) = j*(t), drives the time evolution
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pf =1 = ty is decreased to ¢’ in the absence of non-physical sources (unitarity) and for ty = t':
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—> retarded response in each order due to the interference between the time axis



Free photons

WL = e Ll @A @) @)
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Integration/summation = scalar product: [ dz¢(z)x(z) = [ daXe = ¢ X, [ drA,(z)j*(x) = A j.
Composite index: a = (p, x).

Free propagator:
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from op. formalism

Open boundary condition (OBC): pi =10)(0], pr=1

Closed boundary condition (FBC): pi = pr = [0)(0]



Gennerating functional for connnected Green functions
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Effective action
Problem: W{[j*,;7] is complex

Solution: Use the Legendre transform of RW[jT, 57| (W]j, —j] is real)

Both fields:
physical fields auxiliary variable
- IRW[4, 4 IRW[4, 4
[7[A, A = RWO[j,j]—j A*—j-A A= 7@,[“] A® = 453.[’“7]
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Inverse Legendre transformation: E.M.
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Effective Quantum Mechanics of non-relativistic charges

N charges with trajectories (™ (t) and current j[z],, = ZnN:1 020 0 m(m (1) (1, (™ (1)) (k= 0):

Z = /D[A}D[:f:}e*%A-ﬁa?mz‘sc[wﬂfis:[m—1fz‘ej[w+]~A++z'ej[m-1-A-
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7 1 7 7
co-moving near field radiation & mixing
diagonal off-diagonal (entenglement)
independent of BC testing final BC
friction decoherence

1. Radiation and Abraham-Lorentz force: realized by the coupling of the time axis at ¢ = ¢ and require "reflection”
from the end of time (ie. dependence on py)

2. The non-diagonality |x™ — ™| = r for time ¢ generates the suppression factor
e~ 5 Ul 1=l )SD0 Gl i) o N Er sy

with the speed of light.

3. Classical limit e*S[#l ~ 1: 7in-out” = rigid saddle point
"in-in” = soft saddle point, strong coupling (degeneracy)

4. Decoherence is off-diagonal effect, appearing indirectly in expectation values of diagonal observables



Free Dirac-see

Problems: 1 One part. connected Green fct.: factorisation by Wick theorem for n > 2
(creation, destruction are one particle issues)
Two part. connected Green fct.: no factorisation
(polarisation is many particle effect)

2 J — a is not unique : small vs. large polaron problem
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Two kinds of charges: - Negative energy states (small polaron) 7 = 1 = 0
- Positiv energy states (large polaron)
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Negative enegy states

Gy 4
ers e A1) - T T o G ) Ly - 1. A& -4
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Effective action for negative energy states

a* =a—p—+a
Both fields:
ORWe a SRWe —
T, = RWela,a] —a- " —a-J g ®Welea o, 0RW[aa)
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Dynamics of world-tubes

Static world-tubes N; (not necesseraly integer) elementary charges:
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1. Neutral wave-packets are stable only

2. Forces arising among wave-packets in non-interacting Dirac-see 777

Two non-interacting wave-packets:

a Non-relativistic Quantum Mechanics:

V@) = (@) va(@s) — Vi (w2)a(@1)]
(WlA[Y) = %[<¢1|A|¢1><¢2|¢2> + (2| Alth2) (Y1]11) — 2Re(i1| Alib2) (1h2[1)]
as if the potential U(x1,x2) = — o ﬁ?;?ilﬁ/[in@fzrﬁﬁz)P appeared at the overlap

b Relativisic Quantum Mechanics: mixing of v and eTe™ pairs
propagation of v on line cone ~
polarization eTe™ propagates on the light cone (G ~[?)

Charge confinement in the non-interacting Dirac-see:

Screening by “mesons” due to the minimal coupling for r > L (o = M)



Effective action for positive energy states

Wela) = Wlalg —iln Gl
R

valence prop.

Well separated wells: a, = g,ou in the rest frame, m¢ < 1 justifying the non-relativistic approximation

¢rpeld] = —(ty — t;)(m + Ep) — /t ' dt/d3xu(m)J0(t7w)

Bound states are localised = charges in the potential wells decouple and
M =m + Amign + Ampel + Amy

T T T

kin.en. polar. rad. corr.
1/(mf?) mbu e/t

free particle: (= = M =0(m) (non— perturbative renormalization)
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Interacting electrons and photons

ciWlagl

Counterterms:

Scr = SEr +S¢;
N——r

usual
Photon action:
§9 4+ A Dl A i po
C 52 Aty ~A=54a"y
T 2¢2 2

= « = [ =0 for the E.M. current

i [Gy 6 (A—e D))t 5 A Dyt Atije- AtiSor
(& B
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Integration over the electron field:

. N oA N L
. JU iWela—es Al+ 25 A-Dj " -A+ij-A+iScr
Wil — /D[A]e 2eg, 0

Two-loop result:

Connected Green functions:
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1 Sy 24/ A 215 r€(4)N ~
— Y~ e“6(Go+ e Wp™)
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. 0) Krpe = el  —e(G"Dy — SG SDy)
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Effective action I.

(J* and A7)
A A N R R R R 5 R
MA = Wajl-a-d-j-4  g="2 4=
da Y
PN . 1. R ~ R
F[J,A] :FIneC}l[J]+§A'D61'A—€A6'~J
1. =2=-1  2-1 s—1

] = 20 (G —Go WGy )

Equations of motion:

ST, A] L
s) SA

6T[J, A _;

No one-loop corrections left because both variables have been kept

Effective action at a distance: (eliminating fields by their E.M.)

—1 R

T[A]=-A.-D'. A T =-Jj-G¢ -J G

N | =
N | =
oo
I

Q>

I

(==
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Effective action II.

(J, J* A and A%)

T[J,J% A, A% = RWla,a,5,j] —J-a—J" a—A-j— A

7= 5§RW[a,j]’ Ja _ 53?W7[a,]]’ Ao &RW[CL,.]]’ o 59?W£a, ]
da oa 0] dj
(J,A,J% A% T
a ar LV 0 Ktr—1 A
F[']a'] 7AaA] - 5 (K—l _%(Ktr—l +K_1)) Ja
Aa

OBC:

K—l _ égfl _ 626671WB(4)7AG671 e
—e Dg_l

Equations of motion for J* = A% =a=j =0:

1

J =
e(4)r Ar—
l_eQLLD()GO 1

Gh(eA —a) A= Dj(eJ —7)

FBC: (OBC and D", D* — D™)

Equations of motion for J = A =a=3j=0:

1 ~ _
J= - Gi(eA —a) A=Dj(eJ —j)
e(4)n An— 0 0
1—62WD( ) G 1




Effective action III.

(J and A, treating @ and j as parameters)

T[], Al = RWla,a,,5] —J-a—A-j PRSLLLACY| Ry LTS )
oa 0j
1
k[[J, Al = rmech[J]+§A-Dg*1-A—eA-J—A-JeXt

A 1 ~ =~ e ~An—
FmeCh[J] _ 5‘] (Ggfl _ Ggfl . WD(4) . Gg 1) J=J- Aext

JN = —eW, + Dyt W,
A = (Gpt = Gyt WY G W — W

Equations of motion:

€

Jope = —G'(a+eDyj) + = _ A4+ D4 eDRGRa
FOBB% <a € OJ) Gg—l _ Gg—lwgl)nGg—l[ J € 0 a)}

7 ¢ (G L rii7 e\ T Hr T AT YT AT YT

Aopc = €D6LJ*D6’J+§D(’;G”(a+eDOJ)—(e4D0WD(4) Di + 4 DiGEDEGE DY)

Appe = eDyJ — Dy + ' DyWp " Dy + ¢ Dy G Dy G Dyl
Effective action at a distance: (Schwarzschild-Tetrode-Fokker-Wheeler-Feynman)

1 B 2
AL = 50 - GPh g = e ] - %J D,

T Completely absorbing Universe (Wheeler-Feynman).
OBC E.M.~FBC E.M. =— complete absorption on microscopic level
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Selection of the time arrow

+ F + _ F _
s A il ST =g+ (Rt 2) - 6

——— ——
¢7: retarded  +¢*: advanced

¢i

Boundary condition in time =— 7' on the macroscopic scale only

4 fields : A = eDpJ —Djj+ ng G"(a+ eDyj) — (e*DyWED” Dr + * Dy G Dy G DY) j
N——
closed: T
open: T

2 fields : A = Dy(ed —j)

variation of I'[J, J% A, A%] = retarded and advanced equations for the measurable averages and auxiliary fields

(the fixing of the auxiliary fields generates 7' equations)

variation of I'[J, A] = T for the measurable averages

(auxiliary fields are varied, too)

1. Macroscopic, closed system =— T
2. Quantum-classical crossover, decoherence =— ¢*~0 — T
3. T IR, eg. spontaneous symmetry breaking?

4. Decoherence is not a solution of the problem, it is only a mechanism for adopting a time arrow



Polarisation of the Dirac-see

Let I"[A] = I'[F], with F,,, = 0,A, — 0,A,, the photon effective action and

1 OT[A] Y OT[F) LOT[F] .
T TS TS AR A0 = (8 SE 0 SEvn - the induced current.
Minimal coupling;:
€ — LV
—eA-J = §FW Ot HY H,, =0,J, —8,J,

Field strength tensor containing polarisation:
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Gauge and Lorentz invariant quadratic functional:

A-F(2)~A:—1FH .T® .g-1. pwv
2 v

1
F[A]:_Z yp € FHM —eA - J.

PIA)

dielectric function :  Te=T(1+ 4wy) = A3 A

Valence nucleus and the electron Dirac-see: ﬁa Vo Dyt =37

1
KT[J, A] = TR [ ]] 4 34 (Dt =) A—eA-J—A-J™

4oy =-0O7t. %0 Uehling (1949)
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Connected Green functions:

Wil
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Quantum Renormalization Group

1 2w
— o7
M= r[(éﬁéﬁ

Effective action:

Llg,¢'] = Tp. ] +iST[¢", 6],

¢ +ig' =

1

().
50/ 45
‘<52<5r>‘1
| ——= -
R

akl“ = TI‘{

- / Dleisli-4o K430 G — (gt ¢7), Sg] = Slet]-S'67], K :<Io{ foc)

W W W oW (5W> ]
-OLK

5j-6j- st ot a5 0j-

F[¢7¢a] = %W[jmﬂ _3' ¢a _j : ¢7

OW1j, j]
5

¢a+i¢ai:
7

independent variables

b= (¢,6%), ¢ = (¢, 9)

(52r>‘1 1+n2(52r)‘1
K — + —
5636/ 450 4 \6666/ yoye

SW]

ST[¢, ¢ = SW[j, 5] — 5 ™ —j - &'

J]

.

57

52%1—‘ -1 1+ I€2 6231—‘ -1 i .
)| ——— ) - k4 o K
M(WW)WWH 4 <5¢6¢)¢ai¢ai+2(¢ OTHI7T)| G

where ¢ = ¢ +id' — (k F 1)—¢a+2i¢m
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Closing: ¢'[¢] is obtained from the E.M:

IS A
YY)

§23T 2T . A 80

LInLUNUL Supld] = 220

55 58 dgy,

X £ NN A= o WO (F 2J A WO O K
aksab = (T) T) Sdb — Sdc T) Seb — = Ad (S_l)eb
5666/ oo |\ 3606, 5666 ) """ 564 56
Separation of the tree-level parts:
r:r+i%f+%(¢+-f(-¢++¢—-f(-qr)

Evolution equations:

20T -1 2907 -1 2 2907 -1
Tr{KﬂJrA) —,a(mﬂl) +1+4“ <5A§RI:+A> O K
666 ), \dee ). 6066 )

1

. 2 ) -1 2 R - 2 /52 ) -1
af =l (S sen)  —e(Ssep) (R sap) o
0o b 0o 4 0P B pai

T

(z)i ¢a’i

1{ . §& 8t - L 520
Aab = 3 Kac&"f' (?C cb +¢0chA7¢dA
dgp O 0¢adgy
, 8be - Oba o, - 6% 2¢e - 4
Bab = 2Kab*2;{).ch szd 7¢cch A.d)dAi - A.¢Aich¢d
ody ooy 0¢Lod, 09,0,
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Summary

. Can we recover the classical action? A: Yes, by mixing the diagonal and off-diagonal fluctuations.

. Can we separate the one-particle dynamics from the many-particle correlations of the Dirac-see? A: Yes, but

from the positive energy (large polaron) states only. The overlapping and filled negative energy
states (small polarons) remain strongly correlated.

. What kind of corrections appear in the action? A: series truncated in e?, gradient expansion and number

of correlated clusters.

. Classical or macroscopic theory? A: (i) A > kyxy_1: microscopic, classical (bound states, CDFT); (ii)

A = kyy_1q: Classical-quantum crossover, decoherence; (iii) A < ky,_x: macroscopic physics.

. How does the environment, when treated on the quantum level, lead to 7' and define the time arrow? A:

Decoherence passes the time arrow of the environment in macroscopic physics.

. How does decoherence appear? A: Strong coupling regime and suppression of advances effects.

. Are macroscopic and microscopic polarisable media similar? A: Same treatment for the Dirac-see and

the macroscopic polarisation.

. Is there a role for Quantum Field Theory in the theory of measurement? A: defining the Hilbert space as

in spontaneous symmetry breaking.

. What happens with the reduced density matrix during blocking? A: Schwinger’s CTP method is needed

to make it explicite because there are two natural time axis in Quantum Mechanics.

In what kind of models are the mixing effects negligible? A: In renormalized models only. SM?



