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Calculations of He-like systems

o TheZa-expansion
# H. Araki & J. Sucher
» G.W.F. Drake, K. Pachucki & J. Sapirstein

o Many-Body Perturbation Theory, MBPT
» Relativistic MBPT, (D.R. Plantet al& I. Lindgren et al)

o Numerical Basis Set - QED calculations
# S-matrix formalism
» Covariant-Evolution-Operator Method, (I. Lindgrenal))
# The Two-Times Greens Function Method, (V.M. Shabeakeal)
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Numerical Basis Set - QED calc.

® The Two-Photon Effects

b e

Photon Exchange Radiative Effects

» B. Asénetal, Phys. Rev. A 65, 032516 (2002)
#» A.N. Artemyevet al., Phys. Rev. A 71, 062104 (2005)
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Numerical Basis Set - QED calc.

>

The Two-Photon Effects

b e

Photon Exchange Radiative Effects
» B. Asénetal, Phys. Rev. A 65, 032516 (2002)
# A.N. Artemyevet al, Phys. Rev. A 71, 062104 (2005)

QED Calculations with Correlated Numerical WaveFunctions
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Heavy-lon Research

» The FAIR project -The new experimental facilities under
construction at GSI-Darmstadt, Germany

o FLAIR - Facility for Low-Energy Antiproton and lons
Research

» SPARC - Stored Particle Atomic physics Research
Collaboration
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Heavy-lon Research

» The FAIR project -The new experimental facilities under
construction at GSI-Darmstadt, Germany
» FLAIR - Facility for Low-Energy Antiproton and lons
Research
o SPARC - Stored Particle Atomic physics Research
Collaboration

"At present, this interplay between QED and many-body &sflamnstitutes
the greatest challenge posed to the accurate theoretielation of tran-

sition energies in the field of highly charged heavy ions".
S. Fritzsche, T. Stdlker & P. Indelicato, J. Phys. B: At. MObt. Phys38 (2005)
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Experimental values,

® G. Gabrielsest al.,
Harvard

® E.A. Hessels®t al,, York

$» M. Inguscioet al,
LENS

® J. Castillegeet al., Texas
Theoretical results,
® G.W.F Drake

® K. Pachucki &
J. Sapirstein

Helium Fine Structure, 1s2p

Independent determination of the fine-structure constanio
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T. Zelevinskyet al., PRL 95 (2005)

PSAS 2008, July 21-26, 2008 — p. 5



Outline

# Short Presentation of the Theories
s Many-Body Perturbation Theory
s Covariant-Evolution-Operator Method

» Theoretical and Numerical Results
» No virtual pair calculations
s Virtual Pairs

# Future Prospects
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Many-Body Perturbation Theory

® Time-independent perturbation theoty,= Hy + V.

® The wave operator transforms the unperturbed states iaio th
exact target stategl®) = Q|d).
® The energy is given by the effective Hamiltonidih,.
® Heg|®) = B%|®%)
o Hpg=PHQP=PHyP + PVQP

® Degeneracy & Quasi-Degenracy
» Extended Model Space
s P+Q=1

® Generalized Bloch equation

Q, Hy|P = VQP — QPVQP
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Std Relativistic MBPT

® Dirac-Coulomb Approximation

N N 5

Z , Z e
H=A+ [ hip(i) + 417, ] At

i=1 i<j
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Std Relativistic MBPT

® Dirac-Coulomb Approximation

N N 2
) e
H=A+ [ZhD(Z) i Z 47T7“,L'j]A+
i=1 i<

® Dirac-Coulomb-Breit Approximation

H:A+[§:hD(i) +§: ¢ +HB]A+

4mr;;
1=1 1<J K

Hp = _& Z [O"L & 4 (i ng)gag r@y)]
81 < j Tij rij
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Std Relativistic MBPT

® Dirac-Coulomb Approximation

N N 2
. &
H — A_|_ [th(@) —+ Z 47T7“,L'j]A+
1=1 1<J
® Dirac-Coulomb-Breit Approximation
N N 9
H=A [ hp(i H ]A
1D D(@)+Z4ww+ B|AL
=1 1<J
Hp = — S (2 (o) )]
i 1< Tij rij

#» No QED effects
» Not Relativistically Covariant
# Correct to order o?
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Diagrammatic Representation of

Dirac-Coulomb-Breit Approximation
for Helium-like Systems

Coulomb Coulomb- Coulomb- Coulomb-
Coulomb Breit Breit-
Coulomb
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Covariant Evolution Operator

Pilr slhpt
t=¢t'--------- --- t=t--®------ L2
1,@3_ T 8 1,@3_ SF SF
1 prrnnng 2 1 prrnnng 2
Pila b+ SF SF
t = to---"-------- --—- t=to--¢------ ®--
Pla bl

® Oiriginal time evolution operator ison-covariant

# No outgoing or incoming electron states with negative energ
® |[nsertion ofzeroth-order Green’s function

UG (¥, —o0) = =3 [[ a®a)a®at, 41 (a)d (ah)

X// d*xzi1d*x2 Go(a), xh; x1, z2) // d3x  d3xhy iI(x1, z2)

X Go (@1, @2; 10, 220)h(x10)P(220) e~V E1IFIE2D)

® Integration oft; andt, is performed over all time
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C.E.O. Method

#® Reduced time-evolution operatcb}(t)

~ ~

Ut) = Uco(t)P —U)P - PUco(0)P
U(,:ov(t) — UCOV(t)—1

# The (quasi)-singularities itv;., (¢) P are cancelled by the
corresponding terms in the countertetnx) P - PU¢,,(0) P,
which results in a regular reduced time-evolution operator

® \Wave operator for time-dependent interactions
Q= [1+QU(0)]

® Review article about the C.E.O Method
# Physics Reports 389, 161-261 (2004)
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The TV chef trick

» Recipe
#® Phys. Rev. A73, 062502 (2006)
# Can. J. Phys. 83, 183-218 (2005)

PSAS 2008, July 21-26, 2008 — p. 12



Bloch Equations

» Generalized Bloch equation
O, Ho|P = Viogh P — q P - Vg
» Bloch equation with an "uncontracted" photon

QY (), Hy|P = VISP + VisQ (k)P — QYE)P - Vg

» Bloch equation with a "contracted" photon

[Qpn, HolP = VQ! (k) + Vi2Qpn P — Qpn P+ Veg
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Our Production Line, NVP

(@) (b) (€) (d)

#® |Instantaneous Coulomb interactiofs; (a)

(€ = Ho)lpav) = |rs){rs|Viz|pas) — |pca)(cd|Ves|ab)

#® One retarded interaction (b)

(€ = Ho = k)|pap(k)) = [rs)(rs|V' (k) |pav) — |pea(k)) (cd| Ve |ab)
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Our Production Line, NVP

(@) (b) (€) (d)

#® Crossing Coulomb interactions (c)

(€ = Ho = k)lpap(k)) = |rs)(rs[V'(E)|pas)
+ [rs)(rs|Vizlpgy (k) — |pea(k)){cd|Vegt|ab)

® Absorbing photon, additional Coulomb interactions (d)

(€ — Ho)lpphav) = rs)(rs|V' (k)] pes(k))
+  |rs)(rs|Viz|pph,ab) = |Pph,ca){cd|Ver|ab)
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Numerical results

He-like neon ground state, non-rad. effect
with No-Virtual Pairs (in xH)

Coul.-Coul. Coulomb-Breit Breit-Breit
unretarded retard. unretarded retard.
________ e e -/ e e e JJJJJ
________________ / Al R
NVP:-158 000 -2870 122 -46 13

+ Correlation
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Coul-Coul

He-like lons

Dirac-Coulomb-Breit
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Coul-Coul

He-like lons
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He-like lons
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He-like lons

T T T T T T a
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Production Line, VP

#® Single Virtual Pair Ladder Diagram
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Production Line, VP

#® Single Virtual Pair Ladder Diagram

(d)
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A

Production Line, VP

#® Double Virtual Pair Ladder Diagram

>J
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Numerical results, VP Ladder

He-like neon ground state, non-rad. effectin ;H)

Coulomb - Breit Breit - Breit

SVP + DVP Ladder SVP + DVP Ladder

L &% +‘ F::::| \
-46 -43
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Cross Diagrams, VP

Coulomb - Breit
SVP & DVP Crossed
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Cross Diagrams, VP

Coulomb - Breit Breit - Breit
SVP & DVP Crossed SVP & DVP Crossed

Coulomb - Coulomb
SVP & DVP
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Cross Diagrams, VP

Coulomb - Breit Breit - Breit
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Radiative Effects

§

§

O

o Two approaches are under consideration

o The Partial Wave Renormalization

PSAS 2008, July 21-26, 2008 — p. 22



Radiative Effects

§

§

O

o Two approaches are under consideration

o The Partial Wave Renormalization

o Expansion of the internal electron propagators in the raucle

Coulomb field
& Gregory S. Adkins, Phys. Rev. D 27, 1814 - 1820 (1983)
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First happely married after a successful test of the radiagifects
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