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The many-body problem
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 Many-body Schrödinger equation

 Many-body wavefunction and observables
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(NB: Born-Oppenheimer approximation)



Theoretical Background

Key quantity: Simpler physical 
quantity, e.g. the density
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 Wave-function based approaches

Key quantity: many-body wavefunction

 Reduced quantity based approaches
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Program of the lecture

 GFs in maths


 GFs in physics


 GFs in quantum mechanics


 1-GF: Dyson equation and self-energy


 2-GF


 Higher-order GF



Mr George Green
 British Mathematician and Physicist


 An Essay on the Application of Mathematical              
Analysis to the Theories of Electricity and 
Magnetism (Green, 1828)  


 One year of formal schooling as a child, 
between the ages of 8 and 9


England, 1793-1841


Memorial stone in Westminster Abbey

Green’s mill in Sneinton
Figures from Wikipedia




Green’s functions in maths : solving differential 
equations

D̂xf(x) = F (x)

D̂x

F (x)

D̂xG(x, y) = �(x� y)

f(x) =

Z
dyG(x, y)F (y)

is a differential operator, e.g.
is the inhomogeneous term, e.g. a force

The solution        can be expressed in terms of the Green’s functionf(x) G(x, y)

differential equation

solution



Green’s functions in physics : Harmonic oscillator 
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Green’s functions in physics : Harmonic oscillator 

G0(t) = ✓(t)
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Green’s functions in physics : Harmonic oscillator in 
a medium
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Green’s functions in physics : Harmonic oscillator in 
a medium
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Green’s functions in Quantum mechanics

D̂t = i∂/∂t+ L̂ self-adjoint
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downfolding[z − ĥeff(ω)]GS(ω) = 1
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ĤRS ĤR
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many-body 
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Notation

 Zero temperature, equilibrium, BOA, non-relativistic 
many-body 
Hamiltonian

 Combined space-spin-time indices

 Implicit integration                                                         
integration over indices not present on the left-hand side of an equation is implicit

 Atomic units                                                             
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Survival kit: second quantisation

 Fermions

    has to be antisymmetric with respect to the interchange of the coordinates of two 
electrons

 

 (x1, ...,xi, ...,xj , ...,xN ) = � (x1, ...,xj , ...,xi, ...,xN )

All states of a N-particle system belong to the Hilbert space

They form a complete set (                            ), and can always be taken orthonormal                                   

(                         )
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H
(2)
a

<latexit sha1_base64="30gc3CGipthRmR/DLdNXJCGuNM0="></latexit>

{ ̂(x),  ̂(x0)} = { ̂†(x),  ̂†(x0)} = 0

<latexit sha1_base64="n9CiZloxaxphq+GflU+Db3tiJuc="></latexit>

{ ̂(x),  ̂†(x0)} = �(x� x0)
expansion in a 
one-particle 

basis set <latexit sha1_base64="OkiyEEmGJvbO5lnnCCMesiHHVHc=">AAACIXicbVDLSsNAFL2pr1pfUZdugkWom5KIaDdC0Y3LCvYBTQiT6aQdOnkwMxFLyK+48VfcuFCkO/FnnKRd1NYDA4dzzmXuPV7MqJCm+a2V1tY3NrfK25Wd3b39A/3wqCOihGPSxhGLeM9DgjAakrakkpFezAkKPEa63vgu97tPhAsahY9yEhMnQMOQ+hQjqSRXb9gjJFM7FjSr2QGSI89Pn7PzG1skgUvteERdumgUcZy51NWrZt0sYKwSa06qTR0KtFx9ag8inAQklJghIfqWGUsnRVxSzEhWsRNBYoTHaEj6ioYoIMJJiwsz40wpA8OPuHqhNAp1cSJFgRCTwFPJfFex7OXif14/kX7DSWkYJ5KEePaRnzBDRkZelzGgnGDJJoogzKna1cAjxBGWqtSKKsFaPnmVdC7q1lX98kG1cTtrA8pwAqdQAwuuoQn30II2YHiBN/iAT+1Ve9e+tOksWtLmM8fwB9rPLxT4pV4=</latexit>

 ̂(x) =
X

i

�i(x)ĉi

<latexit sha1_base64="nqXvXBL6Feq/Ak4P8qAw36PpPVU="></latexit>

 ̂†(x) =
X

i

�⇤i (x)ĉ
†
i

<latexit sha1_base64="1acya02dmw/YW8yorUl54v5oFFU=">AAACFHicbZA9a9xAEIZHtpM4lw8rdplG2AQCCYcUgpMmcNiNSwdytuGkiNFqdLe+1Qe7o8Ah9CPc+K+4cWET0rpwl3+TPd0V/sgLCw/vzDA7b1Ipadj3/zorq2tPnj5bf9578fLV6w33zeaRKWstaChKVeqTBA0pWdCQJSs6qTRhnig6Tqb78/rxL9JGlsUPnlUU5TguZCYFsrVi90PYhBPkRrSx/Likn2GK4zHp+DRsv4UpKca4kadt7O74fb+T9xiCJewMXOh0GLu3YVqKOqeChUJjRoFfcdSgZikUtb2wNlShmOKYRhYLzMlETXdU672zTuplpbavYK9z7040mBszyxPbmSNPzMPa3PxfbVRz9jVqZFHVTIVYLMpq5XHpzRPyUqlJsJpZQKGl/asnJqhRsM2xZ0MIHp78GI4+9YPd/ufvNo29RRqwDm9hG95DAF9gAAdwCEMQcAYXcAXXzrlz6fx2/ixaV5zlzBbck3PzD8b8n/Q=</latexit>

{ĉi, ĉ†j} = �ij
<latexit sha1_base64="XqWKjn70QscXNoz28z6vHmGXK4s=">AAACKnicbVDLSgMxFL3js9bXqEs3wSK4kDIjom6EqhuXFewDOnXIpGkbm3mQZIQyzPe48VfcdKEUt36I6bRWbT0QOJxzLjf3eBFnUlnW0FhYXFpeWc2t5dc3Nre2zZ3dqgxjQWiFhDwUdQ9LyllAK4opTuuRoNj3OK15vZuRX3uiQrIwuFf9iDZ93AlYmxGstOSaV07idLFKSOqy42/26KSXU/3BaeFOh4off6qMcpZrFqyilQHNE3tCCiUTMpRdc+C0QhL7NFCEYykbthWpZoKFYoTTNO/EkkaY9HCHNjQNsE9lM8lOTdGhVlqoHQr9AoUy9fdEgn0p+76nkz5WXTnrjcT/vEas2hfNhAVRrGhAxovaMUcqRKPeUIsJShTva4KJYPqviHSxwETpdvO6BHv25HlSPSnaZ8XTO93G9bgNyME+HMAR2HAOJbiFMlSAwDO8whu8Gy/GwBgaH+PogjGZ2YM/MD6/AHiCqSY=</latexit>

{ĉi, ĉj} = {ĉ†i , ĉ
†
j} = 0

 Field operators/creation and annihilation operators



Survival kit: second quantisation

 Hamiltonian in first quantisation

 Hamiltonian in second quantisation

<latexit sha1_base64="5bHkWKc1mx09FBNxv8Y571V1uI8="></latexit>

Ĥ = �1

2

X

i

r2
i +

X

i

v(ri) +
1

2

X

i6=j

1

|ri � rj |

<latexit sha1_base64="2lAK1AoOas1u5v6QhqBvbVArfcI="></latexit>

Ĥ =

Z
dx ̂†(x)


�r2

r

2
+ v(r)

�
 ̂(x)+

1

2

Z
dxdx0

 ̂
†(x) ̂†(x0)

1

|r� r0|  ̂(x
0) ̂(x)



Survival kit: evolution operator

 Evolution operator

⤵
⤵         time independent

<latexit sha1_base64="CsgHAn3YH6s69u2kWWwExVKi/VY=">AAACG3icZZBLS8NAFIVvfFtfVZduokVwVRIRdVl047KCfYApZTKZ2qHzCDM3Sgn9EW4Vf407cevCX6PTVNDWAwOHc++FM1+cCm4xCD69ufmFxaXlldXS2vrG5lZ5e6dpdWYoa1AttGnHxDLBFWsgR8HaqWFExoK14sHleN66Z8ZyrW5wmLKOJHeK9zgl6KJW1CeYX4265UpQDQr5/034Yyq1MhSqd8tfUaJpJplCKoi1t2GQYicnBjkVbFSKMstSQgfkjt06q4hktpMXdUf+oUsSv6eNewr9Iv17kRNp7VDGblMS7NvZ2Tj8nSn2QLWURCVRpjgO8zDaj/bDqQ55HGuRzNTC3nkn5yrNkCk6adXLhI/aH4PyE24YRTF0hlDD3cd82ieGUHQ4S45YOMvnv2keV8PT6sm1Q3cxQQcrsAcHcAQhnEENrqAODaAwgEd4gmfvxXv13rz3yeqc93OzC1PyPr4BSHCh7g==</latexit>

Ĥ

The time evolution operator maps a wavefunction at time t into a 
wavefunction at time t0

<latexit sha1_base64="JP1UMVfdwtiECPoByhU4ivXMX7o="></latexit>

| (t)i = Û(t, t0)| (t0)i
<latexit sha1_base64="AgoNuV/YeDYWp7Rx/Px+eGULvNo="></latexit>

i
@Û(t, t0)

@t
= Ĥ(t)Û(t, t0)

<latexit sha1_base64="i1mMj9s6u2Vd4sCQc+ujDbA93Eg="></latexit>

Û(t, t0) = e�iĤ(t�t0)



 Pictures

picture transformation

Survival kit: pictures

<latexit sha1_base64="2vpJ0dHvDvlwiJ58WcShJEQy3mw="></latexit>

Â†(t)Â(t) = 1 = Â(t)Â†(t)
<latexit sha1_base64="oOnjj4d1gr2ybmkrrVQtfJMJ9dM="></latexit>

hÔi = h |Ô| i
<latexit sha1_base64="YDJ4VzJ02UO4Fla8zqS65yd+FdM="></latexit>

hÔi = h |Â†(t)Â(t)ÔÂ
†(t)Â(t)| i = hÂ(t) |Â(t)ÔÂ

†(t)|Â(t) i

<latexit sha1_base64="BLgnZxXHQdjigw2qDLJvoYnFtFw="></latexit>

h |Ô| i = h A|ÔA| Ai

being a general time-dependent operator, unitary at each t
<latexit sha1_base64="6Y9m2hyOPBWmZ+dbK99QWcncCNA=">AAACDHicbVC7TsNAEFzzJrwClDQWEVJoIhshoOTRQAcSgYjYis6XS3LK3dm6W4Miy79ARQtfQYdo+Qc+gn/gnFBAwkgrjWZ2tbsTJYIb9LxPZ2p6ZnZufmGxtLS8srpWXt+4MXGqKavTWMS6E RHDBFesjhwFaySaERkJdhv1zwr/9p5pw2N1jYOEhZJ0Fe9wStBKd0GPYHaSV3G3Va54NW8Id5L4P6RyXIYhLlvlr6Ad01QyhVQQY5q+l2CYEY2cCpaXgtSwhNA+6bKmpYpIZsJseHHu7lil7XZibUuhO1R/T2REGjOQke2UBHtm3CvE/7xmip2jMOMqSZEpOlrUSYWLsVu877a5ZhTFwBJCNbe3urRHNKFoQyoFij3QWEqi2llwkWdBsUDLjOe5zccfT2OS3OzV/IPa/pUN6nQUFCzAFmxDFXw4hGM4h0uoAwUFT/AML86j8+q8Oe+j1innZ2YT/sD5+AZMjJzM</latexit>

Â(t)

<latexit sha1_base64="xlBmcfFBl4b1rF47FoV2/hd7sxY="></latexit>

| A(t)i ⌘ |Â(t) i
<latexit sha1_base64="tyVsBb9HxdE9mNTAgjJRlGzMJ9M="></latexit>

ÔA(t) ⌘ Â(t)ÔÂ
†(t)

The expectation value                             can be written as



 Schrödinger picture: 

Survival kit: pictures

 Heisenberg picture:  
Operators and wavefunctions have their natural time dependence

      time independent
<latexit sha1_base64="t2QDD3C2qo1ywhoFTVZJubr+Rv4="></latexit>

ÔH(t) = e
iĤstÔS(t)e

�iĤst

<latexit sha1_base64="KsFm4FwCAUPUCsQbwbhlZWLZfDs="></latexit>

i
dÔH(t)

dt
= i

"
@Ô

@t

#

H

+
h
ÔH , ĤH

i
time evolution

<latexit sha1_base64="RDrPe4wr0YLO1h6xPtLhNca0awM="></latexit>

Â(t) = Û †
S(t, t0) = ÛS(t0, t)

<latexit sha1_base64="uzXr7CLPNKOKIYyGJM6W1dk6Zno="></latexit>

| H(t)i = Ûs(t0, t)| S(t0)i = | S(t0)i = constant
<latexit sha1_base64="6JUX6QVnFXCwQIRiVZLczgRzCOQ="></latexit>

ÔH(t) = Û
†
S
(t, t0)ÔS(t)ÛS(t, t0)

<latexit sha1_base64="Oo6Q3JrfBZ+GecOdlIDjPQ1UBvg=">AAACDnicbZBLSgNBEIZrfBtfUZduBkWImzAjom4EHxvdRTAPyAyhp9Mxjd09Q3eNEoa5gyu3egp34tYreAjvYGeShRp/KPj5q4oqvigR3KDnfTpT0zOzc/MLi6Wl5ZXVtfL6RsPEqaasTmMR61ZEDBNcsTpyFKyVaEZkJFgzursY9pv3TBseqxscJCyU5FbxHqcEbRQEfYLZWV7BvRO/U97xql4hd9L4Y7NzWoZCtU75K+jGNJVMIRXEmLbvJRhmRCOnguWlIDUsIfSO3LK2tYpIZsKs+Dl3d23SdXuxtqXQLdKfGxmRxgxkZCclwb752xuG//XaKfaOw4yrJEWm6OhQLxUuxu4QgNvlmlEUA2sI1dz+6tI+0YSixVQKFHugsZREdbPgKs+C4QEtM57nlo//l8akaexX/cPqwbUFdT4CBQuwBdtQAR+O4BQuoQZ1oJDAEzzDi/PovDpvzvtodMoZ72zCLzkf31B8nU4=</latexit>

Â(t) = 1

<latexit sha1_base64="EJXzuX6IWnbc5kiZUNtTI6fhSjI="></latexit>

ĤS



n-body Green’s functions

 n-body Green’s function

time-ordering operator

field operators in the 
Heisenberg picture

ground-state many-body 
wavefunction

<latexit sha1_base64="vs8GtRTmy9DYLAHNs9/MaK1FAw4=">AAACCXicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sKfUETymQ6bYfOTMLMRCkhX+DKrX6FO3HrV/gR/oOTtAttPXDhcM693HtPGDOqtOt+WaWV1bX1jfJmZWt7Z3fP3j9oqyiRmLRwxCLZDZEijArS0lQz0o0lQTxkpBNObnK/80CkopFo6mlMAo5Ggg4pRtpIHX+MdNrM+nbVrbkFnGXizUm1bkOBRt/+9gcRTjgRGjOkVM9zYx2kSGqKGckqfqJIjPAEjUjPUIE4UUFanJs5J0YZOMNImhLaKdTfEyniSk15aDo50mO16OXif14v0cOrIKUiTjQReLZomDBHR07+uzOgkmDNpoYgLKm51cFjJBHWJqGKL8gjjjhHYpD6d1nq5wskT2mW5+MtprFM2mc176J2fm+Cup4FBWU4gmM4BQ8uoQ630IAWYJjAM7zAq/VkvVnv1sestWTNZw7hD6zPH7OSm/w=</latexit>

T̂

<latexit sha1_base64="KICrn829JwkDVXLf7slwqXi3z/c="></latexit>

 ̂H(1) = eiĤt1  ̂(x1)e
�iĤt1

<latexit sha1_base64="g+/5c6tPdSwcDO/eFANfDv8Hv+I="></latexit>

G(n)(1, 2, ..., n; 10, 20, ..., n0) ⌘ (�i)n
h 0|T̂ [ ̂H(1)... ̂H(n) ̂†

H
(n0)... ̂†

H
(10)] | 0i

h 0| 0i



1-body Green’s function

 1-body Green’s function

<latexit sha1_base64="oe4ejUChSYpezh1tI/JIEQsYFWw=">AAACFnicZZBLSwMxFIXv+Kz1VXXpZmoRXZUZEXVZdOOyin1Ap5RMJtOG5jEkGaUM/QduFX+NO3Hr1l+j6QO07YHA4dx74eQLE0a18bxvZ2l5ZXVtPbeR39za3tkt7O3XtUwVJjUsmVTNEGnCqCA1Qw0jzUQRxENGGmH/ZjRvPBKlqRQPZpCQNkddQWOKkbHRvX/SKZS8sjeWu2j8qSlVCjBWtVP4CSKJU06EwQxp3fK9xLQzpAzFjAzzQapJgnAfdUnLWoE40e1s3HToHtskcmOp7BPGHaf/LzLEtR7w0G5yZHp6fjYK/2aCPGHJORJRkApqBpkfFIOiP9MhC0PJorlaJr5qZ1QkqSECT1rFKXONdEeM3Igqgg0bWIOwovZjLu4hhbCxJPOWmD/PZ9HUz8r+Rfn8zqK7nqCDHBzCEZyCD5dQgVuoQg0wxPAML/DqvDnvzofzOVldcqY3BzAj5+sXSmSfOw==</latexit>

10
<latexit sha1_base64="X6iwwTduTM9NUxnb5aE+kRu5wRY=">AAACJXicZZBLS8NAFIVvfNb6aNSlm9QiuiqJiLosunFZwarQhDCZTHRwHmFmopbQX+JW8de4E8GVP0WnD9DWAwOHc++FM1+SM6qN7386M7Nz8wuLlaXq8srqWs1d37jUslCYdLBkUl0nSBNGBekYahi5zhVBPGHkKrk7Hcyv7onSVIoL08tJxNGNoBnFyNgodmshR+Y2ycrHflwGu/3YbfhNfyjvvwnGptFyYah27H6HqcQFJ8JghrTuBn5uohIpQzEj/WpYaJIjfIduSNdagTjRUTks3vd2bJJ6mVT2CeMN078XJeJa93hiNwc19fRsEP7OBHnAknMk0rAQ1PTKIKyH9WCiQ5kkkqVTtUx2HJVU5IUhAo9aZQXzjPQGyLyUKoIN61mDsKL2Yx6+RQphY8FWLbFgms9/c7nfDA6bB+cW3ckIHVRgC7ZhDwI4ghacQRs6gKGAJ3iGF+fVeXPenY/R6owzvtmECTlfP0aGpYM=</latexit>

x10

<latexit sha1_base64="BiTB07UrEUv5ifNwZAq2kxde5Ao=">AAACInicZZBLSwMxFIXv+Kz1VXXpZmoRXJUZEXVZdOOygn1Ap5ZMJtOG5jEkGbUM/R9uFX+NO3El+F80fYC2PRA4nHsvnHxhwqg2nvflLC2vrK6t5zbym1vbO7uFvf26lqnCpIYlk6oZIk0YFaRmqGGkmSiCeMhII+xfj+aNB6I0leLODBLS5qgraEwxMja6DzgyvTDOnoadzB92CiWv7I3lLhp/akqVAoxV7RR+gkjilBNhMENat3wvMe0MKUMxI8N8kGqSINxHXdKyViBOdDsbtx66xzaJ3Fgq+4Rxx+n/iwxxrQc8tJujlnp+Ngr/ZoI8Ysk5ElGQCmoGmR8Ug6I/0yELQ8miuVomvmxnVCSpIQJPWsUpc410R7zciCqCDRtYg7Ci9mMu7iGFsLFU85aYP89n0dRPy/55+ezWoruaoIMcHMIRnIAPF1CBG6hCDTAoeIYXeHXenHfnw/mcrC4505sDmJHz/QtcvaUh</latexit>

x1

<latexit sha1_base64="X6iwwTduTM9NUxnb5aE+kRu5wRY=">AAACJXicZZBLS8NAFIVvfNb6aNSlm9QiuiqJiLosunFZwarQhDCZTHRwHmFmopbQX+JW8de4E8GVP0WnD9DWAwOHc++FM1+SM6qN7386M7Nz8wuLlaXq8srqWs1d37jUslCYdLBkUl0nSBNGBekYahi5zhVBPGHkKrk7Hcyv7onSVIoL08tJxNGNoBnFyNgodmshR+Y2ycrHflwGu/3YbfhNfyjvvwnGptFyYah27H6HqcQFJ8JghrTuBn5uohIpQzEj/WpYaJIjfIduSNdagTjRUTks3vd2bJJ6mVT2CeMN078XJeJa93hiNwc19fRsEP7OBHnAknMk0rAQ1PTKIKyH9WCiQ5kkkqVTtUx2HJVU5IUhAo9aZQXzjPQGyLyUKoIN61mDsKL2Yx6+RQphY8FWLbFgms9/c7nfDA6bB+cW3ckIHVRgC7ZhDwI4ghacQRs6gKGAJ3iGF+fVeXPenY/R6owzvtmECTlfP0aGpYM=</latexit>

x10
<latexit sha1_base64="oe4ejUChSYpezh1tI/JIEQsYFWw=">AAACFnicZZBLSwMxFIXv+Kz1VXXpZmoRXZUZEXVZdOOyin1Ap5RMJtOG5jEkGaUM/QduFX+NO3Hr1l+j6QO07YHA4dx74eQLE0a18bxvZ2l5ZXVtPbeR39za3tkt7O3XtUwVJjUsmVTNEGnCqCA1Qw0jzUQRxENGGmH/ZjRvPBKlqRQPZpCQNkddQWOKkbHRvX/SKZS8sjeWu2j8qSlVCjBWtVP4CSKJU06EwQxp3fK9xLQzpAzFjAzzQapJgnAfdUnLWoE40e1s3HToHtskcmOp7BPGHaf/LzLEtR7w0G5yZHp6fjYK/2aCPGHJORJRkApqBpkfFIOiP9MhC0PJorlaJr5qZ1QkqSECT1rFKXONdEeM3Igqgg0bWIOwovZjLu4hhbCxJPOWmD/PZ9HUz8r+Rfn8zqK7nqCDHBzCEZyCD5dQgVuoQg0wxPAML/DqvDnvzofzOVldcqY3BzAj5+sXSmSfOw==</latexit>

10

<latexit sha1_base64="BiTB07UrEUv5ifNwZAq2kxde5Ao=">AAACInicZZBLSwMxFIXv+Kz1VXXpZmoRXJUZEXVZdOOygn1Ap5ZMJtOG5jEkGbUM/R9uFX+NO3El+F80fYC2PRA4nHsvnHxhwqg2nvflLC2vrK6t5zbym1vbO7uFvf26lqnCpIYlk6oZIk0YFaRmqGGkmSiCeMhII+xfj+aNB6I0leLODBLS5qgraEwxMja6DzgyvTDOnoadzB92CiWv7I3lLhp/akqVAoxV7RR+gkjilBNhMENat3wvMe0MKUMxI8N8kGqSINxHXdKyViBOdDsbtx66xzaJ3Fgq+4Rxx+n/iwxxrQc8tJujlnp+Ngr/ZoI8Ysk5ElGQCmoGmR8Ug6I/0yELQ8miuVomvmxnVCSpIQJPWsUpc410R7zciCqCDRtYg7Ci9mMu7iGFsLFU85aYP89n0dRPy/55+ezWoruaoIMcHMIRnIAPF1CBG6hCDTAoeIYXeHXenHfnw/mcrC4505sDmJHz/QtcvaUh</latexit>

x1

<latexit sha1_base64="a2I5LGJIv1gd5wg2qG8R+mMpHI4="></latexit>

T̂ [ ̂H(1) ̂†
H
(10)] =

⇢
 ̂H(1) ̂†

H
(10) for t1 > t10

� ̂†
H
(10) ̂H(1) for t10 > t1

<latexit sha1_base64="H8H6966nEuqOtIY+X1CTz1V2MI8="></latexit>

G(1, 10) = �i⇥(t1�t10) h 0|  ̂H(1) ̂†
H
(10) | 0i+i⇥(t10�t1) h 0|  ̂†

H
(10) ̂H(1) | 0i

propagation of an electron propagation of a hole

time-ordering 
operator

G(1, 1′) = −i〈Ψ0|T̂ [ψ̂H(1)ψ̂†
H(1′)]|Ψ0〉



1-body Green’s function

 1-body Green’s function

<latexit sha1_base64="YeeNbYVxXFnKr6DfIkHrIpCln4E="></latexit>

G>(1, 10) = �ih 0| ̂H(1) ̂†(10)| 0i
<latexit sha1_base64="FPEhExjy+f8HmjMi9wfBfU/gmto="></latexit>

G<(1, 10) = ih 0| ̂†(10) ̂H(1)| 0i
<latexit sha1_base64="btd8DcxrlB3VR1qKuAy1gJxljyo="></latexit>

GR(1, 10) = �i[G>(1, 10)�G<(1, 10)]✓(t� t0)
<latexit sha1_base64="J/YJOTsd31aBtbgV7S1ZFsHRF5Q="></latexit>

GA(1, 10) = i[G>(1, 10)�G<(1, 10)]✓(t0 � t)

greater G
lesser G

retarded G

advanced G

<latexit sha1_base64="a2I5LGJIv1gd5wg2qG8R+mMpHI4="></latexit>

T̂ [ ̂H(1) ̂†
H
(10)] =

⇢
 ̂H(1) ̂†

H
(10) for t1 > t10

� ̂†
H
(10) ̂H(1) for t10 > t1

<latexit sha1_base64="H8H6966nEuqOtIY+X1CTz1V2MI8="></latexit>

G(1, 10) = �i⇥(t1�t10) h 0|  ̂H(1) ̂†
H
(10) | 0i+i⇥(t10�t1) h 0|  ̂†

H
(10) ̂H(1) | 0i

time-ordering 
operator

G(1, 1′) = −i〈Ψ0|T̂ [ψ̂H(1)ψ̂†
H(1′)]|Ψ0〉



 Lehmann representation of 1-GF 

Insert the resolution of identity                                  in Fock space
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 Lehmann representation of 1-GF 

Insert the resolution of identity                                  in Fock space
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 Link to photoemission spectra 

direct photoemission : N       N-1
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 Link to photoemission spectra 

direct photoemission : N       N-1
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Unoccupied orbital/
band
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 Link to photoemission spectra 
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ground-state many-body wavefunction of the N-electron system

 Link to photoemission spectra 

1-body Green’s function
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ground-state many-body wavefunction of the N-electron system

(ground/excited)-state many-body wavefunction of the (N   1)-electron system±

 Link to photoemission spectra 

1-body Green’s function
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 Link to photoemission spectra 

1-body Green’s function

Feynman-Dyson amplitudes
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 Link to photoemission spectra 

1-body Green’s function
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 Physical content of 1-GF


 the one-particle excitation spectrum of the system 


 the ground-state expectation value of any one-body 
operator, e.g., the density    or the density matrix


 the ground state total energy
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1-body Green’s function
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1-body Green’s function

 How do we get  ?

G(1, 1′) = −i〈Ψ0|T̂ [ψ̂H(1)ψ̂†
H(1′)]|Ψ0〉
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 Equation of motion of     : 

1-body Green’s function



<latexit sha1_base64="KSo5f15qhG/dUkTEy8vt5hJq8vw=">AAACDXicbVDLSsNAFL2pr1pfUZduglWoICUpoi6LLnRZwT6gCWEynbRDJw9mJkIJ+QE3/oobF4q4de/Ov3GSFtTqgYHDOffOzDlezKiQpvmplRYWl5ZXyquVtfWNzS19e6cjooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut74Mve7d4QLGoW3chITJ0DDkPoUI6kkVz+wfY5waseIS4qYcVWzjhtH2bcgXStz9apZNwsYf4k1I9WmDgVarv5hDyKcBCSUmCEh+pYZSyfNr8SMZBU7ESRGeIyGpK9oiAIinLRIkxmHShkYfsTVCaVRqD83UhQIMQk8NRkgORLzXi7+5/UT6Z87KQ3jRJIQTx/yExUxMvJqjAHlBEs2UQRhTtVfDTxCqh6pCqyoEqz5yH9Jp1G3TusnN6qNi2kbUIY92IcaWHAGTbiGFrQBwz08wjO8aA/ak/aqvU1HS9psZxd+QXv/ApsYm00=</latexit>

@G(1, 2)

@t1

EoM operators

 Equation of motion of     : 

1-body Green’s function
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 Equation of motion of     : 
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 Equation of motion of     : 

1-body Green’s function
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ˆ



<latexit sha1_base64="KSo5f15qhG/dUkTEy8vt5hJq8vw=">AAACDXicbVDLSsNAFL2pr1pfUZduglWoICUpoi6LLnRZwT6gCWEynbRDJw9mJkIJ+QE3/oobF4q4de/Ov3GSFtTqgYHDOffOzDlezKiQpvmplRYWl5ZXyquVtfWNzS19e6cjooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut74Mve7d4QLGoW3chITJ0DDkPoUI6kkVz+wfY5waseIS4qYcVWzjhtH2bcgXStz9apZNwsYf4k1I9WmDgVarv5hDyKcBCSUmCEh+pYZSyfNr8SMZBU7ESRGeIyGpK9oiAIinLRIkxmHShkYfsTVCaVRqD83UhQIMQk8NRkgORLzXi7+5/UT6Z87KQ3jRJIQTx/yExUxMvJqjAHlBEs2UQRhTtVfDTxCqh6pCqyoEqz5yH9Jp1G3TusnN6qNi2kbUIY92IcaWHAGTbiGFrQBwz08wjO8aA/ak/aqvU1HS9psZxd+QXv/ApsYm00=</latexit>

@G(1, 2)

@t1
2-body GF

⤵

How do we get rid of         ?

 Equation of motion of     : 

1-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ
<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ



<latexit sha1_base64="KSo5f15qhG/dUkTEy8vt5hJq8vw=">AAACDXicbVDLSsNAFL2pr1pfUZduglWoICUpoi6LLnRZwT6gCWEynbRDJw9mJkIJ+QE3/oobF4q4de/Ov3GSFtTqgYHDOffOzDlezKiQpvmplRYWl5ZXyquVtfWNzS19e6cjooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut74Mve7d4QLGoW3chITJ0DDkPoUI6kkVz+wfY5waseIS4qYcVWzjhtH2bcgXStz9apZNwsYf4k1I9WmDgVarv5hDyKcBCSUmCEh+pYZSyfNr8SMZBU7ESRGeIyGpK9oiAIinLRIkxmHShkYfsTVCaVRqD83UhQIMQk8NRkgORLzXi7+5/UT6Z87KQ3jRJIQTx/yExUxMvJqjAHlBEs2UQRhTtVfDTxCqh6pCqyoEqz5yH9Jp1G3TusnN6qNi2kbUIY92IcaWHAGTbiGFrQBwz08wjO8aA/ak/aqvU1HS9psZxd+QXv/ApsYm00=</latexit>

@G(1, 2)

@t1
2-body GF

⤵

How do we get rid of         ?

 Equation of motion of     : 

 Equation of motion of     

1-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ
<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ



 Martin-Schwinger hierarchy     ⤵

...

1-body Green’s function

<latexit sha1_base64="Xa/ZnG1eNvP/cD1jBQa8T8bwPfE=">AAACCHicbVDLSsNAFL3xWesr6tJNsAiuSiKiLotudFfBPqAJZTKZtNPOTMLMRCkhP+DKrX6FO3HrX/gR/oPTx0JbD1w4nHMv994Tpowq7bpf1tLyyuraemmjvLm1vbNr7+03VZJJTBo4YYlsh0gRRgVpaKoZaaeSIB4y0gqH12O/9UCkoom416OUBBz1BI0pRtpITV9lvDvo2hW36k7gLBJvRio1Gyaod+1vP0pwxonQmCGlOp6b6iBHUlPMSFH2M0VShIeoRzqGCsSJCvLJtYVzbJTIiRNpSmhnov6eyBFXasRD08mR7qt5byz+53UyHV8GORVpponA00VxxhydOOPXnYhKgjUbGYKwpOZWB/eRRFibgMq+II844RyJKPdvi9wfL5A8p0Vh8vHm01gkzdOqd149uzNBXU2DghIcwhGcgAcXUIMbqEMDMAzgGV7g1Xqy3qx362PaumTNZg7gD6zPH97bm4c=</latexit>X

j



 Martin-Schwinger hierarchy     ⤵

...

How to truncate this hierarchy?

1-body Green’s function

<latexit sha1_base64="Xa/ZnG1eNvP/cD1jBQa8T8bwPfE=">AAACCHicbVDLSsNAFL3xWesr6tJNsAiuSiKiLotudFfBPqAJZTKZtNPOTMLMRCkhP+DKrX6FO3HrX/gR/oPTx0JbD1w4nHMv994Tpowq7bpf1tLyyuraemmjvLm1vbNr7+03VZJJTBo4YYlsh0gRRgVpaKoZaaeSIB4y0gqH12O/9UCkoom416OUBBz1BI0pRtpITV9lvDvo2hW36k7gLBJvRio1Gyaod+1vP0pwxonQmCGlOp6b6iBHUlPMSFH2M0VShIeoRzqGCsSJCvLJtYVzbJTIiRNpSmhnov6eyBFXasRD08mR7qt5byz+53UyHV8GORVpponA00VxxhydOOPXnYhKgjUbGYKwpOZWB/eRRFibgMq+II844RyJKPdvi9wfL5A8p0Vh8vHm01gkzdOqd149uzNBXU2DghIcwhGcgAcXUIMbqEMDMAzgGV7g1Xqy3qx362PaumTNZg7gD6zPH97bm4c=</latexit>X

j



 Self-energy and Dyson equation

1-body Green’s function

<latexit sha1_base64="IC9mYgksCN6QE/dkP/SpSNwtbFk="></latexit>

⌃(1, 10) = �ivc(1, 2
+)G(2)(1, 2; 20, 2+)G�1(20, 10)self-energy

<latexit sha1_base64="m6YI64lSyIY/1ueMJHjwNsVBTRo="></latexit>
i
@

@t1
� h(1)

�
G(1, 10)�

Z
d2⌃(1, 2)G(2, 10) = �(1� 10)

⤵



 Self-energy and Dyson equation

1-body Green’s function

<latexit sha1_base64="IC9mYgksCN6QE/dkP/SpSNwtbFk="></latexit>

⌃(1, 10) = �ivc(1, 2
+)G(2)(1, 2; 20, 2+)G�1(20, 10)self-energy

<latexit sha1_base64="m6YI64lSyIY/1ueMJHjwNsVBTRo="></latexit>
i
@

@t1
� h(1)

�
G(1, 10)�

Z
d2⌃(1, 2)G(2, 10) = �(1� 10)

⤵
<latexit sha1_base64="UsRAHCkjg1UEpTZpo5JCqoDoYlA="></latexit>
i
@

@t1
� h(1)

�
G0(1, 1

0) = �(1� 10)noninteracting G

<latexit sha1_base64="Og7WVGOeoQOJND5xGE5Foqj2fF0="></latexit>

G(1, 10) = G0(1, 1
0) +G0(1, 2)⌃(2, 2

0)G(20, 10)Dyson eq. 

⤵



 Self-energy and Dyson equation

1-body Green’s function

<latexit sha1_base64="IC9mYgksCN6QE/dkP/SpSNwtbFk="></latexit>

⌃(1, 10) = �ivc(1, 2
+)G(2)(1, 2; 20, 2+)G�1(20, 10)self-energy

<latexit sha1_base64="m6YI64lSyIY/1ueMJHjwNsVBTRo="></latexit>
i
@

@t1
� h(1)

�
G(1, 10)�

Z
d2⌃(1, 2)G(2, 10) = �(1� 10)

⤵
<latexit sha1_base64="UsRAHCkjg1UEpTZpo5JCqoDoYlA="></latexit>
i
@

@t1
� h(1)

�
G0(1, 1

0) = �(1� 10)noninteracting G

<latexit sha1_base64="Og7WVGOeoQOJND5xGE5Foqj2fF0="></latexit>

G(1, 10) = G0(1, 1
0) +G0(1, 2)⌃(2, 2

0)G(20, 10)Dyson eq. 

⤵



 Why a Dyson equation?

Even approximating   to low order in the interaction, 
solving the Dyson equation create contributions to all 
orders 

<latexit sha1_base64="QInEfM6w7HKETSskBfuHCWmyXrM=">AAACGnicZZBLSwMxFIXv1Fetr6pLN1OL4KrMiKjLohuXFe0DOqVkMmkbm8eQZJQy9D+4Vfw17sStG3+NptOCth4IHM69F06+MGZUG8/7cnJLyyura/n1wsbm1vZOcXevoWWiMKljyaRqhUgTRgWpG2oYacWKIB4y0gyHV5N584EoTaW4M6OYdDjqC9qjGBkbNYJb2ueoWyx7FS+T+9/4M1OuFiFTrVv8DiKJE06EwQxp3fa92HRSpAzFjIwLQaJJjPAQ9UnbWoE40Z00azt2j2wSuT2p7BPGzdK/FyniWo94aDc5MgO9OJuEvzNBHrHkHIkoSAQ1o9QPSkHJn+uQhqFk0UIt07vopFTEiSECT1v1EuYa6U44uRFVBBs2sgZhRe3HXDxACmFjaRYsMX+Rz3/TOKn4Z5XTG4vucooO8nAAh3AMPpxDFa6hBnXAcA9P8Awvzqvz5rw7H9PVnDO72Yc5OZ8/M7qhWA==</latexit>

⌃

1-body Green’s function



 Self-energy and Dyson equation

1-body Green’s function

<latexit sha1_base64="IC9mYgksCN6QE/dkP/SpSNwtbFk="></latexit>

⌃(1, 10) = �ivc(1, 2
+)G(2)(1, 2; 20, 2+)G�1(20, 10)self-energy

<latexit sha1_base64="m6YI64lSyIY/1ueMJHjwNsVBTRo="></latexit>
i
@

@t1
� h(1)

�
G(1, 10)�

Z
d2⌃(1, 2)G(2, 10) = �(1� 10)

⤵
<latexit sha1_base64="UsRAHCkjg1UEpTZpo5JCqoDoYlA="></latexit>
i
@

@t1
� h(1)

�
G0(1, 1

0) = �(1� 10)noninteracting G

<latexit sha1_base64="Og7WVGOeoQOJND5xGE5Foqj2fF0="></latexit>

G(1, 10) = G0(1, 1
0) +G0(1, 2)⌃(2, 2

0)G(20, 10)Dyson eq. 

⤵



 Hartree-Fock approximation

1-body Green’s function

= - +



 Hartree-Fock approximation

1-body Green’s function

= - +⤵



 Hartree-Fock approximation

1-body Green’s function

= - +⤵

<latexit sha1_base64="7Mjjlv2M7+A59ZKpdPElFe8sfXM="></latexit>

ivc(1, 1
0)G(1, 1

0+)| {z }
⌃x(1,10)

<latexit sha1_base64="Ak40QzyVq8BsMIB8iWFDkpQ+7wk="></latexit>

�ivc(1, 2)G(2, 2+)�(1, 10)| {z }
vH(1)�(1,10)



 Hartree-Fock approximation

1-body Green’s function

= - +⤵

How to go beyond HF?

<latexit sha1_base64="7Mjjlv2M7+A59ZKpdPElFe8sfXM="></latexit>

ivc(1, 1
0)G(1, 1

0+)| {z }
⌃x(1,10)

<latexit sha1_base64="Ak40QzyVq8BsMIB8iWFDkpQ+7wk="></latexit>

�ivc(1, 2)G(2, 2+)�(1, 10)| {z }
vH(1)�(1,10)



 Schwinger relation

1-body Green’s function



 Schwinger relation

⤵

1-body Green’s function



 Schwinger relation

⤵

1-body Green’s function

And now?



 Schwinger relation

⤵

1-body Green’s function

And now?

See next week!



 Neutral excitations/Absorption spectrum

The excited electron and the hole left behind interact
A two-particle correlation function is needed (     )

2-body Green’s function

<latexit sha1_base64="q/O5XpauCGSEuNTBBHsY1x3SI60="></latexit>

G(2)



 2-body Green’s function

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ

particle-particle

electron-hole




 2-body Green’s function

particle-particle

electron-hole


<latexit sha1_base64="yy1QpJhUWkq8ePQbcpcv5ASK524=">AAAB/3icbZDJSgNBEIZrXGPcRgUvXhqDxEMIM0HUkwS9eIxgFkjC0NPpJE16FrprhDDm4Kt48aCIV1/Dm29jZzlo4g8NH39VUdW/H0uh0XG+raXlldW19cxGdnNre2fX3tuv6ShRjFdZJCPV8KnmUoS8igIlb8SK08CXvO4Pbsb1+gNXWkThPQ5j3g5oLxRdwSgay7MP0XMLBL3UzY+u0CsVDJbyI8/OOUVnIrII7gxyZRsmqnj2V6sTsSTgITJJtW66ToztlCoUTPJRtpVoHlM2oD3eNBjSgOt2Orl/RE6M0yHdSJkXIpm4vydSGmg9DHzTGVDs6/na2Pyv1kywe9lORRgnyEM2XdRNJMGIjMMgHaE4Qzk0QJkS5lbC+lRRhiayrAnBnf/yItRKRfe8eHZn0riepgEZOIJjOAUXLqAMt1CBKjB4hGd4hTfryXqx3q2PaeuSNZs5gD+yPn8ADjaU4g==</latexit>

t1, t10 > t2, t20

<latexit sha1_base64="9JH6t8HxZ679Z2K49Mo5J4Xdu3w=">AAAB/3icbZDJSgNBEIZrXGPcRgUvXhqDxEMIM0HUkwS9eIxgFkjC0NPpJE16FrprhDDm4Kt48aCIV1/Dm29jZzlo4g8NH39VUdW/H0uh0XG+raXlldW19cxGdnNre2fX3tuv6ShRjFdZJCPV8KnmUoS8igIlb8SK08CXvO4Pbsb1+gNXWkThPQ5j3g5oLxRdwSgay7MP0SsVCHppKT+6Qs8tGHTzI8/OOUVnIrII7gxyZRsmqnj2V6sTsSTgITJJtW66ToztlCoUTPJRtpVoHlM2oD3eNBjSgOt2Orl/RE6M0yHdSJkXIpm4vydSGmg9DHzTGVDs6/na2Pyv1kywe9lORRgnyEM2XdRNJMGIjMMgHaE4Qzk0QJkS5lbC+lRRhiayrAnBnf/yItRKRfe8eHZn0riepgEZOIJjOAUXLqAMt1CBKjB4hGd4hTfryXqx3q2PaeuSNZs5gD+yPn8ADk2U4g==</latexit>

t2, t20 > t1, t10

<latexit sha1_base64="ffZre6dqRdhlChHByqss7TgPL/Q=">AAAB/3icbZDJSgNBEIZrXGPcRgUvXhqDxEMIM0HUkwS9eIxgFkjC0NPpJE16FrprhDDm4Kt48aCIV1/Dm29jZzlo4g8NH39VUdW/H0uh0XG+raXlldW19cxGdnNre2fX3tuv6ShRjFdZJCPV8KnmUoS8igIlb8SK08CXvO4Pbsb1+gNXWkThPQ5j3g5oLxRdwSgay7MP0SsVCHqpmx9doecWDJbyI8/OOUVnIrII7gxyZRsmqnj2V6sTsSTgITJJtW66ToztlCoUTPJRtpVoHlM2oD3eNBjSgOt2Orl/RE6M0yHdSJkXIpm4vydSGmg9DHzTGVDs6/na2Pyv1kywe9lORRgnyEM2XdRNJMGIjMMgHaE4Qzk0QJkS5lbC+lRRhiayrAnBnf/yItRKRfe8eHZn0riepgEZOIJjOAUXLqAMt1CBKjB4hGd4hTfryXqx3q2PaeuSNZs5gD+yPn8ADkKU4g==</latexit>

t2, t10 > t1, t20

<latexit sha1_base64="dMMYyLhfURf4Y2EPs/ATtM8J3Ow=">AAAB/3icbZDJSgNBEIZrXGPcRgUvXhqDxEMIM0HUkwS9eIxgFkjC0NPpJE16FrprhDDm4Kt48aCIV1/Dm29jZzlo4g8NH39VUdW/H0uh0XG+raXlldW19cxGdnNre2fX3tuv6ShRjFdZJCPV8KnmUoS8igIlb8SK08CXvO4Pbsb1+gNXWkThPQ5j3g5oLxRdwSgay7MP0XMLBL20lB9doVcqGHTzI8/OOUVnIrII7gxyZRsmqnj2V6sTsSTgITJJtW66ToztlCoUTPJRtpVoHlM2oD3eNBjSgOt2Orl/RE6M0yHdSJkXIpm4vydSGmg9DHzTGVDs6/na2Pyv1kywe9lORRgnyEM2XdRNJMGIjMMgHaE4Qzk0QJkS5lbC+lRRhiayrAnBnf/yItRKRfe8eHZn0riepgEZOIJjOAUXLqAMt1CBKjB4hGd4hTfryXqx3q2PaeuSNZs5gD+yPn8ADkGU4g==</latexit>

t1, t20 > t2, t10

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ
<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ
<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ



 2-body Green’s function

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ

particle-particle

electron-hole


<latexit sha1_base64="FBam98/7iUBXwlPgM5a7len3xWk=">AAAB7HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls122i7dbMLuRiihv8GLB0W8+oO8+W/cpj1o64OBx3szzMyLUsG18bxvZ2V1bX1js7RV3t7Z3dt3Dw4bOskUw4AlIlGtiGoUXGJguBHYShXSOBLYjEa3U7/5hErzRD6YcYphTAeS9zmjxkrBY47DSdeteFWvAFkm/pxUai4UqHfdr04vYVmM0jBBtW77XmrCnCrDmcBJuZNpTCkb0QG2LZU0Rh3mxbETcmqVHuknypY0pFB/T+Q01nocR7YzpmaoF72p+J/Xzkz/Osy5TDODks0W9TNBTEKmn5MeV8iMGFtCmeL2VsKGVFFmbD5lG4K/+PIyaZxX/cvqxb1N42aWBpTgGE7gDHy4ghrcQR0CYMDhGV7hzZHOi/PufMxaV5z5zBH8gfP5A3O2jyQ=</latexit>

eh

<latexit sha1_base64="ZAadVwPYdA1q3r4myMZU8Bmj+B4=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE1GPRi94qmLbQxrLZbtqlm92wuxFK6G/w4kERr/4gb/4bt2kP2vpg4PHeDDPzopQzbTzv2ymtrK6tb5Q3K1vbO7t77v5BU8tMERoQyaVqR1hTzgQNDDOctlNFcRJx2opGN1O/9USVZlI8mHFKwwQPBIsZwcZKwWN+15z03KpX8wqgZeLPSbXuQoFGz/3q9iXJEioM4Vjrju+lJsyxMoxwOql0M01TTEZ4QDuWCpxQHebFsRN0YpU+iqWyJQwq1N8TOU60HieR7UywGepFbyr+53UyE1+FORNpZqggs0VxxpGRaPo56jNFieFjSzBRzN6KyBArTIzNp2JD8BdfXibNs5p/UTu/t2lcz9KAMhzBMZyCD5dQh1toQAAEGDzDK7w5wnlx3p2PWWvJmc8cwh84nz8ttI72</latexit>

IV



 2-body Green’s function

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ

<latexit sha1_base64="FBam98/7iUBXwlPgM5a7len3xWk=">AAAB7HicbVBNS8NAEJ34WetX1KOXxSJ4KomIeix68VjBtIU2ls122i7dbMLuRiihv8GLB0W8+oO8+W/cpj1o64OBx3szzMyLUsG18bxvZ2V1bX1js7RV3t7Z3dt3Dw4bOskUw4AlIlGtiGoUXGJguBHYShXSOBLYjEa3U7/5hErzRD6YcYphTAeS9zmjxkrBY47DSdeteFWvAFkm/pxUai4UqHfdr04vYVmM0jBBtW77XmrCnCrDmcBJuZNpTCkb0QG2LZU0Rh3mxbETcmqVHuknypY0pFB/T+Q01nocR7YzpmaoF72p+J/Xzkz/Osy5TDODks0W9TNBTEKmn5MeV8iMGFtCmeL2VsKGVFFmbD5lG4K/+PIyaZxX/cvqxb1N42aWBpTgGE7gDHy4ghrcQR0CYMDhGV7hzZHOi/PufMxaV5z5zBH8gfP5A3O2jyQ=</latexit>

eh

particle-particle

electron-hole


<latexit sha1_base64="o+ncLNG1NtizJ4lbEOibsQsF74I=">AAAB+XicdVDJSgNBEK1xjXEb9eilMQheHHrMehGCEvAYwSyQhKGn00ma9Cx09wTCkD/x4kERr/6JN//GTqKgog8KHu9VUVXPjwVXGuN3a2V1bX1jM7OV3d7Z3du3Dw6bKkokZQ0aiUi2faKY4CFraK4Fa8eSkcAXrOWPr+d+a8Kk4lF4p6cx6wVkGPIBp0QbybPtbhSwIfH4Zc3j5zUPe3YOOxVcLJRdhB03Xy7h/JwUcb6EkevgBXJVGxaoe/Zbtx/RJGChpoIo1XFxrHspkZpTwWbZbqJYTOiYDFnH0JAETPXSxeUzdGqUPhpE0lSo0UL9PpGSQKlp4JvOgOiR+u3Nxb+8TqIHlV7KwzjRLKTLRYNEIB2heQyozyWjWkwNIVRycyuiIyIJ1SasrAnh61P0P2leOG7JKdyaNK6WaUAGjuEEzsCFMlThBurQAAoTuIdHeLJS68F6tl6WrSvW58wR/ID1+gEPTZNU</latexit>

!i = Ei � E0



 2-body Green’s function

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ



 2-body Green’s function

How to get a Dyson equation for          ?

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ



 2-body Green’s function

How to get a Dyson equation for          ?

See next week!

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ



 2-body Green’s function

How to get a Dyson equation for          ?

Spoiler: use Schwinger relation

2-body Green’s function

<latexit sha1_base64="0fUnNxVvqWMz+F8sl15zsytqX/c=">AAACCHicbVDLSsNAFL2pr1pfUZdugkVwVRIRdVl0o7sK9gFNKJPptB07MwkzE6WE/IArt/oV7sStf+FH+A9O0i609cCFwzn3cu89Ycyo0q77ZZWWlldW18rrlY3Nre0de3evpaJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4vsr99gORikbiTk9iEnA0FHRAMdJGavkjpNOsZ1fdmlvAWSTejFTrNhRo9Oxvvx/hhBOhMUNKdT031kGKpKaYkaziJ4rECI/RkHQNFYgTFaTFtZlzZJS+M4ikKaGdQv09kSKu1ISHppMjPVLzXi7+53UTPbgIUiriRBOBp4sGCXN05OSvO30qCdZsYgjCkppbHTxCEmFtAqr4gjziiHMk+ql/k6V+vkDylGZ5Pt58GoukdVLzzmqntyaoy2lQUIYDOIRj8OAc6nANDWgChnt4hhd4tZ6sN+vd+pi2lqzZzD78gfX5AwP1m54=</latexit>

ˆ

See next week!



 Dyson equation

n-body Green’s function

⤵
<latexit sha1_base64="Xa/ZnG1eNvP/cD1jBQa8T8bwPfE=">AAACCHicbVDLSsNAFL3xWesr6tJNsAiuSiKiLotudFfBPqAJZTKZtNPOTMLMRCkhP+DKrX6FO3HrX/gR/oPTx0JbD1w4nHMv994Tpowq7bpf1tLyyuraemmjvLm1vbNr7+03VZJJTBo4YYlsh0gRRgVpaKoZaaeSIB4y0gqH12O/9UCkoom416OUBBz1BI0pRtpITV9lvDvo2hW36k7gLBJvRio1Gyaod+1vP0pwxonQmCGlOp6b6iBHUlPMSFH2M0VShIeoRzqGCsSJCvLJtYVzbJTIiRNpSmhnov6eyBFXasRD08mR7qt5byz+53UyHV8GORVpponA00VxxhydOOPXnYhKgjUbGYKwpOZWB/eRRFibgMq+II844RyJKPdvi9wfL5A8p0Vh8vHm01gkzdOqd149uzNBXU2DghIcwhGcgAcXUIMbqEMDMAzgGV7g1Xqy3qx362PaumTNZg7gD6zPH97bm4c=</latexit>X

j

One can recast the EoM of the n-GF in a Dyson equation at the price of 
a very complicated self-energy…or  



 n-body self-energy

n-body Green’s function

Σn(ω) = G(n),−1
0 −G(n),−1

defines the space in which the Dyson equation has to be solvedG(n)
0

Express       in terms of Σn
Σ2



 Example: the 3-GF

n-body Green’s function

G3(!) = G03(!) +G03(!)⌃3(!)G3(!)

G03(!) =

✓
G01(!) 0

0 GS
03(!)

◆ G01,(im)(!) =
�im

! � ✏i + i⌘sign(✏i � µ)
<latexit sha1_base64="wEifACwUXSc/M4xFflqJoJ+6qjQ=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahbkpiRV0WXeiygn1AG8NkOm2HTh7MTIQQ4q+4caGIWz/EnX/jNO1CWw9cOJxzL/fe40WcSWVZ30ZhZXVtfaO4Wdra3tndM/cP2jKMBaEtEvJQdD0sKWcBbSmmOO1GgmLf47TjTa6nfueRCsnC4F4lEXV8PArYkBGstOSa5ZuHtB5lbmrVs2o/9OkIn7hmxapZOdAyseek0jAhR9M1v/qDkMQ+DRThWMqebUXKSbFQjHCalfqxpBEmEzyiPU0D7FPppPnxGTrWygANQ6ErUChXf0+k2Jcy8T3d6WM1loveVPzP68VqeOmkLIhiRQMyWzSMOVIhmiaBBkxQoniiCSaC6VsRGWOBidJ5lXQI9uLLy6R9WrPPa2d3Oo2rWRpQhEM4girYcAENuIUmtIBAAs/wCm/Gk/FivBsfs9aCMZ8pwx8Ynz8Q45Ru</latexit>

G3p
03(!)

<latexit sha1_base64="kZj0w3WBF3LnNOBmO0O4D3nwdOY="></latexit>

G3p
03,(i>jl;m>ok)(!) =

�im�jo�lk(fi � fl)(fj � fl)

! � ✏0i � (✏0j � ✏0l ) + i⌘sign(✏0i � µ)
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