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@ Physics of the photoemission spectroscopy;
@ one and three-body Green's function;
@ application to the symmetric Hubbard dimer;

@ conclusion and future development.
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One-body Green's function

The one-body Green's function is defined as
iG1(1,1) = (g | TIH(L) T (L] wE)
where (1) = (r1,01, t1) and
TIH(WPT ()] = 0(t — t) (1) (1) = 0t — t2)dT(1')(1)-
It is possible to write Gy in the well known spectral representation

Gl(w)zzwo” W) (T g 5 (WS WA—1) (WL )
w— (EX = E)) +in w— (BN —E} N —in

n n

To calculate G; we use the Dyson equation

Gl(w) = 601(60) + G01(w)21(w) Gl(w)
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Why a three-body Green's function

Gl(w) = G01(O.)) + G01(w)21(w) Gl(w)

@ Goi(w) contains only quasi-particle poles;
@ Y ;(w) creates satellites and moves all the poles correctly.
@ Y;(w = 0) moves the QP poles. No satellites are created (important

at strong correlation).
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Why a three-body Green's function

Gl(w) = G01(O.)) + G01(w)21(w) Gl(w)

Go1(w) contains only quasi-particle poles;

Y 1(w) creates satellites and moves all the poles correctly.

Y 1(w = 0) moves the QP poles. No satellites are created (important
at strong correlation).

G3(w) = Goz(w) + Goz(w)X3(w)Gs(w)

Goz(w) contains both quasi-particle and satellite poles;

Y 3(w) moves all poles correctly.

Y 3(w = 0) moves all poles. Satellites are present.
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Three-body Green's function

The three-body Green's function is defined as
G3(1,2,3,1,2,3) = i(W{| TIH(1)d(2)d(3)47(3)91 ()4 (1)]|Wh)

where (1) = (r1, 01, t1). Thanks to the T-ordering operator

T[1(1)- (] = Y 0(tp > oo > 15, )(= 1)y (p1).4p, (Pr)

and adding a completeness > [WAN) (W] = 1, it describes
oefe/h  (WNBHIHWIT WG
® h/h/e (W DT T W) (W b T )
° e/efe (W PP W) (W3 DTS T T W)
( )

© h/h/h W DT W3 (W3 o !
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Meaning of the time differences

Each e/e/h term has a form similar to
> T EE W B a)e Tl (g )e T () W

(W O )e™ Hmradd (xa)e ™ T T () W)

where 7 corresponds to the time of the combined propagation of the added
particle and the electron-hole pair

1 1
T:g(l‘l—‘rfg—i-tg,/)—g(t3—‘ri'1/—‘rf2/) and Tij = ti — tj.

The time differences 7;; are instantaneous: 7;; — 0.
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Electron-electron-hole and hole-hole-electron parts

The e/e/h and h/h/e parts of G3 in the spectral representation read as
Gz M(x1, X0, X3, X171, X0, X3, W) = GE (X1, ..., X307 W) + GP(x1, ..., X3/ W)
_y- e [ 0xa) i ()b o) W) (WAL G ) (s ) 1 (o) W)

w— (ENTY — EN) + in

Y (W9 () P 0xa) T () (WA 1) (WA ()b (3 ) 2 W)
w— (B} —ENY —in

n

n
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Electron-electron-hole and hole-hole-electron parts

The e/e/h and h/h/e parts of G3 in the spectral representation read as

G3e+h(X1,X2,X3,X1/,X2/,X3/;w) = G5 (x1, ..., x3;w) + G3h(X1, ey X3, W)

=) (W[ (xa) T (s )b () WA 1) QW (o )b (x3) DT (51 ) [ W)
w— (ENTY — EN) + in

5 (W' [T () 0a) T Can) [V 1) (WA 19 (xa) i (33 ) () W)

n

w— (B} —ENY —in

n

while the addition and the removal parts of G; are
Gi(x1, x1; w) = Gy (x1, x17; w) + Glh(xl,xll'w)
Z ‘UNW) (x1) \‘UNHM‘UNHW (X1')|‘UN>

WNWT (x1) \‘UN ! <‘UN Yo (x1)| W)
+Z w—(E’V EN- 1)—/17
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Link between G3 and G

With appropriate contractions and integrations it is possible to recover G;
from G3

/dX2dX3G§(X1,X2,X3,X]_/,X3,XQ,W) = (N + 1)2Gle(X17X1’7w)

h 2 ~h
/dxde3G3 (x1, %2, X3, X1/, X3, X0, w) = NGy (x1, x1/, w)
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Dyson equation and self-energy for Gz

Ge+h( ) Ge-l—h( ) Ge+h( )Z3(W)G§+h(w)

where is the non-interacting electron/hole three-body Green's
functlon. It contains both quasi-particle and satellite poles

eth, \ _ 9999 P" " PPpPP*P* o
Gos (W) = w—ec+in+w_ec_ee/h+i77

Ge+h

where €€ is the one-particle energy of a conduction band, and €¢/" is the
energy of the electron/hole pair.
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Dyson equation and self-energy for Gz

G5 (w) = G5 "(w) + G5 (w)Ts(w) G5 (w)

where Goe3+h is the non-interacting electron/hole three-body Green's

function. It contains both quasi-particle and satellite poles

eth, \ _ 9999 P" " PP 9" "
Gos (W) = w—ec+in+w_ec_ee/h+i77

where €€ is the one-particle energy of a conduction band, and €¢/" is the
energy of the electron/hole pair.
We defined X3 as the three-body self-energy. Its task is to shift the poles
from non-interacting to interacting ones. A static self-energy is enough to
do that

Gaat (W) = Gp3t (W) — T3(w = 0)

3static
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Symmetric Hubbard dimer

The Hamiltonian of the model is
= —t E E C:aCJU —i— — g E C/a' IU,C,-U/C,-J — €0 E g Nig.
i#j=12 o i=1,2 oo’ i=12 o

Where —t and U represents the hopping kinetic energy and the on-site
(spin-independent) interaction.

-’\,,r\
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Spectral function of the half filling Hubbard dimer

Weak interaction

6 Exact ]
2g(0=0) ———- U/t=1

5 ):1GW ......... 1
Z4(0=0) oo

4 i

(b)

Alo)

2 - 0.05

G.Riva (CNRS,ANR) Three-body Green'’s function 10th January 2022 12 /19



Spectral function of the half filling Hubbard dimer

Strong interaction
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Conclusions and future developments

In conclusion:

@ We developed a new strategy, based on the three-body Green's
function and static three-body self-energy, to obtain the direct and
inverse photo-emission spectra;

@ Our model was tested on the symmetric Hubbard dimer giving very
encouraging results;

@ We need a strategy to find an approximate three-body self-energy that
can be applied to real system.
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Link G3- G1

G3e+h(X17 X2, X3, X1/, X3, X2, (,U) =
_ 5 OUBIC) o) ) V) (0! 0 e e )19
n w_(E’,7V+1_E(;V)+i77

Y (VR[0T 0a) D (xa) T (an) WA ) WM (xa) T () (2) W)
. w— (B = Ex 1) —in

Using [ dxibf () (x) W) = N|W) and [ dx(WN [T (x)h(x) = (WN|N
/dXZdX3G3e(X1,X2,X3,X1’,X3,Xz,w) = (N +1)*Gf (x1, x/, w)

h 2 ~h
/dxde3G3 (x1, %2, X3, X1/, X3, X0, w) = N* Gy (x1, x1/, w)
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Go3

the non-interacting three-body Green's function is a sum of two types of
terms

PP PmPmPe i

Go1(w)Go1 Gor = Z c/v + insign(w — p)

n,m,tw — €

/ dw' dw” Go1(w + w'—w") Go1 (') Gor (W) =
PnPrPmPmPe Pt

c/v c/v v/c

nmtW — € —€m +€° + insign(w — H)
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Total electron/electron /hole contribution

G3°(X1, X2, X3, X1/, X1, X3/ T12, To3/, T1/2/, To13,W) =
= — Z e*"["-’*(EnNH*Ecl)v)]F(7'1277'3/1:7'1’2’:7'31’)
n
Xn(x1, x2, X3/ T12, 723 ) K (X0, X0/, X3, T2, T23)
w— (ENT — ENY 4+ in

where
Xn(x1, X2, X375 T12, T231) = Z (—1)P9(7'ij)9(7jk)EXP[%EéV(QTij + 7jk)]
i#j#k=123"
expl N1 (2rje + ) (W T 0x)e M (og)e M T ()W)
and

Friz, 31, mro, 7)) = 3 (75— 7i)0(7i6)0(m) — > (Ti5—7)0(7)0(7i7)
k=123 k=1 21,3
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Spectral function of the 1/4 filling Hubbard dimer

Weak interaction

Exact, Z3(0=0) ——
OW

~e

SN VNN

G.Riva (CNRS,ANR) Three-body Green'’s function 10th January 2022 18 /19



Spectral function of the 1/4 filling Hubbard dimer

Strong interaction
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Spectral amplitude

/ 400 A /
G3e+h / de /w w! —)177 +/ dw,w —15(;0—1? in
I

A3(X17X27X3; X]_/,X2/,X3/;U.))

=D Xalxa,x2, x5 )X (317, %21, x3)(w — (ENT = Eg'))
n

+ ZZn(Xl,X27X3/)ZT,(X1',X2',X3)5(W — (B — E}Y))
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