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ABSTRACT

Usually, expected values for various physical quantities, such as the number of electrons occupying certain
states or the Coulomb interaction between different states of electrons, can be expressed in terms of integrals.
In contrast, our method, based on differential forms, shows that expected values can be obtained by averaging
over time. To confirm the validity of our method, we prepare the two cases: one is a very simple case with no
many-body interaction, and the other is the case where the many-body term is included (the simplest Anderson
Hamiltonian). Regarding the simple case without inclusion of many-body term, we prove analytically that the
number of electrons occupying any state derived from our method is equivalent to the analytical one evaluated
from the Green’s function method. When the many-body term is included, our results show good numerical
agreement with the analytical ones derived from the Green’s function method. By the two cases, the calculation

of expected values based on our method is considered valid.
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Fig. 1 Illustration of configuration, in which both spin-up (1) and spin-
down () electrons occupy state a.
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Gy (t=1) ==i(T[ O (0)]) (3.24)

ZZT
]:I:I:IO+FI'
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H'=U,CC,0 GG,y (3.24y
C+(t)=exp(iH t / h)C,+ exp(=iH t | h) (3.24)”
TIETHTHY <- - ->1E, NIV =T v HOREEKIREE

TOWMFHETH L. ZNLY 7Y — VB Gan(—1) IFH A
TERE DO T TR T O X 9 IZRHATES.
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= On
i (1) (3.25)
o]
ZZT
CO (ty=exp(iHyt /1) C,rexp(—iHoyt | ) (3.25)
H'(t) = exp(iH, ¢ / h)H 'exp(—iH,t | h) (3.25)”

Whﬂﬁwif%gfT%prﬂﬁmmHmﬁmAmW%wm

- -0

(3.25)

Thb. <+ >k NINVFZT Y H OEEKRETD
MEFMETH 5. 325 RITRT L )2 GV%u(t-) 1E n RO
BB T 5. SEOFETERR LX) I3 kBT T
HERTHDT

Gt =12 GV g (1=1)+ Gy (1 =1) 4GPy 1 (1 = 1) + GV 0 (1= 1)
(3.26)

Zhkh G(l)amT(f-t’) (B8

itoE
GVanlt=1)= 2 J. dn I d'U(t =182 (0= 1) 0 (6 = 1)1 (1)

-0

(3.27)
ZZT
2at=1)=={TICOAOCF ) guanlt=1)=={TICY,,0C )]
(3.27y
Ut —0)=wt—£)3(t— 1) (W0) = Uy) (3.27)”
THh 1
amt t hi:fc Tx Tw 1 tl')Utz tz')gam(t tz)ga¢a¢(12 tz)
€t (h'=1)8utat (6 = 1) 8o (6= 1)
%zz Ej% 00~ 11 1)
Xgatat (b= 1) oot (b2 =1 )gur (0= 1) (3.28)
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e, SN M
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(3.30y
22T Gan(@) 1 GVun(t-0) (n = 1,2,3) D7 =) TEH|T
HbH., LoT
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G (@)= = T {Zirar(@)} (3.31)
n 1(1+ 1 ) (3.31y
L=z .
Y2 v
o)
5 5 8t (@) ’
Eanan(@) =8 u(0)=—{FG~—=—— (3.31)
1-8Q 1 ()21 (0)
1 S
(@) =———, () == (17 +0) );30)
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~ I/o ’ - el 0 ~ 299
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e ox

G 0)= [l; nw] (2@ ;[%] mi @ @) | (G @) do

(3.32)
U 3 i U, ’ 2
. ) o
Giae)=(n,) ( . j {€alo)} nnmnm( . J {€a @) Jiw{g,,m(w')} do
Uy 2 x i o
‘”N[ j[ 7 j £irar(©) f Zula(0)} dQXI g (@) do
i (U i
”m (*) [ I Zualo
h
[ ][ ] 0] [ do'[ o jdw"'gm 810"t (01 (00" 0)
Xg(wt+o"-o ) (3.33)

THED <ChnCu>1d,

Fig. 2 Feynman diagrams for the a) first-, b) second-, and c) third-order Green’s functions as shown in eqs. (3.27)—(3.29). The straight lines represent the
electrons in state at (g,,,(t—t’) or g,,,,(t—")) and the semicircular wavy lines represent U@-1).
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1 1

— ) ()= (e
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(3.35)
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Fig. 313270 — ¥ BBUC & 0 15 5 72T 9 72 fiE (3.34) X

& (3.21) X TOIBIREE 2 312 (3.2)-(3.20) R & Sl oM v 724
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WEST UMD BMEETIEZ, 7V — Y BEIC X 2RSS
BRI X B A RITEA NI N E LD, (3.22)-(3.23)
NI L B EFAMEREE 8 U T E M TR O Bl 1 2%
FEIREOMFEZE L TVwWE LD EEbRS,

&2 AHT(3.2)-(320) X SR S B — O WA IR
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FIREZ 312 TR END f(0 1%, KRB L OREEL] D
HEZRBLT05D. SANZIRE ot L OIREE o) OFIBEE, Al
1< GGGy > 12OV T OBAEFH RS L 7)) — VM
WX BRI R L DR T, FTRATERE SIS 2
ko7 ) —YBRG, (0, ) BEAT B,

Gan(t,1'1 "1™ == =i{ T[C,1 () Cu (1) € 1) C 1ute™])
=2 Gt ") (3.36)
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Fig. 3 Comparison of <é+aTéaT> derived from egs. (3.2)—(3.20) (numerical calculations, black circles) and <C+,,T(A3HT>calculated from eq. (3.34) (perturbation
calculations, solid lines) with respect to the Coulomb repulsive interaction U,. E, =2 eV, E,=-3¢eV,a) V;=0.5¢eV,b) V;=1.5¢V,and c) V;=3.0 eV.
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Fig.4 Feynman diagrams for a) first- and b) second-order two-body Green’s functions as shown in eqs. (3.38) and (3.39). The straight lines represent the
electrons in state at (g,,,(t—t’) or g,,,,(t—t")) and the semicircular wavy lines and wavy lines represent U (-1).
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Fig. 5 Comparison of <("3‘(,TCHTC+MC,, > derived from egs. (3.2)—~(3.20) (numerical calculations, black circles) and <C+HT("I,,TC+MCM> calculated from eq. (3.40)
(perturbation calculations, solid lines) with respect to the Coulomb repulsive interaction U,. E, =2 eV, E,=—-3 ¢V, a) V;,=0.5¢V,b) V;=1.5¢V, and ¢)

V,=3.0eV.
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