STRATEGIES FOR THE MANY-BoODY PROBLEM

@ Start with Independent Particle model, e.g. Hartree-Fock
(“the best” Independent Particle model)

@ Define a zeroth order configuration (a “vacuum level”)

@ Expand beyond this stepwise
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SIMPLE PERTURBATION APPROACH FOR 2 PARTICLES

is si @ and solved
e Basic idea @ Hp is simple

H=Hy+V HO:Zh" HoWo = EqWo = (Zfi) Vo
Simple Example he-like system ’

h? 0? (i +1) e Z 1 1
H=D (o2t 7)) gy ) T = 2 hit
i—12 m rl. ri TEQ I rn» i—1.2 rno
V= Yy + 0V
| ab)— | ba)
Vo = ab}) = —L "1
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SIMPLE PERTURBATION APPROACH FOR 2 PARTICLES
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SIMPLE PERTURBATION APPROACH FOR 2 PARTICLES

HV = Ev
(Ho-l— V) (W0+5W): (Eo—i—(SE) (‘Uo—i—(s\U)
(Eo — Hp) 0V = V (Vo +0W) —0E (Vo + V)

@ intermediate normalization

@ integrate with Wy from the (Wo | W) =1, (Vg | V) =0
left
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SIMPLE PERTURBATION APPROACH FOR 2 PARTICLES

HV = Ev
(Ho-l— V) (W0+5W): (Eo—i—(SE) (‘Uo—i—(s\U)
(Eo — Hp) 0V = V (Vo +0W) —0E (Vo + V)

@ intermediate normalization

@ integrate with Wy from the (Wo | W) =1, (Vg | V) =0
left

SE = (Wo | V | W + 6W)
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SIMPLE PERTURBATION APPROACH FOR 2 PARTICLES

HV = Ev
(Ho-l— V) (W0+5W): (Eo—i—(SE) (‘Uo—i—(s\U)
(Eo — Hp) 0V = V (Vo +0W) —0E (Vo + V)

@ intermediate normalization

@ integrate with Wy from the (Wo | W) =1, (Vg | V) =0
left

SE = (Wo | V | W + 6W)

(Eo — Ho) oW =V ({ab} + V) — | {ab})({ab} | V | {ab} + oW)—
OESV
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SIMPLE PERTURBATION APPROACH FOR 2 PARTICLES

> Hsh{rs} =1

. 1 .
(ater—h—h)oW = > [{rs})({rs}| P | {ab} + 5w
{rs}#{ab} 2
—SESWITL

1 1
0E = <ab|a|ab>—<ba|a|ab>+...

[ {rsh)({rs} | 7% | {ab})
D

€51+ €p — € — €5

swit) =

{rs}#{ab}

@ possible to solve iteratively
@ slightly more to consider with N > 2 (but the idea is the same
@ Economical since only one (or a few) states are solved for
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PERTURBATION THEORY: HF STARTING-POINT

e with Hartree-Fock starting point V = é — Upf

@ small enough V required! Convergence not guaranteed.

Vo =| o)
| a) =| {abc...}), Ep=€s+ep+ec+...

su® > | B)(B | Vﬁ\ @)
70 Eo — E0
N
1
V = Zr— — upf (i)
i< 12

@ One one-particle perturbation and one two-particle
perturbation!
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LOWEST ORDER CORRECTION TO THE WF

o the contribution from wupf

sul) — o BB D une (ri) | )
% Eo— EY

@ [ must be a single excitation from a: § = o

suid) — Z|0¢ '|Z upr (ri) | &)

a— €r

_ Z]a (r| upr | a)
R

ar

o) ({rb} | & | {ab})
22

ar b €a = €r
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LOWEST ORDER CORRECTION TO THE WF

e the contribution from 1/r;

| BB Xy 1 )
Eo—E}

swid) = 3

B#a

@ (3 can be single OR a double excitations from «

|af)ef [ i 7 | ) R DY

5\|1(1) _ n
¢ €5 — € ;rs €3+ €p — € — €5
| af)({rb} | & | {ab} o) ({rs} | = | {ab})
= 2.2 Z
o b €a — €r abrs €3+ €p — € — €5
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THE DIAGRAMS

_ laprblrii lab)
I b &, — &,
d r |ay{r| —ul|a) O
-u E; — &
———-X aN b A |apriridlab
- &, — &,

1 !“;a)("s}"lz |ab>
T2 ta—t—¢

o Goldstone diagrams
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LOWEST ORDER CORRECTION TO THE WF

@ when starting from Hartree-Fock there are no single excitation
corrections in first order!

rs 1
) a EZ | aly){rs} | 75 | {ab})
Ve + oWy = 2 €3+ €p — € — €5

abrs
@ 1~ {ab} [ 5 [ {rshi{rs}| 75 | {ab})
5E2_QZ €3+ €p — € — €5

abrs

@ (second order) correlation energy or
o Mgller-Plesset perturbation theory in Quantum Chemistry
o will always lower the energy

@ how does it scale?
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REMEMBER FROM LAST TIME:

N 2
. es 1 .
= {a| Z hir (i) + g ooy Z urr(i) | a)
occ 2 occ 1 1
_ Zea - (47r60 zb:<ab | . | ab) — (ba | P | ab>>

Example Beryllium 152252 a.u.
Enr —14.573023
SE?)  —0.076358
h.o. —0.017 309
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THE PERTURBED WAVE FUNCTION CONCEPT

@ whenever there is a perturbation we can construct the
perturbed wave functions caused by it

@ also when the perturbation is time-dependent

0
h—W = HV
"ot
if H is time-independent

W (t,r) =W (0,r)e E/M if HU (0,r) = EW(0,r)
e with a time-dependent perturbation (for example r - E, with
E = 2E, cos (wt) 2)
V (r,t) = 2zcos (wt) E, = z (e™' + e ') E,
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THE PERTURBED WAVE FUNCTION CONCEPT

e the solution | a) to hpr Y, (t) =| aye=t/h

o With the time
dependent perturbation h=hpr +z (eiwt + e—iwt) E,
added

@ There is a new 9
time-dependent (’hat - hhf) (¥a () + ¢4 (1))
equation

= zE, (e™' + e7!) (1, (t) + 69 (t))
@ keep just the lowest order
o divide up in £+

(g = o ) 80 (0) = 2B (74) i (0) = 2 | e esstn

e starting from o = {abc ...} we can couple to o = {rbc...}
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THE PERTURBED WAVE FUNCTION CONCEPT

@ what about the time dependence of &b;ﬁ?
@ we expect it to oscillate with exp (—i (e £ hw) t/h)

(5wa —pa( ) —i(eathw)t/h

( hﬁ _ hhf> —l(eazl:hw)t/h | r><r ‘ zE, ’ a>e—i(ea:i:ﬁw)t/h

(ea & hew — hye) p3 = | r{rlz]akE;
@ time-independent equation with solution
Z | r)(r|z]|a)
—~ €, + hw — 6,

o if the denominator strictly # 0 localized correction
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RPAE

@ The photon field interacts with all the electrons
o they all get a slight perturbation
@ then the interaction between them changes!

@ how can we account for that?

occupied

(rlume|a) = > = (b} | {ab)

b
—>(r]uHF]a)+<r|5uﬁF|a>

occupied

(1ot |3 = > (6} ] | {ank}) + ({rof } | - | {ab))
b
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RPAE - TiME DEPENDENT HF

occupied

(r | Sufe ) = >0 (b |~ | {ark )+ ({roF} | = | {ab)

b

i”ic ({rb} | & [{as}) (s|z|b)
- € thw—€ €pEhw—e¢s

(blz|s)y {rs}|o;|{ab})
+Zzeb:|:hw—€5 €aEhw—er

rs

OCC. unocc.

September 24 2026



RPAE - TiME DEPENDENT HF

(a (b) (d)
vl p a p a ;\//a
£ = + A
" WO
QW o [t}
(9) (h (i) 0
Q Q QMWW QMW
(V] _ bfro by o
£ = AN NO
o p a p a p (y/\\p
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