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[Recall: STIAP Unit 4 HF SCF J

Problems of current interest in the physics
of atoms, molecules and other forms of
condensed matter require a thorough

understanding of electron interactions and

electron correlations.

Statistics - FD
exchange

correlations

coulomb
Many-body correlations
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How does STATISTICS enter classical mechanics
and how does it enter guantum mechanics?

Equipartition Theorem: Each degree of freedom in the
classical expression for the Hamiltonian contributes
%kBT to the AVERAGE energy.

In Quantum Theory, STATISTICS enters
through TWO channels:

[1] Uncertainty Principle
[2] “SPIN”; Identity of Particles
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- Interchange operator
| {I ‘P(ql,;qz)}z‘{’(gl}qz) acting TWICE on a
‘geminal’ wavefunction

| W(0,,0,) =€“W(0,,0) [ =1 e“=+1

a=0 or «
| ¥(q,,0,) =£¥(0,.q,) _Bosons or Fermions,
. . 1357
Fermions: spin —,—,—,—......
2 2 2 2
Bosons : spin 0,1, 2,3,4,......

u, (@) =¢le)=(r. & In,l,,m ,m )
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| Y (9,,0,) = eia\P(qliqz) e =1, e =+#1

a=0 or z
| Bosons or Fermions
I LIj(ql’c‘Z):i\IJ(ql!qz) .

SpIn
: . 1357
Fermions: spin —,—,—,—......
2222 | Y
sign of the .

an o e ———statistics

Bosons : spin 0,1,2,3,4,...... wavelunclion

on interchange

‘RELATION BETWEEN SPIN & STATISTICS IS APPARENT,
BUT HARD TO UNDERSTAND.”

- Tomonaga

“.... arule which can be stated very simply, but ... The explanation is

down deep in relativistic quantum mechanics.” - Feynman vol.3p4-3
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For electrons:
r \P(ql’ qz) — \P(qzy ql) — _\P(ql’ q2)

separability in 'two—electron' coordinates:
\P(ql’ qz) =N [ul(ql)uz(%) _ul(qz)uz(ql)]

ua(qi):<i|a>:<ﬁ’é/i | na’la’mla’m5a>
" ~ « Indistinguishable

C'\G' -
P\GGO“  ‘elementary particles’

~—
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\P(ql’ qz) =N [ul(ch)uz(qz) _ul(qZ)UZ (Q1)]

1

J2

u(q) ul(q,)
u,(q,) u,(a,)

Rows: occupied single particle states (labeled by a set
of 4 quantum numbers) in the many-electron system.

Columns: set of (space, spin) coordinates

John C. SLATER

DETERMINANT Pauli exclusion principle

* Antisymmetry of the wavefunction
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Elements of the SLATER DETERMINANT

One-electron( SPIN-ORBITALS

ua(qi):<i ‘a>
=(r,& n,,1,,m ,m, )

ua(qi):<ﬁ‘na’la’mla <é/| ‘msa>

— _ Spin part

Orbital part —
0, (@) =W (@zmSa ()
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" column
SLATER DETERMINANT

u@ ..o . u,(dy)
. u, (1) . .y .
M= L ila)=u,(q) (qy )
N /
hrow<F —. . .
u,@ .. - . u, (N)

U, (0) =¥y 1w (M) Zn ()
Probability amplitude that an electron at space-spin

coordinate G; E(Fi,éi) IS in the quantum state |qa).
la)=|n,,1,,m_,m, )

A N [ FZ( 1) P} [u,(a,)u, (0,).uy (ay)]

Antisymmetriser operator A
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The ‘Many-Electron” Atom:
H (N)W(N) _ E(N)l//(N)

The problem can be posed formally,

but the very conceptualization of the
N-electron problem leads to an

immediate ‘CATCH-22’ situation —

- awkward situation whose solution is ruled
out by a constraint intrinsic to the situation.

Catch-22 : novel by Joseph Heller.
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H(N)W(N) _ E(N)W(N)

i=1

([~

(N),,,(N) _ =(N),, (N)
D.R.Hartree H l// _E W

1897 - 1958
Cambridge, England

Approximate Numerical
Solutions

Self- Consistent-Field
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H (N)(q11'-1 qN )W(N)(qli'w qN) — E(N)W(N)(ql"" qN)

‘Exact Solution’ ?

"Having no body at all is already too many”
— G. E. Brown

... even ﬂc it were possible to get an exact

solution, how much space, ink, storage would be
needed to write the solution?
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... even ﬂc it were possible to get an exact

solution, how much space, ink, storage would be
needed to write the solution?

Hartree/ Hermann-Skillman/Johnson:

For N electrons described by only the 3 space

coordinates: 3N variables

10-point grid: 10°N numbers to tabulate!

\

Estimate for N=1, 10, 80... will you?
g, = (Fi,g“i), space and 'spin’ coordinate

Coarse
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Approx. Numerical Solutions: Self- Consistent-Field

g@
H Ny, N — g, (N SCF
N 1
H(“’(ql,qz,--,qN)=Z[—§V. ——j+Zr—
_N ho(q)+— Z Z— =H,+H,

STRATEGY &y™ |HM |y™My=0

CONSTRAINTS (1| J» 25”
We need: (W |Q|W) with Q=F;, Q=G
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Two-electron (geminal) state:
W(qp qz) :@m
w(0d,,0) = — w(0,,0,)

= {g(r., 1) 1(60.5))]

v (0, 0) =1 — ¢(r. 1)} 2.6,

=g(r,,r,) { — 2(.6))

which part, ‘space part’ or ‘spin part’,

IS antisymmetric, and which is symmetric ?
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Two-electron (geminal) state: (0, ,) = #(r1,r2) ¥(¢,, &)
W (G @) = (G, 0,) =— {4(r,, 1) 1($0. 5}

v (G, &) = {40 1)} 2(61.85)
=g(r..r.) {-2(£0 &)}

S=si+S2 S=01 ¢(r,,r)=+4(r.r,) and (&) =-2(E)

Singlet State
S=0;M,=0 or
o o Triplet State
S =1 M, =-10,1 g(r,,r.)=-¢(r,r,) and x(<, &)=+x(¢,¢,)

“Triplet State is less punished by the coulomb interaction”
- Landau & Lifshitz
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‘jmj): ZI: ZZ: mm,)

m| :—I

s 2
1

+

2
‘mlm8>: Z ‘Jm
=

Special/Select Topics
in Atomic Physics

http://nptel.iitm.ac.in/courses/115106057/7

to

http://nptel.iitm.ac.in/courses/115106057/12

(mm,]| jm, )

(jmj‘m,ms>

la)=|n,1,m m, )
or
>:‘na|a jamja>
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Spherical Harmonic Spinors Q= 517 ot

definition ( 1

05X X Y O (©(m, 5,

2

mf‘m— 2’

2

22:1 ¢(m,. =m-my (r)xl S(C)<€’(m€ :m_ms)’%ms
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jtm
~ l 1 1 1 .
Y (6L m.=m+= [, =,—=|| {=|jm
6(”“‘*3()< ( C zj 2 2‘( 2)’ >

2 rows x 1 column

Spherical
I fori=/+=
Harmonic j
- Jj+m ~
: v :
SpInOI‘S Qjﬁm 2i (f:j—%}(w :m_%)( )
ij;m -
: 1 i—m y )
forj=(-= I=my 0
J ? 2] (£=]—%}[mg.:m+%]
_\/J ;Jr:]_ —iz_ 1Y(5—i+lj,(mf.—m-1j (f) P;tp://nptel.iitm.ac.in/courses/115106057/14
Q" B 2 i http://nptel.iitm.ac.in/courses/115106057/19

jem :
J+m+1 n PCD STIAP Unit 3
J i+ [ipd)fmemet)
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Z=12)

Slater SD 29029 N2 9 N
determinant Wi =18128;2p;2 p3
2 2 2 2
SD 20029 27 nd
¥, :1312512p12p
2 2 2 2

. Many different Slater determinants
can be used!

Multi-configuration Hartree-Fock: g0

Cl: Configuration Interaction Goﬁe\a\

PCD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams 2()



Z =(12) Mg :1s*2s%2p®3s?

1522522 p?2 ps3s? ‘a>=‘na|a J,m. >
2 2 2 2 2 ’
L ] )
n=1,I:SO,j:% mj:% (ql) ......... n=l|=0,j=% mj% (q12)
u 3sy, u
n=3 ':O’j:l'mj:—1 (Ql) ......... n=3,1=0,j=7 ,=—£ (Q12)
- @502 2 2 _
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Z=12

Slater
determinant

1s,,
3p.
Putg 1
n=3,1=1, J=_-my=——
_ XZ 2
(=

SD

W,

=157 2572} 2 pi
2 2 2 2

4

W, :1si23i2pi2p

2 2 2
(ql) ......... un:1,|:o j=t j:% (qlz)_
(ql) ......... un:3’|:1 J:E j=—1 (q12)
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7 -(12) p® =15 2852p52p§
2 2 2 2

Slater

determinant SD 2~ 2 2 4
wy" =187 2522} 2 p
2 2 2 2

confi uration -
J Each determinant would

n
interaction Z SD
B o Cw
=12
-=1 I I haVe 12! terIIIS--.--

Compact way of handling this situation:

[Occupation number formalism} [Z”d quantization}

0, P —> Ugp» Py : First quantization
v =, : Second (field) quantization
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SD 2 2 2 4
B w,° =1s22s°2p 2p
z-12 C ol

Slater

determinant v, =1s:2s:2p52 p
2 2 2 2

Compact way of handling this situation:

[Occupation number formalism} [Z”d quantization}

configuration
interaction Z C SD
712 = 14

Slater determinant = par’clcular configuration

creation & destruction  defined by

operators occupation humbers
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v, = 1si Zsi 2 pi 2 pg 355

2 2 2 2 2

1 1
1] n:]_,I:OJ:%,mJ:%j, 3] (nZZIIIO,JZE,mJ:Eji
\S 1 1 - 1 1
2](”:1':0J:§,m12—§j, 4] (nZZ,I:O’J:E’mJ:_Ej’
1 1
5] n:2,|:1,J:E,mJ:Ej1 7] n:2,|:1,J:§,mJ:§j1
20" 1 1 20l § f
6] n=2,|=1,1=§,m,=?j’ 8] n=2,I:1,J=E,mj=§j,
9] n:2,I=1,J=§,mj=_—l),
1 1 2 2
11](”:3"=0,J=—,m1=—)’ 3 -3
. 2. 2 10] [n=21=1j=2,m =—2
E q 1 2 2
12] (n:3,I:O,J:E,m.:——j
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wy- =1s,25,2p; 2p53p;

2 2 2 2 2
1 1
1] n:]_,I:OJ:%mJ:%j, 3](n:2’I:O’J:§’mJ:§j’
\S 1 1 e 1 1
2](n:1|:0]:§m12—§j, 4](n:2,|:0,]:§,m12—5j’
1 1
5] n:2,|:1,J:E,mJ:E)1 7] n:2,|:1,j:§,m12§j1
20" 1 1 20l § f
6] n=2,|=1,1=§,mj=?j’ 8] n:2,I:1,j=§,mj=§j,
9] n:2,I=1,j=§,mJ=_—l),
) o1 1 2 2
13] ”=3,|:1,J:_’mlz_j’ 3 -3
20 2 2 10] (n=2,1=1,j=—,m =—
1 1 2.1 2
14] n:3,I:1,J:—,m.:——j
— 2 ! 2
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Description of N-particle system

C.S.C.0O. - complete set ‘a’ of compatible observables

- complete set ‘a’ of dynamical variables

—> Appropriate for each individual particle

Our system: N number of identical elementary particles

eg. a particular state of our N-particles system:

| | tes
particles are in state a, More g€ eral St‘\?'\on )
' i 0S
particles are in state a, Linearl superP o
uch state

particles are in state a;... etc.

indistinguishable ‘elementary particles’

....even in the presence of “correlations ”}
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C.S.C.0. =2 complete set ‘a’ of compatible observables

Our system: N number of identical elementary particles

—

....even in the presence of “correlations”
indistinguishable ‘elementary particles’

eg. a particular state of our N-particles system:

n, | particles are in state q; ) N, Complete
. . set of

n,  particles are in state a, N, commuting

n, | particles are in state as... etc. N, Hermitian

operators
K Eigenvalues respectively 3

of occupation number operators
Description of : Bose-Einstein & Fermi-Dirac particles
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State Vector Space / Occupation Number Space

Fock Space

‘nl, n,, n3,,_,,> < < Complete set of
$ $ $ orthonormal basis vectors for

the many-particle system

<' {0(1,0(2,053,....} (identical particals)
Arranged in some pre-determined sequence.

C.S.C.0O. 2 complete set ‘a’ of compatible observables

@ =10,0,0,....0,0,....) One-particle
(in the i") state
Wi(l) — ‘O, 0, ...njii =0.., n =10, >
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Primary References for HF SCF method

* |Intermediate quantum mechanics
Hans A. Bethe and Roman W. Jackiw (addison-wesley, 1997)

= Physics of atoms and molecules
B. H. Bransden and C. J. Joachain (Prentice Hall, 2003)

= P, C. Deshmukh, Alak Banik and Dilip Angom
Hartree-Fock Self-Consistent Field Method for Many-Electron Systems

Invited article in DST-SERC-School publication (Narosa, November 2011); collection of articles based on lecture
course given at the DST-SERC School at the Birla Institute of Technology, Pilani, January 9-28, 2011.
http://www.physics.iitm.ac.in/~labs/amp/homepage/DST_SERC_School_Publications/PCD-100-SCF.pdf

Video Lectures: http://nptel.iitm.ac.in/courses/115106057/20 to ..../24

Primary References for 2"d Quantization and
Occupation Number formalism... -

= A.L.Fetter and J.D.Walecka - Quantum Theorv of

) - . Questions? Write to:
Many-particle Systems (mcGraw Hill, 1971) Sed@physics.iitm.ac.n

= S.Raimes Margé/ Electron Theory (North-Holland, 1972)
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Select/Special Topics from
‘Theory of Atomic Collisions and Spectroscopy’
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Department of Physics
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Chennai 600036

Unit 2 Lecture Number 14

Second Quantization
Creation, Destruction and Number
operators
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C.S.C.0. =2 complete set ‘a’ of compatible observables

Our system: N number of identical elementary particles

—

....even in the presence of “correlations”
indistinguishable ‘elementary particles’

eg. a particular state of our N-particles system:

n, | particles are in state q; ) N, Complete
. . set of

n,  particles are in state a, N, commuting

n, | particles are in state as... etc. N, Hermitian

operators
K Eigenvalues respectively 3

of occupation number operators
Description of : Bose-Einstein & Fermi-Dirac particles
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Reference: Fetter & Walecka - ‘Quantum Theory of Many Particle Systems’

_ _ Chapter 1
In almost all cases of interest, the many-particle
Hamiltonian has the following form: (for both
\ NN Fermions/Bosons)
H =ZT(Xk)+—Z Z V(X %) eg. X, —> space—spin
o= 2{3 1= - :
k=l coordinate of fermions
.0 Schrodinger
A—Y (X, X, Xy, )= HY(X,X,,..., X, T :
"t SRR SR equation
-with appropriate boundary conditions on the wave function
~ N

W : expressed in basis of single particle base functions w¢ (x)
fg- . Y (Xk ) 2 Vndem, m, (Xk) or  Wg (Xk ) P Vndi,m, (Xk) )

E, < {nlim m } or E < {nljm |

PCD STfTACS Unit 2 Many-body theory,

electron correlations, Feynman-Goldstone e 19 enva l ues OF /ODG—G l ec‘tron / C . S . C . O .
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.. O
|ha‘P(X1,X2,---,XN ) =HW (X, %y, Xy 1) (for both Fermions/Bosons)

LP(Xl I Z Z Z C EE\ ... Ey '1t)WE1'(Xl)‘//EZ'(Xz)--‘//EN'(XN)

%)

(X0 X0 Xot) = D C(ELE VW By Wt we. (%

WEZ WEN
E,\E, By / / /

e (X ): time-independent one-particle functions
eg' : WEK (Xk ) g l//nklkm|km5k (Xk) or l//Ek (Xk ) A Wnklkjkmjk (Xk)

entire time —dependence of W (X, X,,.., Xy, t)
is in the time —dependence of C(E,"E,",.. E )
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ih%‘P(Xl,XZ,...,XN,t)= HYP (X, Xy o X ) (for both Fermions/Bosons)

(X, Xy, Xpo ) =D D EZ C(E,\ B Ey ") we. (%)we, (%)-we, (Xy)

E' E' -
— |
(X Xgrees Xy e Xjeee Xy 1) = EF (X Xy 0y Xy Xy X )
+ Bosons s — Fermions

Necessary and sufficient condition is that the expansion
coefficients themselves are symmetric or antisymmetric
with respect to interchange corresponding quantum

numbers. + B 4-1» — F
C(El,EZ,..,Ei,..,Ej,..EN,t):iC(El,EZ,..,I_Ej,..,Ei_,..EN,t)

HW: prove it! | ﬁé J
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. 0
|ha‘1’(x1,x2,...,x,\,,t):H‘P(xl,xz,...,xN,t) (for both Fermions/Bosons)

Y (X X0 X )= D C(ELE W Ey W) we. (X)we, (%)-we, (X )

E"E,"..Ey'

(X X0 X, 1) =D DD C(ELE By ) we (%) we (%) we  (Xy)

E' E)’ En'

multiply the Schrodinger equation by y¢ (%) ve, (X% ) e (X )

for 3 fixed set {E,,E,,..Ey} ;
Ve, (%) Ve, (%) e, () X% (X, X000 Xy 1) =

i + i
: i we (%) e (X)) xHWP (X, X%,,..., Xyt
Now, integrate over e (%) ve, (%) - we, (X0) (% Xgeens Xy, 1)

all coordinates

. . 0
inf o [ [, v (%) v, (%) W, (%) %2 ¥ (6 X %) =

::dxl_“dXZ“JAdXN 43 ()(1)Jr Ve, (Xz)T We, (XN )’r X HLP(Xl’ Xy y ey Xy ’t)
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infax . Jo, we (%) e, (%) e, (%) * ¥ (% Xarnm Xy 1) =

:jdxljdXZ"jdXN e (%) ve, (%) e, (%) x HP (X, X510 Xy )

[LP( Z Z Z C s By "t)l/jEl(Xl)l//Ez(XZ)"l//EN(XN)}
4 wEl( Jve (%) wEN( ' 1

th‘ng‘-dXz--J.dX Z Z Z 2 10 By "t)‘//El'(Xi)‘//Ez'(Xz)"‘//EN'(XN) i

it o [0 e )T wEN( )*x '
_I le XZH‘[ a HZ Z Z B D ()Y, (%)-ve, (%)

. L
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/. WEI( ) WEZ( ) W, (XN )Tx ‘\

LY S Y CE B e (kv (1) v, (%)

= [ o b [dx, HY > X C(EE v By ve (%) we, (%)W, (%0)
K | BB Ex J
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_WEl(Xl)TWEZ( Tl//EN( )TX

:deljdxz..jdx )
HZ Z Z C(E Ey '\ D ()ve, (X)-ve, (%)

=2 2, -2, C(E'E 1) [ dx, [ dx,.. | dx, ["”El %) ‘”Ez(xz)T"WEN(XN)TX]

Hl//E1 (X1)WEZ' (Xz)--WEN'(XN )
,

e (%) e, (x )T WE (%)

:; EZZ“ ; C(E1" E, .. Ey ',t)jdxljdxz..IdXN {ZT(XK)_I_ Z Z V (X, % }V/E ( )WEZ'(XZ)"WEN'(XN)

Tt |
ST I N |
H = ZT(Xk)+_ V(Xk1x|)$
= 2|<=1k i M
\ ¢ J
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0

+—§; }S }: C(

E, ',t)jdedxz..J'de

ihaC(El, E,, s Ex o t)

=|§§..§CE

t) [ dx,..| dx,

t)jdxl..jde

_‘//El ()(1)T Ve, (Xz)T W, (XN )‘r X

N N

{kZN;T(Xk)"';Z Z V(Xk’xl);l//El(xl)l//Ez(XZ)"V/EN(XN)

Ve (Xi)T Ye, (X )T X

_{kZN_;,T(Xk)}wEl- (%)-we, (X )_

e (%) e, () %
I

N
Z Z V(% %) WE ) WEN'(XN)

k=1 I=1
k=l
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.0
m,aC(El,Ez,..,EN,t) =

- ZI: ZZ: Z W Ey ',t)jdxl..jdx,\,

WEl(Xi)T-"/’EN (X )TX

{gnxk)}wa.(xl)_WEN.(XN)
_WEl(Xl)Jr WEN( )TX

FEp Eeen e oo |18 8 ol ome o
=1

2

k=1
|
Integration of the one-particle terms over independent degrees of
freedom
S C(EEpnEnt) =Y .3 Y ClE B T
I ot B E' ”EN' k=1 J.kaWEk(Xk T(X) J.d Xl)..J.dXNl//EN (XN)WLWENI(XN)
— / — m—
_l/jEl (X1)T--WEN (XN )TX
+ ; ; C(Ell""EN "t).[dxi".[dXN {%i i V(Xk’XI)}WEl(Xl)"l//EN'(XN)
kzl
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=2 2 2 o () v (). ol Orghogonality

X, )T WEN-(XN) summation

- — over E,’ etc.

_V/El(xl) WEN( )TX

—I—Z Z C(E .. Ey ',t)jdxl.._[de i i V) e (%) e, (%)
=1

k=1
k=l
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0
ih—C(E, B,

- Z Z Zi: C(El

Eyt) =

Ey "t)jkaWEk (Xk )T {T (Xk)} Ve (

Xk)J‘dXﬁ”El (X1

)T Ve, (Xi)"jdXNWEN

(X )T e, (%) T

3
ih—C(Ey E; . B

_‘//El ()(1)T We, (XN )T X

1NN

{22 Z V(xk,xl)}y/El(xi)--wEN(XN)
==

Q} k=1

C(E," Ey " t) [ dx,..] dx,

l//El (X1)T--‘//EN (XN )T X

1 N
PP
k=l
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N
Z V(% %) l//El'(X1)--WEN' (XN)
1=1

E—

Orthogonality
and
summation
over E,’ etc.

Z Z C E.,..E .\ By, IkaWE )TT(Xk)l/jEk'(Xk)_l_

43



0

tY .Y C(E'-E ) [ dx,..[ dx,

~
Ve, (Xl)T Ye, (X )Jr X
N
1

22
k=1 |

1
k=

—i=

writing W instead of E, '
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V(% %) Ly, (Xl)--WEN'(XN )

N
= C(E ;o Et) = 30 D7 C(En B Bnt) [t (%) T (v, (%) +
E '
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0 N
|haC(E1,E2,..,EN,t) = 3 Y C(Enn B oW, By By t) [, (%) T 0w (%) F
W k=1

_WEl(Xl)T WEN( )TX

+ Z Z C(E,"...Ey ',t)jdxl..jde i i V) [we (%) e (%)
=

E = —~
i k| |
Z ZN: C k—l’W’Ek+1"'EN’t)J-kaWEk(Xk)TT(Xk)WW (Xk)_l_
N 1% i C(E,"..Ey " t)x
204 I T <[ fdxy [ (%) e, (%) V 0 xwe. (%) e, (%) ]

1
k=l
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0
ih—C(EE, - Enit) =

N
=3 > C(Ep B WL B By t) [dwre (%) T v (%) F
W

L1 N N C(E'...Ey "\ t)x
Ekz |Z Z { <[ faxy [ we (%) e, () V X)W (6) -7, (X0

Due to orthogonality of single particle wavefunctions
Integrations over all coordinates except x, and X,
give Kronecker deltas....

0 N
mac(El,Ez,..,EN,t) = > > C(Ein B u W, By Eyot) ke, (%) TV (%)
w k=1

N N
1 s
+ EZ Z Z z C(E,",...Ey -’t)J‘dka'dX,(//Ek(xk)*l//EI (xl)Tv(xk,X,)WEK.(Xk)WEl.(X,)5E1.El..5EN.EN
I:1 El' EN‘ \/ — \/
Integrations over x, and X,
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—
AT
L

m
=

—
~

Il

=

O
—
AT
m

=

m
5

i.n
=z

—
~

—

o
2
<
AN
—
2
~—

_|
—_
2
~—
S
—
2
~

_I_

summing over E;', and E, " etc. & exploiting & ¢ etc

in—C(E,E,,..Eyt) =D i
ot W

k=1

%C(El,.., E._..W,E,_,.E, ,t)x}_I_

Xj X v, (% )T T (%) (%)

N {C(El,..Ek v By By )X

1 N
" EZ Z Z Z XJ.ka_‘-dxll//Ek(Xk)Tl//El(XI)TV(Xk’Xl)l//Ek‘(Xk)l//El'(Xl)

k=1 I=1 & &
k #l \/
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{C(El,..Ek Vo BB t)x }

dexkjdxll/jE (Xk) We, (X )V(X X We, (X )We (%)

writing W instead of E ', and W' instead of E,'

|h§C(E E,, ZEN:{

k=1

C(El,.., E. . W,E ., ..E| ,t)x
Xj dkaEk (Xk )TT(Xk)‘//vv (Xk)

n 1% i C(E;, By W, Ep v B WL Eyy By 1) X
2k:1k |: jdX jdX'WE )Tl//EI (Xl )TV(Xk’X|)va (Xk)l//w'(x|)
4
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k=1

ih%e(El,Ez,..,EN,t) = % i {

C(E, . By y W, Ep v By )X
Xj dX W, (Xk )TT(Xk)Ww (Xk)

(NN C(E,.. E.xW,E .y E L, WY E, . Ey t)x
4+ =
Zé ; % wZ <[ dx [ e, (%) we (%) V O War (%) v (%)
k=
statistics : I = J
C(El,EZ,..,Ei,..,Ej,..EN,t):J_rC(El,EZ,..,Ej,..,Ei,..EN,t)
+ Bosons — Fermions

Our immediate interest is in: Electrons (Fermions)
C(E, Eyres By E; B t) =—C(Ey By Ej o Ep By t)

i = ]
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Electrons (Fermions):
C(E,E,,..E...E;,.Ey,t)=-C(E,E,,..E;,...E,,.Ey.t)
f E;=E, C(E,E,,..E,..E;.E1)=0

Ordered sequence: E, E,,..,E;,.., E;,..E,

Ordering denoted by: E, <E, <..<E; <..<E, <..<E,
Coefficient: C(E,<E,<.<E <.<E;<.<E,t)

all information about which one-electron states are
occupied is contained in 3 coefficient:
f(n,n,,.N;,..,n n,t) where n=0o0rl

i’ll’ j’ll,llll (D,

f (N, N, n, t)=C(E <E,<.<E <.<E; <.<Et)

i’ll’ j,ll,llll w’

Eé(nl,nz,..ni,..,nj,..,....noo,t) ............ v
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ih%‘}’(xl,xz,...,xN,t): HW (X, Xy, ..., Xy, t)

(XX Xy t) =2, D> C(E LB By v (X)we, (X)-we, - (%)

Ell EZ‘ EN‘

f (nl,nz,..ni,..,nj,..,....noo,t)EC(E1 <E,<.<E<.<E;<.< EN,t)

Many-electron wavefunction: (

1 1 1
W0 X )= D D Y (M D, (X %X,)
) =0 n=0 nyu=0 "~

Time-dependence WEJ’(Xl) T _WE{J (tXN)

O (ot ) =] S O epondent

VN P MY T 1 Ay e AN N | |S time-mdepen )

?\iﬁgg}"z’:\ate WENO(Xl) T "”ENO(XN)

vector \LP(t)>:Zl: Zl: le f(n,.n,.n_t)[n,.n,..n )  rvie
n=0 n=0 n,=0

51
PCD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams



Fermion occupation number state vector:

\\P(t)):i i i f(n,.n,.n,,t)n,.n,..n,)
n=0

ni ZO noo :0

It is operated upon by

Fermion (electron) creation and destruction operators

fundamental anti —commutation rules

for fermion operators :
[ar’asT:L = 5rs [arT’asT:L =0 [ar’as ]+ — 5rs

anti —commutator  [A,B], = AB+BA

PCD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams 52



Boson occupation number state vector:

v )=> .> f(n,.n,.n_t)|n,.n,..n )

mo
> n, =N

It is operated upon by
Boson creation and destruction operators

fundamental commutation rules

for boson operators:

[br’ ST] 5 [br’ ST:| =0 [r’ S] =0

commutator : |[A,B] =AB-BA
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Fermion (electron) creation and destruction operators

Properties 1 1 ]
P (1)) = Z Z > f(ny.n,.n t)n,.n,..n,)
m=0 n=0 n,=0

fundamental anti —commutation rules

for fermion operators:
[ar ’ asT:L = Oys [arT’ asT:L =0 la,.a,], =0

a'a'0) =

afa = %x 2a.af = %x lafaf+a'a]
:%X[asT’asTl =0

Pauli exclusion: you cannot create another fermion in

a state occupied already!
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Eigenvalue of Fermion ‘number’ operator: N, = ajas
fundamental anti —commutation rules :

f[ar a’] = 52 lafa’] =0 [a,,a,] =0
J:as’asT:L :1j [ns — asTas :1_asasT]

(a,a, )2 =(1-aa)(1-aa,)

=1-aa,'-aa, +aa'aa,

oS

(a,a, )2 —1-aa'—aa'+a (1— aa,")a’ (arai—o
=1-aa'=n, [ sont= ns] [asas =0 ]

ie. n (n,—1)=0

operator identity

[eigenvalues ofn : 0 or 1]

55
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fundamental anti —commutation rules :

la.,a | =6, lafa’] =0 [a,,a,] =0
ata: NUMPST ) o onvalues of
n,=a'a, .. n?=n 110 or 1
Number 0 ‘zero’
r —
a'l1)=0 al0)=0

' ' — . Destruction
- Creation Vacuum state :
No particle ‘O> (. operator
a'l0)=1) all) =|0)
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“We might say that the three operators at, a
and n=afa correspond respectively to the
Creator (Brahma) the Destroyer (Shrva)

7 - and the
Preserver
(Vishnu) In
Hindu
mythology”

- J.J.Sakural
N
‘Advanced

Quantum
* Mechanics’

Questions? Write to:
pcd@physics.iitm.ac.in
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Select/Special Topics from
‘Theory of Atomic Collisions and Spectroscopy’

P. C. Deshmukh

Department of Physics
Indian Institute of Technology Madras
Chennai 600036

Unit 2 Lecture Number 15

Many-Particle Hamiltonian & Schrodinger Eq.
In
2"d Quantization formalism

PCD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams o8



fundamental commutation rules

for boson operators: commutator :[A,B] = AB-BA
T ’r
[br’ s] 5 [br’ s:l =0 [r’ S] =0
Simple Harmonic Ocscillator (1-D) Hamiltonian in the
, , notation of FIRST
HoP Lo P L2 QUANTIZATION

2m 2 m . 1
Annihilation and Creation P~ (\/ 2% jXH(«/tha)j P
operators—> sz(\/@]x—i[ 1 jp
2h J2hma

o P P
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o P !

bib ="y 4 pr —~ pr + ipz
2h 2h 2h 2hMa

bip = @ 2 +L D +L[X, p|

. _ 2n " 2tmw " 2h
bh = ¥ w2 4 p2+L(iﬁ)
on " 2mhe 2

Simple Harmonic Ocscillator (1-D)
2 2 2

H=tpoe+ P Mo o P°
2m 2 2m
H 1
bszl{@x%ri p2}_1 bh'h =
hi 2 2Ma 2 hao 2
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SHO Hamiltonian in the notation of
FIRST QUANTIZATION

2 2
H =p—+EkX2 :p—Jrlma)zx2
2m 2 2m 2

b 1
ho 2

H = (b*b +%)ha)

Hamiltonian in the notation of
SECOND QUANTIZATION
creation and destruction operators

PCD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams
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Tl _
H :(bTb+%jha) or’bs _ 5rs

o1 ob" —b'b =1
b’b =— —==N — number operator
ho 2 N =b'b =(bb' -1)
Nb =(b"b)b =(bb' -1)b
Nb =bb'b—b
=bN -Db
=b(N -1)

Nb|n) =b(N —1)|n)

bln) is also an eigenvector of N
— belongs to eigenvalue (n—1)
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Nb[n)=b(n-1)|n)
=(n-1bln)



b=~ — N - number operator b,b| =6,
ho 2
bb" —b'h =1

bin) is also an eigenvector of N
— belongs to eigenvalue (n—1)

norm of b|n)
(nIb™b|n) ={nIN|n) =

normalized occupation number vectors

(nln)=1
(n-1n-1) =1 bln) = @‘n 1)
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b'b _hi_% =N — number operator :Dr ) str ]_ = Oy
[0
hb" —b'b =1
Nb' = bbb’ )= b (bb") b —14b'h
Nb' =b" (1+b'b)
bbJr :1+ bTb =bT+bTbTb
=N+1 =b"(1+N)
i
norm of b |n) Nb' [n) =b' (L+ N)In)
(nlbb’[n)=n+1 — (1+n)b'|n)

normalized occupation number vectors

(nln)=1 , .
h+1n+1) =1 b'n) In+1)
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fundamental anti — commutation rules for [Fermions]:

la.a | =4, la’a'] =0 [a.,a,] =0
ata: NUMPST ) o onvalues of
n,=a'a, .. n?=n 110 or 1
— Number O ‘zero’ —_—
a'll)=0 al0)=0

' ' — . Destruction
- Creation Vacuum state :
No particle ‘O> (. operator
a'l0)=1) all) =|0)
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Ordered set:
_ At
‘1>_a ‘O> q <a, <.<q <..<3q; <..<a

In,.n.,..n)=(a")"(a,)" (a")"...(a)".....(a,") " |0)

eg. 3-electron system’ in the lowest 3-fermion state:
n =1n, =1n, =1) :(6‘1T)1(5‘2T)1(a“;)l|0>

e |L,L.L)=a"a,a|0)

Now,
suppose you annihilate the electron/fermion in state 2’

ag\lq,lq,ig>=azafa£ag*|0>

1)=-a'a,a,'a,|0) since | a,,a | =5,
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a,|1,1,,L)=-a'a,3a,'a,10) since | a,,a | =4,
\/

a,|1.1,,1)=-3(1-a,a,)a,|0)

8,|1,5,L)=-2a'8'l0) + aﬁaz

3,|1,1,.1)=—aa,|0)

Note the minus sign

CD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams
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Loy |LL L) =—a"a,[0)

Note the minus sign

n,.n,an)=(a")" (a,")" (&) ...(a")" ....(a,") " 0)

Now,

suppose you annihilate the electron/fermion in state ‘s’

v oo y N

a|n...n =1..n)=a(a’)" (a,)"...(a)" ...(a’)" 0

[aslnl,--,ns,--,nJ:? What sign shall we have?}

Ofcourse, ifn, =0, a|n,..,n,=0,.,n,)=0

forn. =1 What sign shall we have?

PCD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams
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Now,
suppose you annihilate the electron/fermion in state ‘s’

n,=0,.,n,)=0

1" S

Ofcourse, ifn, =0, a,|n,

forn =1
S

a|n,..n =1..n)=a(a’)"(a,)"...(a)" ...(a’)" [0}

] —qaf+gfa =
[as,ar l =aa'+a'a =g, d canbe rr;ﬁ;/??gthci

forr#s,aa’=-a’a > pick up a minus
sign.
Every one step to the right = pick up a minus sign
........ How many steps to the right?
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a,|n,..n,=1..,n, )=

= (- 1)\nerne ( N (a,)".a (a)" " ..(a,7)" I0)

! \ /
a,a' | =aa’+a'a =7, f
forr=s, aa'=1-a/a, g
\

a_|n,..n.=1..,n)=(-D>(a)" (a,)" .[1-a'a ]..(a,") " 10)

where S, =(n, +n, +...+n_,)

a|n,..n,=1.,n)=(-1>|n,.,n,=0,.,n,)
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nniniiation
n=0 : aln,.,n,=0,.,n)=0
n,=1 : a]ln,.n =%1.,n)=(-D"|n,.,n =0,.,n)
where S, =(n, +n, +...+n, )
C;a’{\oﬂ
n=1 : a'|n,.,n,=1.,n)=0
n,=0 : a'ln,.,n=0,.,n)=(-D*n,.,n =1.,n)
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n,=1 : a]ln,.,n =%1.,n)=(-D"|n,.,n =0,.n)

where S, =(n, +n, +...+n, )

a'a|n,..,n.=1.,n)=(-D"a'|n,.,n.=0,.,n,)

B S

a'a |n,..,n.=1..,n)=(-D>* (-1 |n

=|n,,..,n, =1.., >

Wno=1.,n)

a,'a,|n,..,n.=0,..,n_)=|n,.,n, =0,.,n)

fa|n,..ng,...n ) =n|n,..ng,...n_)

forbothn. =0 and n, =1
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n,=0 a,|n,..,n;=0,..,n )=0
n, =1 a[n,..n,=1.,n)=(-D*|n,.,n,=0,.,n)
[S =(n,+n,+...+n, )}
(ie)
n, =0 a,|n,,..,ng,.,n )=0
n, =1 a|n,..n,, ,nw):\(—l)‘i@nl,. n-L..n,)
~—
Also written, equivalently, as:
n,=0 : agn,.,n,.,n, )

nS=1Z |n1,,s,,oo @1”5 ”OO>

. o make the relation look like the Boson
case (except for the phase —1*)
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n, =1 a,'[n,..,n;=1.,n_)=0
_ f _ _ s
n, =0 a,'|n, ,ns_O,..,noo)_(\—\l)/mnl,..,ns+1, n,)
Also written, equivalently, as:
n=1 : a'|n,.,n,=1.,n)=0
n,=0 : a'|n,.,n :O,..,nw>:(\—1)ss n, +1)n,..,n;+1,..,n,)

... to make the relation look like the Boson
case (except for the phase —1*)

PCD STfTACS Unit 2 Many-body theory, electron correlations, Feynman-Goldstone diagrams
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Many-Electron Hamiltonian (for both Fermions/Bosons)
in the

First Quantization notation
H=H,+H"
N 1 N N
:Z f(qi)_l__Z Z V(qi’qj)
i= 2 i=1  j=1
1# |

How shall we write the Many-Electron Hamiltonian
In the

SECOND QUANTIZATION notation’?
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0 :
|ha‘P(x1,x2,...,xN,t)= HY (X, X,,... Xy,t) .. from previous class:

(for both Fermions/Bosons)
(X0 X0 X ) =D DD C(ENE o By ) we (%) we, (%) e (Xy)
E' E,’ Ey'

FW Eq.1.3

multiply the Schrodinger equation by w¢ (%) ve, (%, ) Ve (%, )1-
for a fixed set {E,,E,,..Ey}

Details in
previous
class

.. O
Ve, (%) Ve, (%) e, () X% (X, X000 Xy 1) =

=V (%) Ve, (XZ)T..WEN (% ) X H (X, %y, o0 Xy, 1)
Now, integrate over
all coordinates

. . 0
inf o [ [, v (%) v, (%) W, (%) %2 ¥ (6 X %) =

=:dX1J‘dX2..JAdXN 43 ()(1)T Ve, (Xz)T We, (XN )’r X HLP(Xl’ Xy y ey Xy ’t)
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/- _WEl (Xl)T Ve, (Xz )Jr W, (XN )T X _\

O T OB B W (e () i (1)

Detalls in

l.h.s. previous j‘ka WEi(Xk)TWEi'(Xk):5E-E-'

class

|h C(E.E,,..Ey.t)=

Ve, (Xl)T Ve, (Xz)T We, (XN )T X

= [ o b [dx, HY > X C(EE v By ve (%) we, (%)W, (%0)
\ | B B =N _/
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0

:Idxljdxz..jde

Details in
previous
class

0
ih—C (B, By By t) =

:% EZ EZ C(E\E

ihac(El, E,,.. Ey,t)

Ey "t)jd)ﬁjdXZ"J.dXN ZT(X )+= Z Z V(%) L (%) we, (%)-we, -

_WEl(Xl)TWEz( X,) - ‘//EN( )TX
HZ Z Z C(E Ey ) we (%) we, (%)-we, (%)
N 1 N N
H = ZT(XK)+_Z Z V (X %) |
= 2k:1k =
£

e (%) e, (% )T WE (%)

k=L 1=1
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0
ih—C(Ey By By ) =

r _l//El (Xl)T"WEN (X )TX N

= ) C(EL .G EL L) dx .| dX, N

; g ; ( )I e{((\ {;T(Xk)}WEf(Xl)WEN'(XN)
e

Ve, (ler W, (X )Jr X
N

+Z Z Z C(E"..Ey ',t)jdxl..J'de %Z

Ell EZI EN !

N
V(X %) ‘//El'(x1)--‘//EN'(XN)
=1

k=L |

L e

Details in ?6\ : k] _
previous

class

Integration of the one-particle terms over independent degrees of
freedom
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0
ih—C(E, By Eyt) =

) ; EZN: kzz; < IdX1WE ) Ve (Xl) X N Orthogona”ty
Ereet\ilcl)su;n XIdXNWEN (X, )‘r Ve (%) summation

- ’ over E,’ etc.
class

_V/El(xl) WEN( )TX

+ ; EZ C(E .. Ey ',t)J‘dxl.._[de i i V) e (%) e, (%)
1 N I "

k=1
k=l
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ih—C(E, By Byot) =

-3 3 Y C(E N, 20 [dxe, (%) T OO e (%) [ e, (%) we () dxuwe, (%) we, (%) +

E' Ey' k=l — —

\J
e (%) e (%) % | Orthogonality
-I-; EZ C(E,",..E, ',t)jdxl..jde li i V%) e () e - (%) and |
Lo 2k=1 1 ” summation

over E,’ etc.

ih%C(El,EZ,..,EN,t) -y i C(E, - Ey\. ,EN,t£0|><kl//Ek(><k)JfT(><k)wEk-(><k)]Jr

E.' k=1

~J E,’ appears once extra

and E, appears once less.

43 (X1)T WE, (X )T X

+Zl: Z C BBy Idx Idx Z i V(X %) WE )WEN'(XN)

k=1 I=1
k=l
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0

in—C(E,E,,..Ey,t) = >
ot x

i C(Epn B o B t) ke, (%) T(X)we, (%) +

1 —

e, (%) e, (%)

Do N N
+; EZ C(E,"- Ey t) [ dx,..] dx, Z > V050 e, (%) e, ()
s =t 1T
In the K_.E. term: ! |

E,’ appears once extra and E, appears once less.
C(El’ 2By By BBy ,t)x
_[kaWE Xk) T(X e, (%)

ih%C(El,Ez,..,EN,t) =) ki {

=
FW Eq1.4

NN C(Epm Byt B By Epy B Epyy By 1)

ZkZ: Z 2 ; {XIkaJdXIWEk(Xk)TWE|(X|)TV(Xk’X|)WEk(Xk)wa(X|)}

=1 |=1 E«
In the P.E. term:
E,~ & E;’ appear once extra, and E, & E, appear once less.
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f(nl,nz,..ni,..,nj,..,....noo,t)EC(E1 <E,<.<E <.<E <.< EN,t)
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N

in—C(E,E,,..Ey.t) =D > (EITIE.)C(E,..Ey B, Epprn By t)+
k=1
—

Ee k=
L NN
+ Z Z (ECEVIEE.)C(E,..E( 4 B Eyi By B By By )
= 1= & &
k=l In the K.E. term:
—

E, appears once extra and E, appears once less.
In the P.E. term:

E,” & E;’ appear once extra, and E, & E, appear once less.

|haC(E E, . E 1) =

_ZZ /nEk+15 ./ S, AEJTIE)C(E,, .., E 4 B, Epupr By 1)+

1 Iaslas
T2 2 T X | We 1 ofie o of

k' I

— (E.E IVIE E )x
PC?)cij;frhégi/,uqucztrgﬂnany- | C ( El’ o Ek—l’ Ek" Ek+l’ o El—l’ E'" E|+1’ "EN ’t)
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ihaﬁc(El,Ez,..,EN,t) -

_Z Z nEk—|_:|'5n Ox/ 5 E |T|E (El""Ek—liEk'ka+1’--EN’t)+

‘{Wﬁ oH\Me, o
+%7 Y XX | e 15, of{JNe b o)

{(EkEI VIE,E, )x }
i C(El"" Ek—l’ Ek" Ek+1"" El—l’ E|" EI+1"'EN ’t)

all information about which one-electron states are
occupied is contained in 3 coefficient:

f (N, N, Nppeen, t) where ny=0o0r1

J
f (nl,nz,..ni,..,nj,..,....noo,t)EC(E1 <E,<.<E<.<E;<.< EN,t)
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ihagC(El,Ez,..,EN,t) -

_ZZ Ne, +15, o\Ne S, 1 (ETIE)C(E,.. E 4 B By By t)+

_{\/ﬁé‘%k 70}{\/?5”5«’1}
VY yy|iA

{(EE|V|E E,.) }
C(Ey B 1 E By iyt B By By Byt
In the coefficient - ( ' Tk Tkl =L N )-

C(Epos B 1y B Epipr B t)

If E,. <E,, then we need an extra phase factor
(—1)nEk'+1 (_1)nEk‘+2 m(_1)”Ek_1 _ (_1)nEk-+1+nEk-+2 ..... +Ng,

-depending on how many interchanges are needed to get it in the

If E,.>E,, then we need an extra phase factor proper
order.
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1
+iZZZ{ i
(_1) Mgt g x
(_1)”E|-+1+..+nE|,1
C(E, Bt B B Bt B By Byt

/\

}(EKE, VIE,E,.)x

f (N, N, ng,en 1) =C(E <E, <.<E <.<E;<.<E,t)
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ng +19,

ng, .0

:|(1)nEk+1+_+nEkl <Ek |T| Ek> f (nl’ n,,..n,., nEk +1,.., nEk' —1,..noo,t)+

{ ”Ek+15nEk,o}{ nEk-5nEk.,1}
G WD IDID W IR S N

( 1 Mgt F gy X
[( )n N :|<E|<E||VEkEI'>X
(_1) g1t g

\f (nl,nz,..ni,.,nEk +1.,ng —L..,ng +1,..,ng —1,..nw,t))

\
'S

We used:
f (N, Ny, n 1) =C(E <E, <.<E <.<E;<.<E,t)

17
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1 (e 1 o e 0o
HiE ¥ EE |

( —1 Ng 1t g 4 X
[( )n N :|<E|<E||VEkEI'>X
(_1) gt tNg

f (nl,nz,..ni,.,nEk +1.,ng —L..,ng +1,..,ng —1,..nw,t)

\
'S

(_1)nEk-+1+..+nEk_l _( 1)SEk —Sg,

(-D™ has S, =(n+n,+..+n;)

(_1)nEk-+1+..+”Ek_1 > (_1)”E| At g, _ (_1)nEk —Ng, . +Ng —Ng,,
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ihgf(nl,nz, Mg v N,

@t 1"!nE|"'lnE|,1'
,/nEk +15 © s
Tl
Ng O 1

nEk

LNt =
E TIE.) f(n,n,.n,ng +1.,ng —L.n,,t)+
,/nEk +10,_ }{ 1}

|
e #1200} e o
{(1)”& (Ek E VIE,E,.)x }

f(nuny,.n,ung +1.,ng =L.,ng +1.,ng =1.n,,t)

1EIDIDID)

EE E  E. E

Above, we have used:
(_1)nEk-+1+..+nEk_1 _ (_1)SEk —Sg
(_1)nEk-+1+..+nEk_1 > (_1)”E| At gy (_1)nEk Mg, +Ng —Ng,.
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'h—f =
i p- )
nEk +15 < s I N
)™ = (E/TIE n,n,,.n,.n. +1..n. =1..n_,t
p3p3 ﬁ&m e ) (Mo N+, )
{ N, +15 Ek,5nEk”1} |
1
_I_ EZ Z Z Z { r-1E| +16 '5nE|"1}
E, E, E. E.
1)“Ek eeta e (B E VI EE,. )
Mg +L.,ng =L.ng +1.,ng =1,.n,,t)
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E
\¢ nEk.é‘nEk‘,l _/

_|_
|
M
g
"M
"]
rrI+
5
S

3

i N —N +Ne —N

(-1 E, EoE Ep: / X <EkE||V|Ek.E|.>>< &

ﬂf (nl,nz,..ni,.,nEk +1,.,ng —1..ng +1,..,n —1,..nw,tf
i 1-

[ ng, —Ng, . +Ng, —Ng. |
nEk +15nEk,O\/nEk.5nEk,,1 nE, +15nEI,O\/nE|.5nEI,,1X(_l) C T X B

x|mn,..ng +1.ng ~l.ng +1.ng -1.n,)
_ af T

=al a; ala |nn,....n,)
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ot
VnEk +15HE ,0 S s
= Z — k (_1) Ex Ek‘<Ek |T|Ek'>f(nlinz,--ni,.,nEk +1,..,nE 1,..noo,t)+
Eo  E Ev: “ng, ..

RENDID) N INCRT AR N
5 (-p e (B E VIEE, )%

f (NN, ng +1.,ng =1.,ng +1.,ng =1.n,,t)

_______________________________________________________________________________________________________________________________

______

S, —Sgy ! —
ne, 6, (D)™ % |nn,.ng +1.ng ~1..n )=
_ af
: =al a..|nn,...n,)
I\
Ng, —Ng, . +Ng, —Ng,.
:“é'": nEk +15nEk,0\/nEk.5nEk,,l nEI +15”E| ,O\/nEl.anEl,,lx(_l) Ce T X _
x|mn,..ng +1.ng ~L.ng +1.ng —1.n,)
PCD STfTACS Unit 2 Many-body theory, —af i
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ilhaf(nl Ny, Mg, s Ny M oy Mgy ) =
E \/ﬁé‘n@,o Sg, —Sg,
i :EZ ; S (-1 (E, |T|E|<'>f(n1 ny,.M,nNe +1.,0g —1,..noo,t)+
| k' k Ee g1
_{\/nEk:—'_lé‘”Ekao}{ nEk 5nk 1} |
1
i EZ Z Z Z { k +l§nE"O}{ e 5”E|"1}

_______________________________________________________________________________________________________________________________

-1 (1))
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mgm» _

> > ala. (EITIE.)+ ]

E, E.

+§ZZZZaTa al a. (E, E NIE.E,)

B Ey E, Ey _

replace

5 E.E,E.FE —> r,s,t,u
in—|¥(t) = respectively

ot by

{Z > ala(rlTls) +%7 3 MM ajatasau(rsl\/ltu>}|\11(t)>

H = Z Z aja (riTls)+= 7 7 7 Ya*ata (rsVtu)
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|h—\\P(t) [Z > ala(rlTls)+= Z Z Z Za*ata (rs\V|tu) }\T(t))

H = Z Z ara (rlTls)+= 7 7 7 Yé\’“c’:ltc':lT (rsVtu)

a,8,a,a, =—-8,3,3,a, =2,3,a,3,
H = Z Z ala (r[Tls)+= 7 7 7 y a'ala a (rsMV|tu)
H = Z Z aerTIs)a += Z Z Z Z aTaT<rs|\/|tu at

Note: TOrderT

..EqQ.1.60/ F &W / p.18

{rsVItw) = [da, [da,¢; (a,) 4 ()V (a,.9,) (0 )4 (a,)

Questions? Write to: pcd@physics.iitm.ac.in
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