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the full Hamiltonian
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Full Hamiltonian includes solvable portion plus a E,= E,? + E,:,l + E,? + .-
small perturbative component Up = wg + ¢,11 4.

expand the energy and eigenfunction solutions of
the full Hamiltonian

obtain the first and second order corrections to

the energy and the first order correction to the
eigenfunctions
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First order perturbation theory review

Full Hamiltonian includes solvable portion plus a
small perturbative component

expand the energy and eigenfunction solutions of
the full Hamiltonian

obtain the first and second order corrections to
the energy and the first order correction to the
eigenfunctions

H=H'+H
E,=E°+E}+E2+...
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First order perturbation theory review

Full Hamiltonian includes solvable portion plus a
small perturbative component

expand the energy and eigenfunction solutions of
the full Hamiltonian
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First order perturbation theory review

Full Hamiltonian includes solvable portion plus a
small perturbative component

expand the energy and eigenfunction solutions of
the full Hamiltonian

obtain the first and second order corrections to
the energy and the first order correction to the
eigenfunctions
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First order perturbation theory review

Full Hamiltonian includes solvable portion plus a
small perturbative component

expand the energy and eigenfunction solutions of
the full Hamiltonian

obtain the first and second order corrections to

the energy and the first order correction to the
eigenfunctions

There is a BIG problem with these results
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First order perturbation theory review V

H=H’+H
Full Hamiltonian includes solvable portion plus a E,=EX+E}+ EX +
small perturbative component Vn = wg + ¢I11 +

expand the energy and eigenfunction solutions of 1 0l 10
the full Hamiltonian E; = <wn ‘H ‘wn>
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obtain the first and second order corrections to

m=*n
the energy and the first order correction to the 7
eigenfunctions 2 _ } wo ’H/ ¢0>‘
E
"= F g
m#n

There is a BIG problem with these results

What can we do about degenerate states where the energy denominator vanishes?
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Two-fold degeneracy

For the case where two states have the same energy,
we can find the linear combinations which properly
solve the total Hamiltonian
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Two-fold degeneracy

For the case where two states have the same energy,
we can find the linear combinations which properly
solve the total Hamiltonian

we denote the two degenerate states as /0 and 1[}2
with their associated eigenvalue equations

suppose that we apply the full potential, H = H° +
AH" and let A — 1
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Two-fold degeneracy Y

For the case where two states have the same energy,

we can find the linear combinations which properly HO%0 = E00
i i 0,/,0 0,,0
solve the total Hamiltonian HO%O = E%)

we denote the two degenerate states as /0 and 1[)2
with their associated eigenvalue equations

suppose that we apply the full potential, H = H° +
AH" and let A — 1

the degeneracy is lifted and the two states have dif-
ferent energies.
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Two-fold degeneracy

For the case where two states have the same energy,
we can find the linear combinations which properly
solve the total Hamiltonian

we denote the two degenerate states as /0 and 1[)2
with their associated eigenvalue equations

suppose that we apply the full potential, H = H° +
AH" and let A — 1

the degeneracy is lifted and the two states have dif-
ferent energies.

in general, as A — 0 these two split states devolve
back to two “good” linear combinations of the orig-
inal degenerate states

Carlo Segre (lllinois Tech) PHYS 406 - Fundamentals of Quantum Theory Il

HoYS = %]

a

HOwh = E

E
v
EO
v
1

Degenerate perturbation theory



Two-fold degeneracy

For the case where two states have the same energy,
we can find the linear combinations which properly
solve the total Hamiltonian

we denote the two degenerate states as /0 and 1[)2
with their associated eigenvalue equations

suppose that we apply the full potential, H = H° +
AH" and let A — 1

the degeneracy is lifted and the two states have dif-
ferent energies.

in general, as A — 0 these two split states devolve
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Two-fold degeneracy

For the case where two states have the same energy,
we can find the linear combinations which properly
solve the total Hamiltonian

we denote the two degenerate states as /0 and 1[)2
with their associated eigenvalue equations

suppose that we apply the full potential, H = H° +
AH" and let A — 1

the degeneracy is lifted and the two states have dif-
ferent energies.

in general, as A — 0 these two split states devolve
back to two “good” linear combinations of the orig-
inal degenerate states
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Two-fold degeneracy

For the case where two states have the same energy,
we can find the linear combinations which properly
solve the total Hamiltonian

we denote the two degenerate states as /0 and 1[)2
with their associated eigenvalue equations

suppose that we apply the full potential, H = H° +
AH" and let A — 1

the degeneracy is lifted and the two states have dif-
ferent energies.

in general, as A — 0 these two split states devolve
back to two “good” linear combinations of the orig-
inal degenerate states
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Lifting the degeneracy vV

The task is to determine the “good” combinations, which are not known a priori
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Lifting the degeneracy

The task is to determine the “good” combinations, which are not known a priori

instead of working with both ¢, and _, assume a
generic solution
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The task is to determine the “good” combinations, which are not known a priori
instead of working with both and 1_, assume a 0 0 0
d of working v andy 40 = 0yl + fu
generic solution

as before, we solve the full Schrodinger equation, Hy = E1), by expanding the wavefunction
and energy to higher perturbative orders
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Lifting the degeneracy NG

The task is to determine the “good” combinations, which are not known a priori

instead of working with both ¢, and _, assume a 0 0 0
. . = 1 —|—
generic solution (4 athy + By

as before, we solve the full Schrodinger equation, Hy = E1), by expanding the wavefunction
and energy to higher perturbative orders

H=H®+ \H'
=90 + At + A2 4
E=EC+\E' + N2E2 ...
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Lifting the degeneracy NG

The task is to determine the “good” combinations, which are not known a priori
instead of working with both and 1_, assume a 0 0 0
d of working v andy 40 = 0yl + fu
generic solution

as before, we solve the full Schrodinger equation, Hy = E1), by expanding the wavefunction
and energy to higher perturbative orders

H=H®+ \H'
=90 + At + A2 4
E=EC+\E' + N2E2 ...

HOYO + M(H'Y® + HO%Y) + - = E%° + A(E™° + E%9") + - -
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Lifting the degeneracy NG

The task is to determine the “good” combinations, which are not known a priori
instead of working with both and 1_, assume a 0 0 0
d of working v andy 40 = 0yl + fu
generic solution

as before, we solve the full Schrodinger equation, Hy = E1), by expanding the wavefunction
and energy to higher perturbative orders

H=H®+ \H'
=90 + At + A2 4
E=EC+\E' + N2E2 ...
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Lifting the degeneracy

-

The task is to determine the “good” combinations, which are not known a priori

instead of working with both ¢, and _, assume a 0 0 0
. . = 1 —|—
generic solution (4 athy + By

as before, we solve the full Schrodinger equation, Hy = E1), by expanding the wavefunction
and energy to higher perturbative orders

H=H’+ \H'
=90 + At + A2 4
E=E°+ \EY + N2E% + ...

HOGT 1+ A(H'YO + HOWY) + - = B0 4 A(EY® + E%%Y) + -
Hy® + HOy! = E'0 4 E%y!
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Determining equations A

H/on 4 HOwl — E1¢0 + EOwl
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Determining equations V'
H/¢0 + HOwl — E1¢0 4 EOwl
Apply (3],
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Determining equations A
H%bo 4 HOwl — E1¢0 + EOwl
Apply (3],
(WAIH' W) + (w3l HOlw?) = EXwglv®) + E°(wdlyt)
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Determining equations \ 74

leo + HOwl — El,lbo 4 EOwl
Apply (19|, substitute ¥° = )% 4 549, and integrate through
(WalH'[v%) + (Ul HO[p) = EX(vgly®) + E%(ugleh)
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Determining equations \4

H'yO 4 HOp! = E1y0 4 EOyl
Apply (19|, substitute ¥° = )% 4 549, and integrate through
(ol H'[W%) + (W HO[h) = ENWRIY®) + EX{ugly)
(gl H'laws) + (¥5IH'|Bup)
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Determining equations \4

H'yO 4 HOp! = E1y0 4 EOyl
Apply (19|, substitute ¥° = )% 4 549, and integrate through
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Determining equations \4

H/wo + Howl — Elwo + Eowl
Apply (12|, substitute ¥° = a)? 4 549, and integrate through
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(W3IH [awl) + (W3 | H'1BYD) + (g | Ho[wh) = EX(wdla) + EX 3| Byh) + EX(WSlvh)
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Determining equations \4

H/wo + Howl — Elwo + Eowl
Apply (12|, substitute ¥° = a)? 4 549, and integrate through
(ol H'[°) + (W3 HO|wt) = EXwSe®) + EX(uS]h)
(3| H o) + (W3 H'1B48) + EX(wS|et) = EX(wdlayl) + EB(uSlwh) + EX(WSvh)
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Determining equations \4
leo Hodjl Elwo EOI/Jl
Apply (9], substitute ¥° = ay? + B9, and integrate through
(WAIH' %) + (WS HOlt) = EX(wgly®) + E%(ugle)
(W o) + (W3l H'IBYR) + ESSto™) = ENuilavl) + ELB41Tg) + E°
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Determining equations \4
H'y0 4+ HOpt = Ely0 4 EOyt
Apply (9], substitute ¥° = ay? + B9, and integrate through
(WalH'[9°) + (gl HOlwh) = EX(gu®) + EX(WSle)
(WSIH Jonig) + (W HBud) + Eelft) = ENuglant) + ELB4A1TY) + E°
a(WglH'[3) + B H' W) = aEX(yg|v3)
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Determining equations \4
H'y0 4+ HOpt = Ely0 4 EOyt
Apply (9], substitute ¥° = ay? + B9, and integrate through
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Determining equations \4
HO 4+ HOpL = E1y0 4 EOy)!
Apply (9], substitute ¥° = ay? + B9, and integrate through
(WEIH[°) + (Wil Hot) = EXwilw®) + E%(wglyt)
(W3 H g + (WSIH'|B0) + E2wt) = EY(vSlavl) + ELBR1TR) + E°
(o H'[V8) + BWSIH'[4]) = aEX(¢314])
aW,s + BW,p = E?
where Wy = (W|H'|[v),  (i,j = a, b)
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Determining equations \4
HO 4+ HOpL = E1y0 4 EOy)!
Apply (9], substitute ¥° = ay? + B9, and integrate through
(WEIH[°) + (Wil Hot) = EXwilw®) + E%(wglyt)
(W3 H g + (WSIH'|B0) + E2wt) = EY(vSlavl) + ELBR1TR) + E°
(o H'[V8) + BWSIH'[4]) = aEX(¢314])
aW,s + BW,p = E?
where Wy = (W|H'|[v),  (i,j = a, b)

doing the same with <¢2|
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Determining equations \4
H'y0 + HOpt = ELy0 4 EOyt
Apply (2], substitute ¥° = ay? + 319, and integrate through
(WIH'[°) + (WIIHO ') = ENWg1e°) + EXWSlut)
(WSIH' [ad) + (W91 H'|Bvh) + EXST™] = EX(4Slaw) + EB421D0) + EXwd)
(Yl H'[03) + BIIH' WD) = aEX(w3|v3)
aWss + BWop = aE
where Wy = () |H'|[¢0),  (i,j = a, b)
doing the same with (19|
(WplH'[9°) + (Wp | HOlyY) = EX(wplo®) + EX(yplyt)
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Determining equations \4
HO 4+ HOpL = E1y0 4 EOy)!
Apply (9], substitute ¥° = ay? + B9, and integrate through
(WEIH[°) + (Wil Hot) = EXwilw®) + E%(wglyt)
(W3 H g + (WSIH'|B0) + E2wt) = EY(vSlavl) + ELBR1TR) + E°
(o H'[V8) + BWSIH'[4]) = aEX(¢314])
aW,s + BW,p = E?
where Wy = (W|H'|[v),  (i,j = a, b)

doing the same with <¢2|

(WRIH'[¥°) + (WoHPTDT) = EN(h|y°) + EXdin™y
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Determining equations \4
H/wO_'_ HOdJl Ell/}°+ EOI/)I
Apply (9], substitute ¥° = ay? + B9, and integrate through
(WA H' 1) + (W3 KOty = EXwgly®) + E° (w319t
(WIIH o) + (W3 H'|BYD) + EXSNTY) = ENyQlav) + EXB41T0) + E°
(Ul H'[U2) + BIUIIH' WD) = aE X (v3lv3)
aW,s + BW,p = E?
where Wy = (W|H'|[v),  (i,j = a, b)

doing the same with <¢2|

(WO H'[v°) + (WHPDTy = EXuRlv®) + ESdinty
oW H'[93) + B(wplH [vp) = BE (yplp)
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Determining equations \4
leO_{_ Hodjl Elwo_}_ EOI/)I
Apply (9], substitute ¥° = ay? + B9, and integrate through
(WA H' 1) + (W3 KOty = EXwgly®) + E° (w319t
(WOIH'[awl) + (3| H'|Bvh) + EXwp™) = EN(uSlavd) + ELBLATTE) + E°
(Ul H'[U2) + BIUIIH' WD) = aE X (v3lv3)
aWaa + BW,p = o E*
where Wy = (W|H'|[v),  (i,j = a, b)
doing the same with (9|
(WRIH14°) + (WHHHT) = EX(WR0°) + EX%edw)
a(WplH'|v3) + BB H'[Up) = BEY(Whlvp)
aWps + BWpp = BET
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Determining the energies A

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!
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Determining the energies A

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!

aW,s + W, = E?
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Determining the energies

Solve these two equations for the energies of the two
“ideal” orthogonal states

Wi + fWap = aEY — W,y = o EL —
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Determining the energies

Solve these two equations for the energies of the two
“ideal” orthogonal states

Wi + fWap = aEY — W,y = o EL —

AW Wha + BWap Wiy = BE W,
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aW,, + BW,p = aE?
AW, + BWyp = BE?
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Determining the energies 7

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!

aWaa+/8Wab:aEl — 5Wab:a[E1—Waa]
AW, Wha + BWapWep = BEYW.p  —  aWap Wi, = BW,p[EY — W]
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Determining the energies i

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!

aWaa+/8Wab:aE1 — 5Wab:a[E1—Waa]
aWap Wha + BWap Wiy = BE* Wap, —  aWoapWha = BWap[EY — Wi
A Wap Why = o[ EY — Waa][E' — W]
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Determining the energies i

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!

aWaa+/8Wab:aEl — 5Wab:a[E1—Waa]
aWap Wha + BWap Wiy = BE* Wap, —  aWoapWha = BWap[EY — Wi
A Wap Why = o[ EY — Waa][E' — W]

if we assume that « # 0, we can solve for the energies
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Determining the energies YV

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!

aWaa+/8Wab:aEl — 5Wab:()é[E1—Waa]
aWap Wha + BWap Wiy = BE* Wap, —  aWoapWha = BWap[EY — Wi
A WapWhy = o[EF — Waa][EY — W]

if we assume that « # 0, we can solve for the energies

0= (E1)2 - El(Waa + Wbb) + (WaaWbb - WabWba)
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Determining the energies YV

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!

aWaa+/8Wab:aEl — BWab:Oé[El—Waa]
aWap Wha + BWap Wiy = BE* Wap, —  aWoapWha = BWap[EY — Wi
A WapWhy = o[EF — Waa][EY — W]

if we assume that « # 0, we can solve for the energies

0= (E1)2 - El(Waa + Wbb) + (WaaWbb - WabWba)
1

El

+ = 2 I:Waa + Wbb + \/( Waa + Wbb)2 - 4( Waa Wbb - Wab Wba)
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Determining the energies

1
Solve these two equations for the energies of the two aWaa + BWap = oE
“ideal” orthogonal states aWp,y + BWpp = BE!

aWaa+/8Wab:aEl — BWab:Oé[El—Waa]
aWap Wha + BWap Wiy = BE* Wap, —  aWoapWha = BWap[EY — Wi
A WapWhy = o[EF — Waa][EY — W]

if we assume that « # 0, we can solve for the energies
E )2 - El(Waa + Wbb) + (Waa Wbb - WabWba)

I:Waa + Wbb + \/ Waa + Wbb)2 (Waa Wbb - Wab Wba):|

0=

—

Ei=

I\)\l—‘ M\H

|:Waa + Wbb & \/ aa — Wbb) + 4‘ 17 b|2:|
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|deal energies V

We assumed that a # 0, but what if this is not the case?
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|deal energies

We assumed that a # 0, but what if this is not the case?

aW,, + 5Wab
aWhps + BWpyp

Recall the two defining equations
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|deal energies

We assumed that a # 0, but what if this is not the case?

_ 1
Recall the two defining equations Waa + fWap = aF
Wiy + Wi = BE?

suppose we let o = 0, then
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|deal energies

We assumed that a # 0, but what if this is not the case?

_ 1
Recall the two defining equations Waa + fWap = aF
Wiy + Wi = BE?

suppose we let o = 0, then W, = 0 El! = W,
ab — 9 -
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|deal energies

We assumed that a # 0, but what if this is not the case?

_ 1
Recall the two defining equations Waa + fWap = oF
Wi + Wi = BE?

suppose we let o = 0, then W, = 0 El! = Wy,
ab — 9 -

and if 3 =0
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|deal energies 3

We assumed that a # 0, but what if this is not the case?

aWaa + W, = aE!
aWps + BWpp = BE?

Recall the two defining equations

suppose we let o = 0, then W, = 0 El! = Wy,
ab — 9 -

and if 3 =0 Wea =0, Ef =W,y
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|deal energies 3

We assumed that a # 0, but what if this is not the case?

aWaa + W, = aE!
aWps + BWpp = BE?

Recall the two defining equations

suppose we let o = 0, then W,, =0, EL=W,,= <¢2’H/’wg>
and if =0 Wha =0, EJlr = W, = <I/JS‘H/‘I/)S>

these are simply the non-degenerate first order pertubation results and it means that /2 and
wg are already the “ideal” states
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|deal energies

We assumed that a # 0, but what if this is not the case?

Recall the two defining equations

suppose we let o = 0, then

and if 3 =0

aWaa + W, = aFE!
aWps + BWpp = BE?

Wao =0, EL = Wy = (W H [)2)
Whpa =0, E} = Waa = <"/JS‘H/‘/I/)2>

these are simply the non-degenerate first order pertubation results and it means that /2 and

wg are already the “ideal” states

It is often possible to choose the “ideal” linear combination through use of a convenient

theorem
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0

Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0

Carlo Segre (lllinois Tech) PHYS 406 - Fundamentals of Quantum Theory Il Degenerate perturbation theory



Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0

Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0
(WlIA, H'lwp) =0
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0

Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0

WA HYY) =0
= (YIAH"YR) — (W3 H' AyP)
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0

Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0
(W3llA H'lyp) =0
= (V3IAH'Y) — (V| H'AVE) = (AUQIH'YE) — (U5IH vih)
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0

Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0
(WlIA, H'lwp) =0

ANAHYR) — (W3 H Ay) = (AL H'¢R) — (3| H vipp)

= (
= (ud|H" W) — (YIIH vy)
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0

Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0
(W3llA H'lyp) =0
alAH"WE) — (W HAVE) = (AVGIH'vE) — (Vo H v

= (
= (I H'YR) — (WIH VYY) = (1 — v) (W H'YP)
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYy =g, Avp=vih,  p# v
then W, = Wy, =0
Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0
(W3llA H'lyp) =0
= (V3IAH'Y) — (V| H'AVE) = (AUGIH'YE) — (U5IH vih)
= (uySIHYR) — (WEIHVYR) = (1 — v) (Wl H'YB) = (1 — v)Wap
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Determining « and 3 \d

Theorem: If A is a hermitian operator which commutes with both H% and H’ and 2 and 9
are also eigenfunctions of A with distinct eigenvalues

AYY =l App =y, p#v
then W, = Wy, =0

Proof: Since A and H' commute, we have that [A,H'| = AH' — HA=0
(W3llA H'lyp) =0
= (V3IAH'Y) — (V| H'AVE) = (AUGIH'YE) — (U5IH vih)
= (uySIHYR) — (WEIHVYR) = (1 — v) (Wl H'YB) = (1 — v)Wap
since p #v, Wop =0
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Higher order degeneracy vV

When there are more than two degenerate states, a matrix formulation is more useful
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Higher order degeneracy

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations
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Higher order degeneracy

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations aW,, + BW,p = aE?
Wy, + BWyp, = BE!
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Higher order degeneracy
When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations aW,, + BW,p = aE?

AWy + Wy = BE?
they can be rewritten in the form of a matrix ba + 6 Wob = 5
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Higher order degeneracy
When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations aW,, + BW,p = aE?

AWy + Wy = BE?
they can be rewritten in the form of a matrix ba + 6 Wob = 5

(v wi) (3)=2(5)
Wha Wiy ) \B) B
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Higher order degeneracy A

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations aW,, + BW,p = aE?

AWy + Wy = BE?
they can be rewritten in the form of a matrix ba + 6 Wob = 5

(e we) (3) =2 (5)
The E! are the eigenvalues of the W-matrix and the Wha  Wop B p

“good” linear combinations of the unperturbed states
are the eigenvectors of W
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Higher order degeneracy A

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations aW,, + BW,p = aE?

AWy + Wy = BE?
they can be rewritten in the form of a matrix ba + 6 Wob = 5

(e we) (3) =2 (5)
The E! are the eigenvalues of the W-matrix and the Wha  Wop B p

“good” linear combinations of the unperturbed states
are the eigenvectors of W

Wy = (¥7 [H'|4})
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Higher order degeneracy A

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations aW,, + BW,p = aE?

AWy + Wy = BE?
they can be rewritten in the form of a matrix ba + 6 Wob = 5

(e we) (3) =2 (5)
The E! are the eigenvalues of the W-matrix and the Wha  Wop B p

“good” linear combinations of the unperturbed states
are the eigenvectors of W

Wi = (v [H'[4f)
This is proven in problem 7.13 where you assume that

the set of unperturbed eigenfunctions ¢? are n-fold
degenerate
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Higher order degeneracy

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations
they can be rewritten in the form of a matrix

The E! are the eigenvalues of the W-matrix and the
“good” linear combinations of the unperturbed states
are the eigenvectors of W

This is proven in problem 7.13 where you assume that
the set of unperturbed eigenfunctions ¢? are n-fold
degenerate

aWsa + W, = aE?
aWps + BWpp = BE?

(v wi) (3)=2(5)
Wha Wiy ) \B) B
Wy = (4} [H'] 47)

HoyP = E%,
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Higher order degeneracy

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations
they can be rewritten in the form of a matrix

The E! are the eigenvalues of the W-matrix and the
“good” linear combinations of the unperturbed states
are the eigenvectors of W

This is proven in problem 7.13 where you assume that
the set of unperturbed eigenfunctions ¢? are n-fold
degenerate and that ¢/° is a general linear combina-
tion

aWaa + W, = aE?
aWps + BWpp = BE?

(we wi) (3)=2(5)
Wha Wi ) \B) B
Wy = (4} [H'] 47)

HOyY = E%Q,  (¢?|4?) = &

Carlo Segre (lllinois Tech) PHYS 406 - Fundamentals of Quantum Theory Il Degenerate perturbation theory



Higher order degeneracy

When there are more than two degenerate states, a matrix formulation is more useful

Recall the two defining equations
they can be rewritten in the form of a matrix

The E! are the eigenvalues of the W-matrix and the
“good” linear combinations of the unperturbed states
are the eigenvectors of W

This is proven in problem 7.13 where you assume that
the set of unperturbed eigenfunctions ¢? are n-fold
degenerate and that ¢/° is a general linear combina-
tion

aWaa + W, = aE?
aWps + BWpp = BE?

(we wi) (3)=2(5)
Wha Wi ) \B) B
Wy = (4} [H'] 47)

HOyY = E%Q,  (¢?|4?) = &
W0 =i
=1
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