Phys 506 lecture 2: The Operator Identities

It turns out that there are five critically important operates identities that we need
to know to do just about anything in quantum mechanics.

They are the Leibniz (or product rule) identity, the Hadamard lemma (and braiding
identity), the exponential reordering identity, the Baker-Campbell-Hausdorff identity

and the exponential disentangling identity.

All but one of them are quite elementary to prove. One is hard. Really hard. So
we only do it for special cases.

1 Leibniz product rule

1.) The Leibniz or product rule

Proof:

=0
regroup = (AB — BA)C' + B(AC — CA)
= [A, BIC + BIA, €]
It acts just like a differentiation product rule, where the single operator in the com-
mutator is like a derivative and the product of operators is like a product of functions.

This comparison is actually very deep, as one can define derivatives via the Leibniz
rule and avoid having to use limits. I won’t go into the details of that here though.

It has other forms too, like
[AB,C] = A[B,C] + [B,C]B

Related to this is the Jacobi identity
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which I don’t find I use very much. This can be proven just by writing it out

A A A A A A

A[B,C] - [B, C]A+B[C A] [C,AB + C[A, B] — [A, B|IC
A B

0

2 Hadamard lemma

2.) Next up is the Hadamard lemma:

1
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Proof: Consider

f(0)=5B
f/(o) — AexAée A zAB —zAA »
= [A, B]
£(0) = Af'(0) — f/(0)A
=[A,[A] B]]

then f"*V(0) = Af™(0) — f™(0)A
= [A,'--[A,B’]"-]my

Then using Taylor’s theorem with x = 1 gives us the proof for the Hadamard lemma:

zni CAB] )

The braiding identity is even more powerful. It comes from the fact that

eABre = ¢ Be e Be ... e Be
n triples

= (€ABG_A)H.
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Hence, any operator series (or any function that an be expressed as a series) satisfies

f(B) =Y cB"

then )
e f(B)e ™ = cheAB"e 4= ch(eABe*A)"
=f (e‘aée_‘i)
S0

This is the braiding relation.

3 Exponential re-ordering identity

3.) The exponential reordering identity is most powerful in simple cases as we will see.

If I have edeB ‘and I want to interchange the order, what do I get?
In other words, ee? = what e# ? The way to solve that is with braiding:
eAeBefA — e(eABee*A)
— BHABI A A B+

Multiply both sides by ¢4 on the right

A B 3 A BILLIATA B . A
cApB — BHABI+ LA A B+ A

In general, this is a complicated mess, but what if [fl, [fl, E’]] = 0, like what happens
fA=gand B=p?

Then, we get o -
cApB — BHAB] A

But if [B, [A, B]] = 0 too (as it would in our example) then we have
AB_ [AB.B.A

€ =e€

when [4, [A, B]] = [B,[4, B]] = 0

This is a very powerful identity that comes up often.



4 Baker-Campbell-Hausdorff formula

4.) We are now ready for the hard identity, Baker-Campbell- Hausdorff. It asks the
question

A B ?
€A B — 6What.

)

which is kind of half way to the exponential re-ordering identity. But it is much
harder to work out. In fact, it leads to an infinite series of commutators, just like the
Hadamard lemma, but the coefficients have no regular structure, even though one can
find equations that determine them.

As a warmup, let’s work of the case when [fl, B] commutes with A and B.
This is called the Weyl form of the identity.

First define
f()\) _ e—AAeA(A+B)e—)\B
Af(N) _ G -AAALB) 2B + e M(A 4 B)MATBI B

d\
_ o MAAB) -AB R

But Ae=* = ¢4 and Be*A+8) can be rewritten with Hadamard as follows:

6A(A+B)€—A(A+B)EGA(A+B)

or
22 A8 0 MNALB) —AB
o~ 5 (AB] _ =M NA+B) ,-AB

Multiply on left with M and on right with B to get

AA e—%[/@,é]
——

commutes with everything

o B _ MA+B)

~ ~ ~ ~ 2 ~ A
So eMeAB — MATB)+IAB] Now set A = 1 to obtain the final result

— YT
eAeB — pA+B+3AB]

when

This is the easy case of BCH and the version most people know.

Now we work out the general case! We need another identity (called Sneddon’s
formula)

~
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This looks weird, but it takes this form because

~

dA

A(Q?), %

] = 0 in general.

Recall that with operators, we have %6’4@) = % [1 + A+ %1212 + %/Al:g + - ]
A7 1 Al A A Al 1 A7 A2 A AT A 12 A1
=A +§(AA+AA)—|—6(AA +AAA+ AA) -
because we cannot switch orders of the derivative and the operator. The nth order

terms in the series will have (m) powers of AA" and (n —m — 1) powers of A: they are
divided by n!. We can rewrite this as

n=0 m=0
oo o0 AnA/Am 1 .
=35 A [t
n=0 m=0 nem < _

Beta function S(m,n)

B i i Ar A’ Am nlm!
B nlm!  (n+m+1)!

So

Now, multiply on the left by e~ to get

1
e‘AieA:/ dye_yAA'eyA

Hadamard

~ ~

= [ - A+ A AT+

P B 11/ - .

_ / - !/ - / .
= A+ [A,A} 3 [(A,A ,A] TR
To obtain the general form of BCH, we define

eerxé _ G(@) _ e$é1+$2é2+$3é3+'"

€

. d A d
e—mBe—xA% <eerxB> _ e—G(x)%eG(x)
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The LHS can be evaluated directly | Note e-*Be=24 = ¢=Clo) |

L ~ d . .
e :I:B6 zA (ea:Aea:B>
dx

But we also have e’é(“)AﬁeG(w) :AG1 + %/\[GA”, G| + G, G, G) + - -
Use a power series for G(z) = 2Gy + 212Gy + 23G3 + - - -
G =Gy +22Gy + 32°G + - -
216Gl = 21Cr + 20, +32°C -+ 7l + 2%+ 23]
= S @01, G] +2°(Gs, G
+ 2%[Gy, Gs] + 32°[Gs, Gi]) + - -
= 22%(Ch, Gl + @G, Gl + -+

3 A

1. 1. 4 N A s . N
5HG ,Gl, Gl = 6[[017952%],33(;1] — g[[Gh Gy, G1]

So we have
o d A R A A 2
e_G(x)%eG(’”) = G + 220Gy + 32°Gy + %[G2G1] +0(a?),

but this equals

A+ B+alA, B+ S[B,B,A] +
So .
Gi.=A+1B
1 . .
G2—§[A,B]
1 1 ~ A~
3G + 5 (Gs, G4] = §[B’ (B, Al]
Gs— 2[B. 1B, A — S X484+ B
3 — 6 ) ) 6 92 ) 9
— 1B, 1B, A + —[A,[A, B]] - —[B,[B, A]
- 6 ) ) 12 9 9 12 9 9
1 .~ .~ 4 1 -~ + 4
But if we set (z = 1), then
eAGB — eé(le) — eé1+é’2+é3+~~

A B ALRBLLIARILLIATA RN LIR(R A

which is the BCH. We can work out higher order terms one by one, but it is painful.



5 Exponential disentangling identity

5.) The fifth identity is the exponential disentangling and it uses a theorem from Lie

algebras:
Any identity expressed in terms of exponentials of the generators of a Lie algebra that
is proved for one faithful representation holds in all representations.

So, the identity we worked at last time

2051 & 52_3/2 &
exp |i——| = exp |a exp el

h
with «, 3, and 7 determined as before, holds for any angular momentum representation!

This is amazingly powerful. We proved something about Pauli spin matrices and
it holds or all j!! We will use this again later.



