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Abstract

Below are solution proposals to the exercises of The Theoretical Minimum - Quantum Mechanics,
written by Leonard Susskind and Art Friedman. An effort has been so as to recall from the book all
the referenced equations, and to be rather verbose regarding mathematical details, in line with the
general tone of the series.
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1 Systems and Experiments

1.1 Inner Products

Exercise 1. a) Using the azioms for inner products, prove
(441 + (BI)IC) = (AIC) + (BIC)

b) Prove (A|A) is a real number.

a) Let us recall the two axioms in question:

Axiom 1.
(c1(14) +1B)) = (€14 + (C|B)

Axiom 2.
(B]A) = (A|B)”

Where z* is the complex conjugate of z € C
Let us recall also that if

e (A| is the bra of |A)

e (B is the bra of |B)
Then (A| + (B| is the bra of |A) + | B).

Let us also observe that for (a,b) = (24 + iya, 2y + iyp) € C*:

(a+b)" = (x4 + iya + xp + iyp)”
:xafiya+xb7iyb
=a" +0b"



We thus have:

((AH B\ ) :<0| |A) + |B) )
= )

<C|A (C|B)
= (C|A)" +(C|B)"
=(A4|C) +(B[C) D
b) Mainly from the second axiom:
x +iy = (A|A)
= (A]4)"
=x—1y
= 2iy =0
=y=0

= (Aldy=2zcR O

Exercise 2. Show that the inner product defined by Eq. 1.2 satisfies all the axioms of inner products.

Let us recall the two relevant axioms:

Axiom 3.

«c1(14) +1B)) = (Cl4) + (C|B)
Axiom 4.
(BlA) = (A|B)"
Where z* is the complex conjugate of z € C
And let us recall Eq. 1.2 of the book:

aq
o2
(BIA) = (B; B B3 Bi BE)|as
Qy
Qs

= fiag + Biae + Bias + Biag + Pias

For the first axiom, considering (C| = (vF 75 ¥4 745 7&):

ay + B
ag + B2
(1) +1B)) = (i % v i %) [as+ B
ay + Ba
as + Bs
=1 (o1 + B1) + 75 (az + B2) + 3 (a3 + B3) + vi(aa + Ba) + 75 (s + B5)

= (yiea + a2 +v5a3 +viou +vias) + (V181 + 582 + 1303 + ViBa + i Bs)

o B1
%) B2
=0 % o ) |es|+0F u o o )| B
Qg 54
as Bs

= (C|4)+ (C|B) O



Before checking the second axiom, let us observe that for (a,b) = (z4 + iya, s + iyp) € C*:

(ab)” = ((wa + i) X (w1 +its) )

*
= (ﬂcaxb — Yy +i(TpYa + xayb))

= TaTy — Yalhb — HToYa + Talip)
- (xa - iya) X (xb - Zyb)
=a*b*

Remark 1. We could have derived it using complex numbers’ exponential’s form:

(ab)* = (rarbei(eawb))
_ Tarbefi(GaJr@b)

=a*b"
Hence, regarding the second axiom:

(Bl4) = (((B|A)) )

51041 + ﬁ20¢2 + /83043 + 64044 + ﬁ5045)

((
( Biar + Brao + Bias + Bias + Bias) )*
(
(

ajBr+ a8 + azfs + ay By + a5ﬁ5)

b
AN

= ((ai a5 a5 af a3) |8 )
s
s

=(4|B)" O
2  Quantum States

2.1 Along the » Axis

Exercise 3. Prove that the vector |r) in Eq. 2.5 is orthogonal to vector |y in Eq. 2.6.

Let us recall respectively Eq. 2.5 and Eq. 2.6:

1 1

1
r) = ﬂld> ) = \*@Iw G

|u) + |d)

\[

Orthogonality can be detected with the inner-product: |I) and |r) are orthogonals < (r|l) = (I|r) = 0.

Remark 2.
The nullity of either inner-product is sufficient, because of the (A|B) = (B|A)" aziom.



For instance:

Pd
_L_L%
= ) (3)
11 11
V22 22
=0 O

Or, similarly:

Au
A

1<

&y
&‘“ S——

o= (o o) (
)

/N

11
iV
1
V2
0

)

-
-
S

‘
—
E

S
S

2.2 Along the y Axis

Exercise 4. Prove that |i) and |o) satisfy all of the conditions in Eqs. 2.7, 2.8 and 2.9. Are they unique
in that respect?

Let us recall, in order, Egs. 2.7, 2.8, 2.9, 2.10, which defines |i) and |o), and both 2.5 and 2.6 which
defines |r) and |I):

(ilo) = 0
(ol (ulo) = 5 (old) (dlo) =
(lu) (uli) = 5 (il () = &
folr) o) = 5 (olt (o) = 5
(lr) (rli) = 5 G ) = 3
)= i+ 5l o) = —=lu) — =l
|Z—\/§|u+\/§ O_ﬁ‘u_\/i>
! 1 1 1
=+ 5l = Zslu) = =)



For clarity, let us recall that (u|A) is the component of |A) along the orthonormal vector |u).

because in an orthonormal basis (]i));er we have:

A) =3 ali)

el
= (jlA) =

J|Za2|

i€F

This is

Zaz <]|Z> Qj

=5

i€l

And to make better sense of those equations, let us recall that o, = (A|u) (u|A) is the probability of
a state vector |A) = ay|u) + ag4|d) to be measured in the state |u).

For Eq. 2.7, we have

= 1},0y + 1304

1 1

—1 —1

TVava  VavE

1
2

1
2

For Egs. 2.8, we can rely on the projection on an orthonormal vector:

{ofu) (ulo) =
(i) {uli) =

Sl
S

AN N
_|_

— NI

|
—
=~
e ¥
~
QU *
~—~—

O

{old) (d|o) =
(ild) (dli) =

=0 0O
N
V2v2 o 2
- _ 14
V2v2 2

e o (3) 0a ) (22)

(Li+ii)(ii+ii)
2V2  V2V20V2V2 0 V2V2
1 7.1 7

(5—5)(§+§)

HUSHIE)

%(1—2’4—2'4—1) O

= () ow (4

(1 1 +ifl)(ii+ii)
V2V2 O V2V20V2 V2 22
1 i1 1

(5"‘5)(5—5)

1 )

i(l—kz)(l—z)

%(1—%—2’—1’—1—1):7 O




Regarding the unicity of |i), |o), as for |r), |I), there definitely is a phase ambiguity, meaning, we can mul-
tiply either |i) or |o) by a phase factor, say €, without disturbing any of the constraints: orthogonality,
probabilities, and the resulting vectors are still unitary.

But as stated by the authors for |r),|l), measurable quantities are independant of any phase factors.
Thus, so far, there seems to be unicity, up to such a phase factor.

Remark 3. [ think some sort of dimensional argument might be required to rigorously prove that indeed
there’s no way to extract more than three pairs of mutually orthogonal vectors which have a inner-product
to 1/2, in a C-vector space setting.

Exercise 5. For the moment, forget that Egs. 2.10 give us working definitions for |i) and |o) in terms
of |u) and |d), and assume that the components a, 8,7y and § are unknown:

|0) = alu) + fd) i) = ylu) + 6ld)

a) Use Eqgs. 2.8 to show that

wamgp =ty ==
b) Use the above results and Eqs. 2.9 to show that

a*B+af =6+ =0
¢) Show that a* and v*0 must each be pure imaginary.

If a* B is pure imaginary, then o and 8 cannot both be real. The same reasoning applies to v*4.

Let’s start by recalling Egs. 2.8, 2.9 and 2.10, which are respectively:

(ol (ulo) = 3 {old) (dlo) =
1 1 (1)
(ilu (uli) = 5 (ild) {dli) = 5
(olr) (rlo) = 5 {olty (llo) = 5
1 1 (2)
lr) (rli) =5 Gl Q) = 5
1 ) d 1 i ; ;
|Z>—E|u>+ﬁ\ ) |0>_E|u>_ﬁ| ) -

a) Let’s start by recalling that the inner-product in a Hilbert space is defined between a bra and a ket,
and that it should satisfy at least the following axioms:

(CI{IA) +|B)} = (C]A) + (C|B) (linearity)
(B|A) = (A|B)™ (complex conjugation)
Furthermore, the scalar-multiplication of a ket is linear:
z e C, [zA) = z|A)

Then we can multiply |o) = a|u) + 8|d) to the left by (u| to compute (u|o), using the linearity of the
inner-product /scalar multiplication, and the fact that |u) and |d) are, by definition, unitary orthogonal
vectors (meaning, (u|d) =0 and (ulu) = (d|d) = 1)



(ulo) = ar(ulu) + B (uld) = a
Because of the complex conjugation rule, we have
(ou) = (ulo)” = o~

And so by Egs. 2.8 and the previous computation we have

1
= = (olu) (ulo) = ac™ O
ANIGENIG

o o*

The process is very similar to prove §*f = v*y = §*d = %:

1
5 = (old) (dlo)
- ({d]o))* (dJo)
= ((diala) + 8ld)}) " ((di{aln) + 5l)})
= (el +8 i) (e ) 8 )
> X X =
- ' O
1 . .
S = (il (uli)
- ({uli))* (ul)
= ((lolw) + 8ld)}) ({ul{rlu) +dld)})
= (5 {ulw) +0 (uld)) " (~ () +5 (uld))
T % ~
= vy O
L d) (d
S = (ld) (dli)
- ({dli))" (dl)

= (d|{7|u + d|d) }) (dl{vlu +9|d) })
d

- bwm+wﬂ0(vﬂuwdw

~{

b) I don’t think we can conclude here without recalling the definition of |r):

) = sl +

VoAV

Let’s start with a piece from Eqs. 2.9, arbitrarily (we could use (i|l) (I[i) = 1, but I think we’d still need
the previous definition of |r)):

)

(lr) (rliy = 5
But:
(rfi) = {rlf+ u) + B1d)} = o (rlu) + 6 (rld)
And:
(ilr) = ({rli))" = (@ {rlu) + B {rld))* = o Culr) + B° (dlr)



So

(i) (i) =
& (o {ulr) + 5 4alr)) (o drfu) + 6 r1d)) = 2

& @ o (ulr) (rlu) + o7 B {ulr) {rld) + B {d|r) (rlu) + 875 (dIr) (rld) = %

=1/2 =1/2

e = ({ulr) {rfu) + (dlr) (rd)) + 0" B Gulr) {rld) + B {dir) {rlu) = 5
Now if |r) = py|u) + pald), then
(ulr) {rlu) + (d|r) (r|d) = pupy, + paps =1

As py,p} would be the probability of |r) to be up, and pgp}; would the probability of |r) to be down,
which are two orthogonal states in a two-states setting, and so the sum of their probability must be 1.

Hence the previous expression becomes:
o B (ulr) (r|d) + B*a {d|r) (r|u) = 0

Note that so far, we haven’t needed the expression of |r), but I think we don’t have a choice but to use
it to conclude:

1 1
= — + —|d
) \/ilw \/§| )
So, as the coefficient are real numbers:
1
(ulr) = 5 (rluy; — (dr) = Vol (r|d)

Replacing in the previous expression we have:

a*B (ulr) {rld) +5% (dlr) (r|u
~—— ~—
=1/vV2=1/V2 =1/vV2=1/V2

=0

<

1 1

Sla*f+ =0 O

The process is very similar to prove v*d +v5* = 0; one has to start again from a Eqs. 2.9, but this time,
from another piece involving o, arbitrarily:

(olr) (rlo} = 5
& (trlo)) " trlo) = 5
e (i1t + 810) (il + 1Y) =

& (7" Culr) + 8 dlr)) (3 (rlud + 6 {rld) ) =

~— ~~
=1/2 =1/2

& "y (ulr) (rlu) + 76 (ulr) (rld) + 6%y (d]r) {rfu) + §70 {d|r) (r|d) = %

& o ({ulr) () + (dlr) (rld)) + 6 Gulr) {rld) + 57 Gl Grfu) =

& 770 (ulr) (r|d) +6%y (d|r) (r|u) =0
— ~—

=1/2 =1/2
S|y +0"y=0| O
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¢) Let’s assume af* is a complex number of the form:
aB* = a+1b, (a,b) € R?

But then:
(aﬁ*>* =a—tb=0a"p

That’s because, for two complex numbers z = a + ¢b and w = x + iy, we have:

"
(zw) = z*w*

Indeed:
zw = (a + ib)(z + iy) = (ax — by) + i(bx + ya)
Hence: .
(zw) = (ax — by) — i(bx + ya)
But:

Z'w* = (a —ib)(x — 1y) = (ax — by) — i(bx + ya)
Hence the result. Back to our a and 3, we established in b) that:
"B+ af* =0

Which is equivalent from our previous little proof to:
o B+ (a* ﬁ) =0

S@a+ib)+(@—ib)=0=2a=0<a=0]

Which is the same as saying that the real part of a*f is zero, or that it’s a pure imaginary number. The
exact same argument applies for y*§.

3 Principles of Quantum Mechanics

3.1 Mathematical Interlude: Linear Operators
3.1.1 Hermitian Operators and Orthonormal Bases

Exercise 6. Prove the following: If a vector space in N-dimensional, an orthonormal basis of N wvectors
can be constructed from the eigenvectors of a Hermitian operator.

We're here asked to prove a portion of an important theorem. I'm going to be somehow thorough in
doing so, but to save space, I'll assume familiarity with linear algebra, up to diagonalization. Let’s start
with some background.

This exercise is about proving one part of what the authors call the Fundamental theorem, also often
called in the literature the (real) Spectral theorem. So far, we’ve been working more or less explicitly in
finite-dimensional spaces, but this result in particular has a notorious analogue in infinite-dimensional
Hilbert spaces, called the Spectral theoremﬂ

Now, I'm not going to prove the infinite dimension version here. There’s a good reason why quantum
mechanics courses often start with spins: they don’t require the generalized result, which demands heavy
mathematical machinery. You may want to refer to F. Schuller YouTube lectures on quantum mechanicﬂ
for a deeper mathematical development.

Finally, 'm going to use a mathematically inclined approach here (definitions/theorems/proofs), and as
we won’t need it, I won’t be using the bra-ket notation.

1See https://ncatlab.org/nlab/show/spectral+theorem and https://en.wikipedia.org/wiki/Spectral_theorem

%https://www.youtube.com/watch?v=GbqA9Xn_iMO&1ist=PLPH7f_7Z1zxQVx5jRjbfRGEZWY_upS5K6; see also the lectures
notes (.pdf) made by a student (Simon Rea): https://drive.google.com/file/d/1nchF1fRGSY3R3rP1QmjUg7fe28tAS428/
view

11
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To clarify, here’s the theorem we'’re going to prove (I'll slightly restate it with minor adjustments later
on):

Theorem 1. Let H : V — V be a Hermitian operator on a finite-dimensional vector space V, equipped
with an inner-product)

‘ Then, the eigenvectors of H form an orthonormal basis

Saying it otherwise, it means that a matrix representation My of H is diagonalizable, and that two
eigenvectors associated with distinct eigenvalues are orthogonal.

For clarity, let’s recall a few definitions.

Definition 1. Let L : V. — V be a linear operator on a vector space V. over a field F. We say that a
non-zero p € U is an eigenvector for L, with associated eigenvalue X € F whenever:

L(p) = Ap

Remark 4. As this can be a source of confusion later on, note that the definition of eigenvector/eigen-
value does not depend on the diagonalizability of L.

Remark 5. Note also that while eigenvectors must be non-zero, no such restrictions are imposed on the
eigenvalues.

Definition 2. Two vectors p and q from a vector space V' over a field F, where V is equipped with an
inner product (.,.) are said to be orthogonal (with respect to the inner-product) whenever:

(p,q) = Op

The following lemma will be of great use later on. Don’t let yourself be discouraged by the length of
the proof: it can literally be be shorten to just a few lines, but I'm going to be very precise, hence very
explicit, as to make the otherwise simple underlying mathematical constructions as clear as I can.

Lemma 1. A linear operator L : V. — V on a n € N dimensional vector space V' over the complex
numbers has at least one eigenvalue.

Proof. Let’s take a v € V. We assume V is not trivial, that is, V isn’t reduced to its zero vector Oy,
and so we can always choose v # Ovﬂ

Consider the following set of n + 1 vectors:
{v, L(v), L*(v),...,L"(v)}

where:
L :=idy; L':=LoLo...oL
—_——
1€N times

It’s a set of n+ 1 vectors, but the space is n dimensional, so the vectors are not all linearly independent.
This means there’s a set of (ag, a,...,a,) € C* ! which are not all zero, such that:

> a;Li(v) =0y (4)
=0

Here’s the ”subtle” part. You remember what a polynomial is, something like:

22— 2 +1

3Remember, we need it to be able to talk about orthogonality.
4Note that if V' is trivial, because an eigenvalue is always associated to a non-zero vector, there are no eigenvalues/eigen-
vectors, and the result is trivial.
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You know it’s customary to then consider this a function of a single variable x, which for instance, can

be a real number:
I R — R
‘Nz —» 22—22+1

This allows you to graph the polynomial and so forth:

Figure 1: L(z) =22 — 2z + 1

But that’s ”kindergarten” polynomials so to speak. ” Advanced” polynomials are not functions of a real
variable. Rather, we say that L(x) or L is a polynomial of a single variable/indeterminat(ﬂ x, where x
stands for an abstract symbol.

The reason is that, when you say that z is a real number (or a complex number, or whatever), you tacitly
assume that you can for instance add, subtract or multiply various occurrences of z, but when mathe-
maticians study polynomials, they want to do so without requiring additional (mathematical) structure
on x.

Hence, z is just a placeholder, an abstract symbol.

The set of polynomials of a single variable X with coefficient in a field F is denoted F[X]. For in-
stance, C[f] is the set of all polynomials with complex coefficient of a single variable f, say, P(f) =
(3+2i)f3+5f € C[f].

Now you’d tell me, wait a minute: if I have a P(X) = X? —2X + 1, am I not then adding a polynomial
X? — 2X with an element from the field, 1?

Well, you’d be somehow right: the notation is ambiguous, in part inherited from the habits of kinder-
garten polynomials, in part because the context often makes things clear, and perhaps most importantly,
because a truly unambiguous notation is unpractically verbose. Actually, X2 — 2X + 1 is a shortcut
notation for X2 —2X! + 1X° So no: all the + here are between polynomials.

What does this mean that the + are between polynomials? Well, most often when you encounter F[X],
it’s actually a shortcut for (F[X], +r[x], -F[x]), Which is a m’ngﬂ of polynomials of a single indeterminate

Shttps://en.wikipedia.org/wiki/Indeterminate_(variable)
Shttps://en.wikipedia.org/wiki/Ring_(mathematics). Note that there is no notion of subtraction in a ring: the
minus signs actually are part of the coefficients.
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over a ﬁelcﬂ F. This means that X2 — 2X + 1 is actually a shortcut for:
L) X2 +rix) (=2)rx) X +rpx) (1) w0 X°

Awful, right? Hence why we often use ambiguous notations and reasonable syntactical shortcuts.

The main takeaway though is that mathematicians have defined a set of precise rules (addition, scalar
multiplication, exponentiation of an indeterminate), and that by cleverly combining such rules and only
such rules, they have obtain a bunch of interesting results, and we want to use one of them in particular.

Let’s get back to our equation ; let me add some parenthesis for clarity:

, (aiLi(v)) = OV

K2

Our goal is to transform this expression so that it involves a polynomial in (C[L]lﬂ

Let’s start by pulling out the v on the left-hand side as such:

=:P(L)

What’s P ? It’s a function which takes a linear operator on V and returns ... A polynomial? But then,
we don’t know how to evaluate a polynomial on a vector v € V' so there’s an problem somewhere.

P actually returns a new linear operator on V:

P02 )

But this means that while in the > was a sum of complex numbers, it’s now a sum of functions, and
that «;L; went from a multiplication between complex numbers to a scalar multiplication on a function.

The natural way, that is, the simplest consistent way, to do so, is to define them pointwiseﬂ for two
functions f,g: X —» Y, we define (f +g) : X = Y by:

(Ve € X), (f +9)(x) := f(z) +9()

The process is similar for scalar multiplication:

(Vz e X),(Vy€Y), (yf)(e) =yf(e)

We equip the space of (linear) functions (on V) with additional laws. All in all, P is well deﬁnedlﬂ and
that we can indeed pull the v out.

How then can we go from such a weird "meta” function P to a polynomial? Well, as we stated earlier,
polynomials are defined by a set of specific rules: addition, scalar multiplication, and exponentiation of
the indeterminate.

But if you look closely:

e Our point-wise addition has the same property as the additions on polynomial (symmetric, existence
of inverse elements, neutral element, etc.)

Tttps://en.wikipedia.org/wiki/Field_(mathematics)

8Remember, this means a polynomial of a single variable L, with coefficient in C.

9https://en.wikipedia.org/wiki/Pointwise

10Meaning, the laws we introduce on functions are consistent with the results we would otherwise get without using
them; you can check this out if you want
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e Similarly for our scalar multiplication;

e And our rules of exponentiation on function by repeated application also follows the rules of
exponentiation for an indeterminate variable.

This mean that if we squint a little, if we only look at the expression P(L) as having nothing but
those properties, then it behaves exactly as a polynomial. Hence, for all intents and purposes, it ”is” a
polynomial, and we can manipulate it as such.

So we can apply the fundamental theorem of algebrﬂ we know that we can always factorize polynomials
with complex coefficients as such:

(e, A1,y A) €C™TE e #£0), P(L) = cﬁ(L - )

i=0

But don’t we have a problem here? L is an abstract symbol, and we're ”subtracting” it a scalar? Well,
there are a few implicit elements:

P(L) = cﬁ(L1 + (=) L?)
=0

Let’s replace this new expression for P(L) in our previous equation, which we can do essentially re-using
our previous argument: the rules (addition, scalar multiplication, etc.) to manipulate polynomials are
"locally” consistent with the rules to manipulate our (linear) functions:

<C H(Ll — /\Z'LO)> ('U) = OV

Note that L% becomes the identity function, and by using the previous point-wise operations, we can
reduce it to:

CH(L(’U) — /\11dv(’0)) = CH(L(’U) — /\i’l)) = OV
i=0 1=0

Now, ¢ # 0 by the fundamental theorem of algebra. So we must have:

n

[[Z (@) = Xiv) =0y

i=0
Which implies that there’s at least a A; for which
L(v) — A\jv =0y & L(v) = \jv

But we've selected v to be non-zero: A; is then an eigenvalue A; associated to the eigenvector v.

OK; let me adjust the fundamental theorem a little bit, and let’s prove it.

Theorem 2. Let H : V — V be a Hermitian operator on a finite, n-dimensional vector space V', equipped
with an inner-product (., .).

‘ Then, the eigenvectors of H form an orthogonal basis of V', and the associated eigenvalues are real.

Saying it otherwise, it means that a matrixz representation My of H is diagonalizable, and that two
eigenvectors associated with distinct eigenvalues are orthogonal.

Proof. 'm assuming that this is clear for you that the eigenvectors associated to the eigenvalues of a
diagonalizable matrix makes a basis for the vector space. Again, refer to a linear algebra course for more.

Furthermore, you can refer to the book for a proof of orthogonality of the eigenvectors associated to
distinct eigenvalueﬂ

Hhttps://en.wikipedia.org/wiki/Fundamental_theorem_of_algebra
12T'm not doing it here, as I've avoided the bra-ket notation, and this would force me to talk about dual spaces, and so
on.
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Note that I've included a mention to characterize the eigenvalues as real numbers: there’s already a proof
in the book, but it comes with almost no effort with the present proof, so I've included it anyway.

Remains then to prove that the matrix representation My of H is diagonalizable (and that the eigenvalues
are real). Let’s prove this by induction on the dimension of the vector space. If you're not familiar with
proofs by induction, the idea is as follow:

e Prove that the result is true, say, for n = 1;
e Then, prove that if the result is true for n = k, then the result must be true for n = k + 1.

e If the two previous points hold, then you can combine them: if the first point hold then by applying
the second point, the result must be true n = 1+ 1 = 2. But then by applying the second point
again, it must be true that the result holds forn =2+ 1 = 3.

e And so on: the result is true Vn € N\{0}.

Then, H is reduced to a 1 x 1 matrix, containing a single element h. This is trivially diagonal
already, and because H is assumed to be Hermitian, the only eigenvalue h = h* is real.

Assume the result holds for any Hermitian operator H : W — W on a k-dimensional vector
space W over C.

Let V be a k + 1-dimensional vector space over C. By our previous lemma, H : V — V must have at
least one eigenvalue A € C associated to an eigenvector v € V.

Pick {v,va,...,v541} C V so that {v,va,v3,...,v541} is an (ordered) basis of VE

Apply the Gram-Schmidt procedurﬂ to extract from it an (ordered) orthonormal basis {by, ba, ..., bgy1}

of V; note that by construction:
v

b=
o]l

That’s to say, by is still an eigenvector for /\E

Now we're trying to understand what’s the matrix representation Dy of H, in this orthonormal basis.
If you’ve taken the blue pill, you know how to "read” a matrix:

Dy =| | H(by) Hb) | ... | H(brr)

OK; let’s start by what we know: b; is an eigenvector for H associated to A, meaning:

A

k+1 0

H(by) =Aby = Aby+ Y 0xb;j=|.

i=2 :

0

Rewrite Dy accordingly, and break it into blocks:

A ’ Al 4

0 0

Dy =1 . H(bs) H(bg41) = )
: : C

0 ’ 0

13Start with W = {v}, and progressively augment it with elements of V' so that all elements in W are linearly independent.
If we can’t select such elements no more, this mean we’ve got a basis. Ordering naturally follows from the iteration steps.

4https://en.wikipedia.org/wiki/Gram4E2%80%93Schmidt_process

5 H(b1) = H(v/[[v])), by linearity of H, this is equal to = H(v). But v is an eigenvector for an eigenvalue ), so this is

lvll
7>\ = 71} =
equal to o = A Tol by
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Where A is a 1 X k matrix (a row vector), and C a k x k matrix. But then H is Hermitian, which means
its matrix representation obeys:
Dy = (D})* = D}

This implies first that A = A\*, i.e A is real, and we’ll see shortly, can be considered an eigenvalue, as we
can transform Dy in a diagonal matrix with A on the diagonal.

Second, AT = (00 ... 0) =4, i.e:

Ao ... 0
0

: C
0
Third, C = Ct. But then, C is a k x k Hermitian matrix, corresponding to a Hermitian operator in

a k-dimensional vector space. Using the induction assumption, it is diagonalizable, with real valued
eigenvalues. Hence Dy is diagonalizable, and all its eigenvalues are real.

3.1.2 The Gram-Schmidt Procedure
3.2 The Principles
3.3 An Example: Spin Operators

3.4 Constructing Spin Operators
Exercise 7. Prove that Fq. 3.16 is the unique solution to Egs. 3.14 and 3.15.

Let’s recall all the equations, 3.14, 3.15 and 3.16
() ()= () ®
(@ () --0) ®
(g oy (5 2) @

By developing the matrix product and identifying the vectors components, the first two equations make
a system of four equations involving four unknowns (0,)11, (02)12, (02)21 and (0 )22:

N (8)

0 -1

(02) (02)12 = () =

1(o2)21 +0(02)22 = (02)21 =0 o — 1 0
(02) (02) (02) : ( )
(02) (02) (02)

Remark 6. Observe that we are (were) trying to build a Hermitian operator with eigenvalues +1 and —1.
The fundamental theorem / real spectral theorem, assures us that Hermitian operators are diagonalizable,
hence there exists a basis in which the operator can be represented by a 2 X 2 matrix containing the

eigenvalues on its diagonal:
1 0
0 -1

But now of course, you’d be wondering: wait a minute, right after this exercise, we’re trying to build o,
which also has those same eigenvalues +1 and —1, what’s the catch?

Which is exactly the matriz we’ve found.

Well, remember the diagonalization process: M diagonalizable means that there’s a basis where it’s
diagonal. That is, there’s a change of basis, which is an invertible linear function, which has a matrix
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representation P, such that the linear operation represented by M in a starting basis is now represented
by a diagonal matriz D:
M =PDpP™!

Furthermore:
e The elements on the diagonal of D are the eigenvalues;

e The columns of P are the corresponding eigenvectors

v=(o %)

But the catch is that before for o,, P was the identity matriz I (because of our choice for |u) and |d)).
But now, given our values for |r)y and |l), we have:

So regarding o, we still have a

1 1

NG NG 1
V2 V2

Note that the column order matters: the first column of P must be |r), and the first column of D must
contain the eigenvalue associated to |r). But:

1 /1 1 1 0 1 /1 -1
_ -1 — -1 — _ _
0, =PDP " & o0,P=PD(P IP)—PD— 2<1 _1> (O —1)_\/§(1 1)
=1

i (R R () IR B Y

Solving for the components of o,:

Hence,

(Uw)ll + (O'gg)m =1

(02)11 — (02)12 = —1
< (Ux)21 + (Um)gg =1

(0z)21 — (02)22 =1

Which indeed yields the expected Pauli matriz, as described in the book, and computed by the authors
using a different approach:
(0 1
2=\1 0

And obviously, the same can be done for o, : that’s to say that, reassuringly, we reach the same results
using pure linear algebra.

3.5 A Common Misconception
3.6 3-Vector Operators Revisited
3.7 Reaping the Results

Exercise 8. Calculate the eigenvectors and eigenvalues of oy,. Hint: Assume the eigenvector A1 has the

form:
cos o
sina )’

where a is an unknown parameter. Plug this vector into the eigenvalue equation and solve for o in terms
of 0. Why did we use a single parameter a? Notice that our suggested column vector must have unit
length.
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Let’s recall the context: we’re trying to build an operator that allows us to measure the spin of a particle.
We’ve started by building the components of such an operator, each representing our ability to measure
the spin along any of the 3D axes: o,, o, and o,. Each of them was built from the behavior of the
spin we "measured”: we extracted from the observed behavior a set of constraints, which allowed us to
determine the components of the spin operator:

(0 1\ O /10
9@=\1 0)0 %= \i o) %227 \0o -1

Those are individually fine to measure the spin components along the 3 main axis, but we’d like to
measure spin components along an arbitrary axis n. Such a measure can be performed by an operator
constructed as a linear combination of the previous three matrices:

0$ nZ
opn=0-N= |0y |- |ny | =ng0:+nyo,+n.0,
Oz ny

Remark 7. Remember from your linear algebra courses that matrices can be added and scaled: they
form a vector space.

The present exercise involves an arbitrary spin vector, that is, a linear combination of o, o, and o, that

is of the form:
0, = sinfo, + cosbo,

. 0 1 1 0
= sinf <1 0> + cos 6 <0 _1>
_ cosf  siné
o sinf —cosf
We're then asked to look for the eigenvalues/eigenvectors of that matrix, that is, we want to understand
what kind of spin (states) can be encoded by such a matrix, and which values they can take.

Let’s recall that to find the eigenvalues/eigenvectors, we need to diagonalize the matrix: assuming it can
be diagonalized, it means that there’s a basis where it can be expressed as a diagonal matrix; the change
of basis is encoded by a linear map, thus a matrix, and so we must be able to find an invertible matrix
P and a diagonal matrix D such thatﬂ

o,=PDP ' & ¢,P=PD

- cosf)  sinf a b\ f(a b At 0 [ Aa A
sinf —cos@) \c d)  \c d 0 X/  \ e Xad

Where A1 and Ay would be the eigenvalues, associated to the two eigenvectors:

=) m= (Y

Note that the previous equation implies that we must have:
(Vi € {1,2}), onlXs) = Ail\i)
Which is equivalent to saying, where 0y is the zero 2 x 2 matrix, and I, the 2 x 2 identity matrix:
onlXi) = XilAi) =02 & (on — I2Ai)|Ai) = 02
If we want a non-trivial solution (i.e. |\;) # 0), then it follows that we must have:

on — IxA; =02

16This is "basic” linear algebra; the authors assume that you're already familiar with it to some degree (e.g. matrix prod-
uct); don’t hesitate to refer to a more thorough course on the subject for more. I'll quickly review here how diagonalization
works

19



This means that the matrix o, — Ix\; cannot be invertible (for otherwise multiplying it by its inverse
would yield, by the rule of invertibility /5, but on the other side, from the matrix’s definition, it would
yield 0g, hence a contradiction, hence it’s not invertible).

Non-invertibility of a matrix translates to their determinant being zero, which means the \; solves the
following equation for A:

cost — A sin 6

det(on — I2A) =0 sin 0 —cosf — A 0
& —(cosh — N)(cosh+ \) —sin?0 =0
& —(cos?f — N\ —sin®0 =0

& A2 — (sin?0 + cos? ) =0
—_——
=1
s AM=1

1 =
S A= M
-1 =X

Now that we have our eigenvalues, we can use them to determine the associated eigenvectors, as, remem-

ber, they are linked by:
(Vi€ {1,2}), onlXi) = Ai\)

cosf sind a a
onlA) = MA) & <sin6 —0089) (C) B <C>

acos +csinf =a
asinf —ccos) =c

And so:

a(cosf — 1) + csind =0
asinf +c¢(—cos —1) =0

Consider the first equation of this system: we're left with two main choices, depending on whether
cos =1 or not. If it is, let’s take § = 0 for instance, but this would true modulo 7, then we must have
sin @ = 0, and the first equations gives us nothing of value. The second then simplifies to ¢ = 0, thus a = 0.

Let’s now consider the case where cosf # 1. The system can be rewritten as:

u _ —csind
~ cosf—1
asinf +c(—cosf—1) =0
We can inject the first equation in the second to yield:
—csinf —csinf cosf —1
————sin# —cosf—1)=0 & ——sinf+ ———c¢(—cosf—1)=0
L + ¢(— cos ) s on +COS9_1C( cos )
c¢(—sin®@ — (cos# — 1)(cos 6 + 1))
<~ =
cosf —1

= ¢(—sin?0 — (cos?0 — 1)) =0

= ¢(—(sin?f 4 cos? ) —1) = 0
=1

= ¢c=0=a=0

That’s a struggle; we don’t seem to be able to extract anything but the trivial solution; maybe there’s
some trigonometric trick to find the general solutioﬂ.

7There definitely is one, see for instance https://www.wolframalpha.com/input?i=diagonalize+%7B%7Bcos+x%2C+sin+
x%7D%2C%7Bsin+x%2C-cos+x/7D%7D
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Instead, let’s try to use and understand the authors’ hint, which is to look for eigenvectors of the form:

cos &
sin o

Why is this a reasonable choice? Let’s start by answering why we need a single parameter «: it cor-
responds to the single degree of freedom we have in this case. Let’s recall the two equivalent ways of
counting the number of degree of freedom that were given in subsection 2.5:

1. First, point the apparatus in any direction in the zz-plane (remember for comparison that in sub-
section 2.5, we were allowed to take a direction in the zyz-space). A single angle is sufficient to
encode this single direction (2 were needed in the zyz space). Furthermore, note that this angle
would have has its coordinate in the xz-plane cos o and sin «, respectively in the x and z directions.

Note that we’re really capturing directions: a point in R? contains too much information, as we
want to identify all the points which share the same direction;

2. The second approach was to say that the general form of the spin state in xyz-space was given by
a (complex) linear combination a,|u) + ag4|d). But, recall the definition of |I) and |r), the vectors
associated with the x-direction:

1 1 1 1
ry = —|u) + —|d); ) =—u)— —|d
) \/§|>ﬁ|> 1) \/§‘>\@|>
They didn’t involved complex numbers. We started to need, and have proven in exercise LO2E03
that this was mandatory once we had enough constraints to cover the three spatial directions (i.e.,
when dealing with |7) and |o), after having already established the two other pairs of orthogonal
vectors).

That’s to say, we don’t need complex numbers when we only have two directions, so actually, the
general form of a spin in a plane is a real linear combination, which cuts down the number of
degrees of freedom to 2.

Normalization adds yet another constraint, which cuts us down to a single degree of freedom. But,
shouldn’t the phase ambiguity brings us to ... zero degree of freedom? What are we missing?

Well, the idea of phase ambiguity was that we could multiply the vectors by a exp(if) = cosf+isin 6,
for # € R. But we saw that we actually don’t need complex numbers when we're in a 2D-plane,
which means sinf = 0, and thus forces cosf = 1, so the phase ambiguity doesn’t impact the
number of degrees of freedom;

3. Here’s a third argument that we’ll re-use in the next exercisd™} Consider as a first guess an
eigenvector of the form
(zl) ; (21,22) € C?
Z2

We can put both complex numbers in exponential form:

riexp(idn)) . r .
(otion) =029 (ryexpiithy —gny) 1 (rorsstron) €8

We can then ignore the general phase factor exp(i¢;), e.g. choose ¢1 = 0. Furthermore, we’ll want
the (eigen)vector to be normalized (remember, the eigenvector associated to the eigenvalues of of
a Hermitian operator make an orthonormal basis), i.e.:

11 + [raexp(ige)|? = 1 & |ri]® + |r2* =1

But we’re then losing a degree of freedom, meaning, r; and ry are not independent from each
other: we can express them both in term of a single parameter, as long as the previous equation

8Source: https://physics.stackexchange.com/a/720025
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is satisfied. We can choose, as it’ll make computation easier, r; = cosq, ro = sin«, with a € R.

Which brings us to:
cos o
exp(igs2) sin «

If ¢ varies, then our eigenvector isn’t restricted to a plane. But, because our eigenvector will be a
eigenvector of a Hermitian matrix, we know by the real spectral theorenﬂ that it must be a (an
orthonormal basis) vector of the xzz-plane. So we can choose ¢ = 0 to restrict it to a plane.

Note that the form of this vector is naturally normalized (cos? a + sin? a = 1). Recall that it must be
normalized because this column vector actually corresponds to:

cosa) _ o 1 +sina 0 = cos a|u) + sin a|d)
Sin & 0 1

And the square of the magnitude of cos o encodes the probability for the measured value to correspond
to |u) while the square of the magnitude of sin o encodes the probability of the system to be measured
in state |d), and both states are orthogonal: the total probability must be 1.

Alright, let’s get to actually finding the eigenvectors associated to our eigenvalues. We can use the
same trick as in the previous exercise LO3EO2.pdf: because of the diagonalization process, we have the
following relation:

op=PDP ' < ¢,P=PDPP ) Y)=PD=P (é _01>
=1y

o cosf sinf cosa cosf\ f(cosa cosf) (1 O\ [(cosa —cosf
sinff —cosf/) \sina sinf) \sina sinB)\0 -1/ \cosa —sinf

=0on =P

Where the columns of P are the eigenvectors associated to the eigenvalues 1 and —1. Both have the
same ”form”, as previously explained. We could have used the same approach as in the book (see the
previous exercise), but you'll get with the same (kind?) of system in the end. Let’s perform the matrix
multiplication on the left and extract two equations from the four we can get by identifying the matrix
components:

cosfcosa +sinflsina  cosf@cos 3 +sinfsinB\ (cosa —cosf
sinfcosa — cosfsina sinfcosfS —cosfsin) ~ \cosaw —sinf

cos B cos o + sin @ sin o« = cos «
cosfcos B+ sinfsin 8 = —cos 8

Remark 8. Strictly speaking, we don’t really know if this is equivalent so far, as we’re just extracting
two equations from potentially four distinct equations. For correctness’ sake, we could (I won’t out of
laziness) wverify that the solution we find for those two equations also solve the two other remaining
equations.

The following trigonometric identitieﬂ
1 1
cosfcosa = §(COS(9 —a) +cos(f + a)); sinfsina = 5(005(9 —a) —cos(f + «))

cos(a — ) = —cos
Allows us to rewrite the previous system as
(cos(0 — a) + cos(f + a)) + (cos(6 — a) — cos(6 + a))) = cos «
(cos(f — B) + cos(0 + B)) + (cos(6 — ) — cos(f + B))) = cos(f — )

NI—= Nl—

cos(f — a) = cosa
< {005(9 — B8) = cos(f — )

9LO3EOL.pdf
20,00k around for the proofs if needed; formulas can be found on Wikipedia,
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And with the following identities:

cos(a + g) = —sinq; sin(a + g) = cos
We reach:
_ [cosa\  [cos(0/2)
N —a=a« N a=14 b= sino ) sin(9/2)>
0-B=p—-m B=1(0+m) 1) = cosfB\  [cos(8/2+m/2)\ [—sin(6/2)
—b= sinf ) \sin(@/2+7/2)) \ cos(6/2)

Exercise 9. Let n, = cosf, n, = sinflcos ¢ and n, = sinfsin¢. Angles 0 and ¢ are defined according
to the usual conventions for spherical coordinates (Fig. 3.2). Compute the eigenvalues and eigenvectors
for the matrix of Eq. 3.23.

Let’s recall Eq. 3.23, which is general form of the spin 3-vector operator:
B n, (ngy —iny)\ _ cos 0 (sinf cos ¢ — i(sinfsin ¢))
T =\ (ng + iny) —n, ~ \(sinf cos ¢ + i(sin O sin ¢)) —cosf
Observe (e.g. from the trigonometric circle) that:
cos § = cos(—0); sinf = —sin(—0)
Hence:
exp(—i6) := cos(—0) + isin(—0) = cos — isin b

And we can simplify our previous expression of o, to:

B cos @ exp(—i¢) sin
" exp(i¢) sin 6 —cosf

Note that as we’re now in the general case, we indeed have two degrees of freedom, encoded by the two
angles 6 and ¢; the why has been explicited in subsection 2.5.

We're still confronted to a spin operator: we expect the eigenvalues to be +1 and —IE But let’s check
this first: an eigenvector |A) associated to an eigenvalue A must obey:

an|A) = AIA)
S opN) = AN =05 (0, — RA)|AN) =0
But eigenvectors are non-zero, hence, again with 0y being the 2 x 2 zero matrix:
& o, — b =0y
And so this matrix o,, — Is\ cannot be invertiblelgl This translates to a condition on the determinant:

detrn 1) =0 & |t ims Teams x|
& = (cos0 = X)(cos0 + A) — exp(ie) exp(—ig) sin’0 = 0
Splie) (1)
& —(eo?0—2%) —sin?0 =0
o A - (Sin2 0 + cos? 0) =0
=1
& M=1

o e {+1
1

21Remember from the real spectral theorem, or as the authors call it, the fundamental theorem, that because we have a
Hermitian matrix, we know it’s diagonalizable, that its eigenvalues are real, and that the corresponding eigenvectors form
a orthogonal basis

22 Again for otherwise, as recalled in LO3E03, multiply both sides of the equation by its inverse, get an identity on the
left-hand-side and still the zero matrix on the right-hand-side
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The remaining difficulty is then in finding the eigenvectors. We can use the following argumen@

Consider as a first guess an eigenvector of the form:

<Zl> . (21,2) €C?

22

We can put both complex numbers in exponential form:

riexp(ig1)\ ) r .
(romtion ) =020 (ryexpiitsy —gny) i (rorasdrnda) € B

We can then ignore the general phase factor exp(i¢y), e.g. set ¢; = 0. Furthermore, we want the vector
to be normalized (this is an eigenvector associated to the eigenvalue of a Hermitian operator: it must be
normalized per the real spectral theorem), i.e.

‘T1‘2 + |’/‘2 exp(igZ)g)\Q =1 |’/‘1|2 + |7"2|2 =1

But we’re then losing a degree of freedom, meaning, r; and ro are not independent from each other: we
can express them both in term of a single parameter, as long as the previous equation is satisfied. We
can choose, as it’ll make computation easier, r; = cosa, 19 = sina, with a € R. Finally, let’s rename
¢9 = cbalﬂ which brings us to consider eigenvectors of the form:

cos a
exp(igy ) sin o

As for the previous exercise, we can use two different parameter v and [ for each eigenvector. Again,
because of the diagonalization process, we have the following relation

0, =PDP ' < 0,P=PD/PP Y=PD=P L0
H/I—/ 0 -1
=12

But the columns of P must contain our eigenvectors, so this is equivalent to:

cos 0 exp(—i¢) sin cos o cos 3 _ cos o cos 3 1 0
exp(i¢g) sin 6 —cos 6 exp(ida)sina  exp(igg)sinB) — \exp(igs)sina exp(igg)sinf) \0 —1

=on =P

_ CoS « —cos f3
— \exp(iga)cosa  —exp(igg)sin 3
Let’s perform the matrix multiplication on the left:

cosf cosa + exp(i(po — ¢))sinfsina  cosfcos B+ exp(i(pg — ¢)) sinf sin 5
exp(ig) sin 6 cos v — exp(igy) cosfsina  exp(ig) sinb cos B — exp(igg) cosfsin

_ cos o —cos 3
~\exp(igy)cosa  —exp(igg)sin g

From which we can extract the following system of equations:

cosf cosa + exp(i(da — ¢))sinfsina = cosa
cosfcos + exp(i(¢p — ¢))sinfsinf = —cosf

Remark 9. As for the previous exercise, I leave it to you to check that the solution we’ll find for this
system also solve the two other omitted equations.

23nttps://physics.stackexchange.com/a/720025
24Note that I'm not yet identifying ¢, with ¢; this will come naturally later on
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It’s tempting to set ¢ = ¢, = ¢, but can we do so? Well, we know the two eigenvectors will have to be
orthogonal: this adds an additional constraint, which decrease our degrees of freedom by one, meaning
there’s one superfluous variable in {a, 3, ¢o, @3}. We can choose to implement this constraint by setting

¢a = ¢B-

From there, we can indeed set ¢, = ¢3 = ¢, as this allows us to solve the equation for a and 5 more
easily:
{cos@cosaJrsin@sina = cos

sinfcos B —cosfsinf3 = —cosf

Which is exactly the same system we had for the previous exercise, which was solved by:

a =60/2
B8 :%(9+7T)

With the same trigonometric identities as for the previous exercise:
T ) ) T
cos(a + 5) = —sinq; sin(a + 5) = cos

We reach the following eigenvectors

[+ = exp(ig)sina )\ exp(ig)sin(6/2)

cos _ —sin(6/2)
exp(i¢) sin 8 exp(ip) cos(0/2)

cos _ cos(6/2) )

-1 =

Alright, let’s make the same verifications the authors did in the book after the previous exercise. First,
we get the expected eigenvalues +1, —1, which are the only two eigenvalues we have for a spin operator.

Then the two eigenvectors must be orthogonal, indeed (I only do it one way; the other is trivially similar):

exp(ig) cos(0/2)
= —cos(0/2)sin(6/2) + exp(—i¢ + i¢) cos(0/2)sin(6/2) = 0

Finally, if we prepare a spin along the z-axis in the up state |u), then rotate our apparatus to lie along
the n axis, which is not restricted to the xz-plane anymore, we have according to the fourth principl@

(+1]—1) = (cos(6/2) exp(—igb)sin(e/g))( —sin(6/2) )

P(+1) = | (u[+1) |* = cos*(0/2)
P(=1) = | (u|-1)[* = sin*(6/2)
Which then lead to the exact same computation regarding the expected value for the measurement:

(7) = DSNPO) = (+1) cos”(6/2) + (~1) sin (6/2) =

Note also that P(+1) + P(—1) = 1.

Exercise 10. Suppose that a spin is prepared so that o, = +1. The apparatus is then rotated to the n
direction and oy, is measured. What is the probability that the result is +17 Note that 0,, = o - ™, using
the same convention we used for oy,.

There are essentially two ways of solving the issue.

The first one, and the simplest, is to observe that if we consider 7 in a frame of reference where m acts
as our z — axis, then we're essentially in the case of our previous exercise: we've prepared a spin in the

25Don’t hesitate to get back to the definition of |u) and that of the inner-product if this isn’t clear enough.
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"up” state (now corresponding to a state where o, = +1), we’ve moved our apparatus away from 7 by
a a certain angle ﬂ and we know from the previous exercise that the probability of measuring a +1
after aligning our apparatus with the n axis is now

P(+1) = cos? g

Which is exactly what we wanted to show (the answer is given in the book by the authors, after the
exercise).

T’ll only draft the second approach, as I expect it to be more time consuminﬂ The idea is not to
rely on the previous observation, and to consider that we’ve prepared to spin so that o, = +1, which
means the state of the system is the eigenvector corresponding to this eigenvalue, which we know from
the [previous exercise, with 6, the angle between the z-axis and m, and ¢,, the angle between the z-axis
and the projection of m on the zy-plane:

_ cos(0,/2)
[+ 1m) = (exp(id)m) sin (6, /2))

If we then align the apparatus in the 7 direction, with corresponding 6,, / ¢, angles, which are relative
to the z-azis, not m , we now, by the same result, that the eigenvector corresponding to the probability
of measuring a +1 in the n direction is:

_ cos(6,/2)
|+ 1n) = (exp(i¢n) sin(@n/2)>

Then, the probability to measure a +1 is given, again by using the fourth principle:
P(+1) = | {(+1pm|+1n)

We would then need to develop the inner-product between the two state vectors, and find a way to
identify it with the half-angle between 7 and .

All the difficulty is then in expressing this half-angle in terms of our four angles (6, ¢m, On, ¢n). I
suppose we get some insightful elements by cleverly:

e Expressing m and n both in rectangular coordinates;

e Observing that by the regular 3-vector dot product, @2 -7 = ||7]|||772]| cOS Ormn = €OS Oy, (Where O,
is the angle between m and n

e Observing that cos fu= = %ﬁ - (74 ) (again from the regular 3-vector dot product, as 7 + m

will be a (non-unitary) vector bisecting Gm@

3.8 The Spin-Polarization Principle
4 Time and Change

4.1 A Classical Reminder
4.2 Unitarity

4.3 Determinism in Quantum Mechanics

4.4 A Closer Look at U(t)

Exercise 11. Prove that if U is unitary, and if |A) and |B) are any two state-vectors, then the inner
product of U|A) and U|B) is the same as the inner product of |A) and |B). One could call this the

269 really is the angle between 772 and 7, not some angle between # and the ”real” z-axis
27 And hopefully, valid. . .
28nttps://math.stackexchange.com/a/2285989: the parallelogram involved in the sum of two vectors in a rhombus.
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conservation of overlaps. It expresses the fact that the logical relation between states is preserved with
time.

The inner-product has been defined as the product of a bra and a ket. So the inner-product of U|A)
and U|B) is the product of e.g. the bra associated to U|A) and U|B). But in section 3.1.5 of the book,
we’ve established that:

C) = M|D) & (C| = (D|M

Hence the inner-product we’re looking for is:

(AlU'UIB) = (41B) O

Remark 10. The terminology is a bit confusing: we’re talking about the inner-product of two kets, while
weve defined the inner-product to be an operation between a bra and a ket. Overall, the bra-ket notation
makes things a little more complicated than just having to deal with an inner-product space.

4.5 The Hamiltonian

4.6 What Ever Happened to h?
4.7 Expectation Values

4.8 Ignoring the Phase-Factor

4.9 Connections to Classical Mechanics

Exercise 12. Prove that if M and L are both Hermitian, i[M, L] is also Hermitian. Note that the i is
important. The commutator is, by itself, not Hermitian.

(i[M, L)) = <z<ML LM))'
= (iML —iLM)f
= (ML - ZLM) ) (1’s definition)
= (GML)T — GLM)TY ((A+ B) = A"+ B")
= (zLTMT iMTLT)" ((AB)" = BT A")
= (—i(L"MT)* +i(MTLT)*) ((zt)" = 2"t"(z+ t)x = 2" +t7))
=i (MTLJr LTMT) (1’s definition)
=i(ML— LM) (L=L"M=M")
=i[M, L] O

Exercise 13. Go back to the definition of Poisson brackets in Volume I and check that the identification
in Eq. 4.21 is dimensionally consistent. Show that without the factor h, it would not be.

Let’s recall first Eq. 4.21, where [.,.] is the commutator and {.,.} the Poisson brackets:
[F,G) <= il{F,G}

The Poisson brackets are defined in Volume I, Eq. (9) at the end of Lecture 9 (The Phase Space Fluid
and the Gibbs-Liouville Theorem), as:

OF 0G OF 0G
{hG}= XZ: <8Qi opi Op 5%)

Where the p; are the generalized momentum, and g; are the generalized coordinates. Recall that a
momentum is typically defined as a mass in motion, while the coordinates are simply distances to an
origin:

pi] =kgms™'; (@] =
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For clarity, let’s rewrite one of those partial derivative in terms of a limit:

oF ~ lim F(g; +¢€)— F(g)
Jdq; =0 €

First e must be of the same dimension than g; is this case, for otherwise ¢; + € is ill-defined; more generally
it’ll have the same dimension that the dimension of the differentiation variable.

Second, observe that, again because otherwise we’d be adding carrots and potatoes:

3 OF 0G  OF 0G
0q; Op; Op; 0¢;

i

_[0FaG  9F 9G]
B 0q; Op; Op; 8%‘_ ’

for any arbitrary ¢ that is

But then,

oF 0G  OF 0G [OF 0G oF 0G
[zh{ ’G}] {h (aéh Op; Op; 3%‘)] [h] _3%‘ apz} [3101‘ 5%}

We know [h] = kg.m?.s7! = [¢;p;], and if we make the limits explicit as we did before, it remains from
the previous expression:

[iR{F,G}] = [FG]

On the other side:
[F,G]] = [FG — GF]

For FG — GF to be well defined, it must be that [F'G] = [GF]. And so we’re done:

[[F,G]] = [FG] = in{F,G}]| O

4.10 Conservation of Energy
4.11 Spin in a Magnetic Field
Exercise 14. Verify the commutation relations of Eqs. 4.26.

Let’s first recall this set of equations:
[0, 0y] = 2i0;

[0y, 0] = 2i0y;
[0,02] = 2i0y;

For clarity, let’s recall the commutator’s definition, for two observable F' and G:
[F,G] = FG - GF

And finally, let’s recall the Pauli matrices o,, o, and o, (from Egs. 3.20, at the end of section 3.4)

(1 0 (0 1\ (0 —i
%2=\0 -1) %= \1 0)7 T\ o

Then this is just elementary matrix multiplication.
(00, 0] = 0 1\ (0 —¢\ (0 =i\ (0 1\ _ (i O\ (=i O 2 0\ _ ; 1 0 0
wryl AL 0)\di 0 i 0 1 0/ \0 —i 0 0 —2i) 0 -1
0y, 2] = 0 —i\ (1 0\ (1 0 0 —i\ _ (0 @\ (0 —2\_ (0 2 _ 9 0 1 0
weee e 0 0 -1 0 —1/)\s 0) \i O - 0) \2e 0) 10
~—
(02, 04] = 10 0 1\ (0 1\(1 O\ _/0 1\ (0 =1\ _ (0 2\ 9 0 —1 =
e 0 -1/ \1 0 1 0/\0 -1/ \-1 0 1 0) \-2 0/ 1 0
———
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4.12 Solving the Schrodinger Equation

Exercise 15. Tuke any unit 3-vector n and form the operator

Find the energy eigenvalues and eigenvectors by solving the time-independent Schrddinger equation. Re-
call that Eq. 3.23 gives o - n in component form.

Let’s recall Eq. 3.23, which is general form of the spin 3-vector operator:

n, (ngy — z‘ny))

And the time-independent Schréodinger equatiow@
H|E;) = E;|E;)

In an learlier exercise (LO3E04), we actually diagonalized o,: this gave us two eigenvalues +1 and —1,
and two eigenvectors:

— cos(6/2) ) T —sin(6/2)
I+ = (eXP(i¢) sin(0/2)> ' -1= (exp(itb) cos(9/2)>

Where n was a regular unitary 3-vector expressed in spherical coordinates:
sin 6 cos ¢
n = | sinfsin¢

cos 6

Let’s see how we can leverage this previous work to our advantage: such an n vector still fit our purpose
here. Furthermore, we know that the eigenvalues of o,, are the only solutions to:

on|Fj) = Fj|Fy)

hw
But if we multiply both sides of this equation by 50 we get exactly the equation we want to solve:

hw hw
5 on |Fj) = <2Fj> |F)
H

Multiplying the equation by a constant doesn’t change the eigenvectors: they still are the only solutions,
but the associated eigenvalues are now different:

e _ cos(6/2)
AL = 9 ‘/\1> o (exp(i(b) Sin(9/2)>

o B —sin(6/2)
Ae=—m )= <€Xp(i¢) 005(9/2)>

4.13 Recipe for a Schrodinger Ket

h
Exercise 16. Carry out the Schrodinger Ket recipe for a single spin. The Hamiltonian is H = w—crz

and the final observable is o,. The initial state is given as |u) (the state in which o, = +1).

After time t, an experiment is done to measure oy. What are the possible outcomes and what are the
probabilities for those outcomes?

Congratulations! You have now solved a real quantum mechanics problem for an experiment that can
actually be carried out in the laboratory. Feel free to pat yourself on the back.

29That’s quite a fancy name for describing the eigenvectors of an operator, by comparison with the ”iconic” Schrédinger
equation. ..
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Remark 11. There’s a typo in the statement of this exercise: the final observable is said first to be o,
and then o,. The French version of the book uses o, for both, so that’s what I’ll do here.

1. Derive, look up, guess, borrow, or steal the Hamiltonian operator H;
Well, let’s take it from the authors:

wh wh (1 0
H_QUZ_Q(O 1)

2. Prepare an initial state |U(0));
Again, from the exercise statement, let’s prepare an up state:

3. Find the eigenvalues and eigenvectors of H by solving the time-independent Schrodinger equation,
H|Ej) = Ej|Ej)

I don’t recall us already diagonalizing o, before, so let’s do it, but I’ll be shorter than usual. The
eigenvalues are given by the non-invertibility condition of H — I\, as the solutions of

h h
@uH—anﬁ%—wa—%ﬁzo
Hence the two eigenvalues:
wh wh
Ey = —; Ey=——
1 5 2 9

From which we can derive the two eigenvectors:

wh (1 0 wh
N————

H

Assuming an eigenvector of a general form (a b)7 yields the following system:

a=a
54
{—b:b

So b = 0; furthermore, as |F;) must be unitary (from the fundamental theorem/real spectral
theorem, we know the eigenvectors of a Hermitian operator, which H most definitely is, are unitary,
because the eigenvectors make an orthonormal basis), we must have a = £1; let’s chose more or
less arbitrarily a = 1. Hence:

1

Similarly for |E,), assume a general form of (¢ d)”, this yields the following system:

By a similar argument, as before we find:

5-()

Remark 12. I'm not sure why we have an extra degree of freedom via the signs on the non-zero
component of the eigenvectors; I can’t think of an extra constraint.
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4. Use the initial state-vector |¥(0)), along with the eigenvectors |E;) from step 3, to calculate the
initial coefficients a;(0):
a;(0) = (E;[¥(0))

That’s an elementary computation:

5. Rewrite |¥(0)) in terms of the eigenvectors |E;) and the initial coefficients a;(0):
U (0)) =) a;(0)|E))
J
Again, quite elementary given the quantities involved:

[W(0)) = 1|E1) = |u) = <(1))

6. In the above equation, replace each c;(0) with a;(t) to capture its time-dependence. As a result,
[T (0)) becomes |W(t)):

(W (t)) = Zaj(t)|Ej>

Naturally:
|W(t) = a1(t)|Er) + az(t)|E2)

7. Using Eq. 4.3 replace each a;(t) with o;(0) exp(—4 Ejt):
)
(1) = Z%(O)GXP(—gEjtﬂEﬁ
J

Because a(0) = 0, it only remains:

(1)) = exp(— 1))

OK, then the idea is that if we have an observable L, the probability to measure A (where A is then an
eigenvalue of L) is given by:
Pa(t) = [ (A[e(1))

The authors are asking us to consider as an observable L = o,. Recall:

o — 0 —i
Yo \i 0
This is a matrix corresponding to the spin observable following the y-axis: we must expect its eigenvalues
to be £1 and its eigenvectors to be |i) and |o), but let’s compute them all anyway for practice:

det(o, —IN) =X+ =0& A= +1

For the eigenvectors, again we can assume a general form and solve the corresponding system of equations:

£ 0-o Q-

Both equations are actually equivalent (multiply the first one by i to get the second). We furthermore
have an additional constraint as the eigenvectors are supposed to be unitary, which yields:

By) = (;;) and a2 + (ia)(—ia) = 1 & |[Ey) = (%g) — i)

30This equation corresponds exactly to what this step describes
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Similarly:

€ DO--fes

Ty

Again, the two equations are equivalent (multiply the first by —i to get the second one), but we have an
additional constraint, as the vector must be unitary. In the end, this yields:

) = (_CZ.C) and ¢2 + (ic)(—ic) = 1 & |By) = (_12//‘/\/%) ~ o)

We may now apply our previous probability formula (Principle 4):

Pya(t) = | (1w (1) |* = %expp%)p -

And either because the sum of probabilities must be 1, or by explicit computation:

1 it
73 Pl

P_y(t) = [ {ol¥())|* =]

]

4.14 Collapse
5 Uncertainty and Time Dependence

5.1 Mathematical Interlude: Complete Sets of Commuting Variables
5.1.1 States That Depend On More Than One Measurable

5.1.2 Wave Functions

5.1.3 A Note About Terminology

5.2 Measurement

Exercise 17. Verify this claim.

The claim being that any 2 x 2 Hermitian matrix can be represented as a linear combination of:

(1 0. (0 1\ O (1 0
“\o 1) %7 \1 0) T\ o) 27 \o -1

The general form of a 2 x 2 Hermitian matrix is:

W R0 (1 )

w

Recall indeed that because for a Hermitian matrix L we have L = L := (L*)”, hence the diagonal
elements must be real.

Compare then with the general form for a linear combination of the four matrices above:

c+d a—ib)

4 —
(V(a,b,c,d) € R?), aam+bay+caz+d1—<a+ib c_d

Clearly we can identify w € C with a —ib: this is a general form for a complex number, and this naturally
identifies w* with a + ib, as expected.

Regarding the remaining parameters, we have on one side two real parameters, and on the other side,
two non-equivalent equations involving two parameters, meaning, two degrees of freedom on both sides.
So there’s room to identify r with c+d and r’ with ¢ —d. More precisely, given two arbitrary (r,r’) € R
we can always find (¢,d) € R? such that r = c+d and v’ = ¢ — d:

r=c+d c=r—d c=r—(c—1) c:%ﬂ
EN & EN 2,
r"=c—d d=c—1' d=(r—d) —r = 5F
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Remark 13. Note that (real) linear combinations of those 4 matrices are isomorphic to QE

5.3 The Uncertainty Principle

5.4 The Meaning of Uncertainty

5.5 Cauchy-Schwarz Inequality

5.6 The Triangle Inequality and the Cauchy-Schwarz Inequality
5.7 The General Uncertainty Principle

Exercise 18. 1) Show that AA? = (A?) and AB* = (B?)

2) Show that [A, B] = [A, B]

3) Using these relations, show that

AA AB > %<\p|[A,B]\\1/>

OK, let’s as usual recall the context: A and B are two observables. We defined the expectation value of
an observable C' with eigenvalues labelled as ¢ to be:

(C) == (T|C|¥) =) cP(c)

We construct from C a new observable C:
C:=C-(C)I

Where the identity I is sometimes implicit. The eigenvalues of C' are denoted ¢ and can be expressed in
terms of C’s eigenvalues, denoted c:

c=c—(C)

From there, we defined the standard deviation, or the square of the uncertainty of C, assuming a ”well-
behaved” probability distribution P, by:

(AC)?:= > &P(c)

Let’s first quickly prove that ¢ = ¢ — (C) are indeed the eigenvalues of C = C — (C)I. Consider an
eigenvalue ¢ of C, with associated eigenvector |c). It follows that:

Cle) = ¢cle)
& COlg=(C)g = ce)=(C)]c)
& (C—=(C) Do) = (c=(C)le)
N Cley = (c=(C))le)

Meaning, |c) is still an eigenvector of C, but now associated to the eigenvalue ¢ — (C). The |c) still
make an orthonormal basis of the state space, so there are no other eigenvectors (there can’t be more
eigenvectors than the dimension of the surrounding state-space). [

Similarly, we can prove that c? are the eigenvalues associated to C2, for an observable C: again start
from an eigenvalue ¢ of C, associated to an eigenvector |C'):

Cle) = clc) & C(C|c)) = C(cle)) & C?c) = c(\|’c_>/) & C?lc) =c*le)) O

cle)

3lhttps://en.wikipedia.org/wiki/Quaternion
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1) We'll prove the fact for an arbitrary observable C: it’ll naturally hold for both A and B.
(AC)?:= > &P(c)
C
= Z(c —(¢))?P(c) (definition of ¢)

c

(U|C?| W) =: <C’2> (two previous properties) [

2) This is an elementary calculation:

[A,B] .= AB- BA (commutator’s definition)
= (A-(ADHB-(B)I)—(B—(B)I)(A—(A)I) (definition of C')
- (AB —(A)B — (BY A+ (A) (B) 1) - (BA —(BYA— (A) B+ (B) (A) 1)
AB — BA
=: [A, B] (commutator’s definition)

Remember, (4) and (B) are real numbers (their multiplication is then commutative).

3) This is now just about following the reasoning preceding the exercise in the book, as suggested by the
authors, by replacing A and B with A and B.

So let:
|X) = AlW) = (A= (A)D|®);  |Y)=iB|¥)=i(B—(B)I)¥)

Recall the general form of Cauchy-Schwarz for a complex vector spacﬂ
21 X[V = [{X]Y) + (Y]X) |
Where the norm is defined from the inner-product:
[ X] = V(X]X)

Injecting our two vectors in such a Cauchy-Schwarz equation yields:

2\/(A4%)(B*) = [i((Y|AB|¥) — (¥|BA|D))]
> |(¥|[A, B]|W)]| (commutator definition)
> [(w[[A, B]|W)] (from 2), [4, B] = [4, B])

But from 1), we know that
2\/(A2) (B?) = 2\/(AA)2(AB)? = 2AAAB

Note that the ,/” can be removed "safely” as the AC? are defined as a sum of positive terms (no absolute
values necessary).

Putting the two together yields the expected, general uncertainty principle:

AAAB > (V][4 B)|Y)|| O

32I'm sticking to the authors’ terminology and notations.
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6 Combining Systems: Entanglement

6.1 Mathematical Interlude: Tensor Products

6.1.1 Meet Alice and Bob

6.1.2 Representing the Combined System

6.2 Classical Correlation

Exercise 19. Prove that if P(a,b) factorizes, then the correlation between a and b is zero.

Let’s assume that P(a,b) factorizes, meaning, let’s assume than there are two functions P4 and Pg such
that:
P(a,b) = Pa(a)Pg(b)

Recall that the authors have defined the (statistical) correlation the quantity[ﬂ
(0408) —{04) {oB)

Where (o¢) is the average value of C’s observations, also known as the expected Valu@ and was defined
earlier as:
(oc) =) _cP(e)

How should we understand (c405)? We're trying to find a way to express it as we just did for (o¢).
It’s defined as the average of the product of 04 and op, meaning, the sum of all possible products of a
and b, weighted by some probability distribution, but which one? Well, we don’t really know its form
specifically, but if for (o¢) it was a function of ¢, then we can guess it must now be a function of a and
b: this is the P(a,b) from the exercise statement:

(ocaop) = Z (Z abP(a,b))

a b

From there, it’s just a matter of developing the computation, using our assumption that P(a, b) factorizes:

(oaop) = Z (Z abP(a’b)>
a b
= Z Z (abPa(a)Pp(b))
a b
Z Z ((aPa(a))(bPp(b)))
a b

= (Z aPA(a)> (; bPB(b)>

a

= (04)(oB)

& |{oaop) = (0a) (o5) =0| O

Remark 14. If you’re uncertain about the > manipulations, you may want to rewrite them as explicit
sum over a small number of terms to convince you of their correctness.

6.3 Combining Quantum Systems

6.4 Two Spins

6.5 Product States

Exercise 20. Show that if the two normalization conditions of Eqs. 6.4 are satisfied, then the state-
vector of Eq. 6.5 is automatically normalized as well. In other words, show that for this product state,
normalizing the overall state-vector does not put any additional constraints on the a’s and the (§’s.

33Precise mathematical formulations are more involved, see for instance https://en.wikipedia.org/wiki/Correlation
34nttps://en.wikipedia.org/wiki/Expected_value
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Recall that we're in the context of two distinct state-spaces, each of them referring to a full-blown spin.
Spin states for the first space (Alice’s) are denoted:

aylu} + agld}, (o, aq) € C?
While spin states for the second space (Bob’s) are denoted:
Bu|u> + ﬁd|d>a (ﬁuvﬁd) S (C2

Such states are, as usual, normalized: this is the condition referred to by Eqs. 6.4:
ooy +ogag =1; BBy + Bafa=1

The two underlying state spaces (complex space, but really, Hilbert spaces) are glued by a tensor product:
this allows the creation of new state space, called the product state space, which states can refer to both
Alice’s and Bob’s state in a single expression.

Remark 15. [ encourage you to have a look at how Mathematicians formalize the notion of a tensor
product of vector spaces: there is for instance a great introductory YouTube videﬂ by Michael Penn on
the topic.

The core idea is to start with what is called a formal product of vector spaces, which is a new space built
from the span of purely ”syntactical” combinations of elements of two (or more) vector spaces. Equiva-
lence classes are then used to constrain this span to be a vector space.

For instance, the three following elements would be distinct elements in the formal product of R? and R3:

1 3 2 3 1 6
2 9] * 41; i) * 41; 9 * 8
) 5 10
But they would be identified by equivalence classes so as to be the same element in the tensor product of

R? and R®. We can keep identifying elements likewise until the operations (sum, scalar product) on the
formal product space respect the properties the corresponding operations in a vector space.

Here’s Eq. 6.5, the general form for such a product state, living in the tensor product space created from
Alice’s and Bob’s state spaces (I've just named it ¥ so as to refer to it later on):

[T >= a, By |un) + ayBalud) + agfu|du) + agBaldd)

The claim we have to prove is that this vector is naturally normalized, from the normalization constraints
imposed on the individual state spaces.
Let’s start by computing the norm of product state (assuming an ordered basis {|uu), |ud), |du),|dd)}:

Oluﬂu
W = (U|0) = ((Bu)* (awBa)” (abu)* (aafa)?) Ziéfi‘f
agqfq

We can develop it further, using the fact that for (a,b) € C, (ab)* = a*b*:

W = Branbu + @y Bionfa + aifiaaBu + agfioab
= (B Bu + Baba) + agaa(Pubu + Biba)
T T/
= aja, +ajag
T
=1

But the norm is axiomatically positively defined (i.e. (V¥ € H), |¥| > 0 with equality iff ¥ = 04) so:

=1 o

35nttps://www.youtube.com/watch?v=K7£2pCQ3p3U
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6.6 Counting Parameters for the Product State
6.7 Entangled States
Exercise 21. Prove that the state |sing) cannot be written as a product state.
Let’s recall the definition of the so-called singlet state |sing):
. 1
|sing) = NG

As for the previous exercise, we're still in the context of combining two state spaces: Alice’s and Bob’s,
each representing the states of a spin, where the general form of Alice’s state vectors is:

(lud) — |du))

aulul + agldy, (o, aq) € C?
While spin states for the second space (Bob’s) are denoted:

Bulu) + Bald),  (Bu,Ba4) € C?

In this context, let’s clarify the difference between a product state and a general composite state, with
potential entanglement:

Product state obtained by developing a product between two states from Alice and Bob’s state spaces,
which yield something along the form:

O‘uﬁu|uu> + O‘u/Bd|Ud> + O‘dﬁu|du> + ad6d|dd>

Remember from the previous exercise that such a state vector is naturally normalized, as a conse-
quence of the normalization of the underlying vectors from Alice and Bob’s space states;

General state for a 2-spins system obtained by linear combination of the vectors from the ordered

basis {|uu), |ud), |du), |dd)}:
U = Yy |un) + Yyglud) + gy |du) + 1hgq|dd)

And impose a normalization condition on the scalar factors:
‘\I/| =l< w:u¢uu + ¢Zd¢ud + ¢;u¢du + ¢;d¢dd =1

Clearly, |sing) is normalized: it’s at least a general state for a 2-spins system. Assume it is a product
state. Then there exists (v, aq, Bu, B4) € C* such that:

1
B = —
Ba 7
3 1
by = ———
d \/i
auBu = 0
agBa= 0

But now, if o, /3, = 0, then at least either o, = 0 or 5, = 0. Assume «, = 0. But then, we can’t have
ayfBq = 1/\/5 Assume then 3, = 0. Yet in this case, we can’t have oy, = —1/\/5.

So the system isn’t solvable and our previous assumption can’t hold. Hence, there’s no such (o, o, Bu, fd) €
C*, and [sing) is not a product state. [

6.8 Alice and Bob’s Observables

Exercise 22. Use the matriz forms of 0, 0, and o, and the column vectors for |u} and |d} to verify
Egs. 6.6. Then, use Eqs. 6.6 and 6.7 to write the equations that were left out of Fqs. 6.8. Use the
appendiz to check your answers.
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As usual, let’s recall our Pauli matrices:

(0 1\ O /10
9%2=\1 0)° %= \i o) 27 \o -1

The base vectors |u} and |d} are the canonical basis vectors for R?:

1) a-()

We're trying to understand how for instance an operator o, define on Alice’s state spaces can be extended
to work on a state vector, taken from a combined state space involving Alice’s.

The core idea is that the operator will only act on the ”component” of the vector that is related to
Alice’s state space, while leaving the components involving other state spaces untouched.

Eqgs. 6.6 (first column below) simply encode how the spin operators act on the basis vectors, in Alice’s
state space; Egs. 6.7 (second column below) are identical, but for Bob’s state space:

oifut = fuby Tlu) = |u)
o:ld} = —ld}; T|d) = —|d)
ozlu} = |d}; Tlu) = |d)
oz|d} = lul; TLld) = )
olb=  dd nl = il
ol = il mld) = —ilu)

Now verifying that the matrix products indeed evaluates as such is child’s play (matrix x vector prod-
ucts), there’s no use of being more explicit here.

For similar reasons, I'll just write a completed 6.8 here, but won’t develop the computations: one just have
to follow the aforementioned rule: act with the operator on the correct component, extract the eventual
scalar factor, and generally update the corresponding vector component. This yields, in agreement with
the appendix:

0. luuy = luw);  Tuu) = |uw)
o.lud) = lud); 7. lud) = —|ud)
oy lduy = —|du); T ldu) = |du)
o.ldd) = —|dd); 7.|dd) = —|dd)
Ox|uu) = |[du);  To|uu) = lud)
oz |ud)y = |[dd);  Tplud) = |uw)
Oy |du)y = luw);  Tpldu) = |dd)
oz|dd) = lud); T|dd)y = |du)
oyluu) = ildu); Tyluw) = ilud)
oylud)y = ildd); Tylud) = —iluu)
oyldu) =  —itluu); Tyldu) = i|dd)
oyldd) = —ilud); Tyldd) = —i|du)

Exercise 23. Prove the following theorem:
When any of Alice’s or Bob’s spin operators acts on a product state, the result is still a product state.

Show that in a product state, the expectation value of any component of o or T is exactly the same as it
would be in the individual single-spin states.

Remark 16. This is a bit long, but fairly straightforward.
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As usual, let’s recall the context. We have two state spaces, one for Alice, and one for Bob, each sufficient
to describe a spin.

Spin states for Alice’s and Bob’s spaces are respectively denoted:

au|u} + ad|d}a (auvad) € C2; 5u|u> + Bd|d>7 (Buaﬂd) S C2

Such states are normalized:
oy +ogag =1; BBy + Bifa=1
We use a tensor product to join the two spaces. Among all the possible linear combination from the

resulting product space, which is a vector space, product states are those of the form (where the as and
(s are constrained by the previous normalization conditions):

[T >= ay,fBy|un) + afalud) + agfu|du) + agfaldd)

Now, we want to act on such a product state with an operator from either Alice’s state space (o) or Bob’s
(1), which, as we’ve saw earlier, can naturally be extended from the individual spaces to the product
spaces. Recall that the operators’s definition in their own respective state spaces are identical

0 1 0 —i 10
Te=%= 1 o) TWT o) T=T%7 0 -1

However, when acting on a product state (and more generally, on a vector from the product space),
each will respectively only act on the corresponding part of the tensor product gluing basis vectors, for
instance:

oz (v]ab)) = yoz(la} @ [b)) = 7|(02(a))b)
7o(V]ab)) = y7z(la} @ (b)) = ~|a(7:(b)))

Because the computation will be exactly symmetric, we're only going to do the work for Alice’s operators.

Remark 17. It would be interesting to see under which circumstances the result generalizes to arbitrary
observables (Hermitian operators). It seems we would need for such an operator o to transform the basis
vectors |u) and |d) in such a way that the induced rotation and scaling to reach olu) and o|d), would
somehow balance, so as to preserve the product state constraint. In particular, olu) and o|d) should be
orthogonal.

This is exactly what happens below, for the spin operators.

Note that:

= ) - - ()

Then:

02l @) = B ((0xlu}) Blu)) + auBa((0x]u}) @1d) ) + aubu ((o2ld}) @lw) ) + aaba((0:1d}) ©|a))
ld} ld} |u} lu}

aufuldu) + ayBaldd) + aafuluu) + aaBalud)

aqfuluu) + agBalud) + o fuldu) + o, faldd)

Vubu|ut) + yudalud) + vadu|du) + vadaldd)

Where, for the last step, we’ve just introduced some renaming (it’ll be made explicit in a moment). Such
a state will be a product state if the following hold:

VaYu +vava =1 650y, + 6300 =1
Let’s transcribe this in terms of as and fs:

OéZOéd + OZZOéu =1 5;644 + 5;6(1 =1

39



Which are but the normalization conditions underlying |¥):
OéZOéu + OéZOéd =1 6Zﬂu + 5;6(1 =1

Hence, 0, |¥) is a state product. [

We'll now do similar computations, but for o, and .. Starting with o, note that:

=@ 6@ - DE-E)-w

oy 0) = aubu((oyu}) @lu)) + awBa((oyfu}) ©1d)) + aabu (0 1d}) @) ) + aaba((oy1}) ©ld))
ild} ild} —ilu} —ilu}
= Gy fByldu) + iay, Beldd) — iagBy|uu) — iagBa|ud)
= - Z.()éd6u|uu> - Z‘O“dﬂd|7“td> + Zauﬂuldu> + ZO‘uﬁd|dd>
= Yulu|uw) + yudalud) + yadu|du) + v4daldd)

Then:

Where again, for the last step, we’ve performed some renaming (again, made explicit in a few lines). For
this to be a product state, the following must hold:

YoYu+Yave =1; 640 +046a =1
Again, transcribed in terms of as and Ss this yields:
(—ica)" (=icg) + (i) (o) = 1; B30+ BiBa = 1
& ((iod)(—icg) + (i) (iow,) = 1; B2 Bu + B5Ba = 1)

& (agog+apay, =1, By fu+ BiBa=1)

Which again, is the normalization conditions for |¥). Hence, o,|¥) is a product state. [

One last time for o,, start by observing:

wn=(3 ) Q-()mr - 8O- ()

b ((o:1u}) @l ) + auba((o=u}) ld) ) + aubu ((o:1d}) @lu) ) + aaBa((o-1d}) @ld))
lu} lu} —|d} —|d}

O‘uﬂuluu> + O‘uﬁd|Ud> - adﬂu‘du> - adﬂd|dd>

= Yululuw) + Y 0qlud) + yady|du) + v4d4|dd)

Then:

o.|V)

The renaming is much simpler this time. Let’s recall one last time the product state condition:
VuYu T Y3 =15 6,00 + 6300 = 1
Or, transcribed in terms of as and fs:
apoy + (—ag) (—aq) =1; BBy + Bifa =1
& (apay +agag=1; BBy + BgBa=1)

Which again, is but the condition for |¥) to be a state product. Hence, o,|¥) is a state product. [
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It remains to establish the last part of the exercise, namely, that the expectation is unchanged. Recall
that for an observable A, given a state |¥), the expected value is defined as:

(4) = (Y]A]P)

Now, we’ve been computing A|¥) in the previous section for all ”component” of Alice’s spin; so we just
have to take a product with (¥| to get the expected value.

Now remember, we consider an ordered basis {|uu), |ud),|du),|dd)} to create column/row vectors, for
instance:

Qyfu

auﬁd

adﬂu

adfd

|\II >= Otuﬁu|UU> + au5d|Ud> + O‘dﬂu|du> + O‘dﬁd‘dd> =

We previously established that:

02| U) = agfu|uu) + agBalud) + ay By |du) + ay,Bqldd)

Hence:
Oédﬁu
= (alBL oI aifi 0ifi) Sigi
auﬁd

= oy Bucafu + ayBaaaBa + ogByonfu + agBiofa
= Babalagaq + agaw) + Bubulagaa + ago)
= (BaBa+ BuBu)(anca + agow)
=1
= alag+ ajay,
I don’t think we’ve already computed (¥|o,|P) in terms of as and s before (we did earlier in LO3E04

computed it in terms of §, an angle between two states), so let’s do it (I'll use ¢ to indicate that we're
using o, restricted to Alice’s space; for clarity, I'll be using the ordered basis {|u}, |d}}):

(o2)

{]oy [}
i e (Vo) (&)
- (o ap) ()

g + Qo
(o) O

Let’s do the same thing for (o,); recall that we’ve computed earlier.

Uy|\:[/> = —iadﬁu|uu> — iad5d|ud) + zauﬁu\dm + zauﬁd|dd>

41


https://github.com/mbivert/ttm/blob/master/qm/L03E04.pdf

Hence,
(oy) = (¥[(oy|V))
_iadﬂu
* Q% * Q% * Q% * Q% —ix
= (auﬁu auﬂd Oédﬁu adﬁd) iaudﬁfd
iauﬁd
= i(*aZﬂZO‘dﬂu - O‘ZB;O‘dﬂd + O‘Tiﬂzauﬂu + aflﬂ;auﬁd)
= i(BiBulation — afaq) + BiBalaion — aaq) )
= i (B,Bu + BaBa)(agon — ay )
—_—————
=1
= (oo, —agaq)
On the other hand:

(o3

{Wloy' |}

[
o

0 —1 oy,
) 0 Qq
—iad

10,

)

= (0 )

/N 7N

Finally for (o), recall:
0:|¥) = oy Bulun) + ayBalud) — agBuldu) — aaBaldd)
Hence,
(02) = (¥[(0:|¥))
B

= (euB ausy ams ags) | S
—afd
= ayBuoufu+ agBionfa — agBiaaBu — agBiaafa
= BiBul@hon — ajaq) + BiBa(alow — afa)
= (BuBu + BiBa)(ay,cu — agoa)
=1
= aa, — a0y
And on the other hand:

{Tlo|w}

(o)

6.9 Composite Observables

Exercise 24. Assume Charlie has prepared the two spins in the singlet state. This time, Bob measures
Ty and Alice measure o,. What is the expectation value of 0,7, %

What does this say about the correlation between the two measurements?
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Let’s recall the Pauli matrices involved:

And the singlet state:
. 1
[sing) = — (lud) — [du))

=2 )= -0 (-0
-0 D))~ -0 $))-()

The expectation value of 0,7, is then:

Recall:

(037y) = (sing|o,T,|sing)

1
NG (lud) — |du))

= (sing|o,Ty

(sing| | (o2]u}) @ (1) — (05]d}) @ (7))
5 Sw w W

Sl

‘ i|d)
%<sing| (|dus) + [ud))
((ud| — (dul)(|du) + [ud))

=t
2
= 2| (udldu) + (ud|ud) — (du|du) — (duud)

2 —— N e N —

Remember for the last step that |du) and |ud) are orthonormal basis vectors.
On to the correlation between the two measurements: recall from section 6.2 that the statistical correla-
tion between an observable o4 in Alice’s space and an observable og in Bob’s space was defined as the

quantity:
(0a08) = (04) {oB)

Hence in our case, the correlation between the two measurements is (the authors previously computed
(0z) =0 and (o) = 0: the computation of (7,) would be identical as for the latter)

(027y) — (0z) (1) =0
Hence, we can conclude that the two measurements aren’t correlated at all.
Exercise 25. Next, Charlie prepares the spins in a different state, called |T1), where
1
V2

In these examples, T stands for triplet. These triplet states are completely different from the states in
the coin and die examples. What are the expectation values of the operators o,7,, 0,75, and oyTy?

Ty) = — (Jud) + |du))

What o difference a sign can make!

This is the same kind of computations there were done in the previous exercise, and earlier in the book.
As usual, recall the Pauli matrices:

(0 1), (0 Y, _ (1 0
T o) MEMTG o0) FTET 0 1
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Also recall, from LO6E04, the rules for acting on composite state vectorg?of

o, luuy = luu);  T|luw) = |uu)
o:lud) = |ud); Tfud) = —|ud)
o:ldu) = —ldu); T|du) = |du)
o.ldd) = —|dd); T.|dd) = —|dd)
oz |uu) = ldu);  Toluw) = |ud)
ozlud) = |dd);  Ti|ud) = |uw)
Ogldu) = |uu); Tpldu) = |dd)
oglddy = |ud); Tldd) = |du)
oyluu) = ildu);  myluu) = ilud)
oylud) = ildd); Tlud) = —iluw)
oyldu) = —iluw); Tyldu) = ildd)
oyldd) = —ilud); T,ldd) = —i|du)

We now have everything we need to compute the expectation values.

<0'sz> = <T1|0-ZTZ‘T1>

(Th|o.7> (Jud) + |du))

Sl

1
- ﬁwoz (—|ud) + |du))

1
- ﬁml (Jud) + |du))

= — 5 (o] + () () + )
= _ % ((ud|ud) + (ud|du) + (dulud) + (du|du>)
Rl,_/ T Roz—/ hf_’l

-

For the last step, remember, as for the previous exercise, that |du) and |ud) are orthonormal basis vectors.

<UITI> = <T1‘Ume|T1>

1
- E<T1|aw7$(|ud>+|du>)
1
- E<T1|a$(|uu>+|dd>)
1
- E<T1|(\du>+lud>)
1

= 5 (Gud] + (dul)(du) + |ud))

= = ((ud|du> + (ud|ud) + (du|du) + (du|ud)>

0
-

36You have the same in the book’s appendix
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(oy1y) = (Ti|oyy|T1)

5 (ThloyTy (Jud) + |du))

(Th|oy (—iluu) + i|dd))

(Th] (=ildu) — i[ud))

Sl %l

((ud| + (dul)(|du) + |ud))

N |

1
= — - | (ud|du) + (ud|ud) + {(du|du) + {(du|ud)

-

Exercise 26. Do the same for the other two entangled triplet states,
1

T\ =
|T2) 5

(luw) + |dd))

5

ITs) = % (lu) — |dd))

As for previous exercise, this is just about crunching numbers. We won’t be using the Pauli matrices
explicitly here; instead, we’ll use the multiplication table from [LO6E04

o, luuy = luw); T uu) = |uw)
o.lud) = lud); T lud) = —|ud)
oldu) =  —|du); T,|du)y = |du)
o.ldd) = —|dd); T.|dd) = —l|dd)
oz|uu) = |[du);  Tpluu) = |ud)
oz lud)y = |[dd); Tplud) = |uw)
ozldu) = luu);  Ti|du)y = |dd)
oz|dd) = lud); T|dd)y = |d)
oyluu) = ildu); Tyluw) = ilud)
oylud) = ildd); Tylud) = —iluu)
oyldu) =  —iluu); Tyldu) = i|dd)
oyldd)y = —ilud); T,ldd) = —i|du)

As the computations are fairly similar, and to save space, I'll be computing the expectation values for
T» and T35 in parallel, distinguishing them by a subscript number.
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Let’s start with (o,7.):

(02T2)y 1=

<T2|UZTZ|T2>

S-S S

N = N

o

(Ta|o-: (luu) + |dd))
(To (Juu) — [dd))
(T2 (luu) + |dd))

((uu| + (dd)(Juu) + [dd))

(uu|uu) + (uu|dd) + (dd|uu) + (dd|dd)
—_—  ——

[+1]

1

Moving on to {(o,7,):

(02Tz)g =

(T3|00 7| T2)

1

Sl

1

S-S

(

—~

N = N =

—

(To|oeTs (Juu) + |dd))
(Ts|oz (Jud) + |du))
(To| (|dd) + [uu))

wu| + {(dd|)(|dd) + |uw))

0

|
=

Finally for (o,7,):

<gyTy>2 =

We can conclude, from those expectation values alone, that whenever:

(Tloymy|T2)

1

(
(

2

SRS

N | =

ToloyTy (Juu) + |dd))
Tyloy (ilud) — ildu))
To| (i|dd) + t|uw))

((uu| + (dd])(|dd) + |uu))

=

(02Ta)s

(uuldd) 4+ (uu|uu) + (dd|dd) + (dduu))
—_—— —— —— N——

_71 ((uu|dd> + (uu|uu) + (dd|dd) + (dd|uu>)

<T3|UZTZ‘T3>
(Tslo=7 (Juu) — |dd))

(Tslo- (Juu) +[dd))

-l -5l

(Ts| (Juw) — [dd))

(

—~

wu| = (dd])(|uu) — |dd))

N = N =

(vuluu) — (uu|dd) — (dd|uu) + (dddd>)
Hl,_/ HO,_/ —_—  ——

]
—_

(T3]|027:|T3)

(3|00 Ty (luw) — |dd))

Sl

L (Tylo (jud) — |du))

Sl S

(T3 (|dd) — |uu))

—~
—~

wu| — (dd|)(|dd) — |uu))

N = DN =

(uu|dd) — (uu|uu) — {dd|dd) + <dd|uu>)
\‘0/_/ ——— —— ——

I
!

(Ts|oymy|T5)

(Ts|oyy (Juw) — |dd))
(T3]0 (ilud) + i|du))

(Ts| (ildd) — i|uu))

SRESEEE

((uu| = (dd[)(|dd) — |uu))

N | =

_71 ((uudd> ~ (wufun) — (dd|dd) + (dd|uu>)
0 1 1 0

e The expectation value is —1, Bob and Alice measure a spin pointing in different directions;

e The expectation value is +1, Bob and Alice measure a spin pointing in the same direction.

I just want to spend a few more lines to make something clear. Recall the definition of |sing):

|sing) =

B

ﬂ(\ud> - ldw))
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The argument of the authors was that, the reason for (r,0.) to be —1 was that |sing) is built from two
spins, one of which is always up while the other is down, and we’re measuring both spin alongside the
axis on which they are either up or down.

However, in the case of e.g. (7,0,), the answer was not as obviously, because we’re in this case measuring
the spins alongside the z-axis, and it’s not immediate from the expression of |sing) what kind of balance
we have alongside the z-axis.

Let’s do a little experiment. Recall the definition of the "basis vectors” for the z-axis, left and right:

) = —=(lu) + |d)) 1) = —=(Ju) — |d))
ry = —(lu ; = —(|u) —
V2 V2

We want to express, say, T3 in terms of |I) and |r), to see if indeed, when expressed as such, T3 is created
from two spins such that when one is left, the other is right, which would be concordant with the idea
that (0,7;); = —1. Let’s start by rewriting |u) and |d) in terms of |r) and |[):

)= L) +1d) [lu) = V2l — |d) ) = 2(|r) + 1)
{ : ‘:’{|d>——ﬂ|1>+|u> @{ /

Let’s now rewrite T3 in the |r), |I) basis:
1

Ts) = (luw) — |dd))

= 5 (lu} @ [u) — |d} @ |d))

= =5 (3amy+1mam + ) - 200 - 1030 - 1)
= 2—\1/5 (|rr) + |rl) + [ir) + |1 = (Jrry — |rl) — |ir) + |U1)))
= (b + i)

5=

And indeed, as expected, T3 is built from two spins such that when one is left, the other is right. Let’s
do another one to be sure: consider T> on the x-axis: this gives us a +1, so we expect a normalized
linear combination of |rr) and |ll).

T2) = (IUU> + |dd))

Sl -

= (Iu} ® |u) +|d} @ |d))

( (1} + 1)) + 1) + 20— )1 |1>>)

= (I’I“T> + |rl) + [ir) 4+ 1) + (Jrr) — |rl) = |[Iry + |I1)))

-5l 8-

= (Irr) +110))

‘ [\
—
X

Exercise 27. Prove that the four vectors |sing), |T1), |Tz), and |T3) are eigenvectors of o - T. What are
their eigenvalues?

Recall the definition of those four vectors:

[sing) = (Iud> |du)) ;s [Th) = (Iud> + |du))

Sl

T2) = (IW> +ldd);  |T3) = (luw) — |dd))

Sl
Sl =Sl

And the definition of o - 7:
O T =0Tz +0yTy +0,T,
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Again for this exercise, we won’t need to explicitly use the Pauli matrices o;/7;. But actually, we won’t
even need the multiplication table either, as we’ve already done most of the work in earlier exercises.
Indeed, if we want to prove that |¥) is an eigenvector for o - 7, we expect to be able to carry some
computation following this pattern:

(0 -7)|¥) = (0a70 +0yTy +0.7:)|¥)
= (0272)|¥) + (0y7y)[¥) + (0.72)[¥)

= Ae|¥)

But we know from the book that:
02Tz |sing) = oy7,[sing) = 0.7[sing) = —[sing)
From LO6EOT that
07| Th) = 7 (|du) + |ud)) = 1y
oymy|T1) = 7(|du) + |ud)) = Ty
T T = — —=(|du) + |ud = -T7;
0:7:[Th) \/5(\ )+ |ud)) 1
And from LOGEOS| that:
1 1
05Tz|To) = E(Mu} + |dd)) = Ty o0,7,|T3) = —2(|dd) — luwy) =1 —Ts;
1 1
rlT) = = () ) = <Te onlT) = () - ldd) = T
1 1
0.7:|To) = —(Juu) + |dd)) = To; 0,7T3) = —(luu)—|dd)) = Ts.

V2 ' 2
It follows that:
(o 7)lsing )lsing) + (o, lsing) + (0.7 )[sing) = [—3]sing
(0 DI = o)) + (@)1 + (er) 1) = [+1;
(o 7)|T2 72)|T2) + (0y7y)|T2) + (0:72)|T2) = [+
(o-7)T5) = 007)|T5) + (0y7y)|T5) + (0272)|T53)

Hence, as foretold by the authors after this exercise, the triplets share a degenerate eigenvalue (+1),
while the singlet is associated to a unique eigenvalue (—3), which justifies a posteriori their names.

)=
)
)
)

I
=
—
5

Exercise 28. A system of two spins has the Hamiltonian

w
H="0c-
20"1'

What are the possible energies of the system, and what are the eigenvectors of the Hamiltonian?

Suppose the system starts in the state |uu). What is the state at any later time? Answer the same
question for initial states |ud), |du), and |dd).

The first part of the question essentially is about diagonalizing the Hamiltonian: the eigenvalues cor-
respond to the measurable values for the energy. More generally, the exercise is about repeating what
we’ve done earlier in chapter 4, in particular in exercise L04E06, meaning, applying what the authors
call the recipe for a Schrédinger Ket (section 4.13):

1. Derive, look up, guess, borrow, or steal the Hamiltonian operator H;
2. Prepare an initial state |¥(0));
3. Find the eigenvalues and eigenvectors of H by solving the time-independent Schrédinger equation,

H|E;) = E;|Ej)
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4. Use the initial state-vector |¥(0)), along with the eigenvectors |E;) from step 3, to calculate the
initial coefficients a;(0):
a;(0) = (E;[¥(0))

5. Rewrite |¥(0)) in terms of the eigenvectors |E;) and the initial coefficients «;(0):

|¥(0)) = Z%‘(O)lEg‘)

6. In the above equation, replace each «;(0) with c;(t) to capture its time-dependence. As a result,
| (0)) becomes |¥(t)):
(WD) = a;(t)E))
J
7. Using Eq. 4.3 replace each a;(t) with a;(0) exp(—£ E;t):

W(0) = 3 a3(0) expl(—1 B0 )

We'll start by diagonalizing H, and then, by loosely applying the rest of the procedure with the various
proposed initial states. Recall from the [previous exercise that we’ve found 4 eigenvectors for o - 7:

(o - 7T)|sing) = — 3|sing)
(07T = +1T)
(0-7)T2) = +1|T2)
(o-7)[T5) = +1[T3)

Let’s recall the expression of those 4 vectors in the up/down basis:

_ 1 . !
ping) = (ud) —du)) s [Ti) = = (ud) + ldu)
T = o (uu)+[dd)):  |Ts) = = (Juw) — |dd))

V2 V2

It is immediate to check that those eigenvectors all have norm 1, and that they are orthogonal pairwiseiﬁ

Furthermore, we know that o - 7 is an operator in a 4 dimensional vector space A ® B@ And we know
from the spectral theorem (aka, the fundamental theorem, proved in LO3E01) that the eigenvectors of a
Hermitian operator (i.e. an observable) make an orthonormal basis for the surrounding vector space.

Hence we can conclude that our 4 eigenvectors [sing), |T1), |T%), and |T5) are the eigenvectors of o - T:
there are no others, for we’ve reached the dimension of our vector space A® B. By scaling our operator by
w/2, we find back our Hamiltonian H, for which we then have the same eigenvectors, only the eigenvalues
now need to be shifted likewise:

. —3w, . +w
H|sing) = 5 |sing); H|T)) = 7|T1>
+w “+w
H|Ty) = 7|T2>; H|T3) = 7|T3>

Hence, we can only measure two values for the energy:

—3w +w
Eging = ——; Er = En, =FEr, = 5

37This equation corresponds exactly to what this step describes

381f unsure, compute respectively the norm, which is derived from the inner-product: ||¥)| := /(¥[¥), and that the
same inner-product between two vectors is zero iff said vectors are orthogonal

391f this is unclear, you can refer to the beginning on this Chapter (6), where we explore how the combine vector space
was built
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And our eigenvectors are:

[sing), |T1), |T), |T3)]

At this point, we’ve reached the end of step 3. of the recipe for a Schridinger cat recalled earlier. We're
now ready to follow through the other steps, by varying the initial state. Let’s start as suggested with
| ¥, (0)) = Juu): we're trying to rewrite this initial vector state in the basis corresponding to the eigen-

vectors of our observable (our Hamiltonian).

To this effect, we start by computing the coefficient «;(0):

sing(0) := (sing| Wy, (0)) ar, (0) = (T1[¥uu(0))
= (sing|uu) = (Th|uw)
1 1
= ﬁ((ud\ — (dul)|uu) = 5 ((ud] + {dul)[uu)

\/>
- [ - 0]

ar,(0) = (T3|¥yu(0)) ary(0) := (T3|¥4u(0))
=  (Thluu) = (T3|uu)
1 1
= E((““l + (dd]) uw) = \ﬁ((uul — (dd])]uw)
- | L R
V2 V2
Hence we can rewrite (step 5.) |W,,,(0)) = |uu) in the eigenbase:

B (0)) = ) = 30 0 (O)1) = —=(1T5) + [T3)

And from a previous equation (4.30) we can find the evolution over time of our state:

[Wan(®)) = 3 a5 0) exp(— 3 Byt )

That is:

Fuu(1)) = 5 expl=521)(1T5) + |T3)

Let’s repeat the exact same process, but this time with an initial state |¥,4(0)) = |ud). T’ll just perform
the computation, you can refer to the previous steps if need be.

Qsing(0) == (sing|¥,4(0)) ar, (0) :=  (T1|¥,4(0))
—  (singlud) = (TyJud)
1 1
= \ﬁ(<ud| — (dul)|ud) = ﬁ((ud\ + (dul)|ud)
_ | L _ |1
o ve | ve
ar,(0) == (T2[Vuq(0)) ar, (0) :== (T3[¥ua(0))
= (I[ud) = (Tslud)
1 1
= E(Wul + (dd])|ud) = E(Wul — (dd|)|ud)

- [ - (0]
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But:

So:

ud E aj

) exp(— E )|E;)

1

\Ifud<t>>f( p(2%4) sing) + exp(~

S0

Let’s do it more time, with an initial state of [¥4,(0)) = |du).

But:

So:

asing(O) =

() -

(sing| W 4,,(0))
(sing|du)

7 {dul)|du)

1

V2

(T5|W 4, (0))
(Tz|du)

L (G| + (dd])|du)

V2

[0]

| (t) Z a;(0

OéT1 (0) =

) exp(—

(T1[ ¥4 (0))
(T |du)

1
ﬁ«ud\ + (dul)|du)

1
V2
(T3] W4, (0))
(Ts|du)

((uu| — (dd])|du)

"
[0]

DIE;))

) = (exp<—;";t>m> exp(32%4 >|smg>)

One last time, starting from |¥44(0)) = |dd).

But:

So:

asing(()) =

(sing| W aq(0))
(sing|dd)

(T'1|¥44(0))
(T1|dd)
1

1
5 (| = () 5w+ ()
0] [0]
(T2[¥44(0)) o, (0) (T5]Waa(0))
(T dd) (T dd)
1 1
(] + () 5l = (ad )
1 _ 1
V2 V2
| aa(t) Zag exp(— jt)|Ej>
Waa) = 5 expl(=500) (T2 = T3)
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7 More on Entanglement

7.1 Mathematical Interlude: Tensor Products in Component Form
7.1.1 Building Tensor Product Matrices from Basic Principles
7.1.2 Building Tensor Product Matrices from Component Matrices

Exercise 29. Write the tensor product I ® 1, as a matriz, and apply that matriz to each of the |uu),
lud), |du), and |dd) column vectors. Show that Alice’s half of the state-vector is unchanged in each case.
Recall that I is the 2 X 2 unit matriz.

Recall that 7, is a Pauli matrix, while I really is the identity matrix:

01 10
(o) =6)

We saw two different ways of building I ® 7,. Let’s start with the first one: consider the usual or-
dered basis of the underlying composite space: {|uu), |ud), |du),|dd)}. Then, the elements of the matrix
representation of I ® 7, in this basis are given by:

(I ® T)ab,ca = (ab|(I ® T3)|cd)

We can then use the multiplication table from either the appendix or from LO6E04, where, remember,
T, in this multiplication table was a shortcut notation for I ® 7.

Teluu) = |ud); Telud) = |uw)
Te|du) = |dd); T|dd) = |du)

And we're now ready to evaluate the operator’s matrix form:

(uu|(I @ m)|uw)  (uu|(I @ 7)|ud)  (uu|(I ® 12)|du) (wu|(I @ 7,)|dd)

P (ud|(I @ 2)|uw)  (ud|(I @ 7)|ud) {(ud|(I @ 7)|du) {ud|(I @ 7)|dd)
* (du|(I & T)|uw) (du|(I @ T, \ud> (du|(I @ T)|du) {du|(I & 7)|dd)
(dd|(I @ mp)|uuy (dd|(I & z)|ud) (dd|(I & 7z)|du) (dd|(I & 7)|dd)

)

)

)
wulud) (uuluu) (uuldd) <uu|du>
udlud) (ud|uu) (ud|dd) (ud|du)

) (du|du)
) (dd|du)

(

_ ( S
(dulud)  {du|uu
( ) |

(ud|dd)
(du|dd) (du|du
dd|lud) (dd|uu) (dd|dd) (dd|du
01 00
» 1 0 0 O
N 00 01
0 010

Let’s move on to the second way, which consists in using Eq. 7.6 of the book:

o AllB A12B
Aob= <A21B AnB
Which then yields:
» Ix71, 0X7y
Tern” = <0><Tz 1><Tz>
0 1 0 0
1 0 0
0 0 1
0 0 0

Which is exactly what we’ve found earlier, albeit less tediously.
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In our usual ordered basis {|uu), |ud), |du),|dd)}, the column representations of the basis vectors are as
follow:

1 0 0 0
0 1 0 0
= |0 |+ Judy= [ |5 ldwy=| 7] 1ddy= |
0 0 0 1

Remark 18. Remember than the column notation is merely a syntactical shortcut over linear combina-
tions of the basis vectors:
a
" | = aluw) + bud) + cldu) + djdd)
d
Remark 19. Note that we could also have used, as the authors did in the book, Eq. 7.6 to derive them.

Then it’s just a matter of computing some elementary matrixxvector products. As a shortcut, one can
also recall from one’s linear algebra class than such products, when they involve basis vectors, are simply
a matter of extracting the columns of the matrix (which is fairly trivial to see):

0 1
1

o) = | | =lud; Ter)ud)= ]| = uw):
0 0
0 0
0 0

(I ®7y)|du) = 0 =|dd); (I®7,)|dd) = 1 = |du)
1 0

Remark 20. Naturally, this is consistent with the multiplication table we’ve recalled earlier; and Alice’s
part of the state is indeed kept unchanged, as expected.

Exercise 30. Calculate the matriz elements of o, ® 1, by forming inner products as we did in Eq. 7.2.

This is essentially the same exercise as the |previous one, but with a different composite operator. To
check for errors, I'll still do the computation using the two approaches.

We'll start with the approach suggested in the exercise’s statement: let’s first start by recalling the
portion of interest from the multiplication table computed in LO6E04:

o, luu) = luu);  Trluw) = |ud)
o.lud) = lud); Tplud) = |uuw)
o.ldu) = —|du); Tildu) = |dd)
o.ldd) = —|dd); T|dd) = |du)
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Then, Eq. 7.2 applied to o, ® 7, will give:

(uu|(o: @ 70)[uw)  (uu|(o: @ 1o)ud)  (wul(o. @ 72)|du)  (uu|(o: @ 7)|dd)
ooorr —r | (o @m)luu)  (ud(o: @ 75)|ud)  (ud|(0: ® 75)|du)  (ud|(o: ® 7)|dd)
2 (dul(0, @ ) |uu)  (du|(o, @ T2)|ud)  (du|(o, @ 7p)|du) {du|(c, @ T)|dd)

(dd|(I @ 1p)|uu)  {dd|(c, @ 7)|ud) (dd|(c, @ 7)|du) (dd|(c, & T)|dd)

(uu|oy|ud)  (uu|o,|uu) (wu|o.|dd) (uu|o,|du)

n _n (ud|oylud) (ud|o,|uu) (ud|o,|dd) (ud|o,|du)

(dul|o,|ud) (du|o,|uu) (du|o.|dd) {(du|o.|du)

(dd|o;|ud) ({dd|o.|luu) {(dd|o.|dd) {(dd|o,|du)

(uuud)  (uuluu) — (uuldd) — (uu|du)

b _ (udlud)  (ud|luuy —(udldd) — (ud|du)

(dulud) {du|uu) —{duldd) — (du|du)

(ddlud) (ddluu) —(dd|dd) — (dd|du)

01 0 0

» 1 0 O 0
B 00 0 -1
00 -1 0

Let’s verify our computation using the second approach, relying on Eq. 7.6 of the book:

PP <AuB A123>

A1 B AxnB

/10, /01
72=\o -1)° T7=\1 o

0z O Te = (OXT;E _1XTa:>

Recall the Pauli matrices:

Which then yields:

oS oo

Which agrees with our previous result.

Exercise 31. a) Rewrite Eq. 7.10 in component form, replacing the symbols A, B, a, and b with the
matrices and column vectors from Eqs. 7.7 and 7.8.

b) Perform the matriz multiplications Aa and Bb on the right-hand side. Verify that each result is a
4 x 1 matriz.

¢) Ezpand all three Kronecker products.

d) Verify the row and column sizes of each Kronecker product:
e AR B :4x4
e a®b:4x1
e Aa® Bb : 4x1
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e) Perform the matriz multiplication on the left-hand side, resulting in a 4 X 1 column vector. Each row
should be the sum of four separate terms.

f) Finally, verify that the resulting column vectors on the left and right sides are identical.

Recall Eq. 7.10
(A® B)(a ®b) = (Aa ® Bb)

And Eq. 7.7 and 7.8:

AnBii AnBia ApBii AeBio a11b11
A®B = AnBar AnBay A12Bar A12Ba . (6111> ® (bn) _ a11ba1
Ao1Bi1 A21Bia AxeBi1 AxeBia | a21 ba1 az1b11
Ao1By1 A1 Bay  AxaBay AzaBag az1ba1

Our goal is to prove Eq. 7.10 by following all the recommended steps. It’s a bit tedious, but otherwise
presents no major difficulties.

a) Let’s rewrite the equation (that’s still to be proved) in component form:

(A® B)(a®b) = (Aa @ Bb)
o A A @ B B an o bir)) _ A A (an ® Bi1 B2 (b
Asy Ao By By an b2y Aoy Az \ao By1 Bay ) \ba1
b) Let’s expand Aa and Bb:

Ag — An Aig) (ann) _ (Anan + Aas | Bb — Bii Big) (b1 _ (Biibii + Bigbar )
Ay Az ) \an Asrarr + Axaz )’ Bay Bz ) \ba Ba1bi1 + Bagbay )’
From Eqs. 7.7 and 7.8, we can see that all Kronecker products indeed expand to 4 x 1 matrices.
Equation 7.10 is then equivalent to:

A A ® Bi1 B2 aiil ® b1 _ Anann + Aizan ® Bi1b11 + Bigba
Agr Agp By1  Bao a21 bo1 Asraiy + Axan Bg1b11 + Bagboy

¢), d), e), f) I'll be mixing all those steps together, because this is fairly trivial. First, A® B and a ® b
are respectively Egs. 7.7 and 7.8. This gives us already:

A11Byy AnBiz AeBir ApBio\ [anbn

A11B21 A11Baa A12Bai Ai19Bao aibar | ((Anan + A12a21) ® (Bnbn + 312521>>
Ao Bi1 Ao Bia AxBi1 AxaBio a21b11 N Agrary + Axag Bo1b11 + Bagboy
Ao1By1 A1 Bay  AxxBai AzaBa) a21b21

It remains to expand the last Kronecker product, for which we can use 7.8:

AnBiir AnBiz ApeBir ABig a11bi1 (A11a11 + A12a21)(Bllb11 + Biaboy
A11Ba1 An1Bae A12Ba1 AjaBa a11bor | | (A11011 + A12a91)(B21b11 + Bagbar
Ap1Bi1 Ag1Bia ApBir AxBia | | a2ibin | | (A2ia1r + Aszag1)(Biibin + Biabog
Ao Ba1 A2 Bay AxaBay AxaBao a21b21 (Az1a11 + Aszaz1)(Ba1bi1 + Bagbas

~— — — ~—

A1 Biiagibiy + A1 Bizaiibar + A2 Biiagi by + A2 Broagi by
Ai1Bo1a11bi1 + A1 Basaii1bar + A2 Ba1a21b11 + A2 B22a21b21
Ao Biianbii + Ag1 Biaaiibay + Az Briazibin + A Biaasiba
A1 Boiaibii + Az Bagar1bay + AzpBojazi by + Az Basasibag

And it’s now trivial to verify that this holds, as expected. [
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7.2 Mathematical Interlude: Outer Products
7.3 Density Matrices: A New Tool
7.4 Entanglement and Density Matrices
7.5 Entanglement for Two Spins
Exercise 32. Calculate the density matriz for:
W) = alu) + 5|d)

Answer:

_(afa o*f
pa a ﬁ*a ﬁ*ﬁ
Now try plugging in some numbers for a and 3. Make sure they are normalized to 1. For example,
a=—,[3=—.
V2 b V2
Start by recalling the definition of the density matrix for a single spin in a known state:
Paar = ¥ (a')p(a)

Now we have no wave function ¢ in the exercise statement (the answer set aside), but we can find it by
identification with general form of |¥):

|T) = Z P(a,b,c,...)a,b,c,...)

a,b,c,...
Hence, ¥(u) is the component of |¥) following the |u) axis, and 1 (d) the one on the |d) axis:
P(u) = u¥) =a;  (d) = (d|¥) = B;

Immediately:
) =at P(d) =BT
Then it’s just about packaging all the p,q/ in a matrix: the basis is ordered ({|u),|d)}) hence:

g (P put) (0 V(U [ (w0 e
Pdu  Pdd v (w)p(d) P (d)(d) a'p prp
Remark 21. We could also use the fact that the density operator is defined as a linear combination of

of projectors corresponding to the potential states of the system, each scaled by a probability, and so that
the sum of those probabilities is 1, e.g.:

p=>_ Pili)(thil;  where: Y P=1

As we’re in the case of a single spin in a known state | V), this reduces to
p = 1)V = [¥)(¥|

Assuming again the ordered basis {|u),|d)}, we can write (¥| and |¥) in column form, and perform the

outer-product:
[« v e [oa® af*
p‘(ﬁ) (a 5)—<5a* 56*)

This allows us to double-check our previous result: it seems there’s a typo in the exercise statement.
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Let’s compute a few density matrices for well-known states:

) = 1u) +0ld) = ppy = (0

—_
o O
N———

)=o)+ 1k = ma=(g 1)

= s+ sl = om= (10 1o

12 —1/2
= BB = m= (_1//2 1//2)
N i _(1/2 —i/2
|i) = ﬁlu) + \ﬁ|d> = Py = <i/2 1/2)

B , (12 Q)2
|0>—EIU>—E|CI> = p'°>_<—i/2 1/2>

The French version of this exercisﬂ is a bit more interesting, there are a few additional questions. We
can for instance check that p is Hermitian:

p= iyt = (g By (o0 By (4 oYy b
(a*B)" (B*B)" aB*  Bp* ot BrB)
Or that its trace is 1, because of the normalization condition on |¥):
Tr(p) =a*a+5*6=1 O

Finally, we can check that p projects to |¥). Consider a vector which has a component perpendicular to
|¥), that is, in the direction of [¥'1), and a component in the direction of |¥)

@) =~|¥*) +4]¥)
By linearity:
pl®) = vp|¥) + 3p| W)

Using the fact that p = |U)(¥|, we see, by associativity on the products, and by the orthogonality
condition between |¥) and |¥):

plUt) = (JU)EN)T) = [@)((T])) =0
=0
On the other hand, by the normalization condition on |¥):
plO) = ([O)(T)T = [T)((P|V)) = |¥)
=1

By injecting the two previous results in the one before, it follows that indeed that p projects a vector on
the |¥) direction:
p|®) = 6|¥)

G- Y
P= (163 293)

40See https://leminimumtheorique. jimdofree.com/1le%C3%A7on-7/exercice-7-4/|for a relevant excerpt, which by the
way seems to confirm the typo hypothesis.

Exercise 33. a) Show that

b) Now, suppose
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Calculate

0

Tr(p)
Tr(p®)

¢) If p is a density matriz, does it represent a pure state or a mized state?

The exercise is fairly trivial.

a)

a O\° [a 0\ [(a 0\ |[[a® 0 0
0o b) \o b/\0o o) |\0O ¥
b) By application of the previous result,
o (13 0N\? /(1/3? 0 \ |[/1/9 0
PP=Vo 2/3) =\ o (2/32) |0 4/9

Recall that there’s a result alluded to by the authors in a footnote page 195 (section 7.2) that the trace
of an operator is the sum of the diagonal elements of any matrix representation of this operator. Hence:

1 2 1 4 5
T =g+3=ll T =gt5=|5

¢) We just saw in the book some properties of density matrices. In particular, for a pure state, and a
density matrix p, we must have:
p*> =pand Tr(p)? =1

While for a mixed state, we must have:

p* # pand Tr(p)? < 1

Clearly, in our case, | p represents a mixed state. ‘

Exercise 34. Use Eq. 7.22 to show that if p is a density matriz, then
Tr(p) = 1.

Eq. 7.22 is the following:
P(a) = Paa

Where P(a) is the probability for an observable L tied to Alice’s state space, extended to act on a
composite state-space made from Alice’s and Bob’s, to be measured with the eigenvalue a. On the other
hand, p,, corresponds to the diagonal elements of Alice’s density matrix, expressed in Alice state space.

Well, there will be one P(a) for each eigenvalue, and thus by Eq. 7.22, there is a systematic correspon-
dence with the diagonal elements of the density matrix. But the trace of an operator is defined as the
sum of the diagonal elements of a matrix representation of this operator, and it so happens that this
value is unique up to a change of basis (meaning, the trace of an operator is the same for all matrix
representation of this operator).

Hence because the eigenvalues a represent all the potential measurement values, we know that ) P(a) =

1, which by our previous reasoning implies indeed that | Tr(p) := Z Paa = Z Pa)=1| O
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7.6 A Concrete Example: Calculating Alice’s Density Matrix

Exercise 35. Use Fq. 7.24 to calculate p?>. How does this result confirm that p represents an entangled
state? We’ll soon discover that there are other ways to check for entanglement.

(12 0
P=\o 172
From there it’s trivial to see that:

o _(1/2 0N _(1/4 0
p 0 1/2 0 1/4
The authors demonstrated earlier a criteria to determine whether a density matrix corresponds to an
entangled state or not, at the end of section 7.5: for a pure state, and a density matrix p, we must have:

Here’s Eq. 7.24:

p?> =pand Tr(p)? =1
While for a mixed or entangled state, we must have:

p* # pand Tr(p)? < 1

Hence, | p represents an entangled state ‘

Exercise 36. Consider the following states

(luw) + |ud) + |du) + |dd))
1
NG
) = 3 (Blu) +4fud))

DN | =

[P1) =

|¥2) = (luw) + |dd))

For each one, calculate Alice’s density matriz, and Bob’s density matrixz. Check their properties.

Let’s recall first the definition of the matrix elements for Alice’s density matrix, and second, by symmetry,
Bob’s:
Pa’a = Zw*(avb)w(a/7b); Pv'b = Zw*(aab)w(a7b/)
b a

Let’s start with [¢1). We know Alice’s matrix must be of the form:

pa = Puu  Pud
Pdu  Pdd
And so must be Bob’s actually. Filling in with our previous formulas, we obtain:

_ <’l/}ik (ua u)wl (uv u) + w; (u’ d ¢1 (ua d) w; (d’ u)¢1 (ua u) + djf (dv d)wl (u, d))
pra 0 (u, w)r (dyw) + 05 (u, d)iby (d,d) - 3 (d, Wy (d, u) + ¢ (d, d)er (d, d)

_ ((1/2)(1/2) + (1/2)(1/2; 1/2)(1/2) + (1/2)(1/2))

(1/2)(1/2) + (1/2)(1/2)  (1/2)(1/2) + (1/2)(1/2)
B (1/2 1/2)
— 1 \1/2 172

Where, remember, the wave function’s values correspond to the basis vector coefficients, which are all
1/2 here. By symmetry, we would obtain exactly the same matrix for Bob:

=[G 1P

Let’s check the density matrices properties:
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Clearly, pya = p1p is Hermitian;

Its trace is 1/2 4 1/2 = 1, as expected,;

e Let’s compute its square:

ta=sto= (3 ) 1) = (5 1) =mro

And Tr(p?,) = Tr(p3g) = 1, from which we can conclude that ’ 11 is a pure state.

e Without having to compute them explicitly, this implies that its eigenvalues must be 0 and 1.

Let’s compute the eigenvalues by partially diagonalizing the matrix anyway for practice: an eigenvector
|A) is tied to an eigenvalue A by:

p1a|A) = AIA) & p1a|A) = AA) =0 & (pra — A)[A) =0
Because an eigenvector is by definition non-zero, this implies that py4 — Al must be non-invertibl@

This implies that:

2
det(pra — M) = 0 0 = 1/12/? 1/12/3)\’:@—)\)2—1)z(l—/\—l)(l—A+1):)\(/\—1)

A=0
54
A=1

Let’s move on to 15: by a similar reasoning as before we have:

s ( 5 (u, ) o (u, ) + 95 (u, d)a(u,d)  3(d, u)ha(u, ) <d7d>w2<u,d>>
24 5w, o (d, ) + 05 (u, d)a(d, d)  3(d, u)a(d, u) + ¥3(d, d)iba(d, d)
_ ((1/\f (1/v2) +(0)(0)  (0)(1/v2) + (1/v?2) <o)

(0) + (0)(1/v2)  (0)(0) + 1/f )(1/v2

As expected.

Again, by a symmetry argument, we can already conclude that pop = pa4 (the idea is that you can swap
the labels corresponding to Bob and Alice in the description of the state 15 and by reordering the terms,
you see that the state is unchanged).

Finally, let’s check the density matrices properties:
1. Clearly Hermitian;
2. Tr(paa) =1/2+1/2=1;

3. Let’s compute the square to determine the state quality:

P%A = (1(/)4 1(;4) # P24

and Tr(p2,) =1/2 < 1: ‘wg is a mixed state ‘;

4. The matrix is diagonal: clearly, all its eigenvalue (there’s a single degenerate eigenvalue 1/2) are
positive and < 1.

41For otherwise, multiply both sides of the equation by its inverse: LHS is equal to [A) while the RHS is still equal to 0

60



Moving on to the last one. Observe that this time, there is not symmetry between Alice and Bob
matrices, so we’ll have to compute them both.

p3A = <’l/}§ (ua U)% (ua u) + ¢§ (u’ d)¢3( U, ) ¢§ (d’ u)¢3 (ua u) + 1/’?5 (dv d)%(u, d))
3 u}:)}k (u, u)ll)g, (dv u) + ¢§ (’LL, d)¢3( ) ) ¢§ (d7 u)’(/Jg(d, u) + wg (d7 d)"/}3(d7 d)
((3/5)(3/5) +(4/5)(4/5)  (0)(3/5) + (0)(4/5))
(3/5)(0) + (4/5)(0) (0)(0) + (0)(0)
B (9/25 +16/25 0)
0 0

[

Regarding density matrices properties:

1. Hermitian;

2. Tr(psa) =14+0=1,

3. pia=psa: ’ 13 is a pure state |;

4. This is confirmed by the eigenvalues 1 and 0 (matrix trivially diagonal).

Remains Bob’s matrix!

psp = <¢§ (u7 u)'(/)?)( U, u) + §(d’ U)% (d’ u) ¢§ (ua u)¢3 (uv d) + '(/JE’: (dv u)w3(da d))
7/};; (u d)%( U, u) + ;(da d)'l/)B (dv u) 1/’5 (u7 d)¢3 (u d) + ’(/)* (d7 d)¢3 (dv d)
((3/5)(3/5) (0)(0)  (3/5)(4/5) + (0)(0)>
(4/5)(3/5) + (0)(0)  (4/5)(4/5) + (0)(0)

1 (9 12
~ |25 \12 16

One last time, let’s check its density matrices properties:

1. Clearly Hermitian;
2. Tr(psg) =9/25+16/25 = 1;
3. Let’s square it to determine the state quality:

2 1 [9x94+12x12 9x12+12x 16
P38~ 552 \12x 94+ 16 x 12 12x 12+ 16 x 16

1 81+ 100 + 40 + 4 90 4+ 18 + 100 + 80 + 12
252 \90+ 18 + 100+ 80+ 12 100+ 40 + 4 4 100 + 120 + 36

~ 1 (225 300
252 \300 400
1 [(4x2+1)x25 3x4x25
T 952 3x4x25 4 x4 x25

_ 19 12y _
= 95\12 16) ~ P38

Thus Tr(p3g) = Tr(psp) = 1 and ‘ 13 is a pure state ‘;

4. This implies again that its eigenvalues must be 0 and 1

Let’s compute the eigenvalues for practice, going a bit faster this time:
2
9/25 — A 12/25 | 9 16 12 B
12/25 16/25—)\‘_0@<<25_)‘ % ) \xm) )"

61



2
@)\2_)\+9x16_<12> o

252 25
3x3x4x4 3x4x3x4
27 —_ =
SN = A+ 572 572 0
SA(A=1)=0
A=0
<~
A=1

7.7 Tests for Entanglement
7.7.1 The Correlation Test for Entanglement

Exercise 37. Given any Alice observable A and Bob observable B, show that for a product state, the
correlation C(A, B) is zero.

Recall that we’re in the context of a composite system S 45 made from two state spaces, one correspond-
ing to Alice, S 4, and one corresponding to Bob, Sp, mathematically tied by a tensor product.

The correlation C(A, B) between two observables A and B is defined a@
C(A,B):=(AB) - (A) (B)
Remember that the authors proveﬂ that the expected value (L) of an observable L being in a state

|P) is:
(L) = (Y|L|¥)

Remark 22. There’s an issue in this first derivation, reported by Jannis Koeckeritz; I've left it so you
can "have fun” trying to find it on your own; the solution is in this footnotﬂ.

Here’s a first derivation, where we use the following formula@ defined for an observable L, and a system
described by a density matrix p:
(L) = Tr(pL)

Recalﬂ that for any operator A and B, in particular, where AB # B A, we still have:
Tr(AB) = Tr(BA)

We also knowizl that, because we're dealing with a product state, this can’t be a mixed state (it cannot
be expressed as a weighted sum of multiple states), i.e if we name |¥) that (pure) product state:

p =W}V

Finally@ again because that product state is pure, we have p?> = p, which should be clear from the
previous expression of p, as |¥) is normalized (4/(¥|¥) = 1) and the ”product(s)” being associative.

42The authors are a bit irregular in their use of boldface for operators; I’ll try to do better, but things should be clear
from the context

43p106, section 4.7 - Expectation values

44The trace is invariant only under cyclic permutations: we can’t jump from Tr(pQAB) to Tr(pApB) knowing only
Tr(AB) = Tr(BA).

455206, section 7.5 - Entanglement for two spins

465209, section 7.5 - Entanglement for two spins

47p202, section 7.5 - Entanglement for two spins

481,207, section 7.5 - Entanglement for two spins
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It follows that:
C(A,B):= (AB)—(A)(B)

—  Tr(pAB) - (A) (B)
—  Tr(p>AB)— (4) (B)
Tr(p(ApB)) - (A) (B)

—  (ApB) - (4)(B)

—  (U|ApB|¥) — (A) (B)

—  (U[ApB|¥) - (¥|A|¥)(¥| B )
P

:@[j

Here’s a second solution, rephrased from Michel Rennes’s approach.

We start by expressing the expectation value in terms of an inner-product again, assuming we start in
the state |U):
(AB) = (Y|AB|Y¥)

Then, recall that A and B are two observables respectively from Alice and Bob’ state spaces, which
have been extended, as previously studied, so as to be able to act on a state vector |¥), taken from the
composite system Sap.

We definitely need this to be able to express the correlation C'(A, B) in terms of those inner-products,
for otherwise, the second terms in the equation below applying A or B to |¥) wouldn’t make any sense:

C(A, B) = (V|AB|V) — (V]|A[V) (V[ B|¥)
Hence there’s an abuse of notation: with I'y being the identity operator on the space Sx:
A7?="A®RIg; B"="1I,B
For clarity, I’ll note A 4 the observable A expressed in the system S4, and similarly for Bp:
A=A,®1Ig; B=1,®Bp

Regarding |¥), this is a product state, and we know@ that it can be expressed as a tensor product of a
state in S4 and of a state in Spg:

0) =) ©|¢)

We can then rewrite:
(AB) = (V|AB|Y)

= (Wled)AB([v)®[9)
= (Y@ () A((I1© Bp) (|¢) @ |9)))

= (W) A [ Lal) ®Bp|¢)
)
= (Y] ®{9]) (Aalv) ® Bg|9))

Where I've skipped the development for the application of A (same procedure as for applying B). Then,
observﬂ that (1| is an operator defined on S4, and similarly for (¢| being an operator defined on Sp.
Their tensor product is then an operator defined on S4p and the usual rules for applying this combined
operator hold:

(AB) = ((¢|Aalv)) ® ((¢|B5lo))
= (A)(B)

495164, section 6.5 - Product states

50Tt would be interesting to formalized that more thoroughly. If I'm not mistaken the idea is that the bras of Sy ® Sp
can be expressed as a combination of one bra from S4 and one bra from Sp. More precisely, the bras being elements of
the dual spaces, it’s because of the following (canonical) isomorphism: S% 5 = (Sa ® Sp)* = S% ® S}, see for instance
https://planetmath.org/tensorproductofdualspacesisadualspaceoftensorproduct
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Hence clearly, |C(A, B) := (AB) — (A) (B) = 0|

For completeness, here’s one last solution, rephrased from |[Filip Van Lijsebetten’s approach (p52), which
relies on the probabilistic definition of the average value.

Remember that the average value of an observable L is (mathematically) deﬁnedﬂ as:
=> AP(N)

Hence:

B) = Ebj AapP(Nap);  (A) = AaP(Na); (B) = ; MP(O)

Recall that the ab corresponds to all labels created by concatenating all potential values for a and b.
This means that we’ll have Y-, = >, =3, >,. Let’s rewrite the correlation C(A, B):

() (Sre)
-@P (Zm))

C(A,B):= (AB) - (A)(B)

= 3 (AaPOu) = AP P(V))

a,b

Now the notation is a bit confusinﬁ but recall than A,; corresponds to the value we get for our
combined state (which occurs with a probability of P(Ap)). And this precisely corresponds the fact that
we have )\, in the subspace S and A, in the subspace Sp: so we can read it like A,y ~ A Ap. Hence this

factors as:
B) = 3" ha(POas) — PO POV)
a,b

Remark 23. So far, we’ve essentially just restated with a different notation what we did in LO6E01

Now by definition for a product state, there is independence between the two ”events”: the measurement
of either A or B doesn’t affect the other one. That is, P(Agp) = P(Aa)P()\b)lfl, hence the correlation
really is zero. [

7.7.2 The Density Matrix Test for Entanglement

7.8 The Process of Measurement

Exercise 38. Verify that the state-vector in 7.30 represents a completely untangled state.

Let’s recall the state-vector from 7.30, and let’s call it | ).

|¥) = a|u, b) + aqld, b)

515105, section 4.7 - Expectation values

52] could have made things a bit clearer: for instance, we really have three different probability distributions, one for
each state involved, but they are all denoted very similarly.

53This is the definition of independence of events in ordinary probability theory: https://en.wikipedia.org/wiki/
Independence_(probability_theory)#For_events

64


https://onedrive.live.com/redir?resid=21D08FA0C16B93A5!28241&authkey=!AAM3H-TDeYaAbaI&ithint=file%2cpdf
https://github.com/mbivert/ttm/blob/master/qm/L06E01.pdf
https://en.wikipedia.org/wiki/Independence_(probability_theory)#For_events
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As T've found this confusing, let me start by recalling a bit of Vocabula;j%ﬂ A quantum state can be
either pure or mixed: either its a single state, or a convexr combinatio of pure states. This is true
for a ”regular” state space, as for a state space built via a tensor products of two (or finitely many, by
induction) other state spaces.

Now there’s a second qualification, that is only applicable for states which are taken from a state space
made by glueing two (again, or finitely many) other state spaces: entangled states, and disentangled
states.

Mized and entangled are definitely not synonymous: you can have a non-mixed (i.e. pure) entangled
state for example.

Example 1. The state vector from 7.30 is a pure state: this is not a convexr combination of states. But
this tells us absolutely nothing regarding whether it’s an entangled state. We know however that it makes
sense to talk about it being entangled or not, as we’re dealing with a combined system involving (i) an
apparatus and (ii) a spin to be measured by said apparatus.

We could test this purity by computing the density matrixz p, and checking whether p?> = p or Tr(p) = 1.

Let’s clarify the vocabulary one step further: a completely untangled state is a product state:
that’s a state where measurements on one subsystem affect in no ways the other subsystem(s).

From there, we have a few different ways of proceeding.

The simplest approach is to remember that a state is a product state when it can be expressed via two
components (well, or more, but we’re in the case where there are two subsystems here: the apparatus,
and the spin to be measured with the apparatus), one for each subsystem. Recall that |a, o) really is a
shortcut for |a) ® |a}. This means, the prepared state really is:
aulu) @ [b} + aqld) @ |b}
But the tensor product distributeﬁfl7 hence this simplifies as:
(aulu) + aqld)) @ [b}

As the combined state is normalized, we must have /a2 + afl = 1, which implies that the sub-state
corresponding to the spin is also normalized. Trivially, the sub-state corresponding to the apparatus is
also normalized. Hence, we’ve expressed our combined state as a tensor product of two normalized state,

one for each subsystems: ‘this is a product state ‘

A slightly more involved (calculus-wise) variant of this approach would be to rely on the general form
of the product statd’’| and to evaluate whether our state vector can be expressed in such a way. The
general form can be computed, again using the distributive nature of the tensor product:

|[product state) = {au|u> + ad|d>} ® {ﬂb|b} + 04| +1}+ 8- — 1}}

) @ {ﬁbw} NI 1}} +ad|d>{5b|b} NI 1}}

= O‘uﬂd‘u7 b> =+ auﬂ+|ua +1> + auﬂ— |u7 _1> =+ O‘dﬁd|d7 b> =+ ad6+|da +1> + adﬁ—|da _1>

54Gee for instance: https://www.researchgate.net/post/What-is-difference-between-mixed-state-and-mixed-entangled-state
55A fancy term you may find here and there: a linear combination of elements, where the scalars factors sums to 1; see
https://en.wikipedia.org/wiki/Convex_combination
56 As is common in most Physics-centered introduction to Quantum Mechanics, the tensor product introduction is a bit
hand-wavy. For a more rigorous development, see for instance [this video| by F. Schuller. Some subtleties such as the fact
that the equivalence classes respect addition and scalar multiplication have been left as homework; there’s a set of notes
which contains the ”missing” proofs.
57p164, section 6.5 - Product states
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By setting:
Ba=1;84=p6_=0

We found back the state vector from 7.30, retrospectively justifying the notation for «, and «g4. Because
the subsystem states, must be normalized, the resulting combined state is also normalized.

However, and perhaps this is more in line with the author’s intent, we’ve just saw@ two tests to check
whether the state corresponding to a given a wave-function for a composite system is entangled or not.

For the first criteria, we’d need to take any two arbitrary observables from each subsystem, say observable
A and B, and prove that their correlation C(A, B) is zero. But essentially, the proof will end up relying
on the tensor product distributivity, rely on the density matrix (see just after), or essentially mimick the
proofs of [LOTE09.

I don’t think there’s added value to develop it further here.

The second technique is slightly more original: the idea is that, for any product state, the density matrix
has exactly one non-zero eigenvalue, and that eigenvalue is exactly 1.

Recall that in LO7E04] we've already determined Alice’s density matrix:
_ (ayay  agog
P= aho,,  ahog
Let’s diagonalize it: as usual, we have the eigenvector/eigenvalue relationship:

pIA) = AlA) & (p = IA)[A) =0

Which implies that p — I\ isn’t invertibldf|7 which translates to its determinant being equal to zero:

* *

oy, — A ot ayg " " . *

uajla a:‘;aud N (ko — N)(agag —N) | — | alagajo,
u

(aiauaéad — Mooy, + ajag) + )\2> — Q) agaoy,
—— —
=(T|T)=1
= AM1-2))

Clearly, we have one non-zero eigenvalue which is exactly one: the criteria indeed applies, and the state
must be non-entangled.
7.9 Entanglement and Locality
7.10 The Quantum Sim: An Introduction to Bell’s Theorem
7.11 Entanglement Summary
Exercise 39. Calculate Alice’s density matrix for o, for the “near-singlet” state.
The "near-singlet” state is characterized by the following state-vector:
|0) = v0.6|ud) — v/0.4|du)

58212 and onward, section 7.7 Tests for Entanglement
59Multiply both side of the equation by the inverse, and use the fact that an eigenvector cannot be the zero vector

66


https://github.com/mbivert/ttm/blob/master/qm/L07E09.pdf
https://github.com/mbivert/ttm/blob/master/qm/L07E04.pdf

Alice’s density matrix is defined by its components in Eq. 7.2@

Pa’a = Z 7/1*(% b)¢(alv b)
b

Where ¢(a, b) is the wave-function of the composite system, that we can extract from |¥):

’(/J(’LL, u) = ¢(d7 d) =0

[¥) = ¥(u, u)|uw) + ¢ (u, d)|ud) + P(d, u)|du) + ¥ (d, d)|dd) = < P (u,d) =06
P(d,u) =—0.4
Hence:
(e ) (Vi ot @ vl ) [0 D)
p Pdu  Pdd "/}*(uv u)p(d,u) +¢*(u, d)’L/J(d, d) ¢*(d, u)’L/J(d, u) + 9 (d, d)y(d, d) 0 04

Remark 24. I'm not sure what the authors expect regarding o,; we’re asked to verify all numerical
values in the next exercise, which likely should cover pretty much every intepretation (we’ll even have to
compute Alice’s density matriz again, so as to check p? /Tr(p?)).

Exercise 40. Verify the numerical values in each rap sheet.

Remark 25. This is a long "solution”: I’'m taking the time to rederive some results that were previously
established either in the course, or in earlier exercises, while, clarifying what I think is a important source
of confusion: the elements of an Hilbert space (the so-called ”state-space”) aren’t the states of a quantum
system. More on that when exploring the singlet state.

Some numerical results have been automatically computed by a R script, inlined at the end of this exercise.

Let’s start by recalling a few things before diving in.

We are, as usual, in the case of two spin systems, one for Alice, S, one for Bob, Sg. A composite
system Sap is then created from those two via a tensor product.

When relevant, we’ll be using the usual ordered bases:
o {|u),|d)} for Sa;
o {|u},|d}} for Sp;
o and {|uu), |ud), |du), |dd)} for Sap.

Then, let’s recall the Pauli matrices corresponding to the observables associated to the spin ”compo-
nents”: (from Eqgs. 3.20, at the end of section 3.4)

7_B TA . 7_B 7_A . TB 7_A
# Z <O —1) ’ x x (1 O) ’ Y Y <Z 0 )
1

Implicitly, the matrices are expressed in the ordered basis of the corresponding sub-system, S4 for o;
and Sp for T,L-B@ We will also need the matrix forms for the lifted operators from the sub-systems to the
composite system, where I is the identity operator on S and I” the identity operator on S, again
implicitly relying on Sap’s usual ordered basis.

Remark 26. We could have used the equivalent tables provided in annexes in the book, or the results of
PTEVIOUS eTErCiSes.

601,205, section 7.5 Entanglement for Two Spins
61Gtrictly speaking, the operators aren’t equal; their matrix representation in their respective-basis are. The equals signs
are to be understood in this context.
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Remark 27. Note that the final result appears twice below: this isn’t an error. The first occurence is a
manual computation, while the second has been automatically performed in R.

10 0 0 10 0 0
4 (10 1oy fo1 0o ol (o1 0o o
UZ'UZ®I<0—1®0100—1000—10
00 0 -1 00 0 -1
1 0 0 0 1 0 0 0
w5 /1oy (1 oy o 10 0] [0 -1to o0
Tz'_I®TZ_<01®0—1_0010_0010
0 0 0 -1 0 0 0 -1
0010 0010
4 fo1\_/1 0y fooo0o 1] o001
Um'_”w®1_<1o)®<01_1000_1000
0100 0100
0100 0100
oA s frtoy_(o1y_ [1too0oo] [1000
1'm'I@"ﬂ"‘<01®1000010001
0010 0010
00 —i 0 00 —i 0
 a s {0 =N /10y [oo0o 0o —i| [0o0 0 -
oyi= oy 01 _<i o)®(0 1)_ i 0 0 =i o0 o o
0 i 0 0 0 i 0
0 — 0 0 — 0
oA s {rtoN_ (o =\ _ |i o o0 o] [i o0 0 o0
Ty'_I®Ty_<01®i0_000—z_000—z
0 0 i 0 0 0 i 0

We'll also need a few more ”combined” observables. I'll skip the manual matrix multiplication here:
those have been automatically computed by R:

1 0 0 0 1 0 0 0
0 -1 0 0 0 -1 0 0
7z2T== 10 0o -1 ofl> ™77 |0 0o -1 0
0 0 0 1 0 0 0 1
000 1 0 0 0 —1
oo 10 (o o1 o0
Tz0xz =109 1 0 0" ™%~ |0 10 o0
100 0 1.0 0 0

Finally, let’s recall one more time the formula for the expectation value (L) of an observable L of a
system in a state |¥):
(L) = (¥|L|¥)

Product state

We're starting from the following state-vector for the composite system, and using various properties of
the tensor product of vector states we progressively reach:
0) = auBuluu) + ayBalud) + aaBuldu) + aafaldd)

= fulu) @ |u} + aufalu) @ |d} + aafuld) ® [u} + agfald) @ |d}

= (awfu)) ® (Bulu}) + (aulu)) @ (Bald}) + (aald)) @ (Bulu}) + (eald)) © (Bald})

= oulu) ® (Bald} + Bulu}) + aald) @ (Bulu} + Bald})

= (owlu) + aqld)) ® (Bald} + Bulu})

=:|¢) =y}
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We've verified that this particular composite state is a state product: it can be expressed as the tensor
product of two states, |¢) € S4 and |} € Sp.

The normalization condition yields:

[19) == VI®) =1 aiBiauB, + aiBiofa + aifiaabu + azBaaba = 1
& \Jorou(BiBu + Biba) + agoa(BiBu + Biba) = 1
& (ot + agaa) (838 + B1B) = 1
& (g + ajaa) (BB + Bifa) = 1 (vy €C), 7"y =t |1 >0

ogon, Fojog =1
Bubu+ Bifa =1

Voo, +Fajog =1 ¥
& { d (Vy€C),y"y=h>0

VBiBu+B58s =1
o) =1
o =1
We’ve verified consistency of the normalization condition between the composite system, and the sub-
y p y ,

systems: our composite state vector is normalized iff the individual vectors from the sub-systems are
normalized.

Moving on to the density matrices, let’s do the reasoning for Alice’s state only, as the same argument
applies to Bob’s. Let’s first stay in S4. We know that the subsystem’s state is a pure state |¢): it’s a
convex combinatioﬂ with a single term. The density matrix p# is thus:

A _ _ [ Qu x W o0y g0l
—tloytol = (0) (ot ap) = (u o)

It is immediate to check that p? is Hermitian (p* = (p4)T, as (a,af)* = agal). Furthermore:

Tr(p?) = ayal + agal; = 1 (because of the normalization condition)

We also have:

(o) = Q00 QO 00, Qo
aqas, adad oy, oy
_ ((awag)(awag) + (auag)(aaay)  (away)(awag) + (uag)(aaoy)
(agay)(auay) + (aaog)(agay)  (eao)(awey) + (aaog)(agay)
(aua (oo, + ajag) (o) (a0 + ajoq)
\—————v—————/ —_—
_ =1 =1
o (gal) (ayag, + agag)  (agal) (auag, + agog)
\—————v—————/ —
2 =1
oA

And naturally, Tr((p?)?) = Tr(p) = 1. Those last two conditions are indeed we expect for a pure state.

Let’s move on to diagonalizing p?. As usual, eigenvectors |)\) are tied to their corresponding eigenvalues

62https://en.wikipedia.org/wiki/Convex_combination
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A via: A A A A A
PN = AN & (04— TN =0 |ot — T4A| =0
00 — A 0,0

<
aqol, ooy — A

< (agal — N (aga — N) — agago,al; =0
e A= (aual +agai) A =0
—_—
=1

< A(A-1)=0
A =0
=
A =1
Let’s verify that the eigenvector | A1) associated to A = 1 is indeed the wave-function associated to Alice’s
sub-system, i.e with components o, and ayg

oy (0 + afag)

—_——
AN — Q0 Q0 o\ ooy oo 1 T
1Y | 1> - * * - * * - * * - | 1>
agqal,  aqeds ) \ Ba g oy, + agodiog ag (a0, + afjog)
—_——

=1

Again, by symmetry, we immediately have for Sp:

o ) e -

Same eigenvalues/eigenvectors.

What about Sap? Well, |¥) still is a pure state in S4p, meaning, its density matrix again is a convex
combination involving a single term; expanding it as a matrix in S4p’s usual ordered basis yields:

auﬁu

_ _ O[u/BCl * * * *

p=1¥)(¥| = o ((auﬂu) (ufBa) (aBu)* + (aBa) )
aaf

O‘uﬁua;ﬁ; auﬂua:/ﬁz auﬂua:lﬁz auﬂua;;ﬂ;
ayBacy, By awBacy,By  aufaciBy  awBacy By
adﬁua25z adﬂua;‘;ﬁ; adﬂua:;ﬁ; adﬂua:;ﬁ;
agBac, By afaayB;  aaBaayB;  aaBaaBy

Because this is again a pure state, this time in the S4p system, we expect the usual formulas to hold.
Let’s check them for good measure:

TT(P) = auﬁua:;ﬁ; + O‘uﬁda:ﬁ; + adﬁua:;ﬁ; + adﬁda:lﬂs
ooy, (BuBy + BaBa) +oacg (BubBy + Baba)

=1 =1

= 1

The following is going to be too tedious to do by hand:

aufuay, By auBuay By auBuayBy  auBualBy\ [aufucs,By auBuany By uBualfy awBuaB]

2 _ auﬁdaZBZ auﬁda:iﬁ; auﬂda:;BZ auﬁdaj;ﬂ; auﬂda;;ﬂ; auﬁda:iﬁ; auﬁda:;ﬂ; auﬁdaj;ﬂ;
p agBu, By aafucy,By  aaBuallBs  aafuayBy aafucy, By afucy,By  aaBualfy  aafucyBy
aafacy, By afacy, By aaBaayBy  aaBacy By aafacy, By afacy, By aaBaayBy  aaBacyBy

= p

With some text reformatting and a few tweak, we can convert the ¥XTgXcode in a Wolfram Alpha matrix:
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{{a ¢ Conjugate(a) Conjugate(c),a c Conjugate(a) Conjugate(d),
a c Conjugate(b) Conjugate(c),
a ¢ Conjugate(b) Conjugate(d)},
{a d Conjugate(a) Conjugate(c),
a d Conjugate(a) Conjugate(d),
a d Conjugate(b) Conjugate(c),
a d Conjugate(b) Conjugate(d)},
{b ¢ Conjugate(a) Conjugate(c),
b ¢ Conjugate(a) Conjugate(d),
b ¢ Conjugate(b) Conjugate(c),
b ¢ Conjugate(b) Conjugate(d)},
{b d Conjugate(a) Conjugate(c),
b d Conjugate(a) Conjugate(d),
b d Conjugate(b) Conjugate(c),
b d Conjugate(b) Conjugate(d)}}

And use for instance the web interface (see https://www.wolframalpha.com/input?i2d=true&i=Powery

5B, 7BY,7Ba+c+Conjugate,5C%28407%29a%5C%28417%29+Conjugate’,5C%2840%29c%5C%2841%,297%2Ca+c+Conjugate’,
5C7%2840%29a%5C%2841%29+Conjugate’5C%2840%29d7%5C%2841%,29%2Ca+c+Conjugate’,5C%2840%29b%5CH
2841%,29+Conjugate’,5C%2840%29c%5C%2841%29%2Ca+c+Conjugate’,5C%2840%29b7%,5C%2841%29+Conjugate
5C%2840%29d%5C%2841%29%7D%2C},7Ba+d+Conjugate’,5C%2840%29a3,5C%2841%29+Conjugate’,5C%2840%29c%
5C7%2841%,29%2Ca+d+Conjugate’,5C%2840%29a75C%2841%29+Conjugate,5C%28407%29d7%,5C%2841%29%2Ca+
d+Conjugate5C%2840%29b%5C%2841%29+Conjugate’,5C%2840%29c5C%2841%29%2Ca+d+Conjugate’5CY,
2840%2907%5C%28417%29+Conjugate’5C%2840%29d7%5C%2841%29%,7D%2C}7Bb+c+Conjugate’,5C%2840%29aj
5C%2841%29+Conjugate’,5C%2840%29c%5C%2841%29%2Cb+c+Conjugate,5C%2840%29a%5C%2841%29+Con jugate’,
5C%2840%294d%5C%2841%29%2Cb+c+Conjugate’,5C%2840%29b7%,5C,2841%29+Conjugate’,5C%2840%29c%5CY
2841%,29%2Cb+c+Conjugate’5C%2840%29b%5C%2841%29+Conjugate’,5C%2840%29d%5C%2841%29%7D%2CY, 7Bb+
d+Conjugate5C%2840%29a%5C%2841%29+Conjugate,5C#2840%29c,5C%2841%29%2Cb+d+Conjugate5CY,
2840%29a%5C%28417%29+Con jugate’5C%2840%29d7%5C%28417%29%2Cb+d+Conjugate5C2840%29b%,5C%2841%
29+Conjugate5C%28407%29cY,5C%2841%29%2Cb+d+Conjugate’,5C%2840%29b%5C%28417%,29+Conjugate’,5C%
2840%29d7,5C%,2841%29%7D%,7D%2C2%5D)) to make sure it works:

aca*c® aca*d® ach*c® ach*d
ada’ ¢ ada*d” adb*c” adb™d’
beca'c® bca'd” becb™c beh' d
bda*c* bda'd" bdb'c" bdb"d’

aca’'c® aca’d ach'c ach d

, , \ .. |ada’c® ada*d” adb’c® adb™d’
-+ bl Hdd) bca*c¢® bca*d® bcbh*c bech*d
bda*c* bda*d® bdb'c* bdb"d’

POWERED BY THE WOLFRAM LANGUAGE

Remark 28. The leading factors correspond to the norms of the sub-system states: it’s a 1 in disguise.

It follows that Tr(p?) = Tr(p) = 1.

We’ve already brushed upon it, but let’s make things crystal clear regarding the wave-functions: we have
one wave function for each sub-systems:

VAw) = aus P (lu}) = Bus
VAd) = aa; $P(|d}) = Ba
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https://www.wolframalpha.com/input?i2d=true&i=Power%5B%7B%7Ba+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Ba+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%7D%2C2%5D
https://www.wolframalpha.com/input?i2d=true&i=Power%5B%7B%7Ba+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Ba+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%7D%2C2%5D
https://www.wolframalpha.com/input?i2d=true&i=Power%5B%7B%7Ba+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Ba+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%7D%2C2%5D
https://www.wolframalpha.com/input?i2d=true&i=Power%5B%7B%7Ba+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Ba+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Ca+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+c+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%2C%7Bb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29a%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29c%5C%2841%29%2Cb+d+Conjugate%5C%2840%29b%5C%2841%29+Conjugate%5C%2840%29d%5C%2841%29%7D%7D%2C2%5D
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And a wave-function for the composite system, which indeed factorize as a product of the sub-systems

wave-functions:

Finally, we can crunch some numbers using the usual expectation value formula, using the matrices for
the spin observables we’ve re-established earlier. This could have been automated, but I haven’t looked

much into how to perform symbolic computation with R.

= o O
o O O

(o0) = (Wloal®) = (@355 0l i oifi )
0 1
dfu
(038 i ais a3si ) | ol

auﬁd

10 By
01 auﬂd
0 0 adﬁu
0 0/ \agBq

= az&zadﬂu + O‘Zﬂ;adﬂd + a;ﬂzauﬂu + a;kiﬁ;auﬂd
= BrBu(anag + ajon) + B Ba(a)cq + ajjou,)

= (ag,aq + agay) (B Bu + BiBa)
—_———
=1
= ajaq+ ajay,
= <0'w>2 = (a4 + O‘ZO‘U)Q

= (aZozd)Z + 20 o goyon, + (oz:lozu)Q

O = O O
<. O O O

(o) = (Wloy|¥) = (aufl oufs 0ify aufy ) (

—i 0 QB
0 —1 auﬁd
0 0 adﬁu

0 0 aqfq

70‘d5u

QyBu
auﬁd

. —QgqOd
i(onBy onB; gy aysy )| 0P

i(_a25zad6u - aZﬁ;adﬁd + a;ﬁzauﬂu + a;ﬁ;auﬂd)

i(—agaq + agay) (B, Bu + BaBa)
——————
=1
= i(—ajaq+ ajon)
= (o)’ = (i(—afag+ afa,))?

= - (oz;au)2 + 200,00 g — (ozjiozd)2
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1 0 0 0 auBu
)= (Wonl®) = (aif; eifi i i )|g o o | |0
00 0 -1 gy
B
= (B i aaf eass )| 0%
—aqfy
—qfa
= oy BuonfBu + g BonBa — agBaaBu — agBioaBa
= Bubulogau — agaq) + Bifala,au — agaq)
= (agou — agaq) (B.Bu + Baba)
=1
= alay, —ajog
= <UZ>2 = (oo — O‘:lad)z
= (afawn)? =20t auadog + (afag)?
We can now compute:
<‘7w>2 + <0'y>2 + <0'z>2 = (aiad)Q + 200, g, + (O‘ZO‘u)2
— (afe)? + 20500t ag — (afog)?
+ (afan)? = 20t agahag + (ahaq)?
= (O‘Zau)2 + 200, ugorg + (azad)Z
= (afay + ajay)?
—_—
=
Moving on to the other spin ”components”:
01 00 @y Bu
(o) = (V|ra|¥) = (aifBy oufi agfs aifi ) (1) 8 8 (1) 3;‘?3
0 0 1 0 aqfBd
ayfd
= (s eisr s s ) |0
Qdfu

= o froyBa+ o) fon by + agBhaafa + aiBioafy
= oo (ByBa + ByBu) + ajaa(ByBa + Bibu)
(B3Ba + BiBu) (g on, + ajog)

=1

= BZﬂd + B;Bu

Remark 29. At this stage, it’s important to observe than up to a renaming (8 < «), this is the same
expression we had for (o). And it makes sense given how symmetrical the "physical” situation is. We
expect to find the same thing for the two other components: if this is the case, we could then directly
conclude (2)° + (1) + (12)° = 1, without additional computations.
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(Ty) = (V|my|¥) = (B By aufy 0ifbi )

_ iy anBy anBr angi )

0 —i 0 0\ [auwb
i 0 0 0| |aws
0 0 0 —il|agss
0 0 1 0 adﬂd
_auﬁd
By
—aqfa
adﬂu

= i(—aq BucfBa + g Baanfu — agByaaBa + agfioabu)

= i(ag, o (=B Ba + BiBu) + agaa(—BuBa + Bibu))

= i(=Buba+ Babu) (cq,0u + agaa)
=1
= i(=BuBa + Babu)

=pea (Oy)

(12) = (V][ V) = (enBy 0By auBy iy )

= (03Bs aufy by aafy )

= o BBy — o BaowBacgBycaBu

= (B Bu — BiBa) + agaa(Byu

= (BuBu — Baba) (a0 + gaa)
\—:,1_./

= BBy — BiBa

=gea (0z)

Hence by our previous remark, indeed:

<Tm>2 + <Ty>2 + <TZ>2 =Ba <0'2>2 + <Uy>2 + <O'Z>2 =1

Moving on to the correlation:

(0:T2) = (Yo7 |¥) = (O‘ZB; ayBy  agBy  agBy )

(arBy auBs auBy aiBy )

1 0 0 0\ [owbs
0 -1 0 0| aws
0 0 1 0 By
0 0 O -1 adﬂd
ay By

_auﬂd

adﬂ?t

—aafq

—ayfBiaaBa

— BaBa)

1 0 0 0\ [ofBa
0 -1 0 0| awss
0O 0 -1 0 aqBuy
0 0 0 1 Oldﬂd
QyBu

_auﬁd

70‘d/8u

aqfd

= a,Byaufy — oy BaonBa — agBioabu + ogBiaaBa

= (agon — agaq) (8,8 — BiPa)
=(02) =(7z2)

& |(27s) — (02) (1) =0

oo (ByBu — BaBa) — agaa(B,Bu — BaBa)

Singlet state
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The singlet state is characteristic of a maximally entangled state:
1
V2

This means that we won’t be able to express this state as a tensor product of two states from S, and
Sp, as we just did for a product state.

&) (lud) — [du))

Let’s start with the wave function and normalization, for the composite space: the general form of a
state vector in this space is:

) = uu|uw) + Yyalud) + Yay|du) + Paq|dd)

While the normalization condition translates to:

1) =1 & V(UO) = /O tun + O Cud + Uy + Ulgthaa = 1

But because each individual term under the square root is positive, this is equivalent to:

Yy Vuu + Vhgthud + Vi Vau + Vigthaa = 1

For the singlet state, the wave function is:

|uu) = Yuu =0
" lud) = thyg = 1/V/2
) du) = Ya = —1/V2
|[dd) =  ga =0

It’s trivial to check that it’s normalized.

What’s the wave function for each subsystem state? Well, think about it: if there’s a wave function
for each subsystem, then there’s a pure, normalized state for each subsystem, and then the composite
state can be expressed as a tensor product between those two. Meaning, this composite state would be a
product state. But, it’s claimed here than the composite state is entangled, meaning, it’s not a product
state, and so we shouldn’t be able to find such wave-functions for the isolated subsystems.

We’ve already studied in LO6EO3 why this particular singlet state isn’t a product state, let me recall you
how it went: the idea is to identify the general form of a composite state:

[ ) = Yy |uw) + Yyalud) + Yay|du) + Paq|dd)
With the general form of a product state:
|<D> = auﬁu‘uu> + auﬂd‘Ud> + ad5u|du> + O‘dﬁd|dd>

Which yields the particular following equations systems for the singlet state:

1pud = auﬁd = \}»1

(\)

wdu = Oédﬂu = _%

wuu = auﬁu =0
Yag = aafa= 0

But consider for example the third equation, which implies that at least either a,, = 0 or 3, = 0. In the
former case, the first equation can’t hold, while in the latter, the second equation can’t hold. Hence the
system is inconsistent, and cannot be solved.

This proves that the composite system’s wave-function cannot be factorized.

So what does this mean regarding the states of the subsystems? Surely it conceptually makes sense to
still talk about the existence of such states? Yes, obviously is does and that’s precisely where the notion
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of density matrix becomes most usefuﬂ: to express impure states.

So, let’s move on to density matrices then. Starting with the easiest: the composite system’s: it’s a pure
state so we have (again, the vector /matrix representation depends implicitly on the usual ordered basis):

0 0 0 0 0
p=rwy= | 2 0 v e o= {0 1, R
0 0 0 0 0
Let’s verify the usual matrix properties for pure states:
0 0 0 0 0 0 0 0 0

5 o 12 =12 of [0 172 —1/2
0 —1/2 1/2 of|o —1/2 1/2
0 0 0 0/ \0o o0 0

1/4+1/4 —1/4—1/4
—1/4—1/4 1/4+1/4
0 0

cocoo
cocoo
cocoo
|
=

And trivially, Tr(p?) = Tr(p) =1/2+1/2 = 1.

Moving on to the density matrices of the subsystems, that is, on the most accurate state description we
can provide to each subsystems. In the book, we derived a formula@ we first introduced an arbitrary
observable L4, acting on Sy, and upgraded it to the composite system: L = LA @ IB.

Let me rework the proof, while being a bit more explicit. First, component-wise, we have:

Ly 0 Ly O

L L 1 0 0 L 0 L
_raAo B _ (L1 Lio -~ 11 12 _ A
b=Liel”= (L21 Lzz) @ (O 1) “Lu 0 Ly 0|7 Larvab = Laradvo

0 Ly 0 Lo

Now assume we're in a composite state:

Y11
|U) = z;? ; thus: (W\Z(dlﬁ Yia Y3 7/’;2)
Va2

We can then compute the expectation value for L:

<L> = <\IJ|L|\I]> = Z 1p:/b’La’b’,abwab
a,b,a’ b’
= D YawLiaba = > (Z w::/b/wab> Ly a
a’,b,a a’,a b

Pa’a

> (Z(apAa’><a’LAa>>

4 a

5 (z pa.aL;:%,a>

a’ a

> (Z(a’ILA|a><apAa’>>

a’ a a’

| @it <Z |a><al> pa’)
;,_/

_1A
= Y (@I pa)) — TH(LAp") = Tr(p" LY

a’

Where the last equality is an usual property of the trace operator.

63For pure states, the density matrix p is isomorphic to the state |¥): p = |¥) (J|
645204+, section 7.5 Entanglement for two spins
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And we'’ve already demonstrated in the book, using similar arguments, that

(L) = (¥|L|¥) = Tr(|¥) (V| L) = Tr(pL)
——
=p
So what we’ve proved in the end is that:

(L) = Tr(pL) = Tr(p*L*) = (L*)

That is, we've reduced the density matrix p on the composite system to a density matrix p4 on Alice’s
subsystem.

I’ll come back to this density matrix p# in a moment, but before moving on any further, let me emphasize
a subtle point that I think could have been made clearer in the book. Suppose we’re in a mixed state in
Alice’s subsystem. This means that there’s some amount of chance we’re in this state, or some amount
we're in this other state, and so on, something like:

[y = Pilip1) + Poltba) + ...

But wait a minute, each of those |¢;) is an element of the state space (the Hilbert space), so they can
all be expressed as a linear combination of its basis vectors. In the context of a spin:

W)= Pianlu) + Aild)) + Polaslu) + Bald) + ...
(Z Piai> [u) + (Z Piﬁz‘) |d)

Assuming we renormalize that last state vector if need be, haven’t we just found a wave-function de-
scribing Alice’s state? But haven’t we just stated that we cannot find a wave-function for Alice’s state
because it’s a mixed state?

You could push this thinking one step further: can’t we do the same thing for Bob’s space, and join the
two resulting states with a tensor product?

Well, there’s one considerable issue with the previous reasoning, and I don’t think it’s clear from the
book. So let me emphasize it:

Elements of the so called state-space aren’t states! ‘

Meaning, |¢) isn’t a state! What we have is the following:

The set of all pure states is isomorphic to Sg = {|¥)} |

The most careful definition of quantum system states i@

The states of a (quantum) system are all positive, trace-class, linear maps p : S4 — S4 for which Trp =1

The previous definition accounts for some refinements that will be introduced in the next chapter of
Susskind’s book. For example, a trace-class map refers to a map who has a finite trace: it’s always the
case in a finite dimension vector space, but divergence may occur in infinite dimension vector spaces,
which are mandatory to express position observables for example.

To simplify, such maps corresponds to our density matrices, which as we’ve saw, can encode both pure
and mixed states. We could argue on terminology regarding what a state is: a ”"mixed state” may
only corresponds to the information we have about a state, and not to an actual, physical state, which

65See https://youtu.be/GbqA9Xn_iMO?t=4453
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would justify the less strict terminology, while introducing some confusion on the use of the term ”state”.

It just so happen than for every pure state, there’s a 1 : 1 correspondance with the elements of the
Hilbert "state” space, as p = [¢) (¥].

So we can’t just create a convex combination of ”pure states” (well, something that’s isomorphic to a
pure state in our modern terminology). That’s why when density matrices were introduced in Susskind’s
book, the convex combination was performed over projection operators built from pure states:

p = P1lh1) (1| + Pafahe) (o + ...

And not as I've just show you, directly over elements of the Hilbert space.

Now that we have a clear definition of what a state is, we can check that our matrix p* really is a state:
we want to prove that it’s a positive, trace-class linear map such that Tr(p?) = 1.

It’s clearly trace-class, because we’re in finite dimension: we have a matrix, the trace is a finite sum, it
always converges.

Let me write the matrix in component form:
Z (RN Z V1o

A= b
S unn Y Ukt

b b

Let’s compute its trace:

Tr(p™) = 1011 + oo + P21 + Piothos = (¥|W) =| 1] (as |¥) is normalized)

_ (1/’;11/)11 + Y12 V1Y + ¢f2¢22)
V31011 + V3012 Y3101 + P3aa2

Lastly, as every component of the matrix is a positive real number, I guess this is enough to prove that

p? is positive.

We're ready to move on to verify that (p?)? # p?. After a quick check, I don’t think we reach anything
conclusive by carrying the computation symbolically, so let’s do it numerically:

A)2 _

(» (( 0x0+1/v2x1/v2 0><(—1\/§)+1/ﬁ><0) (1/2 o) :iIA7é”A

—1/vV2) x0+0x (1/v2) —1/vV2x1/vV2+0x0 0 1/2
Clearly, Tr((p?)?) = 2(1/4) = 1/2 < 1, as expected.
Finally, let’s crunch some numbers, using our R script:

(02) = (V|o=|¥) =0;  (02) = (V|ox|¥) =0;  (oy) = (¥[oy|¥) =0

(12) = (U= W) = 05 (72) = (Y|72|V) = 0; (1) = (¥|my[¥) = 0
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1 0 0 0 0
_ _ 0 -1 0 0 V2 |
<Tz0'z> = <\II|Tz0'z|\I]> = (0 1/\/5 —1/\/§ O) 0 10 _1/\/§ - -1
0 0 1 0
00 0 1 0
B _ 0010 /v2 |
(Te0z) = (U|Tpo|¥) = (0 1/v2 -1/vV2 0) 010 0 e T -1
1 0 00 0
0 0 0 -1 0
0 01 0 1/v2
<Ty°'y> = <\IJ|TyO'y|\I/> = (0 1/\/5 _1/\/§ 0) 0 1 0 0 _1/\/§ = -1
-1 0 0 0 0
1 0 0 0 0
B _ 0 -1 0 0 V2 |
(o2me) = (V]our|¥) = (0 V2 -1V2 0) |, o 4 o v IEE 1
0 0 0 1 0
The last one served to verify the following correlation:
(0272) — (02) (12) = —1
”Near-singlet” state
Starting from the following composite state:
|¥) = V0.6|ud) — V0.4|du)
We can easily identify the wave-function for the composite system:
|uu) — ’(/Ju =0
w . |ud> — ’(/)12 =+/0.6
|du> — 1,[)21 =—v04
|dd> — ¢22 =0
The density matrix for the composite system naturally follows for the definition of the state:
0
_ | V0.6
p= | (V| = _Jod (0 V0.6 —0.4 0)
0
0 0 0 0 0 0 0 0
_ 0 0.6 —v0.6x04 0] [0 0.6 —0.24 0
- 0 —v0.6 x0.4 0.4 o o —v024 0.4 0
0 0 0 0 0 0 0 0
Let’s square it:
0 0 0 0 0 0 0 0
2_ |0 06x0.6+ (—v/0.24)2  —0.61/0.24 — 0.41/0.24 0 _ [0 036+024 —v024 0] _
£ 0 —0.61/0.24 —0.4y/0.24 0.4 x 0.4+ (=/0.24)2 0 0 —v024 0.16+024 0 P
0 0 0 0 0 0 0 0

Immediately, Tr(p?) = Tr(p) = 1.

Again, this is an entangled state: by the same (abstract) reasoning as before, we can’t find a wave-
function for the subsystems, and we must look for a density matrix. I'll skip the details this time:

pras <¢T1¢11 + YTt Ui + wfgilizz) _ (0.6 0 )
V319011 + Y3912 Y311 + P3a100 0 04
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Let’s square it:
A2 (036 0 A
Clearly, Tr((p?)?) = 0.36 + 0.16 = 0.52 < 1.

Let’s crunch some numbers agair@ again, this has been automatically computed by the R script:

(02) = (¥|o:|¥) = 0.2 (oz) = (V]o|¥) =0; (oy) = (V]oy|¥) =0

(12) = (|7 |¥) = =0.2; (1) = (V[7a|¥) =0; (1) = (¥[7y[¥) =0

(T202) = (V[re0:|V) = (0 V0.6 —/0.4 0)

coc o~
\
_

—0.9797959 ~ —2v/0.24

i

(To0a) = (Urooal¥) = (0 V06 —V04 0)

o
O OO+ H=HOOO

_ o O o
o= OO

—0.4 ]
0

|
[t

OO = O
S OO
|

(@)
33
=~
|

<Ty0y>: <\IJ|TyUy|\IJ> = (0 m —\/Oj O)

o O O
o = o o

(0212) = (V]|o272|T) (0 V0.6 —v0.4 0)

coom
oo |
R
ol oo
—
—o oo
-
Sl

The last one served to verify the following correlation:

(0272) — (02) (T2) = =1 —-0.2 x (—0.2) = —0.96

For completeness, here’s the aforementioned, self-contained R script. You may want to look at the
IXTEXsource file. I've wrote a separate article (.html)| showcasing various R features used in this script.

#/bin/ Rscript
Quirky, but does the job.

Computes expectation wvalues for a composite
system built from two quantum spins.

Used with either with 1 or 5 arguments:
<operator> [wave—function (uuw, ud, du, dd)]

FEach argument is parsed and evaluated, so you can
use "tau_z J% sigma_x” as an operator for example.

If only an operator is provided (1 arg), its 4xz4 matriz form
1s displayed as LaTeX on stdout.

Otherwise , evaluates the expectation wvalue for the operator
for a system in a state described by the wave—function.

IR R BRI RHR TR, K

66 There are a few more than asked
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tmp <— 7 /tmp/R/1ib”
.libPaths (tmp)
dir.create(tmp, recursive = TRUE, mode = ”0755"”)

loadpkg <— function(p) {
if (!require(p, character.only = TRUE)) {
install.packages(p, repos="http://cran.us.r—project.org’, lib=tmp)
library (p, character.only = TRUE)

# 2x2 identity and Pauli matrices

id2 = matrix(c(1, 0, 0, 1), 2, 2)
pz = matrix(c(1, 0, 0, —1), 2, 2)
px = matrix(c(0, 1, 1, 0), 2, 2)
py = matrix(c(0, 1i, —1i, 0), 2, 2)

# Ugprade subsystem spin component operators to the composite system
sigma _z = kronecker(pz, id2)
tau_z = kronecker(id2, pz)

sigma_x = kronecker (px, id2)
tau_x = kronecker(id2, px)

sigma _y = kronecker(py, id2)
tau_y = kronecker(id2, py)

# Fzrpectation value computation
avg <— function (L, psi) {

return ((Conj(t(psi)) %% L %% psi)[1])
}

# Evaluate CLI arguments (e.g. "interpret” "tau_z %% sigma_z”
# as the corresponding observable)
#
# Note that we need a list (lapply), as some of the arguments will be
# wvectors already.
args <— lapply(
commandArgs(trailingOnly = TRUE) ,
function(x) { return(eval(parse(text=x))) }

)

# LaTeX export
loadpkg (7 xtable”)

# See https://tales.mbivert.com/on—exporting—r—complez—matriz—latex/
xtable <— function(x, ...) {

if (class(x[[1]]) = ”complex”) {
7z <— sapply(x, function(y) {
if (y=20 return (as.character (0))

if (Im(y) = 0) return(as.character(Re(y)))

t < 7
if (Re(y) !=0) t < as.character(Re(y))

if (Im(y) = 1) {
( —0) t< 7i7
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else t <— paste(t, "+i7)
} else if (Im(y) —1)
t <— paste(t, 7—17)
else {
if (Re(y) — 0)  t < paste(fm(y), "i")
else if (Im(y) > 0) t < paste(t, "+”, Im(y), "i”)
else t <— paste(t, Im(y), 7i”)

}

return(t)
1)
dim(z) <— dim(x)
xtable :: xtable(z, ...)
} else
xtable :: xtable (x, ...)

}

if (length(args) = 1) {
x <— xtable(args[[1]], align=rep(”” ,ncol(args[[1]])+1))

# 1.00 — 1, in our peculiar case
digits (x) <— xdigits(x)

print (x,

floating = FALSE, tabular.environment = ”pmatrix” ,

hline. after=NULL, include.rownames=FALSE, include .colnames=FALSE
)
a()

} else if (length(args) != 5) stop(”Incomplete-wave-function”)
x <— avg(args[[1]], unlist(args[2:5]))

# avoids some 0+04i; refinable
if (x = 0) {cat(0, "\n”)} else {cat(x, "\n”)}

8 Particles and Waves

8.1 Mathematical Interlude: Working with Continuous Functions
8.1.1 Wave Function review

8.1.2 Functions as Vectors

8.1.3 Integration by Parts

8.1.4 Linear Operators

Exercise 41. Prove that X and D are linear operators.

The two operators are defined on a Hilbert space H by:

ST AR) ER . (e wa)))
Generally speaking, an operator L : H — H is said to be linear if those two axioms are verified:
(Ya € ©), L(a) = aL(y)
(Y(6,6) € H2), L+ 6) = L) + L(9)

Remark 30. It’s customary in quantum-mechanics to drop the parentheses when apply an operator, i.e.
Ly := L(y); I'll keep them here for clarity.
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Furthermore, while the authors often use "(x)” to denote a function, I'll be using v instead, and reserve
P(x) to the result of the application of v to the variable z, as is usual in mathematics.

Finally, recalm that addition and scalar-multiplication are defined pomtwis@ on functions:
(V(.0) €H), w+oi= (2 (0 +)(@) == h(a) + 6(a))
(V(,0) € H X C), avi= (2 (at)(@) == ath(x))

To ease notation, I'll use the same symbols for e.g. the addition of complex numbers and the (pointwise)
addition of functions. Don’t hesitate to label them in your mind in case of doubt.

Starting with X and the first axiom; let x € R, « € C and ¢ € H:
(X (o)) (z) = way(x)
= afz(x))
= a(Xy)(z)
As this is true for any x, we can conclude:
| X (av) = aX(9)|
Moving on to the second axiom; let z € R and (v, ¢) € H*:
(X(W+0))(x) = z(¥(z)+o(x))
= ap(x) + z(x)

= (X(l/)))() (X(¢))(=)
= (X (¥)+ X(9))(x)

Again, this is true for any x and thus:

[ X(¥+9) = X(¥) + X(9)]

The second operator is a little more interesting; let x € R, o € C and ¢ € H:
(D)) = (-ay)()
d
= a(z9)@)
= a(Dy)(z)

You may be wondering why we’re allowed to shift the a outside of the differential operator. Let me
clarify this a little. The (real) differentiation operator is defined as a limit:

oy o i Y0 = ()

. lim ; =9 (z)

So we can develop our previous equation aﬂ

=ty S ) 00 vt

e—0 € e—~0 €

And thus all the difficulty is in knowing wether the o can ”jump” outside of the limit. And the answer is
yeﬂ assuming the remaining limit exists. Meaning we can as long as the following limit exists (it must
converges to some fixed point in C, or equivalently, is must not diverge to +00):

o Y@+ O — ()

e—0 €

67The authors did it a bit quickly a few pages earlier, but I’ve done it more carefully in LO3E01
6%https://en.wikipedia.org/wiki/Pointwise

69Remember the pointwise definition of the scalar multiplication of a function.

"0For a proof, have a look at https://tutorial.math.lamar.edu/classes/calci/limitproofs.aspx.
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This is equivalent to saying that we can do it as long as 1) is differentiable. In a physics context, functions
are often always assumed to be differentiable everywhere. Hence the first axiom indeed holds for D:

| D(av) = aD(y)]

There’s an analogue reasoning for the second axiom: let z € R and (v, ¢) € H*:

(D +9¢))(z) = df(w+<z>)(>
= (5 w+f¢>(:c>
= (D () D(¢))(=)

Again we can rewrite the ” questionable” line by expanding the differentiation as a limit while unwrapping
the pointwise addition of functions:

L+ o) = iy G+ 0+
_ g Y@+ (@ te) — (¥(z) + ¢(z))
o (¢($+6)—w(m))+(¢(x+e)_¢(x))
= p
= l%(w(x+62_w(m) n ¢(l‘+€z—¢(x)>

Again, we can split the limit of a sum to a sum of limitsr_T], as long as both limits converge. Hence the
second axioms holds as long as v and ¢ are differentiable:

| D@ +¢) = D(¥) + D(9)]

8.2 The State of a Particle
8.2.1 The Eigenvalues and Eigenvectors of Position

8.2.2 Momentum and Its Eigenvectors

8.3 Fourier Transforms and the Momentum Basis

8.3.1 Resolving the Identity
8.4 Commutators and Poisson Brackets

8.5 The Heisenberg Uncertainty Principle
9 Particle Dynamics

9.1 A Simple Example

9.2 Nonrelativistic Free Particles

9.3 Time-Independent Schrodinger Equation

Exercise 42. Derive Eq. 9.7 by plugging FEq. 9.6 into Eq. 9.5.

Let’s recall in order, Eq. 9.7, Eq. 9.6 and Eq. 9.5:

h* 9*y(x)

2m Ox2

E = p*/2m; Y(x) = exp (ipz/h); = Ey(x)

In that last equation, the RHS could be rewritten as H|V¥), where H is the "quantized” classical
Hamiltonian corresponding to a free particle, that is, a particle not affected by a potential energy: the

"1 There’s a proof on the same website as before
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Hamiltonian is then built solely from the ”quantized” kinetic energy.

Eq. 9.6 (the middle one) is a solution proposal to the ODE yielded by Eq. 9.5 (the last one). Let’s see
how it goes:

2 0%(x
“2m aﬁ(z): ()
h2 32
—%Wexp(ipx/h): Eip(z)
2 [ip 2 .
5 (1) et/ = Eua)
=:(x)
o P ye) = Bi)
2m

And so indeed, at least as long as ¥(x) # 0:

[E=7n] o

9.4 Velocity and Momentum

Exercise 43. Prove Eq. 9.10 by expanding each site and comparing the results.

Eq. 9.10 is:
[P?, X] = P[P, X] + [P, X]P

We're trying to compute the ”velocity” of a free particle, meaning, the time derivative of its position

operator X, which can be performed thanks to an earlier formula derived in section 4.9 - Connections

to classical mechanics: J )

i

ZUX) = 2

dt (X) h

To push the computation forward, we then need to compute [H, X|, which is, for a free particle, up to
a constant, equivalent to [P?, X|.

(H,X])

Recall that the commutator measures how much two operators defined on a Hilbert space commute:
[A,B] .= AB - BA
Let’s progressively expand both sides, keeping all expansions strictly equivalent:

[P?,X]= P[P,X]+[P,X]|P

& P)X-XP’= P(PX-XP)+(PX-XP)P
& PPX - XPP-= PPX-PXP+PXP-XPP
& PPX - XPP= PPX - XPP

& 0= 0

& true [

9.5 Quantization

9.6 Forces

Exercise 44. Show that the right-hand side of Eq. 9.17 simplifies to the right-hand side of Eq. 9.16.
Hint: First expand the second term by taking the derivative of the product. Then look for cancellations.

Eq. 9.17 and Eq. 9.16 are respectively:

[V (@), Plie) = V()i o) — (i D)V (a)i(a)
Vi), Pl = in ™
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Let’s start as suggested by expanding the second term of Eq. 9.17, ignoring the —if factor for now: this
is a basic product rule application:

@) = T i) 1 v

The second term will cancel with the first term of the RHS of Eq. 9.17:

d d

[V(2), Pli(z) = V(z)(=ih)p(x) = (=ih— )V (2)¢(z)
— — V(o) dzgf) +ih ( d‘;ff) () + V(x) dﬁi“)
= in

As long as 1(z) # 0, we can divide by ¥(z), and indeed establish Eq. 9.16:

9.7 Linear Motion and the Classical Limit
9.8 Path integrals

10 The Harmonic Oscillator

10.1 The Classical Description
Exercise 45. Find the second time derivative of x in Eq. 10.9, and thereby show that it solves Eq. 10.8.

Eq. 10.9 and 10.8 respectively are:
x(t) = Acos(wt) + Bsin(wt); —wlz(t) = #(t)

Where T've systematically made the time-dependence explicit by replacing = with «(¢). This is an
elementary differentiation exercise that I think has already been performed in the previous volume on
classical mechanics. Nevertheless:

Z(t) = — Awsin(wt) + Bw cos(wt)

#(t) = — Aw?cos(wt) — Bw? sin(wt)

— w? (Acos(wt) + Bsin(wt))
=:z(t)

10.2 The Quantum Mechanical Description
10.3 The Schrodinger Equation

10.4 Energy Levels

10.5 The Ground State

10.6 Creation and Annihilation Operators
10.7 Back to the Wave Functions

10.8 The Importance of Quantization
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