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- © Cartesian coordinates, 7: flx) — F(kx), and ky := px/ . ..'/IOWQVQ}:...
Q Typically, 7: f(t) = F(w), and w := (E» — E1)h, and so w = Eh
- @ Ballentine: energy may be shifted E — E + Eo, with Eg = const. arbitrary

©But, so canp — p + po: for a fixed mass, this is just a Galilean boost.

=% O Sometimes, as “canonically conjugate variables”

1A

gF/& O No general precise derivation (dimensional analysis does check out)
34,74~ ©Not general enough...




. General Indeterminacy Relations

. & Robertson ('29), Schrédinger ('30), Jackiw & Carruthers+Nieto ("68):
4 O Given two Hermitian operators, define the third one as

C:= —i[A, B] = —i[(A-(A)), (B—(B))
- R R - +
0< ( ([A~(A)-iB-(B)) (lA-(A) -
- <}ﬁ—<ﬁ>\2>—i¢<[ﬁ—<ﬁ> B—(B)]) +
Aa)? + E(C) + &(Ap)?
True for all cf, this is true for min(&) = —(C)/2(Ap)?

B (C)2  (C)
= (8a)° 2(Ag)?  4(Ap)>

B)]
B—

iZ[B-(B)) )
&% (|B—(B)]

)

(84)%(AB)* = L(C)? Aplp 2 %|<[ﬁ, §]>|

(€=0) state-dependent




nergy-Time Indeterminacy

L Heisenberg’s indeterminacy relations Ag Ap = Y2h

L Often, as “dual variables in Fourier transformation”

- ©Cartesian, 7: flx) — F(ky), and ky := px/ 1. "'/70Wever,..
Q Typical, 7: f(t) = F(w), and w := (E» — E1)h, and so w = Eh
~ © Ballentine: energy may be shifted E — E + Eo, with Eo = const. arbitrary
_4’,_- ©But, so can p — p + po: for a fixed mass, this is just a Galilean boost.

A j?f'@ Sometimes, as “canonically conjugate variables”
17 © No general precise derivation (dimensional analysis does check out)
?f 5" © Not general enough...

/Ji ﬁ Nonrelativistic Quantum Mechanics

ﬂ“"ﬁ"?

) @ time 1S not. . .
_ Time is a parameter
P:"

© coordinates are eigenvalues (expectation values) of Hermitian operators

...on which everything else depends
4
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L Suppose time was the eigenvalue of a Hermitian operator,
& canonically conjugate to the Hamiltonian

'T,H] =i U, := exp { —ieT /)
(RG] = [A,7]52 = (nl(-iem) =l
:@Then, P .




4® Suppose time was the eigenvalue of a Hermitian operator,
canonically conjugate to the Hamiltonian

'T,H] =in U, := exp { —ieT /)
(8,0 =[A,7T ?;T — (—im)Ue(—ie/h) = —ell
O Then, '
\ HIE)=E|E) A(Q|E)) = (0. - el) [E) = (E— &) (U |E))
U; |E) = |E—¢) & — o = 3 normalized state with E — —co
o = no ground-state with definite energy!
m‘ © Thus, time cannot be the eigenvalue of a Hermitian operator.
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© It is not time itself that is observed, but sequential variations in some
other observable...

~ ©...which then serves as a clock.

L Consider then an observable that is not stationary

i g R ~ hid(R
. [AR1 A0 Avdw> AR = 2|2
S. Mandelstam & I. Tamm
| F@Then, define:
Rl 7/ 4(R) -1
/1 s | w Ap >
] /_/‘ -h

“&== This 7r serves as a characteristic time (period) of any

D . . SO

N phenomenon in which variations in the observable R
“‘% serve as a clock. Whence “clock-observable.”
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Q...gaining/losing Y2yhB-o energy in the B-field

Q ...with u precessing with frequency w =7y |B|

. 17 | ¢+ | _  —iwto, _C+ o C+e_i“’t
o = e = |
=" O Similar result for all 2-state systems

9 Suppose thlS linear -—————— E2

S
4

b5y, combINation deCays  — e

- I’/’ into a lower state . \\ . - hadinah
PR~ The two emitted \m

AR photons interfere . 1 w9 = (E; = Eg)/ T
:“*% © Int. « Prob. « cos(wo1 t) ‘\ ‘\

hfﬂ modulated decay pattern ¥ Eq

- L |
FE% 7



lJantum Beats —=

| : o . M P
L Treating the EM radiation classically, - A ATAVAVAY. S
-type »
I Si]?l(a)zoi’) + Sin((ulot') Ly E,
— 2sin (wzonrwm t) sin (wzogwm t)
: “carrier” “AM” = beats
1O A similar effect should — E,
also exist in the flipped vy @y = (E,— E,)/h
situation... \ \M/W\)
f @ ‘while the EM radiation ®®¢ 'S YAVAVAVAY -
b g, 1s treated classically Y Wop = (E,— Ep) /1
O But, V-type atoms do exhibit N
#_-' beats as predicted... - E,




\* Time-Dependent Phenomena

Quantum Beats —:=

4 E, Wao = (B~ Eg) /1
QVAVAVAVAY
\\W
' (Ey~ E) /i

X W10 =

L The full quantum description of the Vetvee \
two cases uses the final states: ” ) A

a1 | Eg; wio) + a2 | Eg; wop)

pp—
131 El; wN_ ,B%wz(ﬁ ' \\W\/\ajl\:/(fz—El)/h
?\ 7 Atype NN

\

. . : Gdon = = B )i
EM radiation Oy -
i X E,

8% O Beats are caused by interference

I
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. ...for which the probability amplitudes are

I’}.*_rs (Eo; wig g’y | Eo; W20)v:type (Eq; wo| ﬁ», |E0; w20) A_type
‘"“"'& LEO,E,OZ' (wio| Hy |w2o) (Eq|Eg)- (wa1| Hy |woo)
i ‘ =1 beats —(0 <«——bheats-

& Useful when E; and E; cannot be resolved experimentally
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. Two neutral, spin-0 mesons

. ©one decays into two pions, after 8.958x1011s = Kg CP = +1
B O the other into three pions, after 5.114x108s =K CP = -1
O although they are created in same collision processes
S0, Ks and K; are decay eigenstates
- © The creation eigenstates are Ko=(Ks+ K) and Ko=(Ks—K1)

_: @Created 50%-50%, the ratio soon depletes

g
N(Ks) e "™ _ . f
g N(KL) = —t/TL —eXp{ TS i TL} NeXp{ _5699T_L}

1
/{{ﬂé © which drops to 1.447x10-° after just 1 ns!

P © However, virtual decay-undecay processes can oscillate Ks <= K;

m{ ©...and yield two-pion decays even after many seconds of flight.
*w

‘“' © This regeneration violates CP conservation needed for ,
% Big-Bang baryogenesis
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L B-decay: zX —= zuY +e* (ie, n—=pt+e or pt —=nl+et)
cannot sat1sfy both energy and momentum conservation

E. Fermia: ”small neutron” = neutrino

T %p& + vy
— (67 +Ve+vy) +7y

- ]{r + vy,
— (T + v +7y) + vy
@There should be twice as many cosmic v,’s than v.’s.

@Vertlcally, yes; =2:1. Horizontally (along the horizon), no; =1:1
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- Neutrino Oscillations

| G By 1938, Hans Bethe: “Carbon cycle” & “pp-process”
H—He fusion in stars such as the Sun

i O ...with a detailed spectrum of neutrinos predicted

) ...of which only ~¥5v,’s arrive to Earth (v,’s not detected)

| @ Propagation/evolution = Hy-eigenstates, say “1” and “2”
| Q ...these are also the mass-eigenstates
ﬁCreated as, say, Ve:
Sy —itH /h ¢« 2 ¢« %)
e /M (y;0) 1= [142750) ) = [“1+2%1)
_ Cle—ziElt/h |1> 4+ Cze—iEzt/h ‘2>
P, := | [cos(a)(1] + sin(a)(2|] |“1+2”; t>‘

= |Cy|* cos? (&) + |Ca|? sin® (&) + sin(2x) Re [ClCike_i(El_EZ)t/h]
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| cos(a) (1| + sin(a)(2]]|“1+2"; t) ‘2

= |C1|? cos® (&) + |Ca|? sin®(a) + sin(2a) Re [C1C§‘e—i(E1—E2)t/h]

L S0, if the neutrino was initially in the “opposite” linear
combination, —sin(a)!1)> + cos(a)l2) , (the a + ™2 state)

Pt 3)ja) = sin®(20) sin(Jwnat),  wyp 1= S5
% The neutrino oscillates
%e) — o) T cos(a) [1) + sin(a) |2)
\vy> = |zx %) = —sin(a) |1) + cos(a) |2)
| g
. Bope,, 2

: ...provided: %’aesf,;’:f’ 7 rea
~ ©The two stationary states are not degenerate, E1 = Ej, w120 “utr ’%70}1{

© The interaction eigenstates are not equal to the stationary states, a=0

| 2
- and E{—E, = \/|IT7’|2C2 + mPct — \/chz +myict A
; 13
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Quantum Mechanics Il

Now, go forth and
calculate!!
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