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1 Spin and Thomas Precession

Nonrelativistically we know that a current in a loop produces a magnetic field
which at large distances corresponds to a magnetic dipole with a magnetic
moment given by the current times the area of the loop. In general the
magnetic moment (in SI units) is m = 3 [ 7 X J(7)d®r. If the current is
due to moving charge 7 = 3 [ pq(7)7 x U(r)d*r. This looks like the angular
momentum except for having the charge density instead of the mass density
— if the ratio is a constant,
pa(f) _ Q 1Q - Q

o) == m = iﬁL (SI units) = 2—777,CE (Gaussian units).

If the ratio is not constant, there will be a correction factor g, and m = g%cf .

For an elementary particle, say an electron in an atom, the total angular
momentum is not just the orbital angular momentum L but rather L + S,
where § is the spin, the intrinsic angular momentum the particle has, which
can be thought of as due to the rotation about its center, though this is naive
for a point particle like an electron. The spin can only take on a few discrete
values, for an electron s, = j:%h. The magnetic moment of atomic-sized
particles is generally called ji rather than m.

Now the contribution of the orbital motion of an electron in an atom
surely has a fixed charge to mass ratio of e/m., so we would expect g =
1, but the spin is really not understood in classical terms, so it could be
otherwise, and according to the Dirac equation ¢ = 2, though quantum
field theory provides some small corrections (very famously) to that value.
These moments can be measured by the splitting of atomic energy levels
in a uniform magnetic field, known as the Zeeman effect. If there were no
spin, atoms of a given angular momentum A¢ could have components in the
direction of B given by hm, m = —¢,—¢ + 1, ..., ¢ and therefore we should
see an odd number of energy levels split by ehB/2mec. This is known as the
normal Zeeman effect. But observations differed, we now know because of
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elementary particle (electron) spin, and that is called the anomolous Zeeman
effect.

Let us ask what the equation of motion is for the spin of a particle,
whether an electron or an atom. The torque on a dipole in its rest frame is
7 =1 x B and the energy U = —m - B. Thus if @ is the momentary rest
frame of the electron at time ¢,

ds’ ge _, = ge
—_ = ——§ -
dt’  2mc

xB', U =-—-3%.B" (1)

2me
What is B'? To first order in ¥ /c, the lorentz transformation A*, = 6/ —
V00 /¢ + v,0f Jc so F'Y = F9 —v'F% Jc + 0, F®° Jc = —¢€;54B) = —€;0By +
20'E; /¢, or

—

B'=B-°xE to order O(v?/c?).
c

If O’s electric field is due to a spherically symmetric potential energy V' (r),
as for an electron in a hydrogen atom, we have

B = vV =V

rdr’

so the spin contribution to the energy appears to be

(5 T = ge ., 3 g - L . 1dV
U,:— . B——XE et ——,.B_ /. X —_
a < c ) 2mcs 2m028 (7 7) r dr
ge =/ = g =/ _‘1 dV
p— ———— -B . _ 2
2mcS + 2m2028 r dr (2)

Notice that we have a coupling between the spin and the orbital angular
momentum. The rate of change of spin from (1) appears to be
ds’ - - 1dV
_S_ﬂgle_L_’le__
dt' 2mc 2m?2c? r dr

Unfortunately this is not correct. To get the anomalous Zeeman effect right
we need g = 2, as the Dirac equation tells us it should be, in the B term,
but the correct spin orbit term in the fine-structure energy level splittings
(2) seems to be half of what we calculated.

The problem here is that what we are doing is trying to find the change
in spin by boosting from the lab frame to the rest frame at time ¢, calculating
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the change in spin in the rest frame after some infinitesimal times At, and
then boosting back to the lab frame at time ¢+ At. Both of these boosts were
supposed to not involve rotating the coordinate systems, so we don’t add a
spurious rotation to §. But the second boost is with a different velocity, so
we are actually using a different frame given by A", (-t — Av)AY (7). Why
does that mess up the rotation of the spin? Because

B L1
e—(v—i-Av).Kev-K = T—-—Av- K+ §Ui(Av)j[Ki,Kj] + O(UQAU)
— ]_ —
= 1-A7-K 5 (0xA0)- 5.

The last term represents a rotation of the coordinate system, at a rate & =
~1dV

—%17 X a= —ﬁﬁ x F = —ﬁfx U5, so even if the spin doesn’t rotate in
the momentary rest frame, it does rotate in the lab. This needs to be added
to the “body-fixed” observed rotation, and as this is of the same form as the
3 x L term, it has the effect of changing g to g — 1. The same change occurs
in the S - L for the energy! term, changing the g of the spin-orbit term to
g— 1. As g is very nearly 2, and was originally expected to be 1, this caused
considerable confusion historically.

This argument is sort of clear physically but getting the signs right, as
well as going beyond the non-relativistic case, is easier if we formulate things
in relativistic (4-D) language.

Now what is the four-dimensional version of the spin? Spin is really
an angular momentum, which is a lorentz generator with two spatial in-
dices, but spin is represented by a vector using the 3-dimensional Levi-
Civita e. As spin is the angular momentum of a particle in its rest frame,
we can use the 4-velocity U® = (1,0,0,0) in the rest frame to write a 4-
vector S¢ = eaﬁVCUgSWC, and note that we always have U,S“ = 0, so

the spin only has three independent components (classically). So the left

"Why? The connection of torque and energy is analogous to that of force and energy.

F= %15 = [13, H} =-VH classically, but —i [13, H} if we are treating P as the quantum-

mechanical operator P = —ihV (with = 1). In the same way we have
. d - = o
F=2T= [LH} — iLH,
dt QM

where the second and third L’s are the differential operator —ir X V from Lecture 9
(J9.101)



504: Lecture 17 Last Latexed: March 30, 2011 at 15:10 4

hand side of (1) is the spatial part of dS®/dr, while the right hand side is
(ge/2me)eni; SH(—€jreF*/2) = (ge/2mc) S F?,. But this does not determine
the whole of dS®/dr in general, because the equation (1) is not known for the
S° component in the rest frame, or more generally the component involved
in U,S“, which still needs determining. We can write a correct covariant
equation both sides of which vanish when contracted with U,:

dse 1 ds? 1
W gyt 9° ( 2,56 — gUaUCFCﬁSﬁ> , 3)

dr 2 dr 2me
because U%U, = c?. Fortunately we know that U,S* = 0 at all times,

so UydS®/dr = —(dU,/dT)S®, and if the only force on the particle is the

Lorentz force® Ja L d )
o pa e ﬁ
e N N
dr m dr mec p

So we can move the second term on the left hand side of (3) to the other
side,

dsS® ge s 1 ¢ e
- I « T qra F ﬁ) I ' ﬂF ¥
dr 2me < ’65 02U Ue ﬁS mc3U ST U
€ (9 1 /g o
- = [5 557+ 5 <§ - 1) U SﬁFﬂCUC} ()

In the rest frame S’* = (0, ), so applying a Lorentz transformation

2

S'=yfs S=5t (398

(This is most easily seen by assuming ¢/ is in the x direction, and then making
the result rotationally invariant.) To compare to the previous discussion of
d§/dt, which we expect to be good to first order in v or 3, we need to be
careful, because while § ~ S to first order, the time derivative dﬁ/dT =
¢k /mc is zeroth order. Thus to first order in v,

g dS e

g el e (5 E)o + (5 0)E].

2If there is a gradient in the magnetic field, there is an additional force from the coupling
of a magnetic moment with an inhomogeneous field. We assume that is not present in this
discussion.
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The first term can be evaluated to first order from (4)

—

dS; € 19 973 - L (g i0
T = g gFed s (5 1) vl
ds e

- - B - * E - — - 1 * E .
ol LR +=(U-5E/c - (5 FE)

2 2 2

Putting the terms together, to first order in v,

ds e [g. = g 179 >ﬁﬁ ~]
— = —|= B+ = Ele—-[=-1 E
dr mc {QSX +2(U SE/c c<2 s E)
€ - - o oa =
53 [(s -E)U+ (5 v)E}
95 9g—-1., =
— — X[QB_ e UXE] (5)

Notice that the E term has g replaced by g — 1 compared to the naive
derivation. The full expression, correct for all @, follows from (4), but is
quite complicated.

A very interesting thing happens if ¢ = 2, as predicted by the Dirac
equation. Then we have the second term in (4) vanishing, and if we have a
pure magnetic field, so that F°* = 0, we see that S° = ’yg~ § is a constant.
But so are  and || in a pure magnetic field, so we see that the helicity, B -5
is conserved.

Now in quantum field theory there are small corrections to g = 2. Because
only the corrections contribute to the evolution of the helicity, they can
be measured very precisely. Also extreme effort has been invested in the
theoretical calculations. Experiment says®

g-2 = 0.00115965218073
+0.000 000 000 000 28

with the inverse fine structure constant

i ., 137.035999084
o™ =dmeohc/e” = 30 000000051

3D. Hanneke, S. Fogwell Hoogerheide, and G. Gabrielse, aryiv:1009.4831
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and theory says*

g—2
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0.00115965218279

£0.000 000 000 007 71

certainly one of the most accurately measured quantities in physics.

For the muon®

<

()

2 Jexp
— 92 QED

(57),

g_2 EwW

(%),

Q

0.001 1659208

0.001 16584719

0.000 000001 54

0.000 000071 10

_2 SM
(g___) — 0.00116591858
m

so this tests all sorts of contributions of quantum field theory and the stan-
dard model.

4Aoyama, Hayakawa, Kinoshita, Nio, Phys. Rev. D 77, 053012 (2008)
SHocker and Marciano



