2. The nucleon spin decomposition of QCD

2.1. Introduction to the problem

Although one might think it a little “academic problem”, to get a complete
decomposition of nucleon spin is a fundamentally important task of QCD.

In fact, if our research ends up without accomplishing this task, a tremendous
efforts since the first discovery of nucleon spin crisis would go up in smoke.

Unfortunately, this is an extremely delicate problem, which has rejected a clear
answer for more than 20 years since the first seminal the paper by

» R.L. Jaffe and A.V. Manohar, Nucl. Phys. B337, 509 (1990).

Recently, two reviews appeared to overview controversial status of the problem :
« E. Leader and C. Lorcé, Phys. Rept. 541, 163 (2014) [arXiv : 1309.4235].

* M. Wakamatsu, Int. J. Mod. Phys. A29, 1430012 (2014) [arXiv:1402.4193].



Remember first the Ji sum rule, which gives J¢ 4 J¢ 1 /2 with

Jq

%fﬂi | HY(x,0,0) + E9(«,0,0)] dz

JG

%/Qg (H%(2,0,0) + E%(x,0,0)] dx

At first sight, further decomposition seems easy, since in pQCD framework
A = /Aq(a:) dr . quark spin fraction
AG = ng(iL’) dr . gluon spin fraction

We would therefore get the decomposition

1 1
- — 719 G _ q =74 G
2_J+J_(L+2L)+(L -|-AG)
with

L1 = Jq—%Azq, ¢ = J¢ - AG

Life is not so easy, however, because of color gauge-invariance.



two popular decompositions of the nucleon spin

Jaffe-Manohar decomposition Ji decomposition
common

1 1
Joop = [v'SSyds Joop = [v15Syds
1
+ [vlex Ve + [vlex - Dpdd
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Each term is not separately gauge-invariant ! No further GI decomposition !
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two popular decompositions of the nucleon spin - continued -

Jatfe-Manohar decomposition Ji decomposition

different

.

An especially annoying observation here was that, since

Ly # Lq
one must inevitably conclude that

Jo = AG + L # Jg !

/




Now we know the answer of this puzzle.
« M.W., Phys. Rev. D81 (2010) 114010.

Jaffe-Manohar decomposition Ji decomposition

ADY

potential angular momentum

< 7

- AG

Lot characterizes the difference between J-(Ji) and J(IM) .

Jo(I3i) = JL(IM) + Lpot




Pay attention to the difference of quark OAMSs in the two decompositions.

Lo(IM) ~ ¢z xpy Lo(i) ~ ¢lax(p—gA)y

canonical OAM mechanical OAM
(or kinetic OAM)

not gauge invariant ! gauge invariant !

[gauge principle}

observables must be gauge-invariant !

« Observability of canonical OAM has long been questioned ?

» On the other hand, it has been shown that the mechanical quark OAM
can be related to observables through GPDs. (X. Ji, 1997)



The recent intensive dispute began with Chen et al.’s papers.

* X.-S. Chen et al., Phys. Rev. Lett. 103, 062001 (2009) ; 100, 232002 (2008).

basic idea
Al = phys + APU"“G

which is a generalization of the familiar decomposition of photon field in QED
Into the transverse and longitudinal components :

Apnys <& A (gauge-invariant), Apure & A
Their decomposition is given in the following form :

2

+ / Ea x A%y d3z + / E% (@ X Dpure) A%

phy 9 .’13

It can be shown that each term is separately gauge-invariant !

- Gl version of Jaffe-Manohar decomposition ? -



Soon after, we noticed that the way of gauge-invariant decomposition of nucleon
spin is not necessarily unique, and proposed another G.1. decomposition :

. M.W., Phys. Rev. D81 (2010) 114010.

Jocp = S¢ + Lg + Sg + Lg
where

»
1)
|

= S, S¢ = S,
1
— /gwa(gv-gA) Yld3z = L4(3i)

Lo = L, +[ / P (T x Aghys)d%J — L

“potential angular momentum?”

t~
2
|

The QED correspondent of Ly, is the orbital angular momentum carried by
electromagnetic potential, appearing in the famous Feynman paradox.

An arbitrariness of the spin decomposition arises, because this potential angular
momentum term is solely gauge-invariant ! Shifting it to the quark OAM part

Lq + Lpot — Li] (Chen) — JG = J(,’Jv + Lpot
Lo — Lpo L’G (Chen) Ji J-M or Chen



We are thus left with two gauge-invariant decompositions of the nucleon spin :

[ “canonical” decomposition } [ “mechanical” decomposition }
Jocp = Sy + Ly, + S; + Lg Jocp = Sq¢ + Lg + S¢ + Lg
with with

1
!/ T 3
Sy = [wfZZed S, = 8,
_ 1 3 1

L'f’i’ = f@bT:EX(zv—gApure) ”defﬁ Lq — /,‘pT (;V—QA> wd?)i?

S, = f E® x A%, d3z S = S

Ly = [ B (@ x Dpurc AY,,) & Lg = Lg + Lpo

[Word of caution]

e These decompositions are based on the familiar transverse-longitudinal
decomposition of the gauge field.

® However, the transverse-longitudinal decomposition is given only after fixing
the Lorentz-frame of reference.

- breaks Lorentz-covariance -



“Seemingly” covariant decomposition of the angular momentum operator

The most general forms of gauge-invariant complete decomposition of the nucleon
spin, which have “seemingly” covariant appearances, was given in

« M.W., Phys. Rev. D83, 014012 (2011)

[ “canonical” decomposition } [ “mechanical” decomposition }
My _ A I\uv INuv I\ AWV A A A Ay
MQCD - Mq—spin t Mq—OAM t+ MG—.spm t MG—OAM MQCD - Mq—spin t Mq—OAM + MG—spm t MG—OAM
+ Dboost + total divergence + boost + total divergence
where where
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The startingpoint of these gauge-invariant decompositions of the 4-vector potential

| 3
A - phys + Apure

To obtain the above two “seemingly” covariant complete decompositions of the

QCD angular momentum tensor, we need to impose very general conditions only :

r I 17 174 L’ —
F}#tu e = OF pr"e — 0 Agure —1g [Apurea pure] =0

and

() — Uz) AL, (@)U (2)

phys phys

Al o(z) = U(m)( Al o(@) + = 8“) U~ (w)

« Actually, these conditions are not enough to fix the decomposition uniquely !

« It is nevertheless true that one of our decompositions, i.e. the “canonical”
type decomposition contains the LC-gauge motivated Bashinsky-Jaffe (or
Hatta) decomposition as well as the Coulomb-gauge motivated Chen
decomposition, after a suitable choice of the Lorentz frame.



[critigues to non-uniqueness nature]

It was criticized by several researchers that our formal decomposition of the gauge
field into its physical and pure-gauge components is not unique at all and there are
In principle infinitely many such decompositions, which in turn leads to infinitely

many decomposition of the nucleon spin.

According to

« X.JI,Y. Xu, and Y. Zhao, JHEP 08 (2010) 082.

the arbitrariness of the decomposition comes from the path-dependence of the
Wilson line, which is necessary for explicitly fixing the decomposition of the
gauge field into the physical and pure-gauge components.

Another argument in favor of the existence of infinitely many decomposition of
the nucleon spin was advocated by

« C. Lorcé, Phys. Lett. B719, 185 (2013).

based on what-he-call the (hidden) Stueckelberg symmetry of gauge-trans., which
changes both of A, and Apure , While leaving their sum intact.



After long debate, we realize that the remaining issues in the gauge-invariant
decomposition problem of the nucleon spin are the following two :

1) Are there infinitely many decompositions of the nucleon spin ? If not, what
physical principle favors one particular decomposition among many candidates ?

2) Among the two different decompositions, i.e. the “canonical” type and
“mechanical” type decompositions, which can we say is more physical ?

(More “physical” here means that it is closer to direct observation.)

Actually, the 1st question above is closely connected with the long-lasting
fundamental question of the nucleon spin decomposition problem.

1’) Can the total gluon angular momentum be gauge-invariantly decomposed into
Its spin and orbital parts without causing conflict with the textbook negative
statement on the similar question on the total photon angular momentum ?

We believe that a clear answer to both these questions are given in

- M. Wakamatsu, Eur. Phys. J. A51 (2015) 52 ; arXiv : 1409.4474 [hep-ph]



2.2. Uniqueness problem of the nucleon spin decomposition

- the role of Lorentz-symmetry -

Ji et al. argued that the total gluon helicity in a polarized proton is shown to be
large momentum limit of a gauge-invariant operator £ x A | , with

A | being the usual transverse component of the gauge potential.
« X.Ji,J.-H. Zhang, and Y. Zhao, Phys. Rev. 111 (2013) 112002.

(1) First, they pointed out that, for the abelian case, the gluon spin operator S,
which corresponds to DIS measurements, can be expressed in the form :

_ Sq = (£(0) x Aphys(o))3
with

L gate)

Aphys(o) = A(0) — v+ e-=0

(2) Next, they showed that the above operator is just the IMF limit of

E x A, : gluon spin operator of Chen et al.



From this fact, they concluded that, to identify (E x A )> as the gluon helicity,
one must have the following conditions :

Infinite Momentum Frame &  physical gauge ( ~ LC gauge)

The statement is nothing wrong, but it has a danger of causing a misunderstanding.

In fact, the gluon spin, or more generally, the longitudinally polarized gluon
distribution, must be a Lorentz-frame independent quantity.

This is clear from the fact that the measurement of these quantities is carried out
In the laboratory frame not in the IMF !

This especially means that the gluon spin or the longitudinally polarized gluon
distribution should not depend on the magnitude of nucleon momentum P. .

AG(X), Ag(a, K)



On the Lorentz-frame independence of PDF (from Collins’ textbook)

definition of unpolarized PDF ( n being the light-like vector with n? = 0)

% eI AR (P |5(0) pp(An)| P)

Since the r.h.s i1s a scalar function, it must be a functionof k- n and P -n :
g(k-n,P-n)

The formula is invariant under scaling of n by an arbitrary positive factor, so
that only the combination = k- n / P - n is allowed :

(= 50)
r = —
1 P-n

o(e) = [ 5T EM (PG pu(n) | P)

This gives

It is invariant under the boost along the direction of the nucleon momentum.

p° — ~v@°—vp3), pt — pt, p? = p%, PP — (> —vpY)



To see the importance of the constraint from Lorentz-frame independence in our
decomposition problem, it would be instructive to compare a vital difference
between the various definitions of the “physical” component of the gauge field :

* Y. Hatta, X. Ji, and Y. Zhao, Phys. Rev. D89 (2014) 085030.

LC gauge motivated (A™ = 0) = Alhus oF F
1
temporal gauge motivated (A~ = 0) = Aphys = 70 F
: : : 3 M — 1 3u
+ spatial axial gauge motivated (A =0) = A 53 ¥
1
« Coulomb gauge motivated (V- A =0) = Ay s = A — V ﬁv LA

A distinguishing feature of the LC gauge motivated choice is that it is invariant

under the Lorentz-boost along the 3-direction, i.e. the direction of nucleon
momentum !



In fact, under the Lorentz boost along the 3-direction

1 1 2 2 3

ot st 2% = 2?2 = @S —wvd), 2V

— v (2% —vz?)

one can easily verify that (for £ = 1,2)

1 . 1
k _ +k _ +k
Aphys = D+ K ot —igAt E
1 1
— 1 _ _[_‘—r+k: — . }F—i_k o Ak: .
TA- 0 @F —igan) T DF phys

k

ohys 1S NOtinvariant under the boost.

On the contrary, any other definitions of A

We therefore conclude that what plays a key role in the uniqueness problem of
the GI decomposition of the nucleon spin is the Lorentz-frame independence.

Somewhat ironically, then, what selects a particular GI nucleon spin
decomposition is not the gauge symmetry but the Lorentz symmetry !




Still noteworthy observation is as follows. In the free field limit with

we see that

LC
tempolal

spatial axial

A3 = 0

1 +u + An iz
Ry aOA“ = AM
1)0 30

1 1

P - gotar = AF

This indicates perturbative equivalence of these three. In fact, we find that the
1-loop anomalous dimension of the gluon spin operators are just the same.

 M.W.,, Phys. Rev. D87 (2013) 094035.
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Now, the definition of the gluon spin operator corresponding to DIS measurements
seems unique, so that there is only one (or two) nucleon spin decomposition.

1 k
AG = o (PS|2Tr & FIT(0) A%, (O)] | PS)

where

Ak 0) = =2 [ e(e) £I0,6 T FHRE) £l 0

It is gauge-invariant as well as Lorentz-boost invariant along the 3-direction.

e Any contradiction with the standard textbook knowledge ?

e |[sthe lack of full covariance an indication of the fact that the
gluon spin is not a gauge-invariant quantity in an ordinary sense ?

U

A key is the existence of particular spatial direction in the DIS observables !

- direction of nucleon momentum -




One can convince it iIf one remembers

decomposition problem of the total photon angular momentum
« S.J. Van Enk and G. Nienhuis, Europhys. Lett. 25, 497 (1994).
« S.J. Van Enk and G. Nienhuis, J. Mod. Optics 41, 963 (1994).

They argue that the total angular momentum of free electromagnetic field can be
gauge-invariantly decomposed into “spin” and “orbital” parts, J, = S 4 L.

(1) This separation is not Lorentz invariant.

(2) Neither S nor L does obey the SU(2) commutation relation.

(1) causes no problem, because the photon spin measurement is performed in a
fixed laboratory frame by making use of the interaction with atoms.

(2) is not also the problem, because both of S and L (actually their components
along the photon beam direction) can be separately measured.

U

It appears that the key is again the existence of a particular spatial direction
In the measurement, i.e. the direction of paraxial laser beam.




For similarity between optical measurements and TMD physics:  Bliokh@ECT*2014

SAM and OAM in paraxial beams
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It may be fun to inspect the physical contents of the resultant gluon spin operator.

In the LC gauge (AT = 0), it reduces to the following form :

1 " :
AG = o (PS|2Tr [6-7 FIT(0) Af,s(0)] | PS)
1
= ST (PS|(ELx A)°> + B, -A,||PS)

We emphasize that the presence of the 2nd term is essential, because the 1st
term alone is not invariant under the Lorentz boost along the 3-direction.

Jaffe once estimated the contributions of both terms in the bag model as well as
in the quark model.

« R.L. Jaffe, Phys. Lett. B365 (1996) 359.

Jaffe already recognized that, since the sum is boost-invariant, the above AG
can be calculated in any Lorentz frame, including the rest frame of the nucleon,
provided that the above A | is the gauge potential in the LC gauge.



What is curious here is the physical meaning of the peculiar 2nd term.
Very interestingly, it resembles the quantity :
S = / B-A d3z

except the absence of the 3-componentin B - A .

In the field of space and laboratory plasma physics, the above S is called the

magnetic helicity, which gives a measure of the topological configuration of
magnetic field.

magnetic helicity = topological invariant

« M. Berger, Plasma. Phys. Control. Fusion 41 (1999) B167.

This might indicates that, if a topological configuration of the gluon field plays
some role in the gluon spin in the nucleon, it is through this 2nd term (?)



Leaving aside such a speculation, a perturbative consideration gives transparent
physical meaning of theterm B | - A | .

Using the free field expansion of the gauge potential

( t) - d3E3 [(L(k/\)&'(k,/\) e_?—'k:'m -I— aj(qu)g*(k‘)\)e“’\?]
‘lJ_ &z
A=t1

one can easily show that

/ELxAld?’x — /d%?’ i xal(k,)\) a(k, )
d A==+1
an
/BL.Ald% — /d?%3 Nal(k, \) a(k, \)
A==+1
Thus
1/ [(ELXAL)E’ + BLAL] P = S xal(k,A)alk,N)
- A=+1

reduces to the ordinary helicity operator.



Now we can make a clear statement on our “seemingly” covariant decompositions
of the angular momentum operator (Phys. Rev. D83, 014012 (2011)).

ANy N I I\ I\ Nw A Ay (VA ALy
MQCD - Mq—spm t Mq—OAM + MG—spm + MgZoan MQCD - Mq—spm + Mq—OAM + MG—spm T MgZoam
+ boost + total divergence + boost 4+ total divergence
where where
IA 1 h) A Awv INUY
My i = 5 Mo %o 59 Mo=spin = M

Auy = o~ (i DY VoD
Mq—%AM = Py ( xhi Dgwe — 2" D]l)lu're ) (0 q—O0AM Uy ( ) {0

Ay _ IApv
M/)\iw = 27Ty F)\l/ AM _ F)"u AV MGAsvan - MGASpm
G—spin phys phys AP A
Mg\f(U)AM = 2Tr{ @ (at Dgure -’ D]l;ure Aghys } g-OAM = T G-0AM \
+ 2Tr[( Do F® )(mpAghys - qughys)]

Both of these decompositions looks covariant, but it is only seemingly so.

The reason is that the decomposition of the gauge field into its physical and pure-
gauge component can be done only in non-covariant manner.






Now the problem (1), the very delicate gauge-invariance issue of the gluon
spin, has been essentially resolved, so that what remains is the problem (2), i.e.

relative merits of “canonical” and “mechanical” decompositions

(We recall that the gluon spin part is just common in the two decompositions ! )

Often-claimed advantages (?) of “canonical” decomposition.

(1) Each piece of the decomposition satisfies the SU(2) commutation relation

[Li Lgan] — ieijk ngan

can?

(2) Lecan 1s compatible with free partonic picture of constituent orbital motion.

The 1st advantage was already denied for the massless particle.

« M.W,, Int. J. Mod. Phys. A29, 1430012 (2014).

* W.-M. Sun, arXiv : 1407.2035 [quant-ph].
The underlying reason is that a massless particle is described by a little group
E(2) ~ 150(2) of the Lorentz group.

* P. M. Zhang and D. G. Pak, Eur. Phys. J. A 48, 91 (2012).



Just a reminder on power balance (?) of “canonical” or “mechanical” party

From the slide of my talk at “Transversity 2011, Veli Losinj, Croatia

« Jaffe-Manohar
» Bashinsky-Jaffe
* Chen et al.

* Cho et al.

\ * Leader

/canonical OAM party\

/

-

-

~

mechanical OAM party

o Ji
» \WWakamatsu

/

-

N

\
Neutral party

e Burkardt-BC

/




Current status (2014-2015 ?)

/canonical OAM party\

« Jaffe-Manohar
 Bashinsky-Jaffe
e Chen et al.

* Leader ¢ >

» Hatta {} K /

< Ji (?)

o

4 )

dynamical OAM party

» \Wakamatsu

/Neutral party\

* Burkardt
* Lorce (?)
* Tiwari (?)

N J




Widespread superstition originating from the “appearance” of the two OAMs :

. 1 TR ' 1
L = / (QT rx—(V—-igA)y dr (l} / (N rxX-= (\7 —14 Aph-ys) (0 dr
4 1 4

mech

L(?rlﬂ_. - / ((I)T rX-— (V —14d A?_]'”_TE) Tﬁf) d37' % / 'i[f;‘l T X— V () d3'r \, ')
[} :

\\——
[/ h

» The “mechanical” OAM appears to contains quark-gluon interaction.

« The “canonical” OAM does not contain quark-gluon interaction,
so that it seems compatible with the partonic interpretation.

That this understanding is not necessarily correct was argued in Sect.6 of
« M.W,, Int. J. Mod. Phys. A29, 1430012 (2014).

We shall discuss now that this misconception arises, because they are too much
accustomed with a weak-coupling treatment of gauge theory as exemplified by

hydrogen atom problem of QED






2.3. What is “potential angular momentum” ? - Lessons from CED & QED -

The key quantity, which distinguishes the two OAMSs appearing in the two
decompositions, I1s what-we-call the “potential angular momentum” term.

To understand its physical meaning, we find it instructive to study easier QED
case, especially a system of charged particles and photons.

1 1
H =Y -mii? + 5/d~°>r[1_+72-|-32]
1

longitudinal-transverse decomposition :

A = A” + A
with the properties
VXA” = 0, VAJ_:O

corresponding decomposition for electric and magnetic fields

E = E + E,, B = B,



Then we have

1 _ 1 1
H = ngz"r’@z + §/d3TE2 + Efd3T[EJ2_+BJ2_]
1

Here, by using the Gauss law V - E” = p , we can show that

1 1 /
_/da,r, B2 — —/d3rd3r’ p(r) p(r')  _ Ve
2 | 2 lr — r/|

Voouw - Coulomb interaction between charged particles

We are thus led to

1 . 1 " 5
H = 3 Smii? + Voou + 5 [ d®r[E} + B

1



total momentum (of the electron photon system)

/ Poynting vector

Pot = Y miri + /d?’rExB
7
i Zmzrz + /dBT(E” + EJ_)XBJ_
7
— Zmzrz + IDlong +  Pirans

— ZmZTZ + ZQZ'A_I_(T?L) + Pirans

7 (4 . . -
mechanical momentum potential momentum : a la Konopinski

Note that it was originally contained in / &>rE x B .

If we combine it with the mechanical momentum m; r;

m;7 + q; (A(ry) — Ay(r;))
= (m;7; + ¢ A(r)) — g A)(ry)
pi — q;A)(r;)

miT; + q; A ()

with p; = m;r; + q; A(r;) being the standard canonical momentum.



We therefore obtain

Pyt = Z m; T + Z ¢ AL (ri) + Peans
— Z(p? — g ”(?‘3)) + Pians = Pucgn + Prrans

with
= > (i — a4 (r))

being the generalized (gauge-invariant) canonical momentum of Chen et al.
In the Coulomb gauge (A” = 0 ), it reduces to the usual canonical one.

P"canll — pr,; = Pean
7

In any case, we have two different decomposition of P, .

Py ot Pmech + Ppot + Prrans

P“can” + Pt'r'ans



total angular momentum

Jtot

ZT@Xm%—?"@-—{—/d‘D’rTX [(E” -|— EJ_)XBJ_]

- Z Ty X miTy + Jlong +  Jirans
)
Z T X m;T; + Z r; X q; AL(T'&) + Jtrans

mechanical OAM what-we-call the “potential angular momentum?”

|

originally contained in/ d>r r x (E x B) .

Again, combining this term with the mechanical angular momentum, we get

Jtot Lmech + Lpot + Jtrans

Z T X m; T + Z ri X ¢; AL (1) + Jtrans
> Tix (Pi—a A () + Jirans
i

— Lo + Jtrans



Incidentally, the transverse part can be decomposed into two pieces :

Jirans = /d3’r'r‘><(El><B)

- fd?’rEﬁ(rxv)A’j + /d?’rELxAL

_ /
= L, + 8]

which respectively correspond to the OAM and intrinsic spin of free photon.

4

After all these steps, we arrive at two different decompositions of Jy.; .



[Two physically different decompositions

— / / / .
“canonical” decomposition
where

L, = Y rix(pi—qA)r))
i

1
— Z r; X ;Di,pure
1

S%, p— /d?’TEJ_XA_L
L'7 = /d37’Eﬂ“_(r><V)Alj_

g

Chen decomposition

“mechanical” decomposition

Ly

Z m; Tr; X ’)"Z
7

1
7

»
|

/
S’Y
L”y — Lfy + Lpot

g

Our decomposition



[ Important remark }

It is a wide-spread belief that, among the following two quantities :

Liggn=7x({p—cA)) <= Lpep=1rx{P—-leA})

ca

what is closer to physical image of orbital motion is the former, because the
latter appears to contain an genuine interaction term with the gauge field !

The fact is just opposite !

L“Can” — Lmech + Z 'rz X Q'z, A_L(T’l)
?

orbital motion !

® |t is the “mechanical” angular momentum L,,..;, notthe “canonical” angular
momentum L ._.,,» that has a natural physical interpretation as orbital motion
of particles under the presence of gauge potential

Al



Also for the nucleon spin decomposition problem of QCD, there are many who
believe that the " canonical” OAM rather than the **mechanical” OAM matches
the idea of partonic orbital motion of quarks.

| would say that this understanding is not correct.

This misconception arises, because they are too much accustomed with a weak-
coupling treatment of gauge theory as exemplified by

hydrogen atom problem of QED

In such problems, although the Coulomb force is handled nonperturbatively,
the transverse photons are treated only perturbatively.

[Cf.] QCD requires nonperturbative treatment of transverse gluon field.



Hydrogen atom Hamiltonian (in Coulomb gauge) mr=p—cA,(r)

1 :
H = Em?"z + VCOH,L + Hirans = Ho + Hing + Hirans

p2
HO — VFO?:l(r)

2m
interaction term !

Htrans = Z Z hwp, ak}\a’k/\
A=1.2
2

Hig = 5—[p-AL(r) + AL()-p] + 5— A (r)- AL(r)
m 2m
general form of eigen-statesof H : [ ¢n) ® [{ng\})
Ho|Yn) = En|n)
H{nead) = 11 17,00

In the standard description of hydrogen atom, we do not include

Fock components of transverse photons !

| {nk,)\}> = | 0 >phot0n



eigen-equation of hydrogen atom (relativistic Dirac equation)
a-V

1

Hyn = ( + Bm = 2) du = Bupn

eigen wave function

CGra(r
i b= ‘ ljr( )'@gm
gm. Fp(r) ]

where (- 7) Ojm
(+) ¢ . _
if)9=01+4+1/2
Cjm = { fpmy TI=0T 20 ith o7 lh)
Cim if j=1—-1/2

spin and orbital angular momentum

1 L O 1 o O
J_L"'EZ_(o L)"'E(og
We know that

[J,H] = 0 but [L,H] # 0, [S,H] # 0

p— ijm



Expectation value

O) = W' O]
It holds that

_1 2j 43
(L) = m 5" f GRdr + ]+ / szd'r'}

2(j+
<%Z3> mﬂfo Gy dr 2(j+1)/o Féd?"}
(J3)

mfooo {G’% -+ Fiﬂ dr = m

Electron alone saturates the spins of hydrogen atom !
In this problem, there is no difference between

Lca,n:'rxp < Lmech:TX(p—eAJ_)

because (A | ) = O in the restricted Fock space of hydrogen w.f.

no transverse photon Fock components !



The situation is absolutely different for the nucleon spin problem of QCD.

strongly-coupled gauge system of quark and gluons !

The nucleon w.f. contains the Fock-components of transverse gluon A | .

Otherwise, we would have

g(z) = 0, Agz) =0

In other words, nonzero gluon distributions means the existence of strong
vector potential inside the nucleon, and the quarks necessarily undergo this

background field so that they are not free partons.

The intrinsic OAM of quarks inside the nucleon is therefore

Lmech not LCG?’L

We shall later show more convincing QCD argument to support this statement.



