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Background: Phenomenological Poincaré invariant quantum mechanical models can provide an
efficient description of the dynamics of strongly interacting particles that is consistent with spectral
and scattering observables. These models are representation dependent and in order to apply them
to reactions with electromagnetic probes it is necessary to have a consistent electromagnetic current
operator.

Purpose: The purpose of this work is to use local gauge invariance to construct consistent strong
current operators.

Method: Current operators are constructed from a model Hamiltonian by replacing momentum
operators in the Weyl representation by gauge covariant derivatives.

Results: The construction provides a systematic method to construct explicit expressions for
current operators that are consistent with relativistic models of strong interaction dynamics.

I. INTRODUCTION

Electromagnetic probes are useful tools for studying strong interaction dynamics. This is because they can be
accurately treated to lowest non-trivial order in the exchanged photon field. In this approximation scattering matrix
elements are linear in matrix elements of the electromagnetic current of the strongly interacting system. Calculations
of electromagnetic observables require consistent models of the strong interaction dynamics and the hadronic current
operators.

In quantum field theories the current is determined from the dynamics by requiring local gauge invariance. This
is achieved by replacing derivatives by gauge covariant derivatives and extracting the coefficient of the term that is
linear in the vector potential.

Phenomenological models provide an efficient means to model the structure and dynamics of systems of strongly
interacting particles at energy and momentum scales that require a relativistic treatment [1] [2] [3] [4] [5] [6] [7] [8] [9]
[10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22].

Inverse scattering methods [23] [24](p.245) imply that in any finite energy interval it is in principle possible to
formulate phenomenological models involving the experimentally accessible degrees of freedom that give the same
S-matrix elements as a more fundamental theory. Cluster properties [25][26] provide a means to build models of
complex systems from models of few-body systems that can be constrained by experiment. One challenge is that the
relation of phenomenological Poincaré invariant models to an underlying quantum field theory is neither direct nor
straightforward.

The dynamics of free particles in relativistic quantum field theories or relativistic quantum models is the same.
Free particles of mass m and spin s transform as mass m spin s irreducible representations of the Poincaré group.
In relativistic quantum models with interactions there are short-range unitary transformations that preserve the
scattering matrix without modifying the representation of the free particles that are used to formulate the scattering
asymptotic condition [27]. S-matrix preserving changes of representation of the dynamics require a corresponding
change in the representation of the hadronic current. This is easy to understand; changes of representation change the
wave functions and hence the probability distribution of the charge carrying constituents. A corresponding change in
the current is needed to keep the electromagnetic observables invariant. For short-range unitary transformations the
one-body parts of the current remain unchanged, but the many-body parts are representation dependent.

In principle dynamical many-body contributions to the current cannot be ignored because current covariance and
current conservation cannot be satisfied without dynamical contributions to the current. While these two conditions
lead to representation-dependent dynamical constraints on the hadronic current operator, they do not uniquely de-
termine the hadronic current operator, so additional information that depends on the representation of the dynamics
is absent.

It is possible to satisfy current covariance and current conservation by calculating an independent set of current
matrix elements in the impulse approximation and use these constraints to generate the remaining matrix elements.
This procedure is sensitive to the choice of independent matrix elements and can only be applied to matrix elements.
It assumes, without justification, that the required many-body parts of the current do not contribute to the chosen
set of independent current matrix elements. It is not clear how to consistently use this method to treat reactions with
different initial and final states. These considerations limit the use of electromagnetic probes in relativistic quantum
models to reactions were the many-body parts of the hadronic current operator can be ignored. What is needed is a
current operator that is consistent with the dynamics, can be used for different initial and final states and satisfies



current covariance and current conservation at the operator level.

The requirement of local gauge invariance implies global gauge invariance that results in current conservation. In
addition it provides a means to construct the interaction-dependent part of the strong current by replacing derivatives
in the Hamiltonian associated with electromagnetically interacting particles by gauge covariant derivatives. In what
follows this will be done using the Weyl representation of the dynamics. This leads to a systematic method for
constructing a hadronic current operator that is consistent with the model dynamics.

In this work, since Hamiltonians involve degrees of freedom at a fixed time, the gauge invariance of the Hamiltonian
is with respect to space-dependent gauge transformations at a common fixed time. The result of this construction
is a current operator that is constructed directly from the interaction. Because the result is an operator it has the
advantage that it can be used with different initial and final states. Since the Hamiltonian involves quantities at a
fixed time, the resulting current is a 3-vector current; however since the current transforms like a four vector density,
the dynamical part of the charge density operator can be expressed in terms of the commutator of the dynamical
rotationless boost generator with the three-vector current.

While the construction presented in this work is systematic, preserves local gauge invariance and results in an
operator that is consistent with the dynamics, the resulting current operator is not unique. One issue is the absence
of a unique relativistic position operator. While the momentum operator is —ix a partial derivative, the derivative
can be computed holding different types spin constant. The natural choice is to compute the derivative holding the
canonical spin constant, but this is one of an infinite number of possibilities. In addition the construction assumes
that the interacting particles are point charges. This is not the case for nucleons, where finite size effects result in
one-body currents which depend on invariant form factors. The required form factors could be computed by applying
these methods to dynamical models based on sub-nucleon degrees of freedom.

The general structure of relativistic quantum mechanical models of particles is discussed in the next section. The
nature of the representation dependence of hadronic current operators is also discussed. The formulation of gauge
invariance in phenomenological two-body Hamiltonians is discussed in section three. The Weyl representation of
many-body operators is discussed in section four. It expresses operators using the irreducible algebra of one-body
canonical coordinate and momentum operators, with the operators ordered so the momentum operators are on the
right of the coordinate operators. Gauge invariant extensions can be constructed by replacing the momentum operators
in the Weyl representation by gauge covariant derivatives. Section five illustrates the construction of a dynamically
generated two-body current using the example of the L - S, (L - S)? and L - L parts of the non-relativistic Argonne
V18 interaction. The general construction, using the Weyl representation is discussed in section six. Section seven
considers the case of current operators generated by translationally invariant non-local two-body interactions. The
general construction of section six is applied to a square root kinetic energy operator in section eight. The square
root has non-localities that can be treated in the Weyl representation. The resulting current operator is compared to
the convection current for a free non-relativistic particle. Both have the form of charge times “average velocity”. The
method of section six results in a vector current density. The associated charge density is constructed from the vector
current density using the dynamical rotationless boost generator in section nine. This ensures that resulting 4-current
density transforms like a Lorentz 4-vector with respect to the dynamical representation of the Poincaré group. The
result is an operator rather than a matrix element of an operator. The gauge invariant form of the time-dependent
Schrédinger equation is discussed in section eleven. The treatment of the spin dependence in the relativistic case
is discussed in section twelve. The application to relativistic light-front models is also discussed in this section. A
summary of results and conclusions are given in the final section. There is one appendix with a detailed construction
of the (L - S)? and L - L parts of the current in section five.

II. ELECTROMAGNETIC CURRENTS IN PHENOMENOLOGICAL MODELS

A relativistic quantum mechanical model is defined by a unitary ray representation, U(A,a), of the component
of the Poincaré group continuously connected to the identity [28]. (Here A labels a Lorentz transformation and a
labels the displacement of a spacetime translation.) This ensures that quantum probabilities, expectation values, and
ensemble averages are independent of inertial reference frame. This is a weaker condition than microscopic locality,
which can only be realized in theories with an infinite number of degrees of freedom.

The relativistic analog of diagonalizing the Hamiltonian is decomposing U (A, a) into a direct integral of irreducible
representations. Once the mass and spin operators are diagonalized, the transformation properties of the states are
fixed by group theoretic considerations.

Conserved covariant current operators J#(z) satisfy current conservation

[P*, Ju(2)] = 0



and current covariance
U(A,a)J*(x)UT(A,a) = (A", J"(Az + a)

where P* is the generator of space-time translations. Both of these constraints involve the dynamics, since the
Hamiltonian, P°, and U(A, a) are interaction dependent.
Unitary transformations V' satisfying

: —iHot _
lim VT ot | =0, 1)

where Hj is the asymptotic Hamiltonian and II is a channel projector result in a new S-matrix equivalent representation
of the dynamics and the associated current:

U'(A,a) =VU(A, a)VT

JH (x) = VJ*(x)VT.

The condition (1), with both time limits, is necessary and sufficient for U(A,a) and U’(A,a) to have the same S
matrix without changing the treatment of free particles [27][29)].

While this V', which is a small perturbation of the identity in the sense (1), does not change the one-body parts
of the current operator, it changes the representation of the many-body parts of the current. What this means for
phenomenological models is that the representation of the current depends on the representation of the dynamics.

III. GAUGE INVARIANCE IN PHENOMENOLOGICAL MODELS

While the focus in this work is on the two-body part of the hadronic current, for the purpose of discussing gauge
invariance it is useful to express the dynamics in terms of fields. For systems of a fixed numbers of particles the fields
are taken as the particle creation or annihilation parts of relativistically covariant free nucleon fields with physical
masses. These are not local operators since they do not include the antiparticle operators. They can be normalized
to satisfy equal time canonical commutation or anti-commutation relations.

A many-body Hamiltonian with two-body interactions can be expressed in terms of these fields as

H = / 61 (e, 0)kan (', )5 (a, 0)def e+

/ Ob (b, 0)0 (Aas 0)Vabicd(Uas Qs Ae» Aa) Pe(de, 0)da(al, 0)daadayda.daq (2)

where the coefficients kq,(q’, q) and vap:ca(Qa, Qb; Qe; Q) are matrix elements of the kinetic energy and interaction in
the single-particle basis used in the field and creation operators.

The spin degrees of freedom have been suppressed in these expressions. This Hamiltonian is not necessarily local
(in the sense of local potentials) and is not invariant under local gauge transformations. It is constructed to model
the strong interaction dynamics for some range of energies.

The Hamiltonian commutes with itself so it is independent of time. This means that all of the fields in the
Hamiltonian can be evaluated at a fixed common time.

Under a local gauge transformation all of the field operators are multiplied by position dependent phases, eX(@1)
at a fixed common time. The Hamiltonian (2) will be gauge invariant if the phases intertwine with the kernels in (2)
in the following sense

kab(qlv q>eiX(q7t) = eiX(q/’t)kab(qu Q) (3)

Uab:cd(qa7 qb; YQe» qd)eiX(qmt)—'—iX(qd’t) = eiX(qa7t)+iX(qb’t)’Uab:cd(qa7 qb; e qd) (4)

Satisfying this condition requires a modification of the original Hamiltonian. The modified Hamiltonian should become
the original Hamiltonian in the limit of 0 electric charge.



Since the interactions are non-local it is useful to consider a geometric treatment of gauge transformations following
[30]. Under a local gauge transformation all of the charged fields acquire spacetime dependent phases

ba(dist) = Bl (qi,t) = eXPDig, (qz,t) = U(qs, t)da(s,t) (5)
¢L(qla t) — (bz,/(qlv t) = ¢L(ql7 t)UT (qlv t) (6)

The derivatives of the gauge transformed fields transform like
—i0;, (i, t) = —i03,¢ (qi, t) = XD (=i, + By xi (s, 1) P (i, 1) (7)

This means that the derivative of the gauge transformed field is not the gauge transformation of the derivative field.
While the Hamiltonian involves degrees of freedom at a common time, the interactions are generally non-local,
which implicitly involves spatial derivatives. The Hamiltonian can be transformed to a gauge invariant operator by
replacing the spatial derivatives by gauge covariant derivatives.
For the non-local case it is useful to introduce a Wilson line operator W(q’,t’; q,t) that intertwines the gauge
transformations at two different spacetime points

W(d' ', q,)U(q,t) = U(d, t)W(d', t;q.1). (8)
For ¢ = q + dq close to q and fixed t (8) becomes
W(a+dq,tq,t)U(q,t) = U(a +dq,t)W(q +6q,tq,1). 9)
This operator can be used to construct a gauge covariant derivative. To do this consider the difference
$a(q+06q,t) = W(q+0q,t;q,t)da(q, t). (10)

Both terms in this equation undergo the same gauge transformation when ¢,(q + dq,t) and ¢,(q,t) are gauge
transformed. Dividing by dq and taking the limit as dq — 0 gives a gauge covariant derivative:

da(a+dq,t) — (W(q+dq,t;q,t) — W(q,t;q,t) + W(q,t;q,t))da(q), t)

62?0 éq -
. Palat0q,t) — ¢a(a,t)  (W(q+dq,t;q,t) — Wi(q,t;q,t) _
(8_6W(qvt;q)7t)¢a(qv t) (11)

where the derivative in the second argument acts on the first q in W(q,t;q’,t). The vector potential is, up to a
multiplicative constant, the term linear in expanding W(q + dq, t; q,t) in powers of §q:

W(a+dq,t;q,t) =1+ g W(d', t;q,t)q=q - da + -+ =

1 —ieA(q,t) - dq + o(A(q,1)?). (12)
This result in the familiar expression for the covariant derivative

D¢, (Q7 t) =00, (q7 t) - Z’eA(qv t)¢a (qv t)' (13)

IV. INTERACTIONS - THE WEYL REPRESENTATION

The starting point for a general discussion of the dynamics is to note that for a system of a finite number of degrees
of freedom any linear operator O can be represented in the Weyl representation [31] as

0= /dadbo(a, b)e@deibP (14)



where in this section p = (p1, -+ ,pn) and § = (g1, -+ ,4n) are conjugate coordinate and momentum operators:
(G, D5] = i35 (15)

In this expression the hats distinguish operators from variables. This follows from the Stone-Von Neumann theorem
[32][33][34] [35] which demonstrated the irreducibility of the Weyl algebra for systems with finite number of degrees
of freedom. See [36] for an elementary treatment based on limits of finite systems. For the purpose of considering
local gauge transformations the coordinates and conjugate momenta should be organized into three-vectors, but in
this section is it more efficient to use a notation that groups the coordinates and momenta into a set of N canonically
conjugate pairs of operators. In a relativistic theory the single-particle “coordinates” are functions of the single-particle
Poincaré generators. They can be taken as the one-body Newton-Wigner position operators, [37] which in the single-
particle momentum-canonical spin representation are ¢ times the partial derivative with respect to the single-particle
momenta holding the single-particle canonical spin constant (recall relativistic spins undergo momentum-dependent
Wigner rotations)[38]. These operators are canonically conjugate to the momentum generators and commute with
the canonical spin. .

The complex coefficients o(a, b) can be expressed in terms of matrix elements of the operator O. It is simplest to
start with a mixed (coordinate-momentum) representation where, due to the ordering of the operators in (14), the
operators are replaced by numbers

(dOlp) = / dadbo(a, b)e®(q|p)e >

1 , , .
= W/dadbo(a, b)e®deiaPeiPP, (16)
T

This can be re-expressed in a form where the kernel o(a,b) can be computed by Fourier transform:

(2m)N/2(q|O|p)e~ 4P = /dadbo(a7 b)ei® PP, (17)

To extract the kernel multiply both sides by
e_ia/'qe_ib/'pdpdq (18)

and integrate over p and q to get
(2m)2V o(al, ') = / (2m)V/2(g]O[p) e (TP 5P g g, (19)
This expresses o(a’, b’) in terms of the coordinate-momentum matrix elements of O:
ofa,b) = / (2m) /272N (q|O|p)e(@P+aa+2P) dp g, (20)

Replacing the matrix element in the mixed representation by one in the momentum representation gives

o(a,b) =

/ (2m) V272N (q|p’)dp/ (p'|O|p)e~ (AP TaATPP) gp g =

/ (2m) 72N (p|O]p) (@~ AP PmaP) dpdp/dq, (21)
Integrating over q gives a delta function

[ Cxr Y @ Olp)e > s(p' ~ a~ p)dpdp (2



Integrating over p’ gives
Jen Yo+ aldlp)e > vap. (23)

This can be put in a more symmetric form by defining p = p’ — a/2

o(a,b) =

/(%)‘N(p’ +a/2(0|p’ —a/2)e” P22 gy’ (24)

Removing the primes gives an expression for the coefficient o(a,b) in terms of momentum-space matrix elements of

O:

o(a,b) = / 2m)N(p+a/2|0lp — a/2)e P2/ 2 gp, (25)
These relations are for a system of N degrees of freedom. They relate momentum-space matrix elements of operators
to the expansion coefficients of the operators in the Weyl representation.

For applications of interest Oisa translationally invariant two-body interaction. For two particles equation (25)
becomes

o(ar,az, by, by) =

/(27T)76<p1 +a1/2,p2 +a2/2|0[p1 — a1/2,p2 — az/2) x

e—ib1'(Pl—a1/2)—ib2‘(P2—32/2)dp1dp2. (26)

Translational invariance implies the operator O commutes with the total momentum so the matrix element in (26)
can be expressed as

a; as aj as as A aj ag
5 N 22 o 2 2 2 — -2y =
(p1 + 5 TPzt o —Pit o —pa+t 2)<p1 tai2,p2 + 5 10]lp1 5 P2 2)
a a A a a
dar +az)(p1+ 5 P2 — 5 Ol = 5 P2 + ) (27)

Since momentum is conserved it is useful to make the variable change P = p; + p2 and p = %(pl —Pp2), dp1dps =
dPdp. In terms of these variables the previous equation is replaced by

1 1 Al 1
S(ar +a2) (5P +p+ai/2, 5P —p—ai/2|0|5P +p—a/2, 5P —p+ay/2). (28)

If O is a self-adjoint operator it follows that the Weyl coefficients satisfy
o(a,b) = 0*(—a, —b)e™P. (29)

V. EXAMPLE

It is useful to consider an example that illustrates the strategy for the general method. For simplicity this method
will be applied to a non-relativistic model. For local potentials the potential is locally gauge invariant. For a realistic
interaction like the Argonne V18 interaction [39] the operators that involve the orbital angular momentum like spin
orbit terms, S - L, (S - L)? and L? will lead to interaction dependent currents, since the orbital angular momentum
involves derivatives.

The Weyl representation is useful because the operators are ordered so the momentum operators are to the right of
the position operators. For the Argonne V18 interaction the ordering can be more simply realized by using canonical
commutation relations, which necessarily gives the same result as the Weyl representation.



The two-body current associated with a non-relativistic spin-orbit interaction is derived first. In this case the
derivative term appears linearly. The spin-orbit contribution to the current is derived by replacing the momentum in
the orbital angular momentum operator by a gauge covariant derivative and extracting the coefficient of the vector
potential.

In what follows it is useful to define the following conjugate pairs of momenta and coordinates

1
P=pi +p2 pzi(Pl—p2)

1
a=aq-q Q= (a+q) (30)
Assume a spin-orbit interaction of the form

Vso(a)L - S = vso(lal)(a@ x P) - S = vso(|a])(S x q) - p (31)

where L = q x p. For this interaction [L,vs(|q|)] = 0 so p can be placed on the right of v, as in the Weyl
representation. Replacing the single particle momentum operators by covariant derivatives gives

vsollal)(S x @) - (p — S Al@) + 5 Alaz)). (32)

Note that this replacement assumes that the nucleons are structureless point charges with charge e;. Real nucleons
have a finite size with non-trivial charge and magnetic moment distributions. The electromagnetic structure of
individual nucleons does not directly impact the structure of the nucleon-nucleon interaction, but it contributes to
the nuclear currents. This will be ignored in this section, since the focus is on the role of local gauge invariance in
constructing consistent two-body currents.

In this case it is not necessary to use the Weyl representation because (31) can be expressed directly with the
momentum operators to the right for the coordinate operators.

The part of (32) that is linear in the vector potential can be expressed as

/ 3(x,0) - A(x, 0)dx (33)
where

J(x,0) = *%vso(\ql)(s X q)(e1d(x —ai) — e20(x — q2)). (34)

In this expression it is understood that the q; are operators. They become numbers after taking mixed basis matrix
elements. Taking momentum-space matrix elements of (34) gives

(1, P5|J(x,0)[p1, P2) =

—5 [ BLBHIQ (a5 x (@ - Q)

5(q" — q)(e1d(x — q1) — e20(x — q2))dQdQ’dqdq’ (Q, q|p1, p2) =

2(2m)6 /6’“"’1*"'2*"1*W)'Qe*iq(l"*")vso(\ql)(S X q)
iy

(6150~ Q ~ 5a) — e20(x ~ Q + 5a))dQula =

€ —i(p’ /S (x—1 _iq-(p'—
_m/e (P1+P2=P1-P2) (x=39) i@ (P'~P)y_ (1q|)(S x q)dq



—i(p}+pP5—P1—P2)-(x+3q) ,—iq-(p'—p) (| _
e e vso(|a])(S x q)dq =
2(2#)6/

ﬁe*iﬂ"*l’)'X/[(el — e3) cos (‘]"(P;_P)> —i(ey + ep) sin (O"(P;_P))]x

e Ply, (|af)(S x a)dq. (35)
Setting x = 0 this becomes

(P1,P2|J(0,0)|p1, p2) =

RPN CHLEL) I CRLES S

e" 1P =Py (|q|)(S x q)dq. (36)

This operator has a non-trivial dependence on the interaction vy, (]q|)(S x q).

Next consider operators of the form (L - S)? and (L - L). These operators are quadratic in the momentum.

In order to carry out the above analysis the first step is to order the operators so the coordinate operators are on
the left of the momentum operators. This can be done using the Weyl representation, but for these interactions a
direct approach using the canonical commutation relations can be used to keep the vector potential to the left of the
momentum operators. The end result must be the same. The steps are similar to the steps used with the spin-orbit
interaction. The resulting contributions to the current are:

<P/7 p/|J(Xa 0)(L-S)2 ‘P7 p> =

ﬁei(P_P/)'x /[(61 + e3) sin <q- (P; — P)> +i(e; — eg) cos (q- (P; — P))]x

PPy ¢ o (|q) {—;(s xq)-(p+p)Sxq)— %(S2q —(S- q)S)} dq (37)
and

<P/7 pI|J(X7 O)L~L|P7 p> =

1 ix-(P—P")+iq-(p—p’
] davnnlal) e F 8

[(e1 — e2) cos <q'<PQ_P') +ier + e2) sin (q.(132_13'>]x

Sax (ax (p+p) (39)

The derivations are given in the appendix.



VI. GAUGE COVARIANT NON-LOCAL OPERATORS

A general two-body Hamiltonian of the form (2) will not be locally gauge invariant in the sense (3-4). A gauge
invariant extension of (2) can be constructed by replacing the momentum operators in the Weyl representation by
gauge covariant derivatives:

(d,tle®2|q",t) = (d, t|e!PmeA@D2|q" 1), (39)

To show this has the desired property use the Trotter product representation [31] of the exponent of the sum of
non-commuting operators:

lim (q|[¢"P=4(D) N |q"). (40)
N —oc0

The important thing about this expression is that in the N — oo limit only the first order terms in the expansion of
the exponential contribute. It follows that (40) is equal to

a

(a,t][1+i(p — eA(q, 1)) - N]NIQ”, t) =

= lim
N—o0

. , LA . N AN _
Jim ([0 + )1 — deA(@ 1) - )]V la”)
lim (q', #[[ePR e~ A@D RN, ¢) (41)
N — o0
where
a A a
PN =T (— 42
ePr = 7(Z) (12)
is the operator that translates the coordinates by & and
@D E — 1 (q+ 1) (43)

N

is the operator that transforms the phase at q to the phase at q + a/N for small a/N (see 12)).. With these
identifications, inserting complete sets of intermediate states expression (41) becomes

lim <q/’ t|[ei15% @—i@A(fAl-,’f)'%]N|q//7 t) =
N—o0

a . N-1
[ta+a TG a+ata+a ) Dlay-1day-ix
A a. . N -1 N —2
<CIN—1>t|T(N)W(q+aTatQQ+a N Jtlan—2, t)dan—2(dgn_2
A a A~ a a
- |qp)d T(VYW(qQ+2= tiq+ —. ¢
la2)daz (qz| (N) (a+ et 4 an)x
A A s a "
dQ1<Q1|T(N)W(Q+ Nyﬂq,tﬂq o). (44)

After a local gauge transform on the initial coordinate, each step translates the coordinate by a/N and transports
the phase to the phase associated with the translated coordinate. This implies that in the limit N — oo (44) has the
property [40]

(q +a, t‘ei(f)—eA(d,t))ﬁ|q/>€ix(q’,t) =



eix(d'+at) (¢ + ale’PeAl@)aq) (45)

The operator e!P—eAl@)a — giD-a j (45) is the exponential of the gauge covariant operator D - a.
This shows that

0= / dadbo(a, b)e'®dei(P=eA(@) b (46)

is a gauge covariant operator (in the relativistic case q represents a single-particle Newton-Wigner position operator).
Note that if the original O is self-adjoint then so is the corresponding gauge covariant operator. This follows because

[ i (PeA@) BT _ o—i(P—eA(@)) by—ind _
e—iaﬁe—i(f)—a—eA(Q))b — e—ia~qe—i(15—eA(d))~beia~b (47)

which shows that the gauge covariant operator is self adjoint if the coefficients o(a, b) satisfy condition (29).

VII. TWO-BODY VECTOR CURRENTS

The interesting quantity in the one-photon exchange approximation is the hadronic current which is the coefficient
of the part of this gauge-invariant Hamiltonian that is linear in the gauge field. The structure of the interaction-
dependent two-body contribution to this current is discussed in this section.

A two-body interaction in the Weyl representation has the form

b= /dadbv(al,ag,bl,bg)ei(al'm+32‘€‘2)ei(bl'f’1+b2'f’2). (48)

Replacing the momentum operators by covariant derivatives in the Weyl representation results in the following gauge
covariant kernel for the two-body interaction:

@g = / daldagdbldbgv(al, as, bl, bg)ei(al'éh_.—arqz) X

ei((b1-(P1—e1A(d1,t))+(b2-(P2—e2A(G2,t))) (49)

The two-body part of the current operator is the coefficient of the part of 9, that is linear in the charges e;.
Since the momenta and vector potential do not commute, in order to find the term linear in the e; use for B and A
non-commuting operators

L 1 L R
ieBtg‘z: / dre*? Ae(1-NEB (50)
dx ‘z_ 0

This formula follows using the Trotter product formula

ATBID) = lim (eM/NeB/N)N|p) (51)

N—oc0

and the chain rule [41]. The part of the interaction that is linear in the vector potential is

o0v
(a2, a1 E 61‘78 ?|p1,p2>ei:0 =
i €

1
/ da;daydbdb, / d\v(ay,az; by, by)el(dr-ditazaz)
0

eAPUPIER2P2) (e Ay, 1) by — ieaA (o, 1) - bp)el 1N PrPrEb2 D) — (52)
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1
/ da;dasdb;dbs / d v(ay,az; by, by)elldr-ditazdz)
0

(—ie1A(Q1 + Aby,t) - by —iea A + Aba, t) - boe!(PrP1P2P2) 4 (2), (53)

In this expression the q; are operators and all of the q;’s are to the left of the p;’s. By taking mixed matrix elements
the operators become numbers

~

00
Z€¢<Q2,Q1|87;|P1,P2> =
(A

1
/ da;dagdbydbs / d\v(ay, ag; by, by)el@rraitazaz)
0

(—ielA(ql + )\bl7 t) . b1 — iegA(q2 + )\b27 t) . bg)X

(a1, 2|p1, p2)e’PrPrTP2P2) 4 p(e?), (54)

To factor out the vector potential insert delta functions

1
/dX(—ZA(X)) ~/da1da2db1db2/ d)\v(al,ag;bhbg)x
0

elarditazaz) ¢ 5(x — q; — Aby)by + €26(X — g2 — Aba)bg)x

(d1,q2|p1, pa)e’PrPitbaP) o (e?) = (55)

1
)3 /dX(—ZA(X)) '/daldagdbldbg d/\v(al,ag;bl,bg)x

0

1
(27

el@raitazaz) (¢ 5(x — q; — Aby )by + e2d(x — gz — Aby)by) x

ei(a1-p1+az-pz) ,i(b1-p1+b2-p2) _,_0(62). (56)
From this expression matrix elements of the current density in the mixed representation can be read off:

(q1,92|J(x,0)|p1, p2) :=

. 1
7;3 / daldagdbldbg / d)\v(al, ag; bl, b2)ei(a1~q1+a2~q2) X
(2m) 0

(e10(x — 1 — Aby)by 4 €20(x — qa — Aby)by)e(d1P1+a2'P2) i(b1-Pi+b2p2) (57)
This can be Fourier transformed to give a momentum space kernel

<p/27 pll ‘J(Xv 0)|p17 P2> =

. 1
—ﬁ /daldagdbldbgdqldqg / d/\v(al,ag; b17b2)ei(a1~q1+a2~q2) X
n 0
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(61(5()( —q1 — )\bl)bl + 625(X —q2 — )\bg)bg)x

ei(arP1taz-p2) i(b1-p1+b2p2) ,—i(ar-Pi+az2-Py) (58)

One of the two q integrals can be performed using the delta functions giving

. 1

1€

(P, P, 1J(x,0)|p1, p2) = —ﬁ/daldagdbldbgdqg/ d\x
0

v(az,ar; by, by)el (@1 (x=Ab1)Fazax)

blei((x—/\b1)'P1+Q2-p2)ei(b1'p1+b2'Pz)e—i((x—)\bl)-p;-ﬁ-qz'P/z)

. 1
e
_ﬁ / day daydby dbydq, /0 dAx

U(a]_, as; b17 b2)ei(a1~q1+32.(x—kb2) %

bzei(fh'p1+(x7>\b2)'p2)ei(b1'p1+b2-P2)e*i((h'p/1+(xf>\b2)'l>/2)' (59)
Integrating over the remaining qo (resp qi) gives (2m)3x delta functions:

i61

1
(P PR Olp1,pa) = — 5% [ daydasdbdby | dax
(2m) 0

v(ar, az; by, by)d(az + pa — ph)e®r AP I AP)P1i(b1P1te P2) o —i(x=AD1) P

ieg

1
dajdasdbidb dX
(277)3/ ajdazaby 2/0 X

v(aj,az; by, bo)d(a; + p1 — P/l)eiaz'(xf’\bZ)bgei(x”\b”'p?ei(bl'P1+bz~p2)67i(x*’\b2)'p/2. (60)

Integrating a; = p), — po resp a; = pj — p1 using the delta functions gives:

! ! 7;61 !
(P2, P1J(x,0)[p1,P2) = — 53 /daldbldbg/ dAx
(2m) 0

/ ) i —p}) ibs P2 ib1-(—Aa; —Ap1+Ap/
U(ah(Pz — p2); b1, by)bre™ (a14P1—P1) gib2 P2 oib1-(—Aa1 = Ap1+AP; +pP1)

i62 !
—W danblde o dA X

v((p] — P1),a2; by, bz)bQGix'(aﬁpz_p/?)eibl'plein'(_AaZ_/\p2+’\p/2+p2)~ (61)

The next step is to replace the kernel of the interaction in the Weyl representation by its expression in terms of
potential matrix elements using

v(ag,az; b1, b)) =
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/(2w)‘6dk1dk2<k1 +a1/2, ks + s /200Ky — a1 /2, ks — a5/2) %

ef’i(by(kl731/2)+b2-(k2782/2)'
The Weyl kernels in (61) become

v(ai, (py — Pp2); b1, b2) =
/(QW)_Gdkldk2<k1 +a1/2,ka + (py — p2)/2[0ks — a1/2,ks — (P — P2)/2) X
e~ i(b1-(k1—a1/2)+by- (ko —(py—p2)/2)
v((P1 — P1),a2,;b1,b2) =
[ ) Sdadicals + /2. ke + (9}~ pa)/200lks — (B}~ P1)/2. ke — a2/2)x

e—i(b1:(k1—(P1 —p1)/2)+b2-(ka—a3/2) (62)
Inserting these expressions in the expression for the current matrix elements gives

(P2, P1|J(x,0)[p1, P2) =

fﬂ/dadb db /ld)\x
(2m)? A

/ iy iy (ke + a1/2, Ky + (P — pa)/2l0lk1 — a1/2, ke — (P — p2)/2)x

e i(b1-(ki—a1/2)+ba: (k2 —(Py—P2)/2)

bleix~(a1+p17p;)eib2'p2 eibl-(f)\alprl‘i’/\p,lerl)

ez /da dbydb /1d)\><
(27'(')9 2 1 2 0

/ iy diey (ke + (B, — 1)/ ke + an/200fk1 — (D) — p1)/2, ks — a/2) x

e_i(bl'(kl_(p/l_pl)/2)+b2'(k2—a2/2) %

bzeix' (az+p2—p5) eib1 ‘P1 eibz ‘(=Xaz—Ap2+Ap5+p2) . (63)

Collecting terms in the exponents gives

: 1
e
(P5, P1|J(x,0)[p1, p2) = ~ o 19 /daldbldbg/ dA\x
(2) 0
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/dkldk2<k1 +a1/2, ks + (- p2)/2, [0]k1 — a1/2, ks — (P — pa)/2)x

bleibl‘(—k1+81/2—A81—>\P1+>\P'1+P1)eib2'(—k2+(1/2)(P'z—P2)+P2)eix‘(al+P1—P’l)

. 1
1€2

- b.db
(27T)9/d8.2d 1d 2/0 dA X

/dkldk2<k1 + (p/l — p1)/2,k2 +a2/2\@\k1 — (pll — pl)/2,k2 — 32/2>><

bgeibl~(fk1+(1/2)(p’17p1)+p1)6ibz-(7k2+(1/2)az*/\ar)\pﬁkp'ﬁm)eix-(az+prp'2)_ (64)

Replacing b; = iV}, and by = iV}, acting on the exponent and integrating over by and by gives (27)° times delta
functions:

; 1
(P2, P11J(x,0)[p1, p2) = — 5613 /daldkldkg/ dAx
(2m) 0

(k1 +a1/2, ko + (p5 — p2)/2[0|k1 —a1/2, ks — (ph — p2)/2) %
iV, 0(—k1 +a1/2 — Xa; — Ap1 + Ap] + p1)d(—ka + (1/2)(p5 — p2) + P2) X

eix (a1+p1—-p7)

. 1
€9
_W/danklde/o dAx

(ki + (P} — P1)/2, ko + a2/2|0]k; — (P} — p1)/2, ko — a2/2) x
i6(—k1 + (1/2)(P} — P1) + P1)Vi,0(—ka + (1/2)ag — Aag — Apa + Apj + p2) X

X (a2+p2-p3) (65)

Integrating the Vy,’s by parts gives

1
e
<p/2ap/1|'](xa0)|plap2> = *Tl?’/daldkldkg\/ dA\x
(2m) 0

Vi, (ki +a1/2,ks + (py — p2)/2/0lks — a1/2,ks — (p5 — p2)/2) %
5(—ki +ai/2 —Xa; — Ap1 + A\p| + p1)d(—ka + (1/2)(p5 — p2) + p2) X

eix (a1 +p1 -p})

1
€2
- kidk
(%)S/dagd 1d 2/0 dAx
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Vi, (k1 + (P1 — P1)/2, ko + a2/2|V]ky — (P} — P1)/2, ko — ag/2) x
(5(71{1 + (1/2)(p/1 — p1) + p1)5(7k2 + (1/2)a2 — )\ag — )\11)2 + )\plg + p2)><

eix-(az+p2—P/2)_ (66)

Now it is possible to perform both k integrals:

1
€
(P pHIx, 0)p1.pe) =~ [ dan [
(2m) 0

Vi (1= A)(p1 + a1) + ApL, P5[0IA(P] — a1) + (1 — A)p1, pa)e™ (1FP1=PD)

1
€2
‘W/ da2/o A

Va2 (Ph, (1 = \)(P2 + @2) + AP4[0|p1, A(Py — az) + (1 — A)pa)e™ (@24P27P2) (67)
where in these expressions

Viir (P1, P2|0|P, Po) := V), (P1, P2|2|P}, P2) + Vi (P1, P2|0]P], Ph)-

For x = 0 the current matrix elements become

(P2, P11J(0,0)|p1, p2) :=

*—L/da /ld)\x
o (2m)’ Yo

Vi (1 = AN)(p1 + a1) + Ap}, pa|o|A(P] — a1) + (1 — A\)p1, p2)

1
€2
(2ﬁ)3/dag/o dAx

Voo (P, (1 = A)(p2 + a2) + Ap5|8|p1, A(py — a2 + (1 — A)pa). (68)

For interactions that conserve momentum the V;;: it is useful to write the interaction in the form
(P1, P50[P1, P2) = d(Py + P> — P1 — P2) F1(P1, P5, P2) + 0(P1 + P2 — P1 — P2) F2(P5, P1, P1)-
Then
Vii(p1, P2|0|py, Py) = 6(P} + Py — P1 — P2)ViFi(p;, P, ) J # 1.
Define
Fi(p;,p;,p;) := ViFi(p;,p},p;)  j#i

Using this in equation (68) note that in the first term the momentum conserving delta function gives a; = p5 — po
while in the second term it gives ap = p} — p1. Since V;;» gives 0 when acting on the momentum conserving delta
functions, it is possible to use the delta functions to perform the a integrals.

<p/27 pll |J(07 0)|P17 P2> =



I )
(2m)3 /0 dX (e1F1((1 = A)(p1 + P2 — P3) + AP, Py, P2)

+e2F2((1 = A)(p1 + P2 — P1) + Ap%, P, P1)) -

In the one-photon exchange approximation the two-body current appears in the Hamiltonian in the form

/dXA(X,O)<p/1ap/2|J(XaO)|p1ap2> = (2m)*2A(Q, 0)(p, P} |J(0,0)|p1, P2)

where A(Q,0)is the Fourier transform of the vector potential at ¢ = 0:

~ 1 .
A(Q,0) + i / dxA(x,0)e'>

VIII. ONE-BODY CURRENTS

16

A useful test is to apply the construction of the previous section to a relativistic kinetic energy operator. The

relativistic kinetic energy for two relativistic particles has the form

\/p%er%Jr\/p%er%.

(71)

If the momentum operators are replaced by covariant derivatives, then the expression for the kinetic energy involves
square roots of sums of non-commuting operators. One-body currents can be derived using minimal substitution in the
Weyl representation following the construction used for the two-body interactions. Because the momentum operators

appear in the square roots, the resulting current is no longer the familiar charge x velocity.

For each particle the method used to derive the two-body currents can be applied to each one-body kinetic energy

operator:

d ib-(p—e ! iAb- - i(1— -
e (ae™® A(“”Ip>e:o:<q|/ dXe*PP(—ieA(q) - b)e'"VPPIp) =
0

(d /0 d\(—ieA(q+ Ab) - b)ePP|p) —

1 1 _
—— | d\(—ieA Ab) - b)ei(bTa) P —
G | DieAla+ab) - be

1 ) 1 o
W/dX(—wA(x) -b)/0 dN(x — q — Ab)e!PTOP =

1 1 )
[ dx(—ieA(x)-b) [ dreix+(1-2P)P,
(%)3/2/ x(~ieA{x) ’/0 ‘

Expression (72) can be used with an operator that is pure multiplication in p:

o(a,b) = ! 5(a)/dk67ib'k\/k2+m2.

(2m)?

Using this in the expression for the gauge covariant single particle energy gives

(alv(p — eA)? + m?|p) =

(72)
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1 , 1
- / dkdbdxe™ ¥ \/k2 + m? o (—ieA(x) - b)x
(2m)

(2m)

1
/ dA6(x — q — Ab)e!x+(1=2)b)p
0

/dkdbdx( 1)9/2( ieA(x / dAS(x — q — Ab)y/k2 + m2e/(xH(1-A)b)p—bk) (74)

Next transform from a mixed representation to a momentum representation

e%@’l\/ (p— eA)? + m?|p) =

1
/ dxdkdqdbﬁ(—ieA(x) -b) / dA\§(x — q — Ab) /K2 + m2¢/x+(1-A)b)p—kb-p"a) _
W 0

1
/ (27)6 g(—ieA(x / dA/K2 + m2eicH(1-2)b)p—k-b—p’-(x=2b)) _

0

/ dxdkdb-——

1 ,
Ok s (—ieA(x /0 dAVK2 + m2ei(x:(P=P)+b-(1=\)p—k+Ap")) (75)

After replacing b by iV} acting on the exponent the b integral can be performed which gives
(iV1)(2m)?6((1 — \)p — k + Ap). (76)
After this the k integral can be evaluated giving
k=(1-XAp+Ap (77)

and after integrating by parts the term linear in the vector potential becomes

— xeA (x 1 ' . (1-N)p+Ap’ % (p—p')
[ a0 e ' (79)

This gives a one-body current matrix element of the form

W0 =~ [ AP (79)

If the x integral in (78) is used to Fourier transform the vector potential the current for two non-interacting relativistic
particles becomes

/ 1 '
R e

- ptapy)
V(T =X)p1 + Ap})2 + m?

/

d(py — p2)+

(1= N)p2 +Apy)
€2 / 2
V(1= X)p2 + Ap})? + m3

5(py — Pl)] . (80)
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The non-trivial convolution arises because of the square root factor.
It is instructive to compare this to the non-relativistic case. In the non-relativistic case vk? + m?2 is replaced by
k?/2m. In that case equation (80) becomes

1 ! 1—\)p1 + \p!
(P1,P2J(0,0)|p1, p2) = —(%)3/2/0 d)\[el( );;1 p1)5(P/2 - p2)
es(1 — \)p2 + A\ps
1 P1 + Pj
7(277)3/2 [61( 12m1 1)5(1)/2 —p2)
+ /
+er PLER ) s(0—py. (31)

Both (81) and (80) have the form of charge x velocity where the velocities involve the average of the initial and final
relativistic respectively non-relativistic velocities.

As mentioned earlier, this results in a convection current for a point charge. If the relativistic kinetic energy (71)
is replaced by the sum of one-body Dirac Hamiltonians, the resulting one body-currents will have both a convection
and magnetic component, however they will not have nucleon form factors. This is because nucleons are composite
systems with non-trivial internal charge and current distributions.

IX. CHARGE DENSITY

Replacing the momentum operators in the Weyl representation of the interaction by covariant derivatives results
in a vector current, but it does not result in the full four current.

Since the 4-current transforms the same way as the four momentum under Lorentz transformations, current co-
variance can be used to compute the charge density operator in terms of the vector part of the current. The most
straightforward way to determine the charge density from the vector part or the current is use the commutator with
the dynamical rotationless boost generators

J%(q,0) =i[K", J'(q,0)] no sum, any ¢, (82)

where K is the generator of rotationless boosts. This has the advantage that the result is an operator (not a matrix
element) that transforms as a 4 vector under the original representation of the Poincaré group. This is consistent
with the one-photon exchange approximation.

Both the boost generators and the Hamiltonian depend on the interactions. If the momenta in the expression
for all of the generators were replaced by covariant derivatives, the resulting operators would no longer satisfy the
Poincaré commutation relations. This is because, unlike ordinary partial derivatives, different components of the
covariant derivatives do not commute. However any locally gauge invariant extension of the full Poincare Lie algebra
should reduce to the original algebra in the limit of zero charge. The current is the coefficient of the term in the
gauge invariant Hamiltonian that is linear in the vector potential so the transformation properties of the current in
the one photon exchange approximation is determined by the original representation of the Poincaré Lie algebra.
This assumes that it is possible to construct locally gauge invariant boost that is consistent with the gauge invariant
Hamiltonian.

To compute J°(q, 0) it is necessary to have explicit dynamical boost generators. The two-body Bakamjian-Thomas
construction [42] leads to an explicit expression for the dynamical boost generators as a function of the dynamical
Hamiltonian and non-interacting one-body generators. Formally the Bakamjian-Thomas dynamical boost generator
is

1 Sp X PO
K= 2(HX0+X0H) M+ H

(83)
where sy is the non-interacting two-body canonical spin and X is the Newton-Wigner position operator for the
non-interacting two-body system. In this case all of the interaction dependence appears in M and H. Expressions for
boost generators in representations that satisfy many-body cluster separability can be constructed following [25][26].
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The non-interacting two-body Xy and sy operators are the following functions of the non-interacting one-body
Poincaré generators

1 1

Xo=—={— K, +K
0 2{H1+H2’ 1+ Ko}
_ (P1 + PQ) X ((Hl + HQ)(Jl + Jg) - (Pl + P2) X (Kl + Kg)) (84)
((H1 + Hz)Mo(Hy + Hz + M)
where
SOZ(Jl +J2)—X0X(P1+P2) (85)
My = /(H, + Hy)?2 — (P, + Py)2. (86)
1 . S; X P
K; = - {\/p? + m2,(iV, } - — 2~ Pi___ 87
2{ pz [ ( Pl} ml+\/1m ( )

In these expressions J is an angular momentum generator rather than a current operator. The advantage is that
these are operator definitions that can be consistently applied to different kinds of reactions. While these are complex
expressions at the operator level, they are easy to compute in matrix elements between irreducible eigenstates, where
So is the spin of the initial or final two-body state, Xg is (i X ) the partial derivative with respect to the total linear
momentum holding the spin constant, and H and M are the energy and mass eigenvalues of the initial or final state.
Since

=P |(m, )P, 1) = |(m, j)As(p) P,v) Di, [B~H (A7 (0)p)Aa(p) B(p)]

where A;(p) is a rotationless boost in the x direction with rapidity p and B(p) is a rotationless boost that transforms
a particle at rest to one moving with momentum p. Tt follows that

Kal(m, )P, p) = —iaapl(m,j)l\z(p)ﬂ V) D], [B7H (A (p)p)As (p) B(D)] =0

can be obtained by differentiating the Lorentz boosted state by the rapidity at zero rapidity.

For systems of more than two particles the Bakamjian-Thomas construction does not lead to Poincaré generators
that satisfy cluster properties. This can be repaired [25][26] at the expense of introducing many-body interactions in
the Hamiltonian, boost generators and spin operators.

X. TIME DERIVATIVES

The fields in the Hamiltonian are at a fixed common time, ¢. The gauge transformations discussed in the previous
section were spatial gauge transformations at a single fixed time. The Schrédinger equation involves time derivatives.
To make the time-dependent Schrédinger equation invariant under gauge transformations the time derivative also has
to be replaced by a covariant derivative.

Gauge invariance can be achieved by replacing the time derivative by

(0 — zz eiAo(qi,t)). (88)

To see this note that under a local gauge transformation

7/)(0117"' 7qN7t)_> (89)

eiZX(q“t)Tﬂ(Qb“' AN, ). (90)

The time derivative of the transformed wave function is

eiz¢(qi’t) (z@t — Z 6tX(q27 t))%//((ha AN, t) (91)
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The derivatives of the phases can be eliminated by replacing the time derivative by

(iat+Z€iAo(qi7t))‘I’(Q1,"' ;AN 1) (92)

In this way the gauge invariant Schrodinger equation becomes

iat\Il(qlv e »CIN7t) =

- ZeAO(qiat)\Il(qlv o 7qN>t) + H(p - €A,q)\Ij(q1, e 7qN,t) (93)

where the gauge invariant Hamiltonian is constructed by replacing p; by p; — e;A(q;) in the Weyl representation of
the Hamiltonian.

This prescription results in a locally gauge covariant equation that reduces to the ordinary relativistic Schrédinger
equation in the limit that the charge vanishes.

XI. SPIN-DEPENDENT INTERACTIONS

The canonical pairs of operators used in Weyl representation were the single-particle momentum and the single-
particle Newton-Wigner position operators, which in the momentum-canonical spin basis are ¢V, where the partial
derivatives are computed holding the single particle canonical spins constant. In this representation, since the deriva-
tives commute with the spin, the gauge transformations are independent of the canonical spin. This is not entirely
trivial since the spins undergo momentum dependent Wigner rotations under boosts. The procedure is still the same.
The first step is to express the reduced interaction in terms of single-nucleon momenta and spins. Since the single-
particle canonical spins are gauge invariant in this representation, the current has a structure similar to (67) where
the potential kernel has both single-particle momenta and spins:

For interactions that conserve momentum the interactions can be expressed in the form:

<p/1aﬂ/17p/2hu'/27 |@‘p1aﬂ17p2aﬂ2> =

5(p] + Py — P1 — P2) (F1(DP], Py, P2, 1, pry, i1, pi2) + Fo(Phy P, Py 115 Mo 1, 2)-

The current is expressed in terms of the derivatives

vii<p/17p’,17pl27,u/27 |@‘p17/}417p27,u2> =

6(p} + Ph — P1 — P2)ViFi(P;, P, Py 1, My i, fh2) 7 -
which are used to define
Fi(Pi, P} Pjs 11, s s p2) i= Vi Fi (PG Py Py 15 o, i1, fi2) — J 7 4
Using this in equation (68) note that in the first term the momentum conserving delta function gives a; = p), — p2
while in the second term it gives ap = pj — p1. Since V;;» gives 0 when acting on the momentum conserving delta

functions, it is possible to use the delta functions to perform the a integrals.

<p/2a p![ |J(O7 0)|p1a P2> =

1 1
=— dX
(2m)? / 8

(F1((1 = X)(p1 + p2 — P3) + AP, Ph, P2) + F2((1 — A\)(p1 + P2 — P1) + Ap5, P1,P1)) - (94)




21

If the interaction is expressed in terms of kinematic masses and kinematically invariant degeneracy parameters,

S(P" P36 (k' 1, 8|07 ||k, 1, 5)

(95)

then the Clebsch-Gordon coefficients for the Poincaré group [38][43] need to be used to get the equivalent expression

in terms of single-particle spins and momenta that can be differentiated

The Clebsch-Gordon coefficients for the Poincaré group that relate the non-interacting irreducible representation
of the Poincaré group in the momentum-canonical spin basis to the tensor product of two single-particle irreducible

representations are

|P17 M1, p2aM2a> = |P7,U/7l7 S, k(p17p2)><8,/£5, l7m|j7:u’>><

\/ (w1(p1) +wa(pr)wr (K)ewa(k)
(w1 (k) + w2 (k))w: (p1)w2(P2)

1

1 . 1/2 1/2
(o1 5o W31, 1) Yor! (k(p1,p2)) Dy, (Ruo(P.p1)) Dy, (R (P p2)),

where
P =p:+p2 w;(pi) = \/m? + p?,

1
k= (ki — k)

P X
Vier(pr) +w(p2))? — P2

k; = p;

(p? — p3)

(\/(M(pl) +w2(p2)? — P2+ wi(p1) +wa(pa) wz(pi))

HO = Wm, (pl) +wm2(p2)a MO = \/ﬂ:w’nn(kl) +wm2(k2)7
R, (P, p2) is the Wigner rotation

Ry (P,pi) = B~ (ki/m;) B~ (P/Mo) B(pi/mi),

ki = B~Y(P/My)p; = (\/ K2 +m?,k;)

1
k=-(k; -k
2( 1 — ko)

and B(p/m) is a rotationless Lorentz boost:

B~ (p/m) = B~'(—p/m)

wm(P) P’

B(p/m)" = =" B(p/m)°; = B(p/m)'o = "

)

p'p’

B(p/m)'j =6 + (o)

(100)

(101)

(102)

(103)

(104)

(105)
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Light-front formulations of relativistic quantum mechanics are useful for studying hadronic structure because the
boosts are kinematic. The general method discussed in this paper can also be extended to the light-front generators.

The light-front Poincare generators are different linear combinations of the Poincaré infinitesimal generators where
seven of the new generators can be chosen to have no interactions.

The light front Hamiltonian is

P~ =H- P>
An irreducible set of canonical operators can be expressed in terms of kinematic generators
Pt =H + P3, and E|, =K, —zxJ.

The canonical pairs are

1 1 0
g =2 K3\ =i
pz 7qz Q{p;t,-v 1} Zap:,-
1 .0
piL, Qi1 =i—E; =1
pt OpLi

and the Weyl representation for the interacting P~ operator is

P = /d3Nad3Nbp_ (a,b)e’® PP

The current can be extracted using same methods used in sections seven and eight. In this case the current will
be different because the partial derivatives are computed holding the light-front spin constant. The light front and
canonical spins are related by momentum dependent Melosh [44] rotations.

XII. SUMMARY - CONCLUSION

In this work current operators in phenomenological relativistic models of strongly interacting systems were con-
structed by requiring local gauge invariance of the Hamiltonian. In these models impulse (one-body currents) are not
compatible with the dynamical constraints of current covariance and current conservation. These constraints alone are
insufficient to uniquely fix a current operator. Local gauge invariance was implemented by expressing the Hamiltonian
in the Weyl representation, replacing the single-particle momentum operators by gauge covariant derivatives. The
dynamical current was identified with the coefficient of the part of gauge invariant Hamiltonian that is linear in the
vector potential. The charge density was constructed using the commutation relations with the dynamical Lorentz
boost generators, which ensures that the 4-current transforms as a 4-vector density.

The advantage of this construction is that the result is a current operator that can be used in reactions with different
initial and final states that is consistent with the dynamics. The operators in (36), (67) and (73) have an explicit
dependence on the representation of the Hamiltonian. The construction addresses one of the primary challenges in
constructing relativistic models, which is the absence of a systematic method for constructing candidates for dynamical
current operators that are consistent with the interaction. While the result is not unique, it is a 4-vector current
operator that in minimally consistent with the interaction.

A relativistic Hamiltonian theory with a finite number of degrees of freedom can be formulated on a many-particle
Hilbert space. In the absence of interactions particles transform under irreducible representations of the Poincaré
group. The momentum and coordinates in the Weyl representation are the single-particle momentum and Newton-
Wigner position operators. The Newton-Wigner position operator, which in the momentum-canonical spin basis, is
i X the partial derivative with respect to the momentum holding the single particle canonical spin constant. Since the
dynamical relativistic model is formulated on the same many-body Hilbert space and the Weyl algebra is irreducible,
the Hamiltonian and all of the Poincaré generators can be represented in the free-particle Weyl representation.

The dynamical models under consideration are defined by a dynamical unitary representation of the Poincaré group
acting on the many particle Hilbert space [45][26][46]. In this application the dynamical representation is chosen
so translations and rotations are independent of interactions (Dirac’s instant form of dynamics [47]). Solving the
dynamics is equivalent to decomposing this unitary representation into a direct integral of irreducible representations.

The Hamiltonians in these models are typically non-local. Gauge invariance requires that the kernel of the Hamil-
tonian in the “position representation” satisfies the intertwining properties (3-4), which follow as a consequence of
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replacing the momentum operator in the Weyl representation by covariant derivatives. The analysis involves evaluating
functions of non-commuting variables, but the final results are explicit expressions for the kernels.

Examples of the currents that come from non-relativistic L - S, (L - S) and L - L interactions were given. The
resulting currents are explicit function of the interactions.

While this construction is systematic and yields a covariant current operator that is consistent with the dynamics,
whether the dynamical mechanism generates currents consistent with experiment needs further investigation. One
problem that was not addressed is by replacing the momentum operators by covariant derivatives, the Poincaré
commutation relation are no longer preserved, since the commutator of two covariant derivatives is the field strength
tensor rather than 0. Fortunately in the one-photon exchange approximation this problem goes away when the higher
powers of the vector potential are set to 0. Going beyond the one-photon exchange approximation requires further
investigation.

This research was supported by the US Department of Energy, Office of Science, grant number DE-SC0016457.

XIII. APPENDIX

Expressions (37) and (38) for the two-body currents associated with the operators (L - S)? and (L - L) in non-
relativistic interactions are derived in this appendix. The construction of these current operators is similar to the
construction used in the L - S case. The main difference is that these contributions involve products of covariant
derivatives. The current is the coefficient of the vector potential.

The interactions before replacing the derivatives by covariant derivatives are

vrs2(la)L-8)* =vr.s2(la)(Sxq) -p(Sxq) p=

vs)2(Ja) Y (S x @)i(S x a);pip; +i(S x a) - (S x p)] (106)

)

and

vpL(la))L- L =vp.(la])[a’p® — q- (q- p)p + 2iq - p). (107)

where in these expressions the canonical commutation relations are used to move the momentum operators to the
right of the coordinate operators.

In order to extract the current it is useful to express (106) and (107) in terms of single-particle variables, where
minimal substitution is straightforward:

U(L~s)2(|CI|)(L ’ S)2 =

(p1 —p2)i (P1 — pz)j

> vwsy(lar — a2))[(S x (a1 — @2))i(S X (a1 — q2));

- 2 2
+2(8 % (a1~ 02) - (8 x (b1 — p2))] (108)
and
vLi(lar —aqz[)L- L=
vl — ael) (@ — @)1~ po)?
—i((h —a2) - ((@1 —az2) - (P1 — P2))(P1 — P2) +i(a1 — a2) - (P1 — P2)]- (109)

These are operator expressions. Replacing the space derivatives by covariant derivatives is equivalent to replacing p;
by p; — e;A(q;), maintaining the correct operator ordering. This substitution results in the gauge invariant operators

vw-s)y2(|af)(L- S)* —
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vyl — ael) |3 3208 % (a1 — a2))i(S % (@i — az)), %

ij

(P1 —e1A(q1) — P2 + e2A(q2))i(P1 — e1A (1) — p2 + e2A(q2));+

208 % (a1~ @) (S % (B~ 1 Ala) — 2 + 2A(a2) (110)
and

vLL(lar — q2[)L- L — vpn(lar — qz|) %

i((h —q2)’(p1 — e1A(a1) — p2 + e2A(q2)) - (p1 — e1A(q1) — P2 + e2A(q2))—

_%(QI —q2) - [(a1 —q2) - (p1 —e1A(q1) — p2 + e2A(q2)) - (p1 — e1A(q1) — P2 + e2A(q2))

+i(qr — q2) - (P1 — e1A(q1) — p2 + e2A(q2))] . (111)

Keeping only the terms that are linear in A in (110) and (111) and expressing the result in terms of the total and
relative momenta and their conjugate coordinates gives:

(110) — U(L-S)2(|q1 — Q2|)x
~5(8 % @)i(8 x @) (Pl AQ + D) — 2A(Q - D)+
(1A(Q+ ) — e2A(Q = 5))ips -+

55 %) (8 x (@AQ+ D -aaQ- D) (112

and

(111) — vr.1.(lal) {—;qz [(p. (e1A(Q + %) — e2A(Q — %)H

(@AQ+ ) —ea@-3) p) +

+%{q- (a-p) - (e1A(Q+ %) —eA(Q — g)) + %q. (q-(e1A(Q + %) — e2A(Q — %)p}

—iq- (1 AQ+3) —e:AQ - )| (113)

where in (112) p; represents the i-th component of the relative momentum rather than the momentum of particle ¢
The next step is to use the commutation relations to move the p factors to the right of all of the coordinate factors.

There are three terms in (112) and (113) where the momenta are on the left of some of the coordinate operators.
These terms are:

d q
Pi(e1A(Q+ 3) — 2A((Q~ 3)); =
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@AQ+ D)~ A(Q- D)pi— JoaAQ+ D +eaq- D), (114)

1
—5@P- (I AQ+5) — 2AQ - 3)) =

@ AQ+ D) -~ AQ- D) ptiaVe (@AQ+ D +eA@- D)), (115)

e (@AQ+ D) - A - D)@ p) - iltfa (@ Vol AQ+ D +ea@- D). 1)

Using these identities in the operator expressions (112) and (113) above gives

(112) =
vl [~5(8 % @S x @) (e AQ+ D) — AQ - )it
(@AQ+3) —eAQ - 3))p;
L (@00AQ+ D)+ 00AQ - D))
58 %) Bx(@AQ+]) - 2a@-F) (117)

and

(113) =
v(lal) |~ 5@ AQ+ D)~ 2a@ - D) -p)
Jrzéqz(elv “A(Q+ %) +eV-AQ - g))Jr
Ha (@AQ+ ) - eA@- D)@ p) - itla (@ Vo) AQ+ D) +ea@- D)
—iq- (c1AQ+3) — 2AQ - )] (118)

Since the momentum operators are to the right of the coordinate operators, the operators become numbers in a mixed
coordinate-momentum basis. The mixed matrix elements of (117) and (118) are

(Q,q|(117)[P,p) =



vwwwm(;ﬁqmmp%Smm®xmﬁm@A@+%PWﬁ«Qf%h

2m)

i(elaiQA(Q =+ g) + e20iQA(Q — (21))]}

*%(S xq)-(Sx(e1A(Q+ g) — e A(Q — ‘;))]

and

(Q,q[(118)|P,p) =

() e @R [t A @+ § —nA@- ) p
+1@(0 V0 AQ+ D)+ Vo AQ- D) +
+(a-pa- (@AQ+3) —e:AQ- )

e (@ Vo)A@ + D+ ea@- D)

—iq- (1A(Q+ ) —e2A(Q - )]
Next change the final variables to momentum variables. With this change these expressions become

(P, p'[117)[P’, p') =

]_ . . _ ’ 'L . _ U
/dquU(L‘S)2(|Q|) (271-)667,‘:2 (P—P')+iq-(p—p )X

[~(Sx@)-p(S x @) {(1AQ+ ) — e2A((Q— )+

1S X k(S x ) (@dAQ+ D)+ e20A@Q - D)),

_%’<qu —(a-8)8) - (e1A(Q + g) — e A(Q — %)) .
and
(P’ p'|(118)|P,p') =

1

/ dqdQuy.1(|q]) (2m)© '@ (PP ralppl)
Y
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(119)

(120)

(121)
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(b (AQ+ D)~ 2AQ - D) + [ (@ Ve AQ+ D)+ Vg A)Q - 1) +

Ha P)a- (@AQ+ D)~ AQ - D) Ha (@ V)@AQ+ D) +ea@- D)

—ia- (e1AQ+3) — 2AQ - )] (122)

In (121) and (122) the derivatives can be removed from the vector potential by integrating by parts, assuming no
contribution from the boundary terms.
The three terms in these expressions with derivatives on the vector potential are

i1 PP it (e
7(277)6 ZU(L.S)Q(\qDeZQ (P=P)+iq(p—p )(S x q);(S x q); %
ij

1
(@OAQ+ ) +e0AQ - 3));} (123)
%(23&6 /dqu“L‘L(|q|)eiQ'(P’P/)““'(p’p')qQ><
(V- AQ+35) + eV - AQ - 3)) (124)

and
i 1 ‘0. _p/ iq- .
_1(%)6 /dquvL.L(|q\)elQ (P—P")+iq-(p p){q. (q-V)

(1A(Q +5) + 2A(Q - ). (125)

The partial derivatives in (123-125) are derivatives of the argument of the vector potential, equivalently with respect
to the Q variables. They can be replaced by +209,,

> @ Z/ dqdQ (D, [0 s ()¢’ FFIHEEP(S x )i(S x @),
(1 A(Q + %) — e2A(Q - %))j (126)
- 1 1 . Ny ’
—%—(%)ﬁ / 44dQV [o1.1(]) s’ TG ( AQ + 3~ e2AQ-3) (127)
y 1 . ’ . ’
5o [ A0QV L (ja)e' P g) (0 AQ - )~ 2AQ- ) (128)

Using (126-128) and the identities

AQ+ D) - ea@- D) = [axtesc-a- D) - ix- e+ D)o (129)
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and

/dQeiQ.(P—P’)(el(g(X -Q- %) —exd(x—Q+ g)) =

eix»(P—P’)(eiq(P—P/)/Q e

—iq-(P—P')/2)

e P=P)(e; — ey) cos (‘”PQ/_P> +i(e1 + eg) sin <q'(P2/_P>} (130)

in the expressions for the currents gives the result below for the three derivative terms. Since the q in these expressions
comes from the vector potential, it does not get touched by derivatives. Since there is no other Q -dependence these
factors multiply everything.
i 1 . ’ . ’
————— [ dq(0,,[vw. ex (P=P+ia(P=P) (g x q);(S x q)]x
ty [ a0, ks (la) (S x @)i(S x q)

[(e1 — e2) cos <q(Pz’P) +i(e1 + e2) sin <(l(l)2/1))] (131)
ey [ 4% loaal)ex PP g

[(e1 — ez) cos <(1(P2/_P) +i(e; + e2) sin (q(PQ’—P)] (132)

[(e1 — e2) cos (q(l:;’—P) +i(e1 + e2) sin (q(I;’—P)] (133)

These derivative expressions go in the expression for the current matrix elements, which is the coefficient of the vector
potential.

1

ix-(P—P')+iq-(p—p’)
@) e X

(P, p' | I 1.s)2(x,0)|P,p) Z/dqv(L.S)2(|Q|)

[(e1 — e3) cos (‘I'(PZI_P) +i(e1 + e2) sin (q'(PQ/_P)]x

{—(S xq)-p(Sxq)— é(SQq —(S- q)S)} +

11 e
Zzw/dQ(Xi:ti['(S x q)ivs)e (Jg))e™ PP+ PP (g x q)]x

[(e1 — e2) cos <q'(Pz/—P> 1 i(er + e2) sin (q'“;_P)] (134)
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For this interaction the term with the derivative acting on the interaction vanishes. This is because the coefficient is
q- (S x q) = 0. This means that then the (L - S)? current matrix elements become

]_ - . _ i ’i . _ ’
(P, p'|J(x,0)1.5)2|P, p) _/dOl”(L.s)Z’(|Ol|)(27T)661X (P=PT)+ia(p—p)

[(e1 — e2) cos <q.(1>2'13) +ier + e2) sin (W>]x

i

58 %)+ p)S x ) - (5% (S a)S)| (135)

which is equivalent to equation (37).
The part of the L? current involving derivatives of the interaction also vanishes. To see this first note the expression
for the current is

1 po P se(o
(P, p'|I(x,0)L.L|P,p) :/dqu-L(|Q|)W€lx'(P F)tia(p—p)

[(e1 = €2) cos <W) +i(eq + eg) sin (‘JI'(PZP')]

[—a’°p + (q-p)g+2q] +

ﬁ /dq[(el ~ e5) cos (q'(f;_P/> +i(er + eg) sin (W)]x

V- [op(laf)e™ Pt ep) g2 (136)

(2;)6 /dq[(el — e3) cos (q’(PQP'> +i(er + eg) sin (q'(l;P/)

V[ (qur(|g)e FTFIHC7PD)g), (137)
For a rotationally invariant vr,.1,(|q|)
(Vv)q? = v'aq® = v'qq (138)
while
q- (Vv)q =v'qq. (139)

These terms come with opposite signs in the expression above so they exactly cancel. What remains after eliminating
these terms is

]_ . . _ !’ Z . _ !
(P, p'|J(x,0)LL|P,p) /quL.L(|Q|)<27T)6€ZX (P—P)+ia(p=p)

[(e1 — e3) cos (‘“PQ_P/) +i(e1 + ) sin (q'(PQ‘P')]x
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1 1 .
[—q2p +(q-p)a —iq+ 5q2(p -p) - 5a- (P p)q+ zq} =

1 o (Pob tic (o
[ davnnlal) e - F 8

[(e1 — e2) cos (‘“PQ_P') +ier + e2) sin (q'(f;_P’)x

Jax (ax (p+p) (140)

which is equivalent to equation (38) Again the derivative of the potential cancels in this expression as well. This
means that the potentials can be factored.
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