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A theoretical approach to describing the dectromageetic interaction in hadronke Reld
theoriea containing charged mesoss at finite baryon density is presenied, Path.integral
methods and bilersl suxilisry felds are wsed to idendily covariant, gange-invarisnt lev-
els of appreximation, which sam hiibud_ulm:mﬁ;pm Al ihe Jowesi
leved an Bsolated nucleon acquires & nontrivial electromagnetic strsctare, and the finite
density sucleus bs deseribed a3 & moninterscting syslem of quasi particles with Lhat
strurioge,




Muany deseriplions of the electromagnetic (EM ) interaction with a nucless cen-
ter arvand the approximate treabmvent of a nucleus as a weakly or noninteracting
system of quasi particles. The aim of this work is to imitiste the dovelopment
of & consislent framework within which the EM properties of a noninteracting
sysiem of dressed nucleons can be investigated, and to which corrections above
the noninderacting level can be systematically made, The approach taken here is
tiz empley bilocal auxiliary fields and path-integral methods to formulate a gauge
imvariant expansion in fuctuations above the veeuum, which are then albowed Lo
imteract with the system of valence nucleons. Previous work in a quark-meson
framework demanstrales low the Auctuations of gf bilocal fields about their vac-
uam values are relsted Lo mescns[l] and, throagh ke incorporation of a sel of
chemical potentials, how & system of valence quarks interacting with these masons
can b deseribad[2]. Similar Lechnigies are applied bere in a purely hadronic set-
ling to describe density-dependent eolbective excitations|3] which sre axpected
Lo provide important contribubions o EM processes beyond Lhe bevel of a Fermi
gas. The auxiliary field approach employed bere shoald therefore be viewed as
an organizatioanl Lool for systematically incorporsting the effecis of these collec-
Live modes in an expansion above the moninteracting Fermi gas of quasi particles
dresaed by the vaeusm, which arises sl geroth arder, snd nol as a representation
ol physical particles. Chemical potentials will again be employed do fix the num-
ber of valence nuclecns and Lo separats their contribution to physical quantilies
from thoss arising from the vacuuwm.

The calculation of physical quantities is schieved hers through Lhe use of Lhe
partition fencbion for the system, &, wrillen in Lbe path-integral fopmulation,
Derivatives of the natural logasithm of the partition function with respect Lo
source fbelds give expeciation values of the associated currents. In the presence
of monzers chemicsl potentials this procedure pesulis in sspectation values af
currents for & syslem of valence nucleons. The incorporation of a bacdkgrownd
EM gauge field provides n source for the EM current, Expectation values of the
EM curténl are Lhereby oblained. The gauge invariance of the partition function
emsures Lhal the physical quantities chiained in (his way are gauge invarkant snd
conserved

In purely hadronic models such as quantum hadrodynamics[4] (D) it has
been demnomiirabed that the charged pions play a significand role m the description
of the EM form factors of the nacleon|S), and are expected Lo make important
coniributons Lo the EM properiies of nuclear sysiems. ‘The radiative pion dress.
ing of the muchon presents complications becanse of the isovecior mature of the
peom, and Lherelore pequine & more general approach Lo include the elfects of
chinrged particle exchange than is nesded Tor uncharged mesons. I dhis initial

imvestigation, we will therefore concenirate on Lhe intorporation of charged piona
imlo a description of the EM properties of a system of nuckeons in a hadronic
liekd iheory. I in expected Lhat the cfocts of olher mesons can be included n &
similar manner. The meibod of calculating EM properties based on funciional
differentintion of the partition function will be demonsirated ab the level of &
Fermi gas of nucleons baving radiative pion dressing,

We begin with an action describing the interaction of charged pions, ¢ and
@1, with nucleona, ¥ = (p,n), given in the Beclidean motric by

5[kt 8] = f d“r{15[!+m+l'rnffi"‘+1"i}ii+{ﬁui'f]'fﬂd}+m:i'i].

(1)
where v = {ry —itg)/+2 and 7y and 7y are Lhe usual Pauli spin matrices. Clearly
& moee fealistic deseription would have Lo include other misson fields such as thoss
required Lo imposs chiral aymmelcy, and baryons such as the delta. However, for
the sake of illustrating this method of treating dressing due o a charged particle,
only ke charged pion and muecleon fields are used here.

To study the EM interaction, a backgrownd gasge feld can be inconporated
by the minimal subsiituiion prescriplion &, — 8, —igd,, where g s Lhe relevant
charge, The gauge invariant acltion is then gives by

S (B0 8" 0 A = (9.07VA) + (@87 A0) + (#1.5) + (5".9).

(2)
where the motation (A, B) imphes [ d*zA{z)B{z), aml where
Gl A)= p4+m—iQ 4
ﬂ"I["‘l'] = (E&l +|-l'lp} {Eu — |.I‘,.} + m: t:]

=gyl
The nucleon eharge matrix Q is defined by Q = (14 73)/2. The partitics function
i Eucliclean space gemersting lunctionsl) s givem by
2A) = [ DYDeDY Dy s 00, 1)

and is trivinlly gauge invanani. The motivation in what follows s b diminale
the mwcleon snd on felds in faveor of aagilisry Golds characierizing collective
diprees ol Tresdom.




Upon performing the integralion over Lhe pion Relds, ¢1 and ¢, the aclion
exponent 5 becomes

5[%.8. A = (5.67A4d¢) - (i ALAL) + TrEna='A).  (5)
The TrLnd~"[A,] term corresponds to elosed pion loops, and can therefore only
contribale Lo Lthe EM properiies of the vacuum. In the spirit of comsidering
the properties of & system of valence muclecns, all terma in which plone are not

conpected o mucleons will be neglected. Hence, the last term in (5) is dropped.
The second Eerm in (5] ean be pewritien using the Fiers reordering {n]lu{-;-.]"=

‘*‘E'ﬂ{jl '!‘hEl'l! H' = *{11 “PTF“I‘TFFEH]I Lo “m.

—i'=)z, Aily) = 297 Bl= )N ply) Az, 35 ALJAA n(z).  (8)

AL this point we must depart from the previous work since the two bilocsl
currents #{z)Aply) and Ap)A"R(z) are nol equivalent, and hence Lhe standard
bosonization[f] can not. be invoked, We can however utilies complex bilocal Bose
fedds o achieve Lhe bosonization by inserting the resolution of unity

1= [ ﬂﬂ"ﬂﬂnp[d / d‘rd'n(ﬂ'{:.y‘.l‘ +1r[!ﬁ{t.r.ﬂ-iimﬂalﬂ'r'{!!)

« (n'{:.u: +afpaiey A,]]""mm'u{:a)] ("

into the integrand of the partition function in (4), where DB = [T, DE¥. The
partilion [unclion becomes

ZA) =N f DpDpDaDnDE" DB =%, (#)

where the aclion exponent 5 = S[j, p, i, n, B*, B, A,] & given by
= J{J":d"j- {ﬂt}ﬂ';’ (=, yi AeJplw) + A{z)CT e, s AuIniy)

+ K=, H:I‘F'l{t.i}}. (?

The inverse propagalom appearing in (9) are defined aa

G5 e i) = (A m—i A)b(z — v+ 9(280e. A]) AP E (2, )
(10)
anid

Gl Al = {i + m]ﬂ: - +:{=Mj. :-.rt.]]"r!.'n'ﬂ'{y.:]'. {11}

Ta fix the number of phpsical (dreased) vabencs mucheons mnd to olate Lheir con-
iribution Lo the partition function one can|¥] use a canomical iransformation io
inecrporate chemieal potentinle, i, and p, for the protons and neabrons respec-
tively, Then integration over the Grassmann felds with the appropriate adjssi-
ment of boundary condition produces the grand partition fumction Z[A;, pp, pin]
given by

E[l"*rf"j!“ll Eﬂfﬂ.ﬁ'ﬂﬂe'ﬂr'ﬂ"‘*’"""‘lr (12)

where {he bosonized action exponent S[8", B, A, pp, a] = Sewt + Siac b= given
by

Seut = =Tr [[L‘rﬂ;" [ig] - Lnﬂ;'[ﬂ]} + {i:' — n}]. (13}

Suae = -T-[an-';'[ﬂ] ® Lnu;llq:j + J{ll"rd"pﬂ"{:,l.r]*ﬂ'[:, ). (14)

The separation in 'E'?l.{ll]- and (14} isolnien ihe valence mucleon contributions
froam Lhe vacuum aclion. The inverse propagatorn sppeasing in (13) and (14) s
defined[2] by GZl(2, u; Au, ppn] = e'h"'ﬂ;i[:.p:ﬂ.-lr""-‘“ with GF,L Eiven
in (10) and (11].

The only remaining integration in the partition funclion s over the bilocal
anxiliary fi=lds. For modest energies these Relde can be svaluated sl their vacnam
vilees, B3 and By, corvsponding to the saddbe point configurations of the vacuam
action, Spqc in (14). Coreections dise bo vacuam fuetoations can be considered
by expanading Lbe vacasm action aboat Lhe saddlepoint configurations a=

= e -

B = ...lﬂ;.ﬂq|+fﬂ'i-ﬁi—£-ﬁrl—ﬂ-l--- ' (16)
where [ and B are the Nucluations away [rom Uhe saddle poinl, wnd the
schemalic molation wsed in (15) implies thal all types of the biloral lelds (la-
beled by &) are to be included. In the analogous bosamzation of & quark feld
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theary Lhese fluctuations, when treated al Lhe mean feld level, result in nom-
loesl potentinksf2]. Without ike source provided by the valence nicleons ihess
flsctuations would vanish by eonstrsction, Therefare, in regions of low soarce
density one would expect Lhese Buetistions io bsir senall. The resalt of neglecting
these Bucluations in Uhat the system i deseribed as & gas of noninteracling quasi
parlickes having radistive dressing from Uve vacaum as we now show.

The saddle-point configurations of the vacuum aetion are defined by
B [HEG = 0 and 85y /6B" = 0. These are implicitly dependent on the gauge

field, A,. In berms of Lhe saddle-point configurations the Enuge-field-dependent
#ll energies for the mucleons ars defined as
f
Bylr vl =o (205 A0) Al e, 0 4,)
_ h:ﬂ['rlr:ﬂ*hﬁl["!m d-]'.fl {I‘J

Enlz,p; A.] E,l'uh._,; d.]:l' mﬁ‘ﬁ'tr.r.ﬂ.]
=29 Aly, : A 1sGolz, 3z A, {17}

where p and G, eelf comsistently contain Ep and E; respectively. Eqs.(16)
and (17} ase the Schwinger-Dyson forms for the nistleos sell energy with bare
nacleos-pion vertices. With the bilocsl fields ovaluated al the saddbe-point level,
the partition function can be written as 20004, B ] = exp( WA, e, pa])
where

WA i) = =[St 8] (18)

and where the nverss pmmam:mwrih;inth-uuuuquthhluutm;im
by

Gl ey A, ) = Cal o PR W Pl
= {"+ L= b — J}ﬁft— ) Rt S R I PR 19)
and

G (2 Avy o] = #1574, e~
2 (#-‘- T 1“;“}‘{# _r} + H"‘L‘-I:I,]; HaJt"'"'-E'.iIH

Expectalion values of Ubs currents coupled Lo A; | pe, and g, can now be obiained
by differentiating the funclional WAL, iy, in]. To obtadn finite quantities, one
must subtract the corresponding vacuum cxpectation values defined by taking
By = pn = 0. For example, Lhe finite values of the nucleon occupation numbers,
Mp and N,, are given by

w = L[awm gt
| | v

= l . MTL[FH!! c.: M-.rlu.[-“nll
= .ﬂT [G;.F[FFM]"_&.".‘-_ Gl.ﬂ[ﬂj _-'ﬂ'r -"-Jd-di {‘-":l

where # = [ dry. AL the saddle-point Jevel of approximation, and with the gauge
field A, = 0, the propagators are Lranslationally invariant allowing a speciral
representation to be employed(2]. The occupation numbers given in (21) can
thereby be evaluated Lo give

Ny = V Jf {-;-:l%a[#” —42@). (22)

-;.--J Apmil

where lﬁ#[ﬂ are the positive cigenenergies,
A quantity of particalar interest for the investigation of inelastic oleciron
scallering is Lhe polarization temsor, which is defined here as

EWIONA, , Hps s ] EWMLA, 0,

Hanlz,y) = BlMAaly) |oeo FAalelBASH) |, o

The second term in (23) is dearly the palarigation of the vacuam. For the sake
of illustration, we evaliate this quantity for the case of sero occupied mewtron
levels, po = 0, and simply take fp = p. We also consider only the st arder
dependence of the inverss propagators in W on the gauge field, A, The
tranalational invariance of U sadile- poin approgimation then allows us to wrike

Naptz, 5) = U (2 — ) — N1z — y) whese

- R dpgdby [ EpPE
nthr) = “J'r-m._ _'_{!r]; e iip=kir
w4 3

. u[n'umri"{ R LA (2 L p]] (24)

(23)

gl where the photon-peolon verlex, J'E.."Il: I g) bl sy
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and Gyip, k; A, )4, =0 = ${p — k}Ca(p). The inverss propagalor appearing in (25)
is obtained from (19) with gy = 0. It is evident, through examination of {19)
and (16), that the photon-proton and pholon-neutron vertex funclions satisfy
coupled integral squations,

l: jB, employing the spectral representation of the propagatons one obiaies from
24

B(p =k = ,;rfg![%i,'], (25)

L] #. E—'fn"-l
—oagin 47 Py — B(f)

] d_[-* ihl'q-
4 ﬂ_m o !rlh fg‘ti} ﬂ{ﬁl}l {M}

whete Qaa(p; k) = -2 [(RTE (242, p- t)u;’i‘}] [sEyrd? (24t & - p]u[ﬂF
The wave lanction renormalization, 2 resulis from the frequency depende

the self energy. The wave-function rencemalisation conetant ia aleo present in uu.-
vertex function 'Y, defined in (25), and will be cancoled in fla, This cancels-
thon is a comsequence of gauge invariance|T], and reflecta the consistency of this
approach. With the fowrth compoment of the momenta fized by the frequency
imtegrations in (206), the spinors in {2, are solutions to the free Dirac equation
with & renormalized mnss arising from the vacuum sell energy provided by the
pion. The tramslational invariance of the saddle-point (vacuum) level of approe-
imation then allows the current, j (7, £) = -za{ﬂrf."'[:l-]-!,p ot i:lﬂi'r':l to be
writben in the weal form

jolF. E) = 6(7) [i50 FU(Q") + imap Qe Fol @) u(E), (27)

IF}{'.] J{Mt = i[f=B)-F

where Qo = po — ko, py = ie(F) and ky = i(E).
By performing Lhe frequency inlegrations in [20) and transforming Lo mo
menlam space, one oblains

4
Mg (d) = f ﬁﬂ-n{ﬁ.i-{m:ﬂ filii +41)

Ol-dm)odita-u) -o(u-r)o(u-dita)
w = e{F+ ) + e (F) - b

where wa have made Lhe continuation g3 — ww + 8. Fimally, sabiracting the
conlribation for g = 0 and taking e{F + §) > p, which is the relevant condition
for quasi-elastic seaticring, we find

&l p—e @ el -
Maatii)== [ 55+ Dinl5+ 5.9 ,EF_ _,;W,,} ,—,{Jr AR )

(29)

This is in fact the result which is cblained in the Fermi gas model[8] with the free
nucheon form faclors used in the current. Here Lhis psull occurs as the lowest
level im an expansion o which syslematic corrections can be made.

In summary, an initinl investigation of & systematic, gauge-invariant approsch
io considering the EM interaction with a muclens has been presenied. The ap-
proach centers arcund & tramsformation from necleon and meson degress of Mnee
dom to collective :ln:;;mu ol freedom. The Auctuations of these about their trans-
Intionally invariant vacuum vilwes are expecled to be amall, bul give Uhe leading
correcbions Lo Lhe descriplion of the nucleus &= a Fermi gas of quas partickes hav-
ing radiative dressing from the vacuum. The principle resalt of this initial imvesti-
galion is summarized by Eqa.(27) and (28], and the statement Lhat charged-pion
contributions to the EM properties of the necleus can be comsbstently ineluded
through this approach. Forther work, including the incorporation of uncharged
mvesona, i being parswed and & delailed article B planned.
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