The interaction and the e.m. current in
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How are they related?
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Summary

e Introduction

« Gauge Invariance & current conservation
« Example: one pion exchange

» Realistic potentials

Example:p — d radiative capture

Seminal works:
Sachs, 1948
Chemtob & Rho, 1971
Buchmann, Leidemann, & Arenhovel, 198¢
Riska, 1985
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Introduction

* Notation: quantum field theory: Bjorken & Drell
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Introduction

* Notation: quantum field theory: Bjorken & Drell

* Charge density operator in coordinate space

(rilp(x)|rs) = qid(x — 13)d(r; — 7})
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Introduction

* Notation: quantum field theory: Bjorken & Drell

* Charge density operator in coordinate space

(rilp(x)|rs) = qid(x — 13)d(r; — 7})

* \We need
(V] / P (@) Ay (@)|Ny) ~
d3 M elq.w N
~J €T €I )E
/ el m‘ |

= (N'|j*(@)IN)—

B
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Introduction

® Fourier transform of the charge density operator in co@tdspace

(rilo(q)lr:) / Bz (] p(z)|r;)e®

= qieiri.q(S(Ti — T’,/L)
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Introduction

® Fourier transform of the charge density operator in co@tdspace

(rilo(q)lr:) / Bz (] p(z)|r;)e®
= g™ (r; — 1)
® Fourier transform of the charge density operator in monmargpace
(Pilp(@)lpi) = d>r! d°r; e i €795 (ry — 1) cn
A T 2mppr P T on)ere

= ¢id6(p; +q—Dpi)
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Introduction

® Fourier transform of the charge density operator in co@tdspace

(rilo(q)lr:) / Bz (] p(z)|r;)e®
= g™ (r; — 1)
® Fourier transform of the charge density operator in monmargpace
(Pilp(@)lpi) = d>r! d°r; e i €795 (ry — 1) cn
A T 2mppr P T on)ere

= ¢id6(p; +q—Dpi)

® Exercise: charge density operator in momentum space
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Introduction

® time-dependence (Heisemberg picture)

p(a,t) = e p(a)e
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Introduction

® time-dependence (Heisemberg picture)

p(a,t) = e p(a)e

® Time derivative
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Introduction

® time-dependence (Heisemberg picture)

p(a,t) = e p(a)e
® Time derivative
Ip(z, 1)

ot
®* (Often we have to consider

= ilH, p(x, 1),

plx,w) = /dt p(x, t)e v
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Current conservation

°* E.m. gauge symmetry- conserved current
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°* E.m. gauge symmetry: conserved current

* Heisemberg picturd®(x,,) fields
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Current conservation

°* E.m. gauge symmetry> conserved current

* Heisemberg picturd®(x,,) fields

* Lagrangian densitg[¥*(x,), 0, ¥ (x,)]
Invariant under the joint transformations
0V () = iqeG (2,,) P ()
0Au(zy) = 0,G(zy)
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Current conservation

°* E.m. gauge symmetry> conserved current

* Heisemberg picturd®(x,,) fields

* Lagrangian densitg[¥*(x,), 0, ¥ (x,)]
Invariant under the joint transformations
0V () = iqeG (2,,) P ()
0Au(zy) = 0,G(zy)

® Theno*J,(z,) =0

V. j(x,) + By =0
0P T) 1, o)
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Current conservation

°* E.m. gauge symmetry> conserved current

* Heisemberg picturd®(x,,) fields

* Lagrangian densitg[¥*(x,), 0, ¥ (x,)]
Invariant under the joint transformations
0V () = iqeG (2,,) P ()
0Au(zy) = 0,G(zy)

® Theno*J,(z,) =0

® Therefore, the Hamiltonian and the current must verify the
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Lagrangian Formalism

* For a given Lagrangian density{¥*, 8M\If€, A,
Invariant under the joint transformations
0 () = iqeG(2,) ¥ (2)
0Au(zp) = OuG(2y)
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Lagrangian Formalism

* For a given Lagrangian density{¥*, 8M\If€, A,
iInvariant under the joint transformations
0 () = iqeG(2,) ¥ (2)
0Au(zp) = OuG(2y)

® This require the combinatiod, * — ig A, (x,,)¥*
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Lagrangian Formalism

* For a given Lagrangian density{¥*, GM\IJK, A,
iInvariant under the joint transformations
0 () = iqeG(2,) ¥ (2)
0Au(zy) = 0,G(zy)

® This require the combinatiod, * — ig A, (x,,)¥*

®* Minimal substitution

o
Z 7 4¢
; %, 8 \I!
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Lagrangian Formalism

* For a given Lagrangian density{¥*, GM\IJK, A,
iInvariant under the joint transformations
0 () = iqeG(2,) ¥ (2)
0Au(zy) = 0,G(zy)

® This require the combinatiod, * — ig A, (x,,)¥*

®* Minimal substitution
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Example

® Spin-0 isospin-1 field

L= %(%Cba(x)@“@a(x) 26, ()8, (2)

Isospin index
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Example

® Spin-0 isospin-1 field

L= %6’M<I>a(x)8“<ba(x) 26, ()8, (2)
Isospin index

* i(z) = H[B1(x) +iPo(z)], - =L, o= Dy
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Example

® Spin-0 isospin-1 field

L= %au%(x)a%a(x) 26, ()8, (2)

Isospin index
* i(z) = H[B1(x) +iPo(z)], - =L, o= Dy
® Minimal substitution

JH(z) = —ie|®_OHD, — B, D ] = e (cf> x 8“(13)

z

Scuola di Fisica Nucleare Raimondo Anni, Otranto 31 Magb®gno 2005 — p.8/



Standard nuclear model

® Low-energy nuclear physics:
(recent development: chiral effective field theory)
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Standard nuclear model

® Low-energy nuclear physics:
(recent development: chiral effective field theory)

® non-relativistic quantum mechanics
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Standard nuclear model

® Low-energy nuclear physics:
(recent development: chiral effective field theory)

® non-relativistic quantum mechanics

® NN & 3N interaction:
fitted to reproduce the NN (and 3N) data set

Vij +
1<J 1<jg<k

ijk -

v;; andV;;, depend onsospin andmomentum
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Standard nuclear model

® Low-energy nuclear physics:
(recent development: chiral effective field theory)

® non-relativistic quantum mechanics

® NN & 3N interaction:
fitted to reproduce the NN (and 3N) data set

2
HZZ ' +Zvij+ Z Vijk -

pP;
2m o
1<J 1<jg<k
v;; andV;;, depend onsospin andmomentum

® Difficulties in treating e.m. transitions:
there is no a recipe to derivg*
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Standard nuclear model

® Low-energy nuclear physics:
(recent development: chiral effective field theory)

® non-relativistic quantum mechanics

® NN & 3N interaction:
fitted to reproduce the NN (and 3N) data set

H = Z

v;; andV;;, depend onsospin andmomentum

Vij +
1<J 1<jg<k

ijk -

® Difficulties in treating e.m. transitions:
there is no a recipe to derivg*

* In first approx.p;(q) = ¢; T2 ¢irica

p; does not commute Wlth@j andV;
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Definitions

® Letus define

pla) = D pil@)+ ) pi(@)+...

jlq) = ij-(q)Jijij(q)Jr....
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Definitions

® Letus define

pla) = D pil@)+ ) pi(@)+...

jlq) = Zji(q)+2jij(q)+....
* CCR:
q-ji(q) = [%7Pi(q)]7
q-Jij(@) = |vij,pi(q) +pi(g)],
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Non-relativistic reduction

® The one-body charge density operator can be written as

pi(q@) = piNr(q) + pi,rc(q)
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Non-relativistic reduction

®* The one-body charge density operator can be written as

pi(q@) = piNr(q) + pi,rc(q)

® where, In first approximation

I =Faz00) 4.
pi,NR(‘]) :ZC]z' 5 ()e id
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Non-relativistic reduction

®* The one-body charge density operator can be written as

pi(q@) = piNr(q) + pi,rc(q)

® where, In first approximation

I =Faz00) 4.
Pz‘,NR(Q) :Z%’ 5 ()e id

* pirc(q), pij(q), ... turn out to be of the orded(1/m?)
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Non-relativistic reduction

®* The one-body charge density operator can be written as

pi(q@) = piNr(q) + pi,rc(q)

® where, In first approximation

Pi,NR(q) = Z ¢—y ¢
* pirc(q), pij(q), ... turn out to be of the orded(1/m?)

® Atlow energies, we must ask at least to verify the CCR for
pi(q) = piNr(Q)
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Recipes

® Potential
Feynman diagram- NR reduction~ v or V in momentum spacs
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Recipes

® Potential
Feynman diagram- NR reduction~ v or V in momentum spacs

® Current/charge (example:absorption)

A / B A i 3]
(P, Puli*(q,w)eulp1y ..., pa)

Feynman diagram- take the operator multiplying, — NR
reduction— (Fourier transform of the) current/charge operators

[ dw/2mj*(q,w) exp(iwt) — j*(q,t)
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One-body current and charge

° Vertex:e¥(z)y" A, (z)¥(x)

,pI/d4wJ“ T)|N,p)|v,q) ~

10" q,

a<p,s>[F1<@ ¥+ Fa @)% |l 5)20) 0 — 0

Fy, F5 Dirac and Pauli form factors
Q* = —q"q,
ot = (i/2)[v*,~"]
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One-body current and charge

° Vertex:e¥(z)y" A, (z)¥(x)

,pI/d4wJ“ (z)|N,p)|v, @) ~

10"7q,

) | @) + Fa @)% | ulp, )20 0

Fy, F5 Dirac and Pauli form factors
Q* = —q"q,
ot = (i/2)[v*,~"]

® 4-spinors
E+m 1/2 Xs
up,s) = 2m, op

E—i—mXS
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One-body current and charge

® NR reduction (retain the term@3(1/m) only)

Pr(@) = ao® —p—aq)
(1) _ | pP+p i P
inr(@) = [% — Zmuqup] S(p'—p—q)

g = Gp(Q%) 5= + GE(QY) 5=
pi = Gh(Q*) M + G5, (@1 1

Ge@) = R(@) -~ L R@)  Oun(@) =R + B(Q)
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One-body current and charge

® NR reduction (retain the term@3(1/m) only)

Pr(@) = ao® —p—aq)
(1) _ | pP+p i P
inr(@) = [% — Zmuqup] S(p'—p—q)

g = Gp(Q%) 5= + GE(QY) 5=
pi = Gh(Q*) M + G5, (@1 1

Ge@) = R(@) -~ L R@)  Oun(@) =R + B(Q)

® Exercise: verify the CCR in this case
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One-pion exchange potential
® Lagrangian

L1 = TN G (), ()0, 4 (1)

ez,
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One-pion exchange potential

® Lagrangian

L1 = TN G (), ()0, 4 (1)

My
* OPEP
2
1
. ]{3 — TmINN
on(F) 3m2 k?+m?2
<P/17P/2”U|P1 P2> = [’Uw(k) k? (01 ' 0'2) + Uw(k)sm(k)] T1 -T2
x6(p} + Py — P1 — DP2)
Slg(k) — 3(01'k)(02'k)—k’2(01'02)
k :P/1 — D1

2 v /AT ~ 0.075
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JIC-PI0lN cAlllallyc CUliclit &
charge

® Lagrangian with e.m. field

L= TN )y, U(@)0, 0 (2)ears A (2)

T

+ed, X 0“<I)beabzAu(x)
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JIC-PI0INT cAlTIallyc CUliclit &
charge

® Lagrangian with e.m. field

L= TN )y, U(@)0, 0 (2)ears A (2)

T

+ed, X 8“@b€abzAu(iB)
° NR reduction of the 3 Feynman diagranis [= p/, — p1]

<p,17p,2|jf7rNN7m7r (Q)!p1 p2> —
= 31 Gg(qilﬁ X TQ)Z ’Uw(kg)Jl(O'g . kﬁg) — ’Uw(kl)dg(dl . I{il)

ki — ko

+k2 k2 [’Uw(kl) _ ’Uw(k2)] (01 ' kl)(O'Q ' kz)

Gr(q?) = Gh(a) — GE(q2)
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JIC-PI0INT cAlTIallyc CUliclit &
charge

® Lagrangian with e.m. field

L= TN )y, U(@)0, 0 (2)ears A (2)

T

+ed, X 8M(I)b€abzA,u,(x)
° NR reduction of the 3 Feynman diagranis [= p/, — p1]

<p,17p,2|jf7rNN7m7r (Q)!p1 p2> —
= 31 Gg(qilﬁ X TQ)Z ’Uw(kg)Jl(O'g . kQ) — ’Uw(kl)a'g(a'l . I{il)

ki — ko

+k2 k2 [’Uw(kl) _ ’Uw(k2)] (01 ' kl)(O'Q ' kz)

Gy(a,) = Ghlay) — Grlan)
* Exercise: verify the CCR with OPEP
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Realistic potentials

® but for a realistic potential?
simple prescription!
Buchmann, Leidemann, & Arenhovel, 1985
Riska, 1985
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Realistic potentials

® put for a realistic potential?
simple prescription!
Buchmann, Leidemann, & Arenhovel, 1985
Riska, 1985

® Suppose that (in momentum space)
vij(k) = [’Ups(k) k*o; -0 +vps(k)S; '(k)] T T

vps (k) generic function fixed by comparison with experiment
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Realistic potentials

® put for a realistic potential?
simple prescription!
Buchmann, Leidemann, & Arenhovel, 1985
Riska, 1985

® Suppose that (in momentum space)
vij(k) = [’Ups(k’) k*o; -0 +vps(k)S; '(k)] T T

vps (k) generic function fixed by comparison with experiment

® Let us consider a family of pseudo-scalar mesons of magsand
coupling constant with the nuclegi

r=1my =mg, f1 = faNnN
r>1m, > m,, f, = free parameters

Scuola di Fisica Nucleare Raimondo Anni, Otranto 31 Magh®igno 2005 — p.17/



Realistic potentials

® f.~1 fixed so that

vps(k Z 3m2 k2 +m2
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Realistic potentials

® f,.~1 fixed so that

vps(k Z 3m2 k2 +m2

® Then
N
jrs(@) =) dsm.(a)
r=1

satisfies CCR with that particulas; (k)
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Realistic potentials

® f,.~1 fixed so that

vps(k Z 3m2 k2 +m2
® Then

irs(@) = dfm.(q)

satisfies CCR with that particulas; (k)

® We can use the exchange of scalar, vector, pseudoveéctof, 1
mesons to reproduce the genergl k), and then construct the
corresponding current.
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Realistic potentials

® f,.~1 fixed so that

Z 3m?2 k? + m2

® Then

irs(@) =Y df.m. ()

satisfies CCR with that particulas; (k)

® We can use the exchange of scalar, vector, pseudoveéctof, 1
mesons to reproduce the genergl k), and then construct the
corresponding current.

® It has been generalized also for the 3N interaction
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p-d radiative capture

®* p+d—3He+ v
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p-d radiative capture

® p+d—>He+ v

® |Initial and final wave functions calculated with the (coateld) HH
method

Tf'b — <¢3’ Z]'L(q) =+ ZJ'LJ + Z ]zgk ’¢1—|—2

1<J 1<g<k
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p-d radiative capture

® p+d—>He+ v

® |Initial and final wave functions calculated with the (coateld) HH
method

Tf'b — <¢3’ Z]'L(q) =+ ZJ'LJ + Z ]zgk ’¢1—|—2

i<j i<j<k

® Only 3;: “inpulse approximation”
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p-d radiative capture

® p+d—>He+ v

® |Initial and final wave functions calculated with the (coateld) HH
method

Tf'b — <¢3’ Z]'L(q) =+ ZJ'LJ + Z ]zgk ’¢1—|—2

1<J 1<j<k
® Only 3;: “inpulse approximation”

* Big effects ofy;;
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p-d radiative capture

® p+d—>He+ v

® |Initial and final wave functions calculated with the (coateld) HH
method

Ty; = (Y Z]z(Q) T Zjij(Q) + Z Jijk(Q)|¥142)

1<J 1<j<k
® Only 3;: “inpulse approximation”
* Big effects ofy;;

* Tiny effects ofy;;, (but visible for some observables)
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