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Compositeness

1._ BaSIC formallsm problem in

hadronic states
Shallow bound state. Non-relativistic dynamics
S. Weinberg, PR130,776(1963); PR131,440(1963); PR137,B672(1964)

José Antonio Oller

Basic formalism on
elementari-

H = HO + V ness/compositeness

Hp Kinetic energy

Bare states. The same spectrum as H

Holpa) = Eal¢a) , Continuum spectrum
Ho|én) = Eg,|¢n) , Discrete spectrum

|pa) is made up by free particles of the continuum spectrum
|¢n) bare “elementary” states by one particle

Physical spectrum of H:

H|vE)y = EL ) |, |E) in/out states. Continuum spectrum
H|yg,) = Eg;|¢B;) , EB. < 0. Discrete spectrum



Compositeness

Elementariness: 7
ey bl i
Composition: X hadronic states

(Walvs) = 1= [(nls) 2+ / dal (palt)

José Antonio Oller

Basic formalism on
elementari-

7z X ness/compositeness
1=7+X
(ealV|vE)|?
X=1-Z= [da D2elZIVB/L
/ “ (E.- Eg)p
N————

Wave function squared

Hlvs) = Eglts) = (Ho + V)|¥s)
Eg{palts) = EalpaltB) + (¢alVIvs6)

%
(palue) = 2olVItE)

Wave-function renormalization: Z1/2
If there is only one bare “elementary” state (¢1]1g) = Z%/2



2.- Interpretation based on the number operator
Original developments in JAO, Ann.Phys. 396, 429 (2018)

Introducing bare “elementary” states as intermediate
states are not needed. Asymptotic states are the only
ones required

The continuum spectrum is common to H y Hp

Take two free particles of types Ay B, Hy|AB,) = E,|AB,)
Creation and annihilation operators aLaa, bng

Number Operators:

Np = /daagaa + / dBblbs = Nj + N§

= / d®x {1 n(x)a(x) + z'g(x)z 5(X)
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Interpretation
based on the
number operator



. e Compositeness
New definition of X broblem i
hadronic states
José Antonio Oller
H|ys) = Egl|vs)
1 s
X = §<1/)B|/VD|@’JB>
Interpretation
Equivalence with the previous definition e or

ve) = [ 1CIAB) + Y Gilow)

1
X = 5 (WalNg + NElve) = [ dnlc,

This definition is specially suitable for Effective Field
Theories (EFTs) (e.g. ChPT)

It is very usual not to have explicit bare “elementary”
states (fields)




Calculation in QFT

This new definition is adequate for the treatment in QFT
Dirac or interaction image  [Ho, Np] = 0 — Np(t) = Np(0)
V= Vel e 0f
1ve) = |¢e(0)) = Up(0, —o0)|ws)
[¥8) = lv8(0)) = Up(0, +0)|¢s)

1
X = §<1/)B|ND|1/)B>

7<s03| Up(+00,0)NpUp(0, —o0)|ws)
T /2

5 lim 7 df (¢8| Up(+00, t)Np(t)Up(t, —o0)|¢s)

Un(t, —00)|SOB> = ete =8 Up(0, —00)|pp)

X—l lim /d4 <PB|P[ o [T VD(t)ZwA (X)Ya.(x)||08)

2Tt T
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Compositeness

Ca|CU|at|0n in QFT . Zrobl'em in
S-matrix elements, with in/out states
1) = Up(0, —0)|¢a)
Ve ) = les(0)) = Up(0, +00)|¢a)

José Antonio Oller

Interpretation

LSZ formalism based on the

1 - (E EB)2 number operator
X==1 — Npl|pt

2 ELHEB ga( ) <1j} | DW >
1

(Ve Nbltg) = 5(¢alUp(+00,0)Np Up(0, —00) 2a)

1 1 ~+T/'2
=3 dm 3 [ alalUp(roc, ONo()Up(t, o)l

L (E—Fe)
2 E—E gol(ks)?

. 1 7, o0 ’ /
< tm T d4X<s0a|P[e JEZ Vo) ™ it () ()| o)

X:

T—4o00



- . Compositeness
3.- Explicit formulas problem in

hadronic states

José Antonio Oller

Explicit formulas

Pk gis(K)
Xes = / @) ()20 — Ea)

X =2 Xis
IS
Equation for gys(k) from T =V + VGT

1 o0
ggs(k) = 271_2/ klzdk/ Vgs(k, k/) ggs(k/)
0

1
k% /2 — Ep

ges(—k) = (~1) gus (k)



Compositeness

‘knB‘ << /\ _Sha”OW bound State problem in
! hadronic states
Guo,JAO,PRD103,054021(2021)

José Antonio Oller

2,U2 * g(k2)2 2
X =" ke—="——dk , kg =2uE
) R e

e Expansion of g(k?)? in powers of k2 — k3
Explicit formulas

g(k*)? = g(kg)? + cu(k® — k§) + ca(K® — k3)* +
e Dimensional regularization— power-like divergences vanish

» OG(E)|  m?|kg| Dg(Kk*)?
OE |, T ok?

5 iu? k2
~8(k) 21k +(9(/\2)

If k2 dependence of g(k2) is neglected— Weinberg's
analysis PR137,B672(1965) —See also Li,Guo,Pang,Wu,
PRD105,L071502(2022)

X = —g(k3)

Ep




Compositeness

Energy-independent potentials: Pure potential Gt
hadronic states
scattering JAO, ANP396,429(2018)

If the finite-range potential CSIEES )
fulfills /0 /0 dk dp|vag(k, p)|” < o0

José Antonio Oller

o
Regular potential / dp|vas(k, p)> < M

0
If this is not fulfilled (singular potential) Explicit formulas
Introduce some cut-off method to regularize V, e.g.
wag(k, p) = vap(k, p)O(N — k)O(A — p) , A — o0

Expansion in a complete set of linearly independent
orthonormal real functions {fs(k)} in [0, 00):

&g) aypﬂ Z fs(k Wo;ﬁss”r (P,B)

SS—

o= [ [ ok f(Rhwan(h.p)6e ()
JOo JO

. N
Wap(kas P) = ,\}@mwfw)(ka,pﬁ)



Compositen
prol bI em in
hadronic states

0 £ =l o) 0 T [ el e pi)

José Antonio Oller

ta,B;ss’(E) = /OOO AOO dkdp fs(k) tag(k,p; E) fs’(P) .

[wi] [wi2] ..o [wid]
[w] — [‘iJ21] [OJ22] [wz,,] ’ [waﬁ] N x N matrix Explicit formulas

0 R S I

]T -[w] - [f(ps)]

wap(ka, ps) = [f(k
= [F(ka)]” - [t(E)] - [f(ps)]

G(EN = S_IGEN . 16(E) = 7% [ da— T[] (@)

/-\/-\
Q
— ~—

O/

T2



Compositeness
problem in

[t(E)] = [w(E)] — [w(E)] - [G(E)] - [t(E)] el e St

José Antonio Oller

[t(E)] = [D(E)] ™! = [d]/det[D]
[D(E)] = [w(E) " + [G(E)]

Explicit formulas

B ma/7r2 i 00 k2
Ko = [F(pa)]T - d]- G2 - [d] - [F(pa)] OF /o Y 2m,E
< [F(pa)] T - [d] - [F (ka)] [F (ka)]T - [d] - [F(pa)] P

e For O[w]/JE = 0 then

o[D] _ 9[¢6]
9E ~ OE

1=50_1Xa




Compositeness
Deuteron propble; in

hadronic states

José Antonio Oller

ChPT Energy-independent potentials worked up to N*LO
Error < 4% for Deuteron properties
Rodriguez-Entem, Machleidt, Nosyk, Front.Phys.8:57(2022) Explicit formulas

X =096—-1.0

X =1 for pure potential scattering



4.- Gamow states

Confusion: Often one finds written that resonances are not
normalizable

Outgoing spherical wave in a scattering process: e/ /r
Bound state, k — ik;, ki > 0 = e kir ki = \/m
Resonance

kn = /2mE, = k, — ik;

k= ky — ik, ky, ki >0 = elkirekir

Resonance wave function is not square integrable

o
/ dr e?ki" —
0

Compositeness
problem in
hadronic states

José Antonio Oller

Resonances



Gamow wave functions Compeeensss

. . .. . hadronic states
Gamow function t(r) in position representation

José Antonio Oller
h2
— 5= V2 + V(r)p = Exip
2m
Boundary condition r — oo outgoing spherical waves
E=Mr—il/2€C

Hernandez,Mondragén PRC29,722(1984) The problem is set first in
momentum representation

Resonances

p2 vV " i d3 I/ E
2m¢En(P)+/ (P, P")¥E,(P")d*p" = Ente,(p)

The solution is

Ve, (p ! / / V(p',p")be(p")dp'dp”

E®) =E+4is, e =0t then E+ic — E,

En




Analytic continuation of the free particle
Green function

Partial-wave decomposition

¢En(p) = Z Z unl(P; kn)Y/mI()QP)
—0

00 /
Yim(P Yim(P')"
Vi) = 3 YPy(p, ) TP
Complete set of orthonormal functions in L2

Unlpvk)—zun/s f() )

N

Vila,d) = Y. g (g

s,s'=1

Compositeness
problem in
hadronic states

José Antonio Oller

Resonances



Compositeness
problem in
hadronic states

Analytic continuation: k + ie — kp, Imk, <0

José Antonio Oller

oo (I ! / w (1
I T R A O PR O RN
Iss’ 0 k2 — q k
Second Riemann sheet
Resonances
q] ¢>0
kn
nnls Z G/(sj/) n Vs s!! nn/s”(kn)
5,8 Potential




Normalization and orthogonality relations

[/ uni(q; K)upi(q; k’)dq] ks =0
0 n
k' — Ky

{/oOO tni(4; K)° dq] . = {/000 un(r; k)? dr] ) =1

n n

[f|unl(qv | dq] k—kpy =0

Example: V(r) =0 for r > R
For r > R we have the free case of outgoing spherical waves

ugf)s)(r; kn) = Cpoe™" | r>R

Normalization

o R o2ikr
{/ uno(r; k)zdr] = {/ uno(r; k) dr + 30
0 k 0 2ikn,

R 2 eik,,R
kn)“d =1
/0' uno(r ) r— nO 2Ik

o]
:|kn

Compositeness
problem in
hadronic states

José Antonio Oller

Resonances



Analysis based on Scattering Theory. Number operators

JAO, Ann.Phys.396,429(2018)
A resonance stems from the analytic continuation in energy

of the in states with energy E + ie, just above the real E axis

e Let |[¢)F) be an in two-body scattering state
[¢a) = Up(0, —00)|¢a)

= dyL
o) + [ EE g le) +  g p en)

S. Weinberg, QFT, Vol.1
e Then E+ie — E,

E| E>0

E,

When crossing the real positive energy axis E > 0 one has to
deform the contour of integration: change of Riemann sheet

T(E +ic) — T(E — i)
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HOWeVer “e e Compositeness

T (E _ /5) T (E) probl'em in
+ = gy = =7 _am\=) hadronic states
(¥al <%”+/‘WEkE5@”+Z;E—m—Eﬁ@A e

T(E +ie)l = T(E F i)
The analytic continuation to E, = Mg — il /2 is in the 1st

RS, but there is no resonance pole there

The out scattering states must be used |¢p,) , E —ic

_ Ta (E - Icf) Tan(E) Resonances
= |©q dvy=220= =/
i) =low + [ 2= Bo + 3 2l Ehen

- Tory(E + i€) Tan(E)
Wal=teal + [ gL E ol + o E g o

Crossing the right-hand cut (RC) moving to E,

£ Bz T(E+ie) — T"(E — ie)

The resonance pole is reached
both by [¢/1) and (¢,

e



Calculation in QFT vt
S-matrix element with an external source ), wi\,(x)dJAi(x) pdeniese

José Antonio Oller

G ING + NEIE) = 2 (| [ (wh00wala) +ub (s () it

*; i 21, A B+
Xo = 2 (k)2 E|I_>mE"(E —E) 2<¢a INA + NE|w)

Resonances

1 _ 2
Xo= L jim (EZ B0
2 E—E, gal(kn)?

x lim %/d“x(gpaw le"ffdt"/f’“')Zwi\i(x)w,—(x)] |pa)

T—+oo
: g g :
(R|Np|R)

ga(kn)? = lim (E — E;) Taa(E)

E—E,



5.- Explicit formulas

Expansion in a complete set of orthonormal linearly
independent real functions {fs;(k)} in [0, c0):

WaB;ss' = / / dkdpf:s(k)waﬁ(kvp)fs’(p)
0 0

wag(kas pgi E) = [fa(ka)]” - [w] - [fa(ps)]
tos(ka, Pgi E) = [fa(ka)]™ - [t" (E)] - [f3(ps)]

g% — 2myE
e am [ Y2maB)] - [ V2m,E)]
[£"(E) = [D"(E)]
[D"(E)] = [w(E)] ™! + [G"(E)]

GHEN =T [ da Tl ()]

Compositeness
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Explicit formulas



Compositeness
problem in
hadronic states

José Antonio Oller
oI -1
Xo = (Ipa] 1" 2 1o 1)

ma [ ? T 7] T "
x a% (_/0 dkkz_kTaE[ku] [d7] - [pa] [kal ™ - [d"] - [Pa]

2
™
.ma
+’7 I\/’ 2mo¢E [ I\I/ zmaE]T . [d” pa \/ Mg, ]T d” pa )‘E E
=ER,Pa=

Explicit formulas

e For Ow]/JE =0 . Pure potential scattering

1=X=3 01X

For instance, virtual state in the 1Sy NN scattering



d3k 2 (k2
XZS:/( gis(K)

2n)? (K211 — E)?

X=> " Xs
LS

N
ins |0, 5
L A
t ok, [8k 8is

For energy-independent potentials

v _
9E

X:Zn:xa:1
a=1

0

normalization to 1

Compositeness
problem in
hadronic states
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)]

k=kn

Explicit formulas



Z.H.Guo, JAO, PRD93,096001(2016)

Compositeness
SU m ru Ie propbl'e; in
From two-body unitarity Im T*l}ij = §;;p; along the RC hadronic states
pi = pi/8m\/s José Antonio Oller

General expression for a PWA in coupled channel in matrix
notation

T(s) = [K(s) " + G(s)] "

s—so [ pi(s)ds’ Sy
G(s); = a(sy); — ! ,
( )I ( O)I s /O (S/ - S)(Sl - SO) . Explicit formulas
Derivative with respect to s, s — sg, double pole
dG'(s); dK(s)
_ 2 i T~ "
1= 7Zgi “ds |, +8 G (sr) “ds G"(sr)g
| R SR
X z

This is the same expression as for near-threshold states or
separable potentials
Xi — | Xi| for resonances



Compositeness

Transformation of the S matrix: Phase orablem in

hadronic states
redefinition of the couplings
Z.H.Guo, JAO, PRD93,096001(2016)

José Antonio Oller

Let us consider a narrow resonance [ < Mgp — my,

Laurent series around the resonance pole sp = (Mg — il /2)?

S(s) = o+ Suls)

S(s)S(s)f =1 Explicit formulas
So(s) — So, constant
(s — sp)(s — 55)S0S4 + (s — sp)SoRT + (s — sp)RS] + RRT
= (s —sp)(s —sp)
SoSs =1, SoRT+ RS} =0
— spSoRT — sHRS} + RRT = 0

Time reversal invariance— S(s) and Sp are symmetric



SO'UtiOI‘I Compositeness

problem in
hadronic states

So = 00T | [Jost functions O = O*71]
00" = |

José Antonio Oller

Matrix of residues R = iNOAOT ; X\ =2Imsp = —2Mglg

A is a rank 1 symmetric projector operator

AT :A 3 .Az — A 5 AT = .A Explicit formulas
1

A=— waT , TrA =1, con w pure real or imaginary

Sr(s) is a purely resonant S matrix

ﬂg:o(uMA>0T
S — SR
—_——
Sr(s)




Compositeness
problem in
hadronic states

José Antonio Oller

Sus(5) = OupOsy (/+ iAA )

The nonresonant S matrix, Sp, dresses in the same way the
initial and final resonant couplings

g g
Explicit formulas

Corrections due to initial- and final-state interactions from Sy

They typically modify the phases of the resonance couplings



Example: 7 — KK scattering
JAO, Oset, NPA620,438(1997)

I B e
S i
Coapo B

ﬂ Eqﬁﬂﬁﬁ*ﬁ ]

(I TN P k ]
e .

- i

. i_ .;t]l] ,(980)
S ;ﬁl

e 7’11 : o I fi;g! _:
3 ) zr:f,ifﬁ!%&ﬁi 3

l'xfxi[ £t ]
/i 1 | 1

Figure: Isoscalar scalar 77 phase shifts. JP¢ =0+
o 7762/511 l(]. _ n2)1/26i(51+52)
- I(]. o 7]2)1/2ei(51+52) 77€2i52

The coupling between channels implies a phase 41 ~ 7/2 just
at the 1(980) rise — phase of the f,(980) coupling to 7

Compositeness
problem in
hadronic states
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Explicit formulas



The moduli of the couplings g, have physical meaning Compositeness
problem in
2 hadronic states
_ leal
o= 2
8mMp

José Antonio Oller

The S-matrix phase transformation only change the phases
of the resonance couplings

So(s) = 0S(s)O"

O = diag(e'®, ..., ")

2 2 Did;
g — &€ ¢

Explicit formulas

There is a scattering matrix Tp(s) associated to the new Sp
(Ur|NDIYR) = [(VrINDIYR)]

1
[Xal = S (¥R INDIYE)]



Condition |X,|

It makes sense if:

>>The Laurent expansion around sp is valid in some interval
of physical (real values above threshold) for s

S(s)S(s)T =1 is meaningful

| Condition A: s, < Resp < 5,11

s, is the threshold of channel n

Compositeness
problem in
hadronic states

José Antonio Oller

Explicit formulas



6.- Application to the 1(980) and ay(980)

Wang,Kang,JAO,Zhang,PRD105,074016(2022)

f‘b(980) Garcia-Martin,Kaminski,Pelaez, Ruiz de Elvira, PRL107, 072001

(2011)
f(980) RS Il [MeV] (—,+)

mg =996+7 g =50"2

Fexp = r7r7r/rfo

Fexp = 0.52 Aubert et al. (BABAR Collaboration),PRD74,032003 (2006)
rexp = 0.75 Ablikim et al. (BES Collaboration), PRD72,092002 (2005)

30(980) Albrecht et al. (Crystal Barrel Collaboration), EPJC80,453(2020)

a0(980) RS Il [MeV] (—,+)
ma,, = 1004.1 £ 6.7
[ =97.2+6.0

PE = (138 +3.5)%

PDG: (ag — KK)/T(ap — 7)) =

RS Il [MeV] (—,—)
1002.4 + 6.5
127.0+7.1

r'<—§:(149i39)%

(17.7 £2.4)%

Compositeness
problem in
hadronic states
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Application to the
f9(980) and
20(980)



We make use of a Flatté parameterization and fix its 3

unknown parameters in terms of mg, g and rexp

T 8igj
ij = = R
N Fl 1
E— Ef+ 15+ 58V mgE
1.0 10
mz=978 MeV, Mz=58 MeV (980) RS
ag
08 mr=996 MeV, M=50 MeV 08 RS Il
08 £(980) RS Il 06
x x
04 0.4
0.2 02
0.0 0.0
0.4 05 06 07 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
faxp Fexp
(a) (b)
0(980) RSIH[_re Faal wy, 0-wal 1w, | X
[~25, 25) 0.13 0.87
[~50, 50] 0.21 0.79
0.52 [70]
[~75,75) 0.27 0.73
[~100,100]  0.31 0.69  |0.76+0.150.51 +0.22
[~25,25) 0.30 0.70
[~50, 50] 0.45 0.55
0.75 (95]
[~75, 73] 0.55 0.45
[~100,100]  0.61 0.39  |0.50+0.15]0.29 + 0.14

Compositeness
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Application to the
f9(980) and
20(980)



Compositen
a0(980) RSl rablem in

hadronic states

Texp [—AA] W, (1-W, )i 1-W, X José Antonio Oller

0.85 [49] [-50.50] 0.38  0.62
[—100,100] 057 043
[~150,150] 0.67 033
[=200,200] 073 027  0.33-0430.216 = 0017

0.87 [72] [-50,50] 039  0.61
(100,100 059 041
[~150,150] 0.68  0.32
[=200,200] 074 026  0.32-0.410.198 = 0.016

a0(980) RSII|

Application to the
X f9(980) and
20(980)

Tesp [-AA] W, (1=W, )y 1-W

0.85 [49] [-50.50] 039  0.61

[=100.100] 0.59  0.41
[-150,150] 0.69  0.31
[,
[,

ap

200.200] 075 0.25
250.250] 0.79  0.21 0.31-0.41 0.303 £0.030

0.87 [72] [-50.50] 040  0.60
[~100,100] 0.60  0.40
[-150.150] 070 0.30
[-200.200] 076 0.24
[-250.250] 0.80 020 0.30-0.40 0.279 = 0.037




Spectral density function. NR Resonance

Bogdanova, Hale, Markushin, PRC44,1289(1991);
Baru,Haidenbauer,Hanhart,Kalashnikova,Kudryavtsev,PLB586,53(2004)

Spectral density of the bare state [ig) : w(E)

o) = / dkeo(K) k)
W(E) = 4mpuk|co(E) PO(E)

00 1 No bound states
/0 dE w(E) = { 1 - Z With bound states

How to implement it? Select the resonant region around
threshold
Ey

W= [ dEw(E)
E_

Conceptually, it is not fully settled as a quantitative estimate
of compositeness for resonances

Compositeness
problem in
hadronic states

José Antonio Oller

Application to the
f9(980) and
20(980)



It provides a smooth transition from the clear bound states
and narrow resonances

It has a clear connection with the pole-counting rule of
Morgan NPA543,632(1992), with the presence of nearby CDD
poles Kang,Oller, EPJC77,399(2017)

The spectral density method compares well with the

on-shell method to get X

Compositeness
problem in
hadronic states

José Antonio Oller

Application to the
f9(980) and
20(980)



Compositeness

Proper interpretation of the Flatté Gt
hadronic states
parameterization

José Antonio Oller
&igj
E—Er+i% + Sgo/mgE

T
D(E)=E — Ef+ i— + —go/mkE

T —

y

2 2
Wave-function renormalization
. E - Er
J= lim |———
E—Egr D(E) Application to the
f9(980) and
(980)
1 V8u 0

i m, B 1/2
1"‘%\/?,5 (g22mK—|—8u+4ag2 mK(u—2l\/IR))

ER = MR — /FR/2 , U= 2|ER| , O = +1 (2nd,3rdR5)
o0=4+12nd RS (—,+), 0=—-13rd RS (—,—)

RSs are distinguished according to the signs of Sp; and Spo



Bare couplings g; = 8WM,%F1/p1(MR) , and g C:Topbﬁzi;e?:ss
hadronic states

Dressed couplings

José Antonio Oller
2
Iml® =&

12| = 327 mi g2 3

Physical widths

e 2nd RS (. +): In D(E) = E — E¢+4T1—4goy/mkE
The +/— is adjusted to 2nd RS

Application to the
. . . . f9(980) and
1 1 1 1 20(980)
— M+ -To=mg—= (I —2M) — =T
mgr 214-22 mg 2(1 2) 52
F:F1—F2:F1—F(1—rexp)

=BT =Q—re ) —=2r > >0, Th=I—T,

¢ 3rd RS (. ) In D(E) = E — Re+ 4T 1+ gov/mkE
M =001 =reapl , Ta=T—T



7.- Conclusions

1 We review the classic formalism for elementariness and
compositeness

2 We discuss the new formalism based on the use of the
number operators of free particles JAO ANP(2018)

3 We have discussed based on this that the Deuteron and
the antibound 1Sy NN states have X = 0.96 — 1

4 X =1 for energy-independent potentials

5 Gamow states are normalized to one E. Hernandez,
A. Mondragén PRC29,722(1984) [1]

6 Application to the f(980) and ap(980) resonances.

Compositeness
problem in
hadronic states

José Antonio Oller

Conclusions



Contact interactions: |k, g| < A rosem
hadronic states
Guo,JAO,PRD103,054021(2021)

José Antonio Oller

2m2 0 g(k2)2
X =" kK?—=22" "' dk ki =2mE
7T2/0 (k2 —kg)2 70 1B T EEE

e Expansion of g(k?)? in powers of k? — k3
g(k*) = g(kp) + ca(k® — kg) + ca(k® — k) + ...

e Dimensional regularization— power-like divergences vanish

GG(E) m2|kB| ag(k2)2 Conclusions
X = —g(kp)’ -
OE Eg T ak2 Es
— _ k2 2 11 B
8(k8) 5 s TO w2

If k% dependence of g(k3) is neglected— Weinberg's
formula for 1 — Z for a shallow bound state



Compositeness

Equality of the wave functions of the Gamow bl i
state and its dual

José Antonio Oller

T o(E + i€) Tra(E)
+\ — d yo no
v =lea) + [ v T e+ 3 g )

_ Ta(E+I6) Tna(E)
— toul + [ gy TrelETE) _trelB)

n

Therefore,

B To(E4ic) g (kn)?
_ +y 7
<¢a |Q0’Y> - <90’Y’¢a> - E + je — E’Y — (En — E,y)2 Conclusions

Instead of |g,(kn)|?. Wave-function squared

Herndndez,Mondragdn (1984)

Un/(CI; kn) = Hnl(q; kn)
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