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Figure 2: One solution of the simultaneous fits to the dressed cross sections for the e+e→ → D0D̄0

and D+D→ processes with the assumption of eight resonances [i.e. ω(3770), G(3900), ω(4040),
ω(4160), Y (4230), Y (4360), ω(4415) and Y (4660)].
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2閾値近傍のエキゾチックハドロン

- ハドロン分子？マルチクォーク？

-波s -波p

G(3900)

Medina Ablikim et al., Phys. Rev. Lett. 8, 133 (2024).S. K. Choi et al. (Belle), Phys. Rev. Lett. 91, 262001 (2003). 

X(3872)

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
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 閾値近傍状態の内部構造



複合性 (compositeness) 3

0 ≤ X ≤ 1   複合的 (ハドロン分子的)X > 0.5 ⇔
  素粒子的 (非ハドロン分子的)X < 0.5 ⇔

◉ 定義

-定量的な指標

-エキゾチックハドロンに応用
, f0(980) a0(980)

Λ(1405)

V. Baru,  J. Haidenbauer, C. Hanhart, Y. Kalashnikova, A.E. Kudryavtsev, 
Phys. Lett. B 586, 53–61 (2004);
Y. Kamiya and T. Hyodo, PTEP 2017; Phys. Rev. C 93, 035203 (2016) etc.

T. Sekihara, T. Hyodo, Phys. Rev. C 87, 045202 (2013) ;
Z.H. Guo, J.A. Oller, Phys. Rev. D 93, 096001 (2016) etc.

|hadron⟩ = X |hadronic molecule⟩ + Z |others⟩
複合性 素粒子性

Weinberg, S. Phys. Rev. 137, 672–678 (1965); 
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013);
T. Kinugawa, T. Hyodo, Eur. Phys. J. A, 61(7):154, (2025).

X + Z = 1
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- 共鳴状態は複合的ではない！
散乱長で決まる低エネルギー普遍性

- 束縛状態は複合的

T. Kinugawa and T. Hyodo, Phys. Rev. C 109 , 045205 (2024); 
arXiv:2403.12635 [hep-ph].

閾値近傍状態と普遍性

 閾値

エネルギー

束縛状態 
複合的

共鳴状態 
 NOT複合的

◉ 波の閾値近傍状態s

◉ 波の閾値近傍状態p

散乱長+有効レンジで決まる普遍性

- 低エネルギー普遍性はあらわれない！ T. Hyodo, Phys. Rev. C 90, 055208 (2014).

 原理的に、内部構造はモデルに依存する！！

T. Sekihara, T. Arai, J. Yamagata-Sekihara, and S. Yasui, 
Phys. Rev. C 93, 035204 (2016).

波の閾値近傍状態に共通する普遍的な特徴は他にあるか？p



EFTモデル

ℋfree =
1

2m1
∇ψ1† ⋅ ∇ψ1 +

1
2m2

∇ψ2† ⋅ ∇ψ2 +
1

2mϕ
∇ϕ† ⋅ ∇ϕ + ν0ϕ†ϕ

ℋs−wave
int = g0(ϕ†ψ1ψ2 + ψ1†ψ†

2 ϕ)

◉ 共鳴モデル E. Braaten, M. Kusunoki, and D. Zhang, Annals Phys. 323, 1770 (2008).

5

ϕ
ψ1

ψ2g1 | p |

ϕ
ψ1

ψ2
g0

ℋp−wave
int = ig1[ϕ†

i (ψ1
↔
∇ ψ2) + (ψ†

1
↔
∇ ψ†

2 )ϕi]

ψ1
↔
∇ ψ2 = (∇ψ2)ψ1 − ψ2(∇ψ1)

V =
g2

0

E − ν0
, G = ∫

dp
(2π)3

p2l

E − p2/(2μ)
for -th partial wavel

- Lippmann-Schwinger 方程式 T = [V−1 − G]−1

 の計算にsharp cutoff  を導入G Λ

C. A. Bertulani, H. W. Hammer, and U. Van Kolck, Nucl. Phys. A, 712 (2002).

- 波s

- 波p

X = 0 X = 1

X = 1X = 0



6複合性
X =

G′￼(−B)
G′￼(−B) − [V−1(−B)]′￼

,

Xs = [1 +
π2κ
g2

0 μ2 (arctan(Λ/κ) −
Λ/κ

1 + (Λ/κ)2 )−1]−1 .

α′￼(E) = dα/dE

κ = 2μB

T. Sekihara, T. Arai, J. Yamagata-Sekihara, and S. Yasui, Phys. Rev. C 93, 035204 (2016).

Xp = [1 +
π2κ
g2

1 μ2 [2Λ/κ − arctan (Λ/κ) + 3
Λ/κ

1 + (Λ/κ)2 ]−1]−1 .

 Xs−wave =
1

1 − κr0
(Λ ≫ κ)

Xp−wave = [1 +
π
2 (r1 +

4Λ
π ) (−2Λ −

3
2

πκ)
−1

]
−1

(Λ ≫ κ)

- 波s

- 波p
Weinberg, S. Phys. Rev. 137, 672–678 (1965).
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7結合定数のパラメタ依存性

- 波p- 波s

B = Etyp

B = 0.01Etyp

B = Etyp

B = 0.01Etyp

- 波でも 波でも、 が大きくなるほど結合定数が大きくなるs p B
 が大きくなるほど  からズレる  結合が大きくなるB ν0

束縛エネルギー  を固定、  でパラメタを動かすB −B ≤ ν0 ≤ Etyp

-  : 系の典型的エネルギースケールEtyp = Λ2/(2μ)

−0.01 −0.01
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複合性のパラメタ依存性
- 波p- 波s

B = Etyp

B = Etyp

B = 0.01Etyp

B = 0.01Etyp

- 波: が小さい方が複合性が大きいs B

- 波: が小さい方が複合性が小さいp B
 低エネルギー普遍性の帰結

 結合定数が大きい方が散乱の寄与が多く含まれているから

−0.01−0.01

T. Kinugawa and T. Hyodo, Phys. Rev. C 109 , 045205 (2024).



9まとめ

- 波: 束縛エネルギーが小さい方がp

- 波: 束縛エネルギーが小さい方がs

- 閾値近傍の 波エキゾチックハドロン  複合性p

- 非相対論的有効場の理論 ϕ
ψ1

ψ2g1 | p |

-  への応用G(3900)
- 閾値近傍の共鳴状態の内部構造？

展望

 低エネルギー普遍性∵

 結合定数が小さい∵

- 波: 閾値近傍でも複合性のモデル (カットオフ)依存性があるp



Back up



閾値近傍での散乱振幅 11

fs−wave(k) =
1

− 1
a0

+ r0

2 k2 − ik
fp−wave(k, θ) =

k2 cos θ

− 1
a1

+ r1

2 k2 − ik3

で有効レンジ展開 (ERE) の散乱振幅Λ → ∞

閾値近傍に対になるpole
 で  かつ k → 0 a1 → ∞ r1 → ∞

Re k

Im k

Re k

Im k

i
r0

−
3i
r1

0

閾値近傍は束縛状態のみ
 で  k → 0 a0 → ∞



12Exotic hadron

◉ ordinary hadron
- baryon- meson 

quark , gluon  hadronq
strong interaction

q̄
q q q

qq qq

- rarely observed  Why?

◉ exotic hadron

- hint for understanding low-energy phenomena in QCD

q̄ q

q qq
q̄ q ??? internal structure?

- 400 kinds have been observed so far∼
Particle Data Group, S. Navas et al., Phys. Rev. D 110, 030001 (2024). 

- composed of four or more quarks



13Exotic hadrons

- multiquarks: quarks  hadron

- hadronic molecule: quarks  hadrons (subunit)  hadron
size  1 fm (spatially large radious)≳
e.g. deuteron (  molecule),  fmpn R = 4.32

 superposition of possible components

size  1 fm (compact)≲

F-K. Guo, C. Hanhart, Ulf-G. Meißner, Q. Wang, Q. Zhao, and B-S. Zou, 
RevModPhys.90.015004 (2018). 

internal structure  investigate weight of each component

- other than  or   exotic hadron  structure?qq̄ qqq
- ordinaly hadron:  (meson) or  (baryon)qq̄ qqq

◉ possible structure

q̄q q q
q

or

A. Hosaka, T. Iijima, K. Miyabayashi, Y. Sakai, and S. Yasui, 
PTEP 2016, 062C01 (2016)

q qq q̄ q ???



1.4. AIM OF THIS THESIS 21

quark

hadron

nucleus

atom

~ 1 fm

~   fm 𝒪(1)

~   fm𝒪(10)

~   Å𝒪(1)

clustering 
phenomena

molecule

Figure 1.8: The illustration of the hierarchical structure of the matter in nature and the clustering

phenomena.

of the exotic hadrons are observed in the near-threshold energy region, the low-energy universality is

helpful in understanding the nature of exotic hadrons.

Against this background, we will discuss the universal nature of the near-threshold bound states

using the compositeness. To study the internal structure of shallow bound states, let us start by

recalling the threshold rule in nuclear physics, which states that the molecular-like structure appears

in the near-threshold energy region. By applying the threshold rule to hadron systems, the near-

threshold exotic hadrons are naively expected to have a hadronic molecular structure. In the context

of the compositeness X, shallow bound states are expected to have X → 1. However, the threshold rule

is empirical and not established in a theoretical manner. In fact, Refs. [91, 92] show that in the energy

region other than on the threshold, it is possible to have the arbitrary value of the compositeness

within 0 < X < 1, even if the binding energy is small. In other words, the non-composite shallow

bound states can always be realized, contrary to the expectation from the threshold rule. There arises

a question: why does the threshold rule appear to align with the observations in nuclear physics?

In this context, we aim to establish the theoretical foundation of the threshold rule and provide a

theoretical justification for considering shallow bound states as having a molecular-like structure, in

analogy with nuclear physics.

As an initial step, we consider the compositeness of shallow bound states in the simplest case,

the single-channel system, from the viewpoint of the low-energy universality. We then move on to

more realistic situations, by recalling that exotic hadrons have the decay and couplings to other

14Clustering phenomena

-  clustering phenomenaα
D

ow
nloaded from

 https://academ
ic.oup.com

/ptps/article/doi/10.1143/PTPS.E68.464/1843530 by Shuto D
aigaku Tokyo user on 19 July 2024

K. Ikeda, and N. Takizawa, and H. Horiuchi, Prog. 
Theor. Phys. Suppl. E68, 464-475 (1968).

- deuteron  MeV B = 2.22

α

α α
C Hoyle state 12

α
α Be nuclei8

hadronic molecule  clustering of quarks

Ikeda diagram

n
p

- clustering phenomena: universal!

- near-threshold states  clustering phenomena



15Low-energy universality
- near-threshold energy region  universal phenomena

E. Braaten and H.-W. Hammer, Phys. Rept. 428, 259 (2006); P. Naidon and S. Endo, Rept. Prog. Phys. 80, 056001 (2017).

compositeness is model-independently determined

threshold

energy

- binding energy  (exactly at threshold)B = 0

B = 0

T. Hyodo, Phys. Rev. C 90, 055208 (2014) .

that state is always completely composite ( )X = 1

 this work- structure of near-threshold states ( )?B ≠ 0

E > 0, E ≠ 0

B < 0, B ≠ 0

similar to  state? ?B = 0 X ∼ 1



16Near-threshold states

structure of resonances slightly above threshold?

◉ Are near-threshold states composite dominant ( )?X ∼ 1

T. Hyodo, Phys. Rev. C 90, 055208 (2014) ; 
C. Hanhart, J. R. Pelaez, and G. Rios, Phys. Lett. B 739, 375 (2014).

 threshold

energy

bound state

resonance

- empiricaly : Yes! “threshold energy rule”
K. Ikeda, and N. Takizawa, and H. Horiuchi, Prog. Theor. Phys. Suppl. E68, 464-475 (1968).

α
α Be nuclei8 n

p
deuteron

- theoretically
Even non-composite dominant 
shallow bound states ( ) can be realized!X ∼ 0

 Why do we rarely observe such a state?

 provide theoretical foundation of threshold energy rule



Compositeness 17

X = ∫ dp |⟨p |B⟩ |2 , Z = |⟨ϕ |B⟩ |2

Ĥ = Ĥ0 + ̂V
- decomposing Hamiltonian into free part and remainder

free Hamiltonian

Ĥ0 | p⟩ =
p2

2μ
| p⟩

Ĥ0 |ϕ⟩ = ν0 |ϕ⟩

free scattering state

bare discrete state

- compositeness , elementarity X Z

Weinberg, S. Phys. Rev. 137, 672–678 (1965); 
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013);
T. Kinugawa, T. Hyodo, arXiv:2411.12285 [hep-ph] (accepted in EPJ A).

- decomposition is not unique!  model dependence of X
S. Weinberg, Phys. Rev. 130, 776 (1963); D. Luri´e and A. J. Macfarlane, Phys. Rev. 136, B816 (1964).

overlaps between bound state  and  or |B⟩ | p⟩ |ϕ⟩

https://arxiv.org/abs/2411.12285


Compositeness 18
◉ model calculation T. Hyodo, D. Jido, and A. Hosaka, Phys. Rev. C 85, 015201 (2012);

F. Aceti and E. Oset, Phys. Rev. D 86, 014012 (2012). 

residue of scattering amplitude g

=
G′￼(E)

G′￼(E) − [V−1(E)]′￼

E=−B

α′￼(E) = dα/dEX = − g2 G′￼(E)
E=−B

T =
1

V−1 − G
 : effective interactionV
 : loop functionG

 : model dependent  cutoff dependentG(E)
 : model independent   (observable)g2 Ton(−B)

Y. Kamiya and T. Hyodo, PTEP 2017, 023D02 (2017).



History of compositeness 19

application to …

nuclei & atomic systems

- Weinberg’s work (1960s)
deuteron is not an elementary particle  weak-binding relation

- application to exotic hadrons (2000s-)

generalization to unstable states

with effective field theory 

with spectral function 
with effective range expansion

: “compositeness” X

Y. Kamiya and T. Hyodo, PTEP 2017, 023D02 (2017) etc.

Weinberg, S. Phys. Rev. 137, 672–678 (1965) etc.

V. Baru,  J. Haidenbauer, C. Hanhart, Y. Kalashnikova, A.E. 
Kudryavtsev, Phys. Lett. B 586, 53–61 (2004) etc.

T. Hyodo, Phys. Rev. Lett. 111, 132002 (2013) etc.

T. Kinugawa, T. Hyodo, Phys. Rev. C 106, 015205 (2022) etc.

, f0(980) a0(980)
Λ(1405)

Y. Kamiya and T. Hyodo, PTEP 2017, Phys. Rev. C 93, 035203 (2016);
T. Sekihara, S. Kumano, Phys. Rev. D 92, 034010 (2015) etc.

T. Sekihara, T. Hyodo, Phys. Rev. C 87, 045202 (2013) ;
Z.H. Guo, J.A. Oller, Phys. Rev. D 93, 096001 (2016) etc.

 : field renormalization factorZ



for 0  ⇠  1. It is expected that the exact value of X is contained within Xl  X  Xu.
Numerically, Xu and Xl can go beyond the definition domain of the compositeness 0 

X  1, depending on the values of a0,R and ⇠. However, the results X � 1 and X  0 do not
make sense, because the exact value of X is not contained there. Therefore, we define

X̄u = min{Xu, 1}, X̄l = max{Xl, 0}, (6)

to restrict the uncertainty band of the compositeness within the definition domain of X:

X̄l  X  X̄u, (7)

as illustrated in Fig. 1. We regard this uncertainty band (7) as the estimated compositeness
and discuss the internal structure of the bound state with it. It is clear that the estimated
compositeness with the uncertainty band (7) is restricted within 0  X  1, and we can
interpret X as the probability. More details about the estimation of X are discussed in Sec. III
and IV in Ref. [5].

1
X

0

Eq. (7)

 form 
weak-binding relation

X

1
X

0

 form 
weak-binding relation

X

Eq. (7)

Figure 1. Schematic illustration of the definition of the uncertainty band (7). The left panel shows the
case for Xu > 1 (X̄u = 1), and the right shows that for Xl < 0 (X̄l = 0).

3 Application to physical systems

Now we estimate the compositeness X of the actual physical systems with the uncertainty
estimation discussed in Sec. 2.2. We consider the deuteron, X(3872), D⇤s0(2317), Ds1(2460),
N⌦ dibaryon, ⌦⌦ dibaryon, 3

⇤
H, and 4He dimer. The deuteron d in the p-n scattering is

chosen as the typical observed hadron. X(3872) in the D0-D̄⇤0 scattering, D⇤s0(2317) in the
D-K scattering, and Ds1(2460) in the D⇤-K scattering are the candidates for the exotic hadrons
which are experimentally observed [7]. N⌦ and ⌦⌦ dibaryons are the states obtained by
the lattice QCD calculation [11, 12]. We can apply the weak-binding relation not only to
the hadron systems but also to the nuclei and atomic systems. 3

⇤
H in the ⇤-d scattering is

an example of nuclei, and 4He dimer which is the weakly bound state of 4He atoms is an
example in the atomic systems.

For the estimation of X from the weak-binding relation, we need the scattering length
a0, the reduced mass µ, the binding energy B, the e↵ective range re, and the interaction
range Rint. The radius of the bound state is calculated by R =

p
2µB. We tabulate relevant

quantities in Tab. 1. We note that Rint is not an observable, and therefore it is determined
from the theoretical consideration. The procedure to determine these physical quantities is
explained in Ref. [5].
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- for weakly bound states, R ≫ Rtyp

X =
a0

2R − a0
+ 𝒪 (

Rtyp

R )
 : scattering lengtha0

R = 1/ 2μB

 : typical length scale in systemRtyp

compositeness  observables (a0, B)

◉ range correction

 important to consider effective range
- our work : range correction  uncertainty estimation 

compositeness of deuteron : 0.74 ≤ X ≤ 1

S. Weinberg, Phys. Rev. 137, 672–678 (1965).

Y. Li, F.-K. Guo, J.-Y. Pang, and J.-J. Wu, Phys. Rev. D 105, L071502 (2022);
J. Song, L. R. Dai, and E. Oset, Eur. Phys. J. A 58, 133 (2022);
M. Albaladejo, J. Nieves, Eur. Phys. J. C 82, 724 (2022);
T. Kinugawa, T. Hyodo, Phys. Rev. C 106, 015205 (2022);
Z. Yin and D. Jido, Phys. Rev. C 110, no.5, 055202 (2024).

compositeness of deuteron X ∼ 1.7 > 1 our uncertainty
 estimation
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P channelQ channel
 bare state⇔  free scattering⇔

GP → G0 free Green’s function

◉ pole trajectory in complex momentum  plane (No Coulomb)k

T. Hyodo, Phys. Rev. Lett. 111, 132002 (2013) .
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- b.s. : 0 ≤ X ≤ 1
δM

-1012

re
al
 a
nd
 im
ag
in
ar
y 
X

-1

0

1

2
compositeness (broad)

C
om

po
si

te
ne

ss
 X

th.

b.s.vi
rtu

al
resonance

1

0

 1/as

- virtual : 1 < X

- resonance : Im X ≤ 1

Re X
Im X

divergence X → ∞

1/as.r. = + ∞

1/as.r. = − ∞

Im k

Re k



-1012
-1

0

1

2

23 from b.s. to resonance𝒳, 𝒴, 𝒵

- b.s. : 0 ≤ X ≤ 1

𝒳
,𝒴

,𝒵

th.

1

0

 1/a0

- virtual :  (non-interpretable)𝒵 < 0

- resonance :  dominant𝒵
divergence 𝒳, 𝒴, 𝒵 → ∞

𝒳
𝒴
𝒵

resonance b.s.vi
rtu

al
1/a0 = + ∞

1/a0 = − ∞

Im k

Re k


