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Light meson spectra are studied in a Dyson-Schwinger/Bethe-Salpeter approach to quantum chromo-
dynamics (QCD). By varying the interaction strength of three sets of models for the quark-antiquark
interaction, the transition from the chiral symmetric to the chirally broken regime in the vacuum is studied.
The simplest type of these models leads to degenerate meson spectra for a large domain of the strength
parameter. The more sophisticated and thus more realistic models show significantly smaller parameter
domains for which degenerate meson spectra are obtained. The underlying mechanism for obtaining and
then lifting degeneracies is traced back to the location of the quark propagators’ poles, in particular,
whether they are beyond or within the domain of integration in the Bethe-Salpeter equation. In view of this
mechanism the potential relation of the obtained degeneracies to the dynamical emergence of symmetries is
discussed, adding thereby another point of view on the conjectured chiral spin symmetry of QCD in the
temperature domain right above the crossover.
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I. INTRODUCTION

Degeneracies of states are typically related to sym-
metries. Hereby the corresponding multiplets are used
together with the quantum numbers of the states to infer
the underlying symmetry transformations. A recent exam-
ple is given by the observation of meson degeneracies in
quantum chromodynamics (QCD) lattice calculations at
temperatures just above the crossover temperature Tχ [1]
and their interpretation in terms of the so-called chiral spin
symmetry, see [2,3] and references therein.

This emergent symmetry raises immediately questions
about its nature, first of all, because it goes beyond the
symmetry of the free Dirac Lagrangian. A possible inter-
pretation might be linked to the fact that the chiral spin
symmetry is a symmetry of the purely chromoelectric part
of QCD, for respective details see, e.g., [3], where it is also
suggested that in a temperature range from Tχ to ∼3Tχ

strongly-interacting matter forms a fluid of hadrons with
still quite strong interactions in between them.
Although the current knowledge indicates that chiral

spin symmetry smoothly disappears above ∼3Tχ it is
noteworthy in this context that quite recently there has
been found some evidence that QCD undergoes two cross-
overs, resp., phase transitions [4] with the second transition
being related to the percolation properties of center vortices
and thus to confinement. Hereby the higher transition
temperature at ∼2Tχ is not so far from the estimate for
the temperature at which chiral spin symmetry ceases to be
realized. In a very recently suggested related scenario [5]
arguments for an intermediate phase of strongly interacting
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matter in between the hadronic and the high-temperature
phases have been provided. In this phase the thermal
degrees of freedom of quarks behave as deconfined
whereas the gluons are still confined within glueballs.
Furthermore, based on spatial and temporal lattice

correlators as well as theoretical constraints like micro-
causality, the KMS condition, etc., the persistence of
resonancelike structures in the pseudoscalar channel also
above Tχ has been demonstrated [6]. Hereby the authors of
this study state explicitly that this is consistent with
predictions based on an emergent chiral spin symmetry.
Given this situation a deeper insight into the nature of

this emergent chiral spin symmetry is certainly desirable.
The starting point of our investigation is hereby the

observation of degeneracies of meson spectra, or more
precisely, how can degeneracies be obtained when taking
the nature of mesons as quark-antiquark bound states into
account. Are there degenerate spectra of mesons for certain
types of quark-antiquark interactions? How do degener-
acies depend on the interaction strength? Which quantum
numbers are involved? The latter question is particularly
interesting. Traditionally, the focus has been on chiral
partners such as π, σ and ρ; a1. The degeneracy of the
latter has been flagged as an important signal for chiral
symmetry restoration which can be extracted from the
dilepton spectrum of a heavy-ion collision [7]. Chiral spin
symmetry, however, involves a much larger set of degen-
eracies [3].
To contribute to the answers to these questions we will

employ a Dyson-Schwinger/Bethe-Salpeter (DS/BS)
approach and investigate the resulting meson bound states
based on different interaction models. For simplicity, we
restrict ourselves to the vacuum for the moment and defer a
study at finite temperature to later work. The role of the
symmetry restoring parameter is then shifted from temper-
ature to corresponding model parameters for the interaction
strength. While this setup is certainly not elaborate enough
to allow for definite conclusions on the potential high
temperature phase discussed in [3], it is interesting in itself
and allows for the identification of potential underlying
dynamical mechanisms beyond simple symmetry consid-
erations. Quite surprisingly a full pattern of extended and
partial degeneracies can be found. Even more astonish-
ingly, these patterns start (or better end) at parameter values
for which the quark propagators’ poles enter the integration
domain for the integrals appearing in the BS equation.
This paper is organized as follows: In the next section we

present three interaction models to be used first in the DS
equation for the quark propagator. In Sec. III we briefly
review the BS equation for pseudoscalar, vector, scalar, and
axial-vector mesons including the implementation of the
three model interactions. In Sec. IV we present numerical
results, first, for the behavior of the quark propagators’ low-
lying poles, and second, for the resulting spectra of mesons.
We will identify the occurrence and the lifting of

degeneracies as a function of the used parameter sets
and relate them to the locations of the quark propagators’
poles. In the concluding section we will discuss the
mechanism uncovered by our investigation as well its
implication for the emergent chiral spin symmetry. In
the Appendix we provide several additional plots for the
location of the quark propagator’s poles.

II. DYSON-SCHWINGER EQUATION AND
MODELS

We work in Euclidean spacetime. In this case bound
states occur at −M2 ¼ P2 < 0 and the BS equations used to
calculate meson masses probe the quark propagator in a
parabolic region of the complex plane, see, e.g., [8] for an
overview. The quark DS equation reads

S−1ðpÞ ¼ S−10 ðpÞ þ Z1FCFg2
Z
q
DμνðkÞγμSðqÞΓνðq; pÞ:

ð1Þ

Here SðpÞ denotes the quark propagator for quark momen-
tum p, Γa

νðq; pÞ the quark gluon vertex for momenta q and
p and Dμνðk ¼ p − qÞ the gluon propagator. The notationR
q is a short form of

R
d4q=ð2πÞ4. S0ðpÞ is the bare quark

propagator, Z1F the multiplicative renormalization constant
of the bare quark-gluon vertex, and CF the Casimir of the
fundamental representation taking the value 4=3 for SU(3).
The quark propagator’s Dirac tensor structure can be

decomposed into two terms, and thus the quark propagator
as well as its inverse are described by two scalar dressing
functions

S−1ðpÞ ¼ þiγμpμAðp2Þ þ 1Bðp2Þ; ð2Þ

SðpÞ ¼ −iγμpμσAðp2Þ þ 1σBðp2Þ: ð3Þ

The dressing functions of the inverse quark propagator are
related to those of the quark propagator by

σAðp2Þ ¼ Aðp2Þ
p2A2ðp2Þ þ B2ðp2Þ≡ Aðp2Þσðp2Þ; ð4Þ

σBðp2Þ ¼ Bðp2Þ
p2A2ðp2Þ þ B2ðp2Þ≡ Bðp2Þσðp2Þ: ð5Þ

The quark mass function is then given by

Mðp2Þ ¼ Bðp2Þ=Aðp2Þ ¼ σBðp2Þ=σAðp2Þ: ð6Þ

In the following we briefly describe the three interaction
models studied in this work. Our choice is guided by
considerations of simplicity and feasibility. However, all
three model types have already been tested extensively in
their capability to describe the QCD phase diagram and
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found to be qualitatively useful, see [9] for a review. Model
III can even be seen as a (slightly simplified) vacuum
version of semiquantitative successful truncations that are
employed to predict the location of the critical end point of
QCD [10]. Thus while our study cannot anticipate more
involved investigations using the most advanced truncation
schemes at finite temperature and chemical potential
available today [11–13] it serves as a starting point with
the potential to add qualitative insights to the discussion on
chiral spin symmetry.

A. Model I

The first and simplest model of interest is the interaction
proposed in Ref. [14]. It is Gaußian-like suppressed in the
ultraviolet momentum regime, but provides sufficient
strength at small momenta to trigger dynamical chiral
symmetry breaking

Z1Fg2DμνðkÞΓνðq; pÞ → Z2
2Gðk2ÞDμν

freeðkÞγν; ð7Þ

Gðk2Þ ¼ 4π2
DI

ω6
I
k4e

−k2

ω2
I : ð8Þ

Here, Z2 is the renormalization constant of the quark

propagator and Dμν
freeðkÞ ¼ ðδμν − kμkν

k2 Þ 1
k2. The parameter

DI has mass dimension two and ωI has mass dimension
one. G stands for a dimensionless effective running cou-
pling. Both parameters are associated with chiral symmetry
breaking: DI=ω6

I is a measure for the interaction strength,
while ωI is associated with a scale. In our study below we
decrease both parameters simultaneously while keeping
the ratio DI=ω6

I ¼ 64 GeV−4 constant, see Table I in
Appendix. The initial values DI ¼ 1 GeV2 and ωI ¼
0.5 GeV are taken from Ref. [14] and correspond to their
D ¼ 16 GeV−2 and ω ¼ 0.5 GeV at the physical point of
the model.
In Sec. IV we present results for the quark propagators’

poles in the chiral limit and for a small current quark mass
m½μ ¼ 19 GeV� ¼ 0.005 GeV in a momentum subtraction
scheme. All meson masses are calculated with the non-
vanishing current quark mass.
For this interaction the quark propagator DSEs can be

solved in the entire complex plane at high precision. We
follow the approach of Ref. [15] and use pole-counting
integrals to identify the pole locations in the complex plane.
We remark that our results agree well with the ones reported
in [15,16] for this interaction.

B. Model II

A phenomenologically successful effective interaction
for the light pseudoscalar and vector mesons that also
captures the correct ultraviolet behavior of an effective
running coupling is given by [17]

Gðk2Þ ¼ GIRðk2Þ þ GUVðk2Þ; ð9Þ

GIRðk2Þ ¼ 4π2
DII

ω6
II
k4e

− k2

ω2
II ; ð10Þ

GUVðk2Þ ¼
4π2γmð1 − exp ½− k2

4mt
�Þ

1
2
k2 ln

h
τ þ

�
1þ k2

Λ2
QCD

�
2
i : ð11Þ

The infrared term is identical to Eq. (7), while the ultra-
violet term ensures the correct perturbative running of the
solutions for the quark propagator. Hereby, γm is the
anomalous dimension of the quark mass. For the choice
of the technical parametersmt, τ and ΛQCD, see [17]. While
the UV-part of this interaction is important for systematic
reasons, it is known to change the resulting spectrum only
slightly as compared to Model I. We therefore in addition
employ a different strategy for variation of parameters:
here we keep the interaction scale ωII ¼ 0.4 GeV constant,
and decrease the interaction strength starting from
DII ¼ 0.93 GeV2, which is the physical point of the
model taken from [17], down to DII ¼ 0.03 mGeV2. All
calculations have been performed with a current
mass m½μ ¼ 19 GeV� ¼ 3.7 MeV.
For both model I and model II the quark dressing

function need only to be solved iteratively for positive
real momenta squared p2 ≥ 0. Once they are accurately
known there, the values of the dressing functions can be
determined for complex values of p2 without further need
for iterative methods by simply calculating the right-hand
side of the respective integral equation. Note, however, that
this is accidental. As has been noted already in [18], this
procedure suffers from integrating over cuts produced in
the angular integral of the quark self-energy. It so happens
that these cuts are so small for the Model I andModel II that
the corresponding errors are negligible. This is generically
not the case and also does not work for Model III.

C. Model III

Our third model goes beyond truncations with models
for the effective running coupling restricted to the quark
sector of QCD. Instead, we solve the coupled set of DS
equations for the quark, gluon and ghost propagator
following the truncation of Ref. [19]. In general, the ghost
and gluon propagators are represented by

DμνðkÞ ¼
�
δμν −

kμkν
k2

�
Zðk2Þ
k2

; ð12Þ

DGðkÞ ¼ −Gðk2Þ=k2; ð13Þ

where Zðk2Þ and Gðk2Þ are the dressing functions of the
gluon and ghost, respectively. We again use a rainbow-
ladder type approximation for the full quark-gluon-vertex,
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but explicitly take into account a structure of the dressing
function that is imposed by the corresponding Slavnov-
Taylor identity (see [19,20] for details, see also Ref. [21] for
a similar interaction which replaces G2ðk2Þ → Gðk2Þ in the
study of the corresponding spectral DSE)

Γν;aðq; pÞ ¼ igZ2

Z1F
TaγνG2ðk2ÞAðk2Þ; ð14Þ

where k ¼ p − q is the gluon momentum. In the notation of
Eq. (7) this results in an effective running coupling

Gðk2Þ ¼ 1

Z2

g2G2ðk2ÞZðk2ÞAðk2Þ ð15Þ

which is invariant under changes of renormalization similar
to models I and II.
In order to again explore the model at different inter-

action-strengths, we multiply the coupling by a scale
dependent strength-parameter hðk2; DIIIÞ, that preserves
the UV physics while providing damping in the IR

g2 → g2hðk2; DIIIÞ; DIII ∈ ½0; 1�;

hðk2; DIIIÞ ¼ arctan

�
k2

10

�
2

π
ð1 −DIIIÞ þDIII: ð16Þ

For our results in Sec. IV we vary DIII between DIII ¼ 1
and DIII ¼ 0.1. For model III all calculations
have been performed with a current quark mass
m½μ ¼ 31 GeV� ¼ 1.9 MeV.
In this approach every Yang-Mills dressing function

remains purely real. In order to solve the quark DS equation
we pursue the same approach as in Ref. [19]: First solve all
propagator DS equations self-consistently on the real
semipositive half-axis, i.e., for p2 ∈R, p2 ≥ 0. This pro-
cedure also fixes all renormalization constants. Then, we
solve the momentum shifted equation, i.e., we substitute
q → p − q. The Yang-Mills propagators then only depend
on the real new loop momentum q, [Gðq2Þ; Zðq2Þ], whereas
the internal quark propagator carries the momentum differ-
ence k ¼ p − q. The resulting equation can then be solved
on a momentum grid with parabola shape in the complex
momentum plane.

III. MESON BOUND STATES AND
BETHE-SALPETER EQUATIONS

As already stated above for all three models we use a
rainbow-ladder type truncation of the quark propagator DS
and meson BS equations. In this section we briefly review
some aspects of the BS equation for mesons which are of
particular relevance for the study presented here, for more
details about the BS equation and its use in hadron physics
we refer, e.g., to the review [8].

The Bethe-Salpeter equation for quark-antiquark states
can be written as

½ΓðμÞðp;PÞ�tu¼
Z
q
Ktu;rsðq;p;PÞ½SðqþÞΓðμÞðq;PÞSðq−Þ�sr;

ð17Þ

with generic indices for color, flavor and Dirac structures of
the interaction kernel Kðq; p; PÞ. The BS-amplitude
ΓðμÞðp;PÞ depends on the total momentum P of the meson
and the relative momentum p of the quark-antiquark pair.
The BS equation can be solved numerically as eigenvalue
equation of the form λðP2ÞΓ ¼ ðKSþS−Þ · Γ with
S� ¼ Sðq�Þ. Note that the momenta q� ¼ q� P=2
appearing as arguments of the quark propagators are
complex, since in the rest frame of the meson we have
P ¼ ð0; 0; 0; iMÞ with meson mass −P2 ¼ M2. Evaluating
q2� one finds that the region of complex momenta needed to
solve the BS-equation is bounded by a parabola with the
real line as symmetry axis and with the apex at −M2=4, M
denoting the respective meson’s bound state mass. In
practice, one solves the DS-equation in the complex
momentum plane once on a parabola with maximal
possible M such that poles in the quark propagator are
not encountered inside the parabola. In turn this means that
using this quark propagator, the BS-equation can be
explored for all mesons with masses M ≤ M without
additional extrapolations in the eigenvalue. This is indeed
all we need for this work.
Depending on the quantum numbers of the meson in

question, the amplitude ΓðμÞ carries different Dirac struc-
tures. For pseudoscalar (P) and scalar (S) mesons with
quantum numbers JPC ¼ 0−þ and JPC ¼ 0þþ in vacuum
the Dirac tensor decomposition of the BS-amplitudes is
given by

ΓPðp;PÞ ¼ γ5fEPðp;PÞ − i=PFPðp;PÞ
− i=pP · pGPðp; PÞ þ ½=P; =p�HPðp; PÞg; ð18Þ

ΓSðp;PÞ ¼ 1fESðp; PÞ − i=PP · pFSðp;PÞ
− i=pGSðp;PÞ þ ½=P; =p�HSðp;PÞg: ð19Þ

The corresponding flavor and color parts of the amplitudes
can be found in Ref. [8] together with details on the
underlying construction principles as well as explicit
expressions for parity and charge conjugation operations.
In general, the γ5-factor of the pseudoscalar mesons
accounts for parity, whereas extra factors P · p at some
places ensure that all BSA components EX, FX, GX, and
HX with X∈ fP; Sg transform similarly under charge
conjugation. Furthermore, the signs are chosen such that
all BSA components are positive.
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For the vector (V) and axial-vector (A) meson with
quantum numbers JPC ¼ 1−− and JPC ¼ 1þ− as well as
JPC ¼ 1þþ in vacuum we work with the tensor decom-
position

Γμ
Vðp;PÞ ¼ iγμ⊤F1 Vðp;PÞ þ γμ⊤=PF2Vðp;PÞ

þ ðpμ
⊤1D − γμ⊤=pÞP ·pF3Vðp;PÞ

þ ðiγμ⊤½=P; =p� þ 2ipμ
⊤=PÞF4Vðp;PÞ

þpμ
⊤1DF5Vðp;PÞ þ ipμ

⊤=PP ·pF6Vðp;PÞ
− ipμ

⊤=pF7Vðp;PÞ þpμ
⊤½=P; =p�F8Vðp;PÞ;

Γμ
Aðp;PÞ ¼ γ5fiγμ⊤F1Aðp;PÞ þ γμ⊤=PP ·pF2Aðp;PÞ

þ ðpμ
⊤1D − γμ⊤=pÞF3Aðp;PÞ

þ ðiγμ⊤½=P; =p� þ 2ipμ
⊤=PÞF4Aðp;PÞ

þpμ
⊤1DP ·pF5Aðp;PÞ þ ipμ

⊤=PP ·pF6Aðp;PÞ
− ipμ

⊤=pF7Aðp;PÞ þpμ
⊤½=P; =p�P ·pF8Aðp;PÞg;

ð20Þ

which is constructed such that the on-shell (axial-)vector
meson is transverse to its total momentum P. The subscript
⊤ indicates transversality of w∈ fγ; pg with respect to the
total momentum, i.e., wμ

⊤ ¼ TμνðPÞwν. The two different
charge conjugation eigenstates of the axial-vector mesons
corresponding to the a1 and b1 states in nature show up
with masses close to each other in the numerical solutions
of the corresponding BS-equation. They are conveniently
distinguished using a Chebychev expansion of the p · P-
dependence of the dressing functions FiA and taking into
account only contributions even or odd in powers of p · P.
Finally, we have to specify the scattering kernel K in the

Bethe-Salpeter equation. It cannot be chosen arbitrarily, but
it has to match the truncation scheme used in the DSE such
that the axial-vector Ward-Takahashi identity is satisfied
and the (pseudo-)Goldstone nature of the pion preserved.
Corresponding details and an explicit derivation of this
property can be found, e.g., in Ref. [8]. For the rainbow-
ladder truncation, this is achieved by using a single
effective gluon exchange between two bare vertices

Ktu;rsðp; q; PÞ ¼ −CfZ2
2½γμ�tu½γν�rsGðk2ÞDμν

freeðkÞ; ð21Þ

with the same effective running coupling G as the one in the
quark self-energy detailed above for our models I–III.

IV. NUMERICAL RESULTS

In the following we will detail our results for the analytic
structure of the quark propagator and the masses of
(pseudo)scalar and (axial-)vector mesons as a function of
the interaction strength in all three models I–III. We first
discuss the pole structure of the quark propagator, but ask
the reader to keep in mind that we will subsequently

establish a direct connection to the emerging meson masses
and mass degeneracies.

A. Pole structure of the quark propagator

When solving the respective DS equations we note that
in all three models we find a qualitatively similar analytic
structure of the quark propagator as a function of inter-
action strengths. The quark DS equation for models I and II
can be solved in the entire complex plane. For model I, we
can even closely track the poles by computing the asso-
ciated pole-counting integrals, and determine the multi-
plicity of poles. In model III, we find that we can solve the
DSEs self-consistently beyond the occurrence of the first
pole, as long as the first pole is real. However, our system of
DSEs fails to converge if the set of external momenta
contains a complex pole.
For very small strength parameters DI;II;III we always

find a real-valued pole of the quark propagator at or close to
the origin. The typical momentum scale of the pole is of the
order of the current quark mass, p2 ∼ −m2 with m → 0 in
the chiral limit. This is, of course, what is expected when
the interaction strength is not large enough to trigger
dynamical chiral symmetry breaking. In model I and II,
we observe that the next closest pole is actually a
degenerate pair of real-valued poles. In model I, we can
numerically confirm this by using a pole-counting integral
which results for this singularity in a value of approx-
imately two. In model II this does not work reliably due to
the logarithmic UV part in the interaction. However, we see
that these poles become two nearly degenerate poles as
chiral symmetry is broken and therefore conclude that for
the chirally symmetric scenario also two degenerate poles
are present. We can only conjecture that this behavior
persists for model III, but we do not have numerical
evidence since we are unable to solve the DSE beyond
the first pole.
The first pole remains close to the origin until either

DI;II;III is large enough to trigger dynamical chiral sym-
metry breaking. At this point the lowest-lying pole starts to
move along the real axis deeper into the timelike momen-
tum region. For model I and II, we observe that the
degeneracy in the next real pole pair is lifted as chiral
symmetry gets broken. Eventually, one of the poles moves
toward the origin while the other one moves even deeper
into the timelike region.
For models I and II we clearly observe that two lowest-

lying real poles will eventually “collide” on the real axis,
and form a complex conjugate pair of poles. In model I, we
are able to see this effect repeated at a larger strength
parameters. For model III we can only conjecture this since
we only can solve the complex DSEs up to the first pole.
However, the fact, that we see a pair of complex conjugate
poles emerge, suggests that model III behaves similarly in
this respect to models I and II. NB: A similar behavior
of real poles colliding and forming pairs of complex
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conjugated poles has been observed when tuning the quark
mass in Ref. [15].
For illustrating the above described pattern of depend-

encies of pole locations with respect to the interaction
strength we focus first on the simplest interaction model,
i.e., model I in the chiral limit. In Fig. 1 we show the
positions of the three lowest-lying quark propagator’s poles
for complex values of p2 (= closest to the origin) for
massless quarks, color coded according to the correspond-
ing value of the strength parameter DI. The pole locations
are determined by the zeros of the denominators of the
function σAðp2Þ (4) or, equivalently, σBðp2Þ (5). Poles in
the dressing functions Aðp2Þ and/or Bðp2Þ are irrelevant,
since they appear much further out in the timelike momen-
tum plane. At DI ¼ 0.23 GeV2 we start with only two pole
locations at p2 ¼ 0 and p2 ¼ −0.249 GeV2, since the latter
location accommodates the pair of degenerate poles already
discussed above. For DI=ω2

I ≥ 1.92 (corresponding
roughly to DI ≈ 0.332 GeV2) dynamical chiral symmetry
breaking occurs leading to the split-up of the degenerate
poles as visible in the right diagram of Fig. 1. At this point
the quark mass functionMðp2Þ ¼ Bðp2Þ=Aðp2Þ starts to be
nonvanishing also in the chiral limit. In the left panel of
Fig. 2 we display the corresponding value of Mð0Þ as
function of the strength parameterDI. In the chiral limit, the
transition is a second order (quantum) phase transition,
whereas at finite quark current quark masses it becomes a
cross-over as also displayed in this figure.
As already discussed above, the poles begin to move

with increasing interaction strength but stay real in the
interval 0.332 GeV2 ≤ DI ≤ 0.801 GeV2. As can be seen
from Fig. 1, two poles merge at the upper end of this
interval and they split up into a pair of complex-conjugated
poles when further increasing the interaction strength. The
appearance of complex-conjugated poles does not have any
visible effect on the quark propagator dressing functions for
Euclidean momenta. As can be seen in the left panel of

Fig. 2Mð0Þ is a smooth function of the interaction strength
DI in the respective region.
In the right panel of Fig. 2 we show the parameter M

defined via the largest parabola with the real axis as
symmetry axis and an apex at −M2=4 that remains free
of poles, cf. our discussion below Eq. (17). Of course, by
construction M shows a cusp when the complex-conju-
gated pole pair appears, since then the real part of the pole
location hardly changes whereas mainly the imaginary part
grows leading only to slight larger possible parabolas with
growing interaction strength.
For further illustration we also show contour plots of

σðp2Þ in the complex momentum plane for four selected
values of the interaction strength DII of model II in Fig. 3.
The emerging pole structure is clearly visible. We indicate
the locations of the poles, determined from the local
(numerical) maxima of σðp2Þ, with crosses. In the lower
right panel, the interaction strength is subcritical, and
therefore the quark propagator possesses a pole at the
origin and a double pole at finite p2. Increasing the
interaction strength one has, as in model I, first three real
poles (lower left panel) and then one pair of complex-
conjugated poles and a real pole (upper panels). The main
difference is that also GUVðk2Þ (11) provides some inter-
action strength, and therefore dynamical chiral symmetry
breaking and pole merging happen at respective smaller
values of the IR interaction strength.

B. Meson mass degeneracies

When solving the meson BS equations for varying
interaction strengths we noticed a very interesting general
pattern, see Fig. 4. For small values of the interaction
strength we observed degeneracies in the low-energy
meson spectrum. Furthermore, these degeneracies appear

FIG. 1. Left: the location of the poles of the function σðp2Þ (4)
for model I in the complex p2-plane as a function of DI ,
cf. Table I. Right: position of the poles of σðp2Þ along the real
axis as a function ofDI . When the two low-lying poles cross they
generate a pair of complex conjugate poles, cf. the left panel.
Note, that we also observe a crossing of two real valued poles that
does not lead to the formation of a complex pole pair.

FIG. 2. Left: displayed is the infrared value of the quark mass
function Mð0Þ, as a proxy for the strength of dynamical chiral
symmetry breaking, for model I as function of DI in the chiral
limit and for a small quark current mass. Right: the parameter M
determined by the largest parabola with apex −M2=4 that is free
of poles for the given coupling strength DI . In the presence of
nonvanishing current quark masses, the second-order transition,
visible in both variables, is smoothed into a crossover behavior.
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to be linked to the position of the quark propagator’s closest
pole to the origin. The observed degeneracies are hereby
qualitatively similar in all three models and differ only
somewhat quantitatively.
For a detailed discussion let us start at the physical point,

i.e., at maximal interaction strength. All three diagrams in
Fig. 4 show the masses of mesons with quantum numbers
JPC ¼ 0−þ; 0þþ; 1−−; 1þþ; 1þ− in the respective models
and with current quark masses adapted to reproduce the
experimental value of the mass of the pion. As is typical for
rainbow-ladder type approximations, the vector meson

masses are not too far away from their experimental value
(although there is no width), whereas the masses of the
scalar meson and the axial-vectors are far off. This is well
known and discussed in detail, e.g., in Ref. [8]. Beyond
rainbow-ladder truncations (partly) remedy this situation.
However, these require orders of magnitude more numeri-
cal effort and are therefore currently not feasible for the
purpose of this exploratory work. We believe these are also
not necessary, since we are mainly interested in emerging
general properties such as degeneracy patters and their
relations to analytical structure. This purpose is served, to
our mind, by the available models.
Lowering the interaction strength we observe a similar

pattern in all three models. First the two axial-vector states
become degenerate (if not already from the start), then the
vector mesons joins, then the scalar meson for even lower
interaction strength and finally also the pion becomes mass
degenerate with the others once chiral symmetry is
restored. While the latter phenomenon is naturally
explained by chiral symmetry restoration, the approximate
degeneracy of the other chiral partners, the vector meson
(the ρ) and the 1þ− (the a1), already happens at much larger
values of the interaction strength. Furthermore, the exten-
sion of the symmetry to the scalar state and the other axial-
vector is not explained by the “conventional” notion of
chiral partners. Such extended degenerate multiplets, how-
ever, have only been postulated in chiral spin symmetry
scenarios [2,3] in the context of finite temperature QCD.
It is also very interesting to compare this emerging

pattern of degeneracies with the size of the parabola
characterized by M, also shown in the plots. Most directly
for model I, but also visible for models II and III we observe
that the degeneracy pattern seems to be driven by the (real)
pole locations of the quark propagator. Once the interaction
strength is small enough that the pair of complex conjugate
poles hit the real axis (indicated by the kink in M,
cf. Fig. 2), the movement of the location of the pole

FIG. 3. Contour plot of σðp2Þ for model II showing the pole
structure emerging as a function of the strength parameter DII for
fixed ωII ¼ 0.4 GeV. We observe a pattern similar to the one of
model I. We indicate the pole locations with crosses.

FIG. 4. Masses of mesons with quantum numbers JPC ¼ 0−þ; 0þþ; 1−−; 1þþ; 1þ− as functions of the strength parameters DI;II;III of
models I–III. In all cases we obtain the same pattern of degeneracy at small interaction strengths. Shown is furthermore the parameterM
characterizing the largest parabolic region symmetric to real p2 with apex −M=4.
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towards the origin forces the mass curves to compress and
become degenerate. A possible explanation for this behav-
ior is given in the summary. In any case, to our knowledge
this link between analytic structure and mass degeneracies
has not been observed before and constitutes a potential
new aspect in the discussion of chiral spin symmetry
scenarios [2,3].
Finally, in model III we also studied the fate of radially

excited states. In Figs. 5 we show contour plots of σðp2Þ
with the emerging pole structure and the parabolas corre-
sponding to the meson masses as determined through the
BSEs. The masses for the ground states are the same as
displayed in Fig. 4, but we also show the corresponding
parabolas for the first radial excitations. For small values of
the strength parameter DIII the respective first excited
states are right above the ground states and (at least partly
depending on the value of DIII) degenerate within numeri-
cal accuracy. The same presentation for more values ofDIII
are collected in the Appendix.

V. CONCLUSION AND OUTLOOK

Herein we studied the location of the low-lying quark
propagator’s poles and the low-lying meson spectrum in
three interaction models within the DS-BS approach. These
three models are of different sophistication and formulated

such that the interaction strength in the sub-GeV region can
be controlled by a single parameter.
A solution of the DS and BS equations in rainbow-ladder

truncation reveals several degeneracy patterns in the meson
spectrum at small interaction strengths. For an interaction
strength which is too small to trigger dynamical chiral
symmetry breaking the observed degeneracies are no
surprise but the expected ones. For interaction strengths
right above the critical one, however, the observed degen-
eracies are not at all anticipated. We note that with
increasing complexity of the model the parameter regions
where these degeneracies are observed gets smaller, how-
ever, these degeneracies are observed for all three models.
More importantly, the degenerated meson mass is closely
related to the location of the lowest-lying pole of the quark
propagator.
The latter observation can be traced back to the math-

ematical properties of the BS equation in ladder approxi-
mation. The respective BS kernel contains two quark
propagators, and therefore if the integration region comes
close to a pole of the quark propagator this close-by
subregion provides a large if not the dominating contribu-
tion. (NB: This mechanism of dominating subregions close
to poles is at work independently of whether the poles are
located on the real axis or occur as pairs of complex-
conjugated poles.) Therefore, independent of the quantum
number of the mesons and thus the details of the BS kernel
similarly large contributions will be picked up in the
integrand.
Due to this, the degeneracies in the meson spectrum are

caused by the analytic structure of the BS kernel irrespec-
tive of any symmetry considerations.
We want to note that “explanations” based on the

analytic structure are quite common. E.g., the so-called
Silver blaze property [22–25], which states that in quantum
systems at nonvanishing density observables can only
change with density if the chemical potential exceeds the
mass of the lightest excitation, can be traced back to the fact
that values of certain integrals only vary if the analytic
properties of the integrands are modified, cf. Sec. 7 of [26].
For QCD at vanishing temperature and density, the

strength of the quark-gluon interaction, e.g., in the Landau
gauge, is of a given certain momentum-dependence and
strength. The general formalism to study this interaction
strength and the resulting consequences in the DSE
framework at finite temperature and density is available
and summarized in Ref. [9]. High quality results for
various observables have been obtained and systemati-
cally compared with lattice QCD, see Ref. [27] for a
recent overview. Indeed, increasing the temperature even
slightly beyond the chiral crossover decreases the inter-
action strength considerably. This already shows up in the
vector coupling studied in this work, but is even more
relevant for those tensor structures of the quark-gluon

FIG. 5. Dressing function σðpÞ for model III based on the ghost
and gluon propagators on the real axis for various strength
parameters DIII . The plot shows the largest parabola for which
we could solve the complex quark DSEs self-consistently, as well
as the parabolas associated with the meson masses as determined
through their respective BSEs. We indicate the pole locations
with crosses.
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vertex that are identically zero in a chirally symmetric
phase (as, e.g., a scalar coupling). Thus one may expect
that the mechanism identified in this work may carry over
to the chirally restored high-temperature regime of QCD.
However, quantitatively reliable results in this matter
cannot be obtained from simple models. In high quality
truncations, which explicitly include the backreaction of
quarks onto the Yang-Mills sector, meson masses and
decay constants for various quantum numbers have been
calculated from BSEs at finite chemical potential and
discussed in Refs. [23,28]. The generalization of this
framework to also include finite temperature is subject to
future work.
In lattice calculations one already observes degeneracies

between, e.g., mesonic vector and axial-vector correlators
at temperatures above the chiral cross-over, see, e.g., [1]. In
view of the results presented here, a reexamination of these
observed degeneracies with respect to their relation to the
analytic properties of the quark propagator and bound state
kernels at these temperatures seems worthwhile. Such an
investigation may well add to a further understanding of the
physics and symmetries of strongly interacting matter in the
temperature regime around and slightly above the chiral
crossover.
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APPENDIX: MORE PLOTS AND TABLES OF
THE POLE STRUCTURE

We report the parameters used for model I in Table I. We
show plots of the pole structure of all parameters inves-
tigated in this work. In Fig. 6 we show the plots of the pole
structure for model II, and in Fig. 7 we show plots for
model III. We further tabulate all data depicted in Fig. 4 in
Tables II and III.

TABLE I. Parameters used in model I. The units are GeV2 for DI and GeV for ωI.

DI 1 0.926 0.854 0.818 0.749 0.682 0.617 0.555 0.494 0.436 0.380 0.327 0.302 0.277 0.253 0.230

ωI 0.500 0.494 0.487 0.484 0.477 0.469 0.461 0.453 0.445 0.435 0.426 0.415 0.410 0.404 0.398 0.391
DI=ω2

I 4 3.8 3.6 3.5 3.3 3.1 2.9 2.7 2.5 2.3 2.1 1.9 1.8 1.7 1.6 1.5
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FIG. 6. Dressing function σðpÞ for model II based on the Maris-Tandy interaction for a fermion mass of 3.7 MeV. The model
parameter ωII ¼ 0.4 GeV is fixed while the parameter DII is varied. We show the parabolas corresponding to the meson masses as
determined through their respective BSEs. We indicate the pole locations with crosses.
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FIG. 7. Dressing function σðpÞ for model III based on the ghost and gluon propagators on the real axis for various strength parameters
DIII . The plot shows the largest parabola for which we could solve the complex quark DSEs self-consistently, as well as the parabolas
associated with the meson masses as determined through their respective BSEs. ForDIII < 0.2we can extend the parabolic region in the
DSE iteration procedure and retain convergence. We indicate the pole locations with crosses.
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TABLE II. (left) Tabulated values of the meson masses extracted from the BSEs for model I set to a physical scale
(MeV) and the corresponding parameterM. (right) Tabulated values of the meson masses extracted from the BSEs
for model II set to a physical scale (MeV) and the corresponding parameter M.

DI mð0−þÞ mð0þþÞ mð1−−Þ mð1þ−Þ mð1þþÞ M

0.230 72 72 73 72 72 72
0.253 88 88 89 89 89 89
0.277 109 110 109 109 109 111
0.302 124 140 141 141 141 137
0.327 125 170 171 171 171 169
0.380 124 233 240 240 240 240
0.436 124 285 315 317 317 318
0.494 126 336 398 398 398 402
0.555 128 386 485 486 486 490
0.617 129 433 579 583 583 588
0.682 131 477 626 702 697 703
0.749 133 519 661 833 809 889
0.818 134 557 692 859 850 978
0.854 135 576 706 871 868 999
0.926 137 611 733 893 903 1040
1.0 139 644 758 914 935 1080

DII mð0−þÞ mð0þþÞ mð1−−Þ mð1þ−Þ mð1þþÞ M

0.03 25 25 25 25 25 18
0.09 32 32 32 32 32 28
0.15 49 49 49 49 49 47
0.21 91 92 98 98 98 94
0.27 132 189 198 198 198 194
0.33 128 282 318 323 323 324
0.39 128 357 463 465 461 460
0.45 129 419 549 629 629 616
0.51 131 470 588 734 721 787
0.57 132 512 617 753 758 851
0.63 133 547 641 769 788 911
0.69 134 577 662 782 814 955
0.75 135 602 682 794 837 993
0.81 136 624 700 804 858 1028
0.87 137 644 716 814 877 1061
0.93 138 661 732 822 895 1091

TABLE III. Tabulated values of the meson masses extracted from the BSEs for model III set to a physical scale
(MeV) and the corresponding parameter M. In some cases, indicated by a − sign, we have not been able to extract
the on-shell masses of the first radial excitations within numerical accuracy. In principle those could be extracted
using well-established extrapolation procedures in the eigenvalue curves. However, since these are not the main
topic of this work and the general trend can already be seen from the available data, we did not invest the
(considerable) CPU-time.

DIII mð0−þÞ mð0þþÞ mð1−−Þ mð1þ−Þ mð1þþÞ mð0−þ0Þ mð0þþ0Þ mð1−−0Þ mð1þ−0Þ mð1þþ0Þ M

0.1 25 26 25 26 26 � � � � � � 27 � � � � � � 21
0.15 38 39 38 40 40 � � � � � � 42 � � � � � � 39
0.2 57 61 59 62 62 63 66 65 63 65 62
0.25 79 91 87 95 95 95 99 96 99 99 99
0.3 100 123 123 136 136 135 139 132 137 136 138
0.35 115 153 165 186 184 183 188 187 189 188 187
0.4 124 181 212 242 239 238 246 240 244 245 240

(Table continued)
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