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In this work, we present the first results on vector- and axial-vector meson spectral functions as obtained
by applying the nonperturbative functional renormalization group approach to an effective low-energy
theory motivated by the gauged linear sigma model. By using a recently proposed analytic continuation
method, we study the in-medium behavior of the spectral functions of the p and a; mesons in different
regimes of the phase diagram. In particular, we demonstrate explicitly how these spectral functions
degenerate at high temperatures as well as at large chemical potentials, as a consequence of the restoration
of chiral symmetry. In addition, we also compute the momentum dependence of the p and a; spectral
functions and discuss the various timelike and spacelike processes that can occur.
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I. INTRODUCTION

A major challenge in quantum chromodynamics (QCD)
is to explore the phase structure of strong-interaction
matter, including possible phase transitions and the exist-
ence and location of a critical endpoint (CEP) [1,2]. In
experiments one performs heavy-ion collisions to produce
extremely high-energy densities leading to new phases such
as the quark-gluon plasma (QGP). To get insights into the
entire space-time history of the collision process, real
photons and dileptons are particularly useful probes since
they have negligible interactions with the hadronic fireball
[3-5]. In this context the decay of vector mesons (located in
the low invariant-mass regime), and here especially the p
meson, is interesting since the quantum numbers of vector
mesons allow them to directly decay into dileptons [6]. For
this reason the in-medium properties of the p meson have
received considerable attention [7-9]. By analyzing dilep-
ton spectra at low invariant masses, one tries to find
evidence for chiral symmetry restoration or the existence
of a CEP [10,11].

The basis for calculating vector-meson spectral functions
is a physically reasonable description of vector mesons
within effective models for QCD. The first model including
vector mesons was introduced by Sakurai in the 1960s [12]
who generalized the known gauge principle from QED to
local SU(2), isospin symmetry present in QCD. This
concept was in accordance with experimental observations
and is referred to as the vector-meson dominance model
(VMD) [13]. To study chiral symmetry and its breaking
pattern in more detail, the gauge concept of Sakurai was
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extended to the chiral symmetry group SU(2), x SU(2)g
as a local gauge symmetry, where the a; meson as a chiral
partner of the p meson also appears as a gauge boson [14],
thus leading to the “gauged linear sigma model.” Another
possibility is to impose a global chiral symmetry rather than
a local one [15-17].

The feasibility of calculating in-medium spectral func-
tions from the functional renormalization group (FRG)
[18-26] has been demonstrated in [27-29]. Apart from
the absence of a fermion sign problem at finite chemical
potential, one of the main advantages of the method
proposed is that the analytic continuation from
Euclidean to Minkowski space-time can be performed in
a well-defined and simple way. Moreover, since thermal
and quantum fluctuations are taken into account properly
within the FRG approach, the method is also well suited to
treat critical phenomena like phase transitions [30-37].
Aside from the nonperturbative method presented here,
there are also intriguing phenomenological approaches to
address the degeneracy of vector- and axial-vector spectral
functions based on sum rules and loop expansions of
gauged chiral Lagrangians [38,39].

In this paper we present first results for the p and a;
meson spectral functions from the FRG based on the
gauged linear sigma model, inspired by [16]. We derive
flow equations for the real-time two-point functions of p
and a; mesons which are obtained from their Euclidean
counterparts via an analytic continuation on the level of the
flow equations [27,40-42]. This allows access to real-time
quantities such as pole masses and decay widths which we
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calculate in various regions of the phase diagram predicted
by the model, especially along the axis of vanishing
chemical potential and the p-axis across the CEP. Since
our FRG treatment is thermodynamically consistent and
symmetry preserving, the in-medium modifications of the
spectral functions can be stringently connected to the
restoration of chiral symmetry because the order parameter
for chiral symmetry breaking and the spectral functions are
obtained self-consistently.

The paper is organized as follows. We first motivate the
model used and our ansatz for the quantum effective action
in Sec. II A. We then discuss the salient features of the FRG
as a nonperturbative method, as well as the resulting flow
equations in Sec. II B. After going through some details
concerning the numerical implementation in Sec. III A, we
discuss the phase structure of the model as well as the
T- and p-dependent Euclidean and pole masses of the
particles in Sec. III B. We then present p and a; spectral
functions at finite temperature and chemical potential, first
for vanishing external spatial momentum in Sec. III C and
then for finite external spatial momentum in Sec. [II D. We
conclude by giving a summary in Sec. IV and present more
details concerning the derivation of the flow equations, the
analytic continuation procedure, the available processes
and explicit expressions in Appendixes A-F.

II. THEORETICAL SETUP

A. Extended linear sigma model with quarks

In this section we present a simple low-energy model of
two-flavor QCD that captures the main features relevant for
the description of the p and a; mesons which is based on a
previous work concerning the description of vector mesons
in QCD [16]. In that work the connection of the effective
action with QCD is given by successively integrating out
quantum fluctuations starting from QCD at high energies.
We focus on the dynamical generation of mesons but note
that a similar reasoning can be applied to the formation of
baryons.

The increasing strength of the strong coupling a, with
decreasing energy scale leads to strong two-quark-two-
antiquark correlations. This naturally gives rise to effective
quark-antiquark scattering channels A;(yT;y)> with the
effective couplings 4; « @2 and the tensor structures T;.
Hence, the QCD effective action naturally assumes the
form of a gauged Nambu-Jona-Lasinio (NJL) model. With
increasing a,, the A; also increase until they eventually
diverge. These divergences signal the formation of bound
states and resonances in the quark-antiquark scattering
channels. Since this applies, in particular, to the scalar-
isoscalar channel, chiral symmetry breaking is dynamically
generated.

We compute spectral functions from FRG flows which,
in essence, are based on the fluctuations of off-shell degrees
of freedom (see Sec. II B). Hence, the lightest particles give
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the most relevant contributions in the low-energy regime.
For two quark flavors the dynamically most relevant
mesons are pions as they are the pseudo-Goldstone bosons
of spontaneous chiral symmetry breaking. Their chiral
partner, the scalar 6 meson, has to be included into our
effective description as well. For two flavors, chiral
SU(2); x SU(2)r symmetry is locally isomorphic to
O(4) and we need both the isotriplet of pions, 7, and
the isoscalar ¢ for the construction of chiral invariants.
Furthermore, the ¢ mode is the critical mode at the
CEP; i.e., it becomes exactly massless there. To capture
chiral symmetry restoration in the spectral functions of the
phenomenologically relevant p meson, we also include its
chiral partner, the a; meson. The corresponding four-quark
channels of the effective NJL-type action are given by

Lg) = %S [(pw)? = (pystyw)?]
- /%V (@, 7w)* — (Wy,rstw)?], (1)

where 7 are the Pauli matrices. The first term of Eq. (1) has
the quantum numbers of ¢ and 7 mesons, and the second
term has those of p and a; mesons, respectively. The
formation of mesons at the scale of chiral symmetry
breaking will be reflected by poles in the corresponding
quark-antiquark scattering channel. Their properties at low
energies can, in principle, be studied by computing the full
momentum dependence of 1g and Ay,. We resort to a simpler
treatment by explicitly introducing mesons, as they are the
dominant low-energy degrees of freedom. This is done by
partially bosonizing the four-quark interaction Eq. (1) by
means of a Hubbard-Stratonovich transformation. This
yields the following mixed fermionic-bosonic contribution
to the effective action,

1 - _ .-
Lp) = 5m%(a2 +72) + hgr (o + iyst )y

1, . R
+ Emzv[(p")2 + (a)?]
+ ihyp (y, 70" + v,757d) )y, (2)

which directly reflects the fermionic pairing through the
scalar and vector Yukawa couplings hg and hy. In
the present case, the scale of bosonization is chosen to
be the UV cutoff A of our effective description. There,
Eq. (1) is equivalent to Eq. (2) also on the quantum level if

hy

h2
=5 and AV =—. (3)
my

hs =
mg

Note that chiral symmetry breaking, i.e., a diverging
Ag, is signaled by a sign change of the mass parameters

m? in analogy to Ginzburg-Landau theory. In QCD the
scale of meson formation emerges dynamically and is not
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introduced by hand. To capture this transition within a
unified framework, one can use dynamical hadronization as
put forward for QCD in [43,44] and applied to vector
mesons in the vacuum in [16]. Since we are only interested
in the low-energy effective theory here, we postpone a
treatment within full QCD to future work.

If we further integrate out fluctuations, the mesons which
were formally introduced as auxiliary fields in Eq. (2)
become dynamical, and higher-order effective meson
interactions are generated. Furthermore, the gauge sector
of QCD develops a mass gap and eventually decouples
from the system at low energies. Here we assume that the
gluons are fully integrated out at the UV cutoff A of the
low-energy effective theory.

While, in principle, all meson interactions consistent
with the global and local symmetries of the system are
present in the mesonic part of the effective action, we
restrict ourselves to the convenient case of a gauged linear
sigma model [14]. To this end, we assume that the meson
sector has a local chiral SU(2); x SU(2) symmetry. This
assumption is particularly powerful since the interactions
involving vector mesons are completely fixed by gauge
symmetry. This reduces the potentially large number of
effective couplings to one gauge coupling g. Putting all this
together finally leads us to the following effective action:

I = / Al (D= o + hy(o + iF775)

. N e 1
+ihy (y, 70" + 7,r5td)) )y + Up($?) — co+ 3 (0,0)*

1 .
+ gTr(aﬂV,, - 3DV”)2 —igV,$0,¢
1 1
L RVR M TV, V)] AL, @)

where U (¢?) is the O(4) symmetric effective potential and
a function of the chiral invariant ¢* with ¢ = (7, 6)”. This
constitutes the lowest order in a gradient expansion of the
effective action and implies, in particular, that wave-
function renormalizations are not taken into account.
The source term —co stems from the bosonization of the
current-quark mass term of the QCD action. It therefore
accounts for the explicit chiral symmetry breaking through
explicit quark masses. Hence, the pions are pseudo-
Goldstone bosons with finite mass, and the chiral phase
transition is a crossover at small chemical potentials.

The vector mesons are given in the adjoint representation
of O(4) with

V, =T +dT. (5)

We define the 80(4) matrices,
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—l€;jx 0 033 —ie; )
Ti — / 5 T‘5 — o s 6
mu= (T ) =0 ) e

with i, j,k € {1,2,3} and ¢! = (8;, 62;, 83;). They obey
the following commutation relations:

[T, T)]=iepTy, [T7.T3]=ieuTy, [T;,T5]=ieuTy,

(7)

and therefore T+ = 1 (T; — T3) and TR = (T; + T7) form
representations of SU(2), and SU(2). The mesons trans-
form under these flavor rotations as

b — Ug, V,—Uv,U", (8)

with U = ¢i@T+#T" and parameters @ and .

As already mentioned, we construct the vector-meson
part of the effective action by gauging chiral symmetry. The
vector field V, then naturally arises as a gauge field. Its
interactions with the scalar and pseudoscalar mesons result
from minimal coupling (D,¢)*/2 with the covariant
derivative D, = 0, — igV,. The kinetic term of the vector
mesons as well as their self-interactions arise from the field-
strength term trV,,V,, /8 with the field-strength tensor
vV, =ilD,.D,]/g. Since the dominant contributions to the
vector-meson spectral functions stem from the decay
channels that involve scalar and pseudoscalar mesons,
we have neglect the vector-meson self-interactions here.
Furthermore, it has been shown in [16] that the vector
mesons are always decoupled from the dynamics of the
system in Euclidean space-time. Our computation of the
spectral functions uses the solution of the Euclidean system
as input, and therefore vector-meson self-interactions do
not play a role for this input. However, they are important
for a quantitative description of vector-meson spectral
functions. As the focus of the present work is on the
qualitative connection between chiral symmetry restoration
and vector-meson spectral functions, we postpone a more
realistic description to future work.

A soft breaking of the chiral gauge symmetry is induced
by the explicit vector-meson mass term in Eq. (4).
However, the Yukawa interaction terms also explicitly
break this symmetry. Hence, I'; only possesses global
chiral symmetry and, as opposed to a pure gauged linear
sigma model, the p meson does not couple to a conserved
local current. An immediate consequence is that the vector-
meson self-energies are not purely transversal.

Lastly, we discuss the term Al., in Eq. (4). If the
mesons acquire a nonvanishing vacuum expectation value

-

¢o = (09, 0) due to spontaneous chiral symmetry breaking,
a contribution of the form
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-/Q%a-@ﬁcn )

X

yields an off-diagonal meson propagator. This is referred to
as 7 —a; mixing. We eliminate this mixing, i.e., diago-
nalize the meson propagator, by a redefinition of the a;
field:

goo >

df - d| + —"—=550,x. (10)
T

"

If we insert this replacement into I';, various new terms are
generated, which we subsume in AI',,. Among the
numerous new terms in the effective action, only three
are potentially relevant in the present work. This is rooted
in the approximations we employ here. First of all, we only
take the fluctuations of scalar and pseudoscalar mesons and
quarks into account. Hence, all vertices that would lead to
vector mesons in the loops can be ignored. Furthermore,
our construction of the effective action is based on a low-
momentum expansion; i.e., we use the lowest-order deriva-
tive expansion, and hence only contributions up to second
order in the derivatives have to be retained. Lastly, the
scalar and pseudoscalar meson self-interactions are defined
from the effective potential U(¢?) and are therefore
momentum independent by construction. Thus, every
modification of the corresponding vertices that involves
space-time derivatives can also be ignored. The remaining
terms yield

- - 1 g -
AFMI = /{gaoa’f . 6,,7: — Em (8;/[)2
x i

2.2
905 -y = o=
-5 X 0,7 . 11
miy+ o ’ } "

The first term in the first line of this equation cancels the
mixing term Eq. (9) and thus leads to a diagonal meson
propagator in the broken phase. The second term generates
a nontrivial wave-function renormalization for the pions.
The effects of wave-function renormalizations are not the
subject of the present analysis and are therefore postponed
to future work. Hence, we drop this contribution. The term
in the second line of Eq. (11) modifies the zzp vertex

Ff,)m ,- This has to be taken into account when we compute
loop diagrams, e.g., for the two-point function of the pion.
The corresponding modified Feynman rule for this vertex
can be found in Eq. (A20). We note that the redefinition of
the a, field in Eq. (10) involves running couplings. Thus,
strictly speaking, the new a,; field is explicitly renormal-
ization-group scale dependent. A self-consistent way to
treat this scale-dependent field has been put forward in
[16]. However, this only gives minor quantitative correc-
tions. Since our focus is on qualitative effects, we can
readily ignore this here.

PHYSICAL REVIEW D 95, 036020 (2017)

In the described model we have no mechanism included
which describes the phenomenon of confinement. The
Polyakov loop within the Polyakov-quark-meson model,
usually used to describe confinement in terms of thermody-
namics [32,45-47], is not able to suppress unphysical quark-
antiquark decays in the confined phase, cf. Appendix D. A
physically reasonable way to include confinement in such
low-energy models is also left to future work.

B. Functional renormalization group
and flow equations

The FRG provides a powerful, nonperturbative tool to
investigate the transition from microscopic to macroscopic
scales and is widely used in statistical physics and quantum
field theory. The central object in this framework is the so-
called effective average action I';. It interpolates between
the microscopic action I',_, at some chosen UV cutoft A
and the full quantum effective action I' = I';_,, where all
quantum fluctuations are included and macroscopic proper-
ties of the system can be extracted. The scale-dependent
effective average action I'; only includes fluctuations with
momenta larger than the RG scale k which, on a technical
level, is achieved by introducing a regulator function R;.
Starting at k = A one then successively lowers & until
arriving at the full quantum effective action I' in the
infrared. The change of the effective average action I';
with the RG scale £ is thereby governed by the Wetterich
equation [48]

oL = ORI + RO (12)

Here we apply this concept to the low-energy model
introduced in Sec. II A (see Fig. 1 for a diagrammatic
representation of the resulting flow equation). The
Wetterich equation then turns into a flow equation for
the effective mesonic potential Uy, [see also Eq. (A1) for its
explicit form]. We note that for isospin symmetric matter
with an equal number of up and down quarks, the isovector
p and a; mesons do not contribute to the effective potential.

Flow equations for n-point functions are, in general,
obtained by taking n functional derivatives of the Wetterich
equation with respect to certain fields. The flow equations
then naturally contain up to n + 2-point functions, which

@

1 K
Ol = = | =
kLK 2

-

FIG. 1. Flow equation for the effective action of the model
defined by Eq. (4) in diagrammatic form. The dashed blue line is
associated with propagators of the ¢ and 7 mesons, the solid black
line is associated with the quark propagator, and the crossed
circles represent the regulator insertions Oy Ry.
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FIG.2. Flow equations for the p and a; two-point functions in diagrammatic form. Vertices are indicated by black filled dots, regulator
insertions by crossed circles. The color of the lines and regulators represents the type of field: blue for scalar and pseudoscalar mesons,

black for fermions, and purple for vector mesons.

leads to an infinite set of coupled equations. In order to
solve this system, one has to introduce truncations. In the
present work we extract three- and four-point functions
appearing on the rhs of the flow equations from the ansatz
of the effective average action, Eq. (4), as done, for
example, in [27,28]. An improved truncation taking into
account full momentum-dependent vertices and solving the
flow equations for two-point functions iteratively is left to
future studies.

Following this strategy, we obtain flow equations for the
p and a; two-point functions as a closed system of
equations

1 _
2 %/ T
ALi(p) =I5 (p) =517, = 2005 (p).  (13)

1
=I5 (P) + %, (P) =5 %,

=277 (p).

2
aIe) (p)

1
.

2 k,a; (14)

where momentum-dependent and momentum-independent
loop functions appear (see Appendixes A and F for the
projected flow equations and explicit expressions, includ-
ing the vertices). The diagrammatic form of these equations
is illustrated in Fig. 2.

The flow equations are then solved by starting with the
microscopic theory at a UV cutoff and then integrating out
momentum shells down to the scale k. The effective
average action I, as well as the mesonic two-point

functions FECZ) then incorporate fluctuations with momenta
larger than the RG scale k. For technical details we refer to
Sec. Il A and Appendix A.

III. RESULTS AND DISCUSSION

A. Numerical implementation

In order to solve the flow equations for the retarded
two-point functions of the p and a; mesons, we first solve
the flow equation for the effective potential Uy,
cf. Appendix A. This is done by discretizing the effective
potential in o-field direction, which yields a set of coupled

ordinary differential equations that can then be solved with
common methods. The parameters for the effective poten-
tial at the UV scale A = 1500 MeV,
Up = b1¢® + brgp*, (15)
the explicit symmetry-breaking constant ¢, as well as the
scalar and vector Yukawa couplings are given in Table L.
They are chosen such that in the vacuum we have, with a
constituent quark mass of m,, = 300 MeV at the IR scale
kir = 40 MeV, phenomenologically reasonable values for
the masses of the pion and ¢ meson [corresponding to the
f0(500) resonance] and the pion decay constant (here
identified with the global minimum of the ¢ field at o):
m, = 140 MeV, m, = 557 MeV, f, =0y = 93.0 MeV.

Note that the meson masses here are Euclidean curvature
masses, i.e., the mass parameters that determine the
curvatures of the mesonic effective potential which agree
with the zero-momentum limits of the corresponding
Euclidean mesonic two-point functions. They can differ
from the physical masses which are the so-called pole
masses, i.e., the zeros of the analytically continued two-
point functions at timelike momenta. Apart from potential
wave-function renormalization factors, beyond the leading-
order derivative expansion employed here, the differences
will be small for the pion, for example, because its zero-
momentum correlator is of course dominated by the well-
isolated pion pole. For heavier and not so well-isolated
bound states and resonances such as the p and a; mesons,
these differences will be important, however.

The Euclidean curvature mass of the p meson is given by
the vector-meson mass parameter, i.e., the quadratic cou-
pling mz ,, in the effective action in Eq. (4), cf. Appendix A.
By using the RG flow of the effective potential and its
derivatives as input, the flow equation for m%,v’ Eq. (A27),

can be solved. The initial condition for miv at the UV scale

TABLE I. Parameter set used in this work.
b[MeV?] b, c[MeV?] hs=hy g myy [MeV]
857300 0.2 1.8228 x 10° 3.226 114 1450
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A = 1500 MeV, as well as the scale-independent gauge
coupling ¢ as chosen in Table I, then results in the vacuum
pole masses m, and mb: m) =789.3 MeV and ml, =
1274.7 MeV. They thus reproduce the physical masses of p
and a; reasonably well. Since fine-tuning the UV param-
eters to adjust these pole masses to the physical ones more
precisely is a rather tedious task, we are content with this
level of agreement for our qualitative study here. We also
note that we use the zero crossing of the real part of the
retarded two-point function, cf. Appendix D, as an estimate
of the real part of the complex pole of the corresponding
propagator on the unphysical Riemann sheet in the com-
plex energy plane for a resonance. This is justified, as long
as the width of the resonance, i.e., the imaginary part of
I">R) is reasonably small. A more precise determination of
the pole masses is possible by studying the analytic
structure of T'>R) or the spectral function on the second
Riemann sheet of the complex energy plane. A promising
method to perform such a study was recently proposed in
[49] and will be used to obtain in-medium pole masses for
broad resonances more accurately in the future.

For comparison, the corresponding Euclidean curvature
masses with the same UV parameters result as m, =
1298.3 MeV and m, = 1676.3 MeV. Parts of the discrep-
ancy between curvature and pole masses should be
compensated by the inclusion of wave-function renormal-
ization factors, i.e., by going to higher orders in the gradient
expansion. We reiterate, however, that there is no a priori
reason for the two to agree. In particular, the Euclidean
curvature masses do not have a direct physical meaning and
should rather be seen as parameters that determine the
physical pole masses.

In a last step the flow equations for the real and the
imaginary parts of the retarded two-point functions are
solved at the grid point of the IR minimum o, from which
the spectral functions can be obtained as described in
Appendix B.

B. Phase structure and curvature masses

In this section we briefly discuss the flow of the
Euclidean curvature masses as well as the phase structure
and the T and p dependence of the quark and meson masses
which serve as an important input for the computation of
the spectral functions.

The RG flow of the scale-dependent Euclidean curvature
masses defined in Appendix A is shown in Fig. 3. Starting
the flow in the chirally restored phase at the UV cutoff scale
A = 1500 MeV, the masses of the chiral partners start out
to be degenerate as well. Successively lowering the RG
scale k, both the p and the a; meson masses slightly drop
together at first. Eventually, however, the fermionic fluc-
tuations drive the minimum of the k-dependent bosonic
effective potential away from zero and into the chirally
broken phase with a nonvanishing order parameter oy,
which hence also leads to a mass splitting of the chiral

PHYSICAL REVIEW D 95, 036020 (2017)
T=0MeV, y=0MeV

Mg

1

1500

1000

3
(0]
=
500
0
0 200 400 600 800 1000 1200 1400
k [MeV]

FIG. 3. Flow of the scale-dependent Euclidean curvature

masses of mesons and the constituent quark mass with the RG
scale k at T =0 MeV and u = 0 MeV.

partners. As seen in Fig. 3, this occurs at a scale of around
k,sg ~ 700 MeV. Below that scale, the mass of the a,
meson begins to rise, whereas the p meson mass remains
approximately constant during the complete flow. We
notice that the vector-meson masses are always larger than
the scale k and are hence always decoupled from the flow,
which also has been observed in [16]. The dynamics in
Euclidean space-time are therefore completely determined
by the pion and the ¢ meson as well as the quarks. The
overall behavior with the RG scale k qualitatively resem-
bles the temperature dependence of quark and meson
masses at 4 = 0 MeV in Fig. 4.

Our findings for the behavior of the p and a; masses in
the hadronic phase are in agreement with the results in [16].
This implies that the masses are insensitive to gluon
fluctuations in this regime. However, in the vicinity and
above the chiral symmetry breaking scale, k,gg, gluon
fluctuations induce a rapid increase of the meson masses
and thus guarantee that they vanish from the physical

u=0MeV
my,
1500
s
= 1000
[
=3
My
500
my
My
0
0 50 100 150 200 250 300
T [MeV]

FIG. 4. Euclidean curvature masses of mesons and constituent
quark mass at the IR scale vs temperature at u = 0 MeV.
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T [MeV] g O[Mev]

250 RN

200 yiin

150

280 300 320 340 H[MeVl

100

50

100 200 300 400~ MeV]
FIG. 5. Phase diagram of the quark-meson model as a contour
plot of the order parameter for chiral symmetry oy(7,u). The
value of 64(T,p) decreases with increasing temperature and
chemical potential as indicated with a darker color. The CEP is
indicated as a red dot, whereas the first-order phase boundary is
indicated by a black line.

spectrum in the quark-gluon regime. While we also observe
this behavior here, it is much more pronounced in [16],
where gluon fluctuations were explicitly included. As a
consequence, the scaling of the a; mass in the vicinity of
k,sg is qualitatively different.

The phase diagram of the model we use, which is a quark-
meson model on the level of the effective potential, is
depicted in Fig. 5 (see also [27,30] for earlier studies on the
quark-meson model). It is obtained by the location of the
global minimum of the effective potential at the IR scale
oo = oo(T, ). With the parameters given in Table [ we find a
critical endpoint at around (pcgp, Tcrp) ~ (298, 10) MeV,
which divides a crossover region from a first-order phase
transition at lower temperatures. We note that the slope
dT /du of the first-order line is very different from the one
observed in mean-field studies (see e.g. [50]). In fact, the
regime to the right of the first-order line, i.e., at large
chemical potentials and low temperatures, is likely to be
dominated by an inhomogeneous ground state which leads
to unphysical effects like a negative entropy density in the
present truncation. We therefore avoid this regime in the
following and refer to [51] for further details.

The same Euclidean curvature masses of the mesons,
plotted together with the constituent quark mass over
temperature at y = 0 MeV in Fig. 4, are shown along
the p-axis at a constant temperature of 7 = 10 MeV across
the CEP in Fig. 6. They behave as expected in a model
based on chiral symmetry. For vanishing chemical poten-
tial, the Euclidean curvature masses of the chiral partners
m,, m, and m,, m, become degenerate at high temper-
atures, T2 200 MeV. The quark mass m, decreases,
indicating the gradual restoration of chiral symmetry. For
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T =10 MeV
.
M,
1500
mp
< 1000
[0}
=
mgy
500 \
my
My
0
0 100 200 300 400
U [MeV]

FIG. 6. Euclidean curvature masses of mesons and constituent
quark mass vs chemical potential at 7 = 10 MeV.

a fixed temperature of 7= 10 MeV the masses do not
really change over a wide range of chemical potential, as
expected from the Silver Blaze property [52]. Near the CEP
at around pcpp = 298 MeV, the sigma mass drops signifi-
cantly as expected at this second-order phase transition. In
addition, the chiral condensate as well as the vector-meson
masses decrease when crossing the CEP. For very high
chemical potentials the masses of the chiral partners
coincide again and the quark mass decreases, similar to
the case of high temperature and vanishing chemical
potential.

C. In-medium spectral functions at [p| =0

Before turning to the p and a; spectral functions at finite
temperature and chemical potential, in this subsection for
vanishing external spatial momentum, |[p| =0, we will
discuss the temperature dependence of the physically
relevant vector-meson pole masses. They are obtained
from the zero crossing of the real part of the two-point
functions and are shown in Fig. 7 vs T at u = 0.

u=0MeV
1500
m
= 1000
[0
=3
mg
500
0
0 50 100 150 200 250 300
T [MeV]

FIG. 7. Pole masses of p and a; mesons vs temperature at
u=0MeV.
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At T = 0 chiral symmetry is broken and the pole masses
assume the vacuum values of m) =789.3 MeV and
mgl = 1274.7 MeV for the UV parameters of Table I
With increasing temperature the difference between the
pole masses decreases until they become degenerate at
T =200 MeV, i.e., at about the same temperature as the
Euclidean curvature masses. The observed behavior sup-
ports the “melting-p scenario,” where the p meson mass
remains almost stable and the a; mass shifts towards the
mass of the p meson [11,39].

In order to exhibit the 7- and p-induced modifications
more clearly, Fig. 8 shows logarithmic plots of the p and a,
spectral functions for vanishing chemical potential (left
column) and for a fixed temperature of 7 = 10 MeV along
the p-axis towards the CEP (right column). At 7 = 0 MeV,
the p* — 7 + x threshold gives rise to a nonvanishing value
of the p spectral function for w Z 280 MeV. For w 2
600 MeV the decay into quark-antiquark pairs becomes
energetically possible and gives rise to another threshold in
the spectral function. The spectral function of the a; meson
exhibits the first threshold at w ~ 600 MeV, when the
quark-antiquark decay becomes possible and the width then
increases due to the mesonic decay channel aj — 7 + 0. In
both spectral functions, the quark-antiquark decay strongly
suppresses the pole mass peaks (see also Appendix D).

At finite temperature the a; meson can capture a pion
from the heat bath to form a sigma meson, aj + 7 — o.
This capture process can occur when w = Ey , — Ey ,, i.e.,
for the difference of the effective quasiparticle energies of ¢
and 7 at the momentum scale k, cf. Appendix A. It is
therefore bounded by w < m, — m,. When the slopes of the
quasiparticle branches of ¢ and z in the scale k get very
close to one another during the FRG flow, i.e., when their
difference Ey , — E} , flows through a saddle point, or an
approximate one, the spectral density develops a peak
analogous to a van Hove singularity in the density of states
in the electronic band structure of solids. Such a van Hove
peak is seen in the a; spectral function in the left column of
Fig. 8 for T = 100 MeV and 150 MeV, i.e., in the crossover
region, just below the threshold of the capture process at
w = m, — m,. As the difference between the sigma and the
pion mass tends to zero, this threshold moves to smaller and
smaller energies when the temperature is further increased.

For temperatures around the crossover, the quark mass
drops significantly as well, leading to a shift of the
associated threshold to lower energies and a further broad-
ening of the peaks in the spectral functions. For very high
temperatures pole and curvature masses of the chiral
partners degenerate, and the contribution from the capture
process disappears. The former behavior is due to the direct
link between the mass difference of p and a; with the chiral
condensate [see Eq. (A3)]. The capture process disappears
for the same reason, namely, because the 7z and ¢ masses
also degenerate upon the melting of the condensate. Hence,
the contributions of the dominant mesonic decay processes
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p*—=nm+rm and aj - 7w+ o to the respective spectral
functions degenerate as chiral symmetry gets restored as
well. The same holds for the 7 and ¢ tadpole contributions
shown in Fig. 2. Furthermore, the quarks become the
lightest degrees of freedom and thus give the dominant
contribution to the spectral functions in both channels. All
these effects together result in the complete degeneration of
the spectral functions of p and a; and provide a direct
connection to chiral symmetry restoration.

Turning now to the dependence on the chemical potential
in the right column of Fig. 8, at a temperature of
T =10 MeV, we observe that both spectral functions
remain essentially unchanged from p =0 up to values
close to the critical endpoint, reflecting the Silver Blaze
property as already mentioned in Sec. III B. Near the CEP,
especially the a; spectral function shows sensitive mod-
ifications which are mainly induced by the dropping sigma
mass. The main effect is that the threshold for the process
aj = m+ ¢ moves to smaller energies with another van
Hove peak from an approximate saddle point forming in
Ey . + E;, just above threshold. When hitting the CEP
exactly, which is difficult in a numerical calculation
especially when the mass of the ¢ meson drops so suddenly
close to the endpoint as in Fig. 6, this threshold should be
located exactly at the pion mass since the sigma mass
vanishes completely there. The p spectral function, on the
other hand, shows only small modifications. For very high
chemical potentials and low temperatures we again see a
degeneracy of the p and a; spectral functions. We note that
T =50 MeV and u = 600 MeV were chosen for the last
plot in Fig. 8 in order to avoid the potentially problematic
regime at low temperatures and large chemical potentials
(see the discussion in Sec. III B).

D. Momentum dependence of spectral functions

As an instructive example for their momentum depend-
ence, we show the transverse p and a; spectral functions at
a temperature of 7 =100 MeV and ¢ =0 MeV as a
function of energy and momentum in Fig. 9 (see also
Appendix A).

In the case of the p meson the timelike and spacelike
regimes are clearly separated. While the decay thresholds
of the p* > 7+ and the p* — +y process are
Lorentz-boosted to higher energies as the spatial momen-
tum increases, the spacelike regime, where w < |p|, is
homogeneously filled up by the spacelike processes,
cf. Eq. (E7). We note that in the vacuum the spectral
function would be zero in the spacelike regime.

A similar behavior is observed for the a; spectral
function. The thresholds associated with the timelike
processes are correctly boosted to higher energies, while
the spacelike regime does not show any particular structure
for the a; either. In contrast to the p spectral function,
however, there is no clear separation between the timelike
and spacelike regimes since the process aj +7 — o
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last plot on the right-hand side we chose 7' = 50 MeV and ¢ = 600 MeV in order to avoid a thermodynamically problematic regime in

the phase diagram (see Sec. III B for details).
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FIG. 9. The transverse p (left) and a; (right) spectral functions, p,(w, p) and p, (. p), are shown versus external energy @ and
external spatial momentum p at T = 100 MeV and u = 0 MeV. The timelike regime, @ > |p|, is Lorentz-boosted to higher energies as

the momentum increases, while the spacelike regime, @ < |[3

continuously connects both regions (see also [28]). We also
note that, unlike the threshold for this capture process, the
position of the van Hove peak in the a; spectral function,
which occurs close to this threshold at @ = m, —m, =
300 MeV for |p| =0, remains essentially unaffected at
finite momentum. Rather, this van Hove peak eventually
merges with the structureless spacelike region.

We conclude this section by noting that the momentum-
dependent spectral functions are closely connected to the
real-time propagators and thus also allow access to static
properties of the medium, such as transport coefficients in
the appropriate limits [29].

IV. SUMMARY

Within an effective description for low-energy QCD, we
have computed the in-medium spectral functions of the p
and a; mesons using the FRG method. This allows for a
simultaneous description of the chiral phase structure of
QCD and the behavior of the mesonic spectral functions at
finite temperature and density within a unified framework.
The main question we have addressed here was how the
in-medium modifications of the spectral functions of the
chiral partners p and a; are connected to chiral symmetry
restoration.

To illustrate this, we have used an effective low-energy
model for two-flavor QCD based on a gauged linear sigma
model augmented by dynamical constituent quarks. This
construction was guided by requiring that both the dom-
inant mesonic processes and the phase structure of QCD are
treated on the same footing. Hence, in addition to the chiral
partners, p and a;, we have included the lightest pseudo-
scalar and scalar mesons 7 and o [the latter being identified
with the f,(500) resonance]. The momentum-independent
self-interactions of the scalar and pseudoscalar mesons
have been fully implemented by computing their effective
potential. The leading-order interactions between the scalar

, is homogeneously filled up by the spacelike processes.

and the vector sector have been included by invoking a
gauge principle as in the gauged linear sigma model. The
quark-meson interactions were constructed from QCD-
inspired arguments concerning the dynamical generation
of mesons from RG evolved quark-antiquark interactions in
QCD. As we have demonstrated, this model allows for
the simultaneous description of the chiral phase diagram in
the (T —u) plane and in-medium vector-meson spectral
functions.

We have shown that by crossing the chiral phase
boundary both at large temperature and large chemical
potential, the spectral functions of the p and a; channels
degenerate. The underlying mechanism which drives this
degeneration becomes particularly lucid in the present
approach. The mass splittings of the chiral partners
decrease with the melting of the chiral condensate. As a
result, the decay processes that determine the p and a;
spectral functions degenerate, which finally leads to degen-
erate spectral functions. Furthermore, the decreasing con-
stituent quark mass towards chiral symmetry restoration
triggers the melting of the resonance peaks in the spectral
functions. We have demonstrated this behavior along the
temperature and chemical potential directions of the phase
diagram. As it turns out, the p meson mass stays essentially
constant, while the a; shows a significant mass shift
towards the p when chiral symmetry restoration is
approached. Chiral symmetry restoration is signaled by
the degeneration of the spectral functions accompanied by a
melting of the resonances rather than, e.g., a dropping of
the mass as suggested by Brown and Rho [7]. Hence, our
findings are in favor of the “melting scenario” concerning
the interpretation of experimental dilepton data. This is in
line with the results from phenomenological models [53] as
well as results on the scaling of the vector-meson masses in
QCD [16].

While our model captures the main qualitative features
of the vector-meson spectral functions, there are various
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directions left to be explored in future studies in order to
arrive at a complete physical picture of the signatures of
chiral symmetry restoration in vector-meson spectral func-
tions. The most obvious shortcoming of our model is the
lack of confinement. We show in Appendix D that, while
the qualitative features of the spectral functions remain the
same, the decay into on-shell quarks gives large contribu-
tions to the spectral functions deep in the hadronic phase
where confinement should prevent such processes. In the
present context, confinement manifests itself in positivity
violation of the quark spectral functions (see e.g. [54]), and
this should be accounted for in a more realistic description
of chiral symmetry restoration. The incorporation of gluon
fluctuations, which will certainly become relevant in the
vicinity of the phase transition and at large frequencies/
momenta, is also a crucial step in this direction and may be
incorporated along the lines of [16]. This would also make
the necessity of model parameter tuning obsolete. In order
to capture the full momentum dependence of the propa-
gators, we need to go beyond the classical momentum
dependence considered here. This can be done, e.g., by
including nontrivial wave-function renormalizations in the
gradient expansion of the effective action. It has been
shown in [55] that this reduces the difference between
curvature and pole masses, especially for the light mesons.
Phenomenologically viable spectral functions also require
the inclusion of the feedback of the vector mesons
themselves as well as baryonic degrees of freedom, both
of which have been neglected here. In particular, the fact
that our approach also allows for the computation of
spectral functions at arbitrarily large chemical potential
calls for an extension to include the dynamics of baryons
and nuclear-matter effects in a chiral effective theory that
is capable of describing both the liquid-gas transition of
nuclear matter and the chiral transition in a unified
framework [56]. Several of these issues have been
addressed already within the FRG, showing that this
method is flexible enough to tackle these ambitious tasks
in the future.
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APPENDIX A: DERIVATION
OF FLOW EQUATIONS

In the following we provide further details on our
theoretical setup as well as explicit expressions for the
flow equations (see also [27,28]). The effective potential
only contains the scalar meson, as well as quark-antiquark
fluctuations, and is hence given by solving the flow
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equation obtained by applying the Wetterich equation,
Eq. (12), to the ansatz for the effective action of the
quark-meson model as done in [27,28,30], which yields

KT E, 3 E,
= —— |z—coth =7 | +——coth( =7
1272 [E,m €0 (2T> TEL (ZT

2NN, E,, —
= <tanh< ky ”)
Ey, 2T

+ tanh (%)ﬂ (AI)
The effective quasiparticle energies are given by
Eio= A/ K+ m%‘a, a€{n,o,p,a, v}, (A2)
with effective masses of the quarks and mesons,
mi’” =2U,, (A3)
m3 = 2U, + AU} 3, (A4)
m%,p = m%,v’ (AS)
M0y = My + S5, (A6)
miy, = W45, (A7)

where primes denote derivatives with respect to the chiral
invariant ¢*> = ¢*> + 7* and ¢ = ¢} is meant to be the
global minimum.

Flow equations for two-point functions of vector mesons

transversal and longitudinal to the heat bath are defined as

2).1 1 2
<91<F§{,p)/a1 (p) = mTr[HZLL(P)ak@;&,;/aI (P))fi]v
2). 1 } 2 '
T, (P) = ) 3 T (PO (P

(A8)

where f,g € {1,..,(N7 = 1)} are adjoint flavor indices.
The three dimensionally transverse and four dimensionally
longitudinal projection operators are defined by

0 if uy=0o0rv=20
T.1 -
Hﬂl/ (p) - {5/” _% else,
T, PuPv
H/w” (p) = 5/w - ;)2 - H;v(p)’ (A9)

with
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Pub
I () = T () + 1A (p) = 3, = P20t

(A10)

For vanishing external spatial momentum, p = 0, we find
that longitudinal and transverse parts of the flow equations
coincide,

2),L 2),
akrli,;/al (po) = akrl((,;/”al (Po)-

(A11)

As illustrated diagrammatically in Fig. 2, the flow
equations for the p and a; two-point functions read more
explicitly,

O (po) = T po) — 3 11, = 25 p). (A12)
O (po) = I, (o) + 955, (po) =5
300 = 2028 (). (A13)
The loop functions are defined as
1} o = Tr[ORY ()G s ()T huGrp(@)]. (A14)
I (p) = TH[OR)(q + p)Gry(a + PIT )y
X Gy (@)L Grpla + p)l. (A15)
with a scale-dependent regulated propagator
Gralq) = (TC) + R{(q)) ™. (A16)

The trace includes summations over all internal indices as
well as a loop momentum integration which, for finite
temperature, turns into a spatial integration and a summa-
tion over Matsubara modes.

The regulator function has to be chosen appropriately for
the different types of fields [57]. In this work we use the
following three-dimensional regulator functions:

R (q) = (K> = §)ok> - %), (A17)
RY“(q) = (q) (K> = 30K = %),  (A18)
RY(q) =ig(\/K*/q* = 1)0(Ik2 = 3*).  (A19)

Explicit expressions for the three- and four-point vertices,
Ff) and F,(j), are given by

3 .
re = ihvr's, (A20)
' =iy, (A21)
kw‘l_/llla)]l,,» \%4 i

PHYSICAL REVIEW D 95, 036020 (2017)

(3) : g*c}
gt = 1960k (a0 = q;) <1 -y ) (A22)

\a
r) . =igsu(qh— gk A23
k,Uﬂja’;J. - lg jl(qo— qﬂj)v ( )

4
F/(c,l)r,nkp’j‘./)‘i‘ = ¢*8"(25,;60 — 81 — Sudjx), (A24)
1'*(4) = 2325, .0M (AZS)
k,ao‘a’f'ja‘;.i = 2470407,
4

F/E,i)rlnka']’.ja‘]’j = 925MD(5ik5jl + 5i15jk)- (A26)

The flow of the scale-dependent coupling mz.v is defined
by projecting on the p mass in the following way:

1 &0,
Ouny = 53—y e (- 0001 )
RV (N2 =)0\ Sl

$d=go
— 2

= Omi . (A27)
We note that in our approach the Euclidean curvature mass
of the p meson is given by the vector-meson coupling m y;
thus, their flow equations coincide.

APPENDIX B: ANALYTIC CONTINUATION
AND SPECTRAL FUNCTIONS

In order to obtain flow equations for real-time (retarded)
two-point functions, an analytic continuation from imagi-
nary to real energies has to be performed. We use the
following two-step analytic continuation procedure which
was developed in [27,28] for the FRG. In a first step the
periodicity of the bosonic and fermionic occupation num-
bers, which result from the Matsubara summation over the
loop energy, w.r.t. the discrete external Euclidean energy
Pos 1s exploited, i.e.,

npr(E+ipg) = np p(E). (B1)
In a second step the Euclidean energy p, is replaced by a
continuous real frequency @ in the following way,

lim (B2)
where the limit e — 0 can be taken exactly for the imaginary
part of the two-point functions (see Appendix C), while for
the real part we use a small value of ¢ = 0.1 MeV or
€ = 1 MeV in our numerical implementation.

The flow equations for the retarded two-point functions
are then solved using the grid method with the initial values
given by

2), - . N
I (. p) = (w+ie)> = p>—m} . (B3)
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Iﬂ(2),R

Aay (w’ ;)) = (CO + i€)2 - Z?Z - m%\,al' (B4)

The spectral functions are essentially given by the
imaginary part of the retarded propagator,

p(.5) = = ImGH (. 7). (85)

which can be expressed in terms of the retarded two-point
function as

- 1

ImC R (w, p
plw,p) oY)

7 (ReT DR (w0, ) + (IMT R (o, )

APPENDIX C: ANALYTIC IMAGINARY PARTS

The limit € — O in the definition of the retarded two-
point functions, Eq. (B2), can be performed analytically for
the imaginary part of the two-point functions in the
following way. For simplicity, we discuss here the case
of vanishing external spatial momentum. First we note that
the imaginary parts of the retarded two-point functions are
obtained from those of the prefactors of the loop functions
in Appendix F with Dirac-Sokhotsky identities,

1
limlI —né(w — E, £ E;),
el_>om<w+i€—Ea:|:Eﬂ>_) mo(w — Eq £ Ey)
1
liml §(w—E, + Ejp).
Jf&m<(a)+ie—EaiEﬂ)2>_)” (0= E, £ Ey)

Expressing these delta functions in terms of k, the flow
equations for the imaginary parts of the retarded two-point
functions then collapse to the k = k values which solve

T=0MeV, u=0MeV
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w_Ek,aj:Ek,ﬂ :O, (Cl)

so the integrated flow equations reduce to the following
form,

/ ™ gkdmr? — / " k(£ (k)5 — ko)

kuy kuy
+ g(k)&' (k — ko))

= —f(ko) + ¢ (ko). (C2)
where the generic functions f(k) and g(k) contain the
derivatives E} , & Ej ; of the quasiparticle energies w.r.t.
the momentum scale & in the denominator which gives rise
to the van Hove singularities at saddle points.

An analogous procedure is possible at finite external
spatial momentum.

APPENDIX D: REAL AND IMAGINARY PARTS
OF RETARDED TWO-POINT FUNCTIONS

As described above, the real and imaginary parts of the
flow equations for the vector-meson retarded two-point
functions are solved separately. In the following we present
results for these parts and their compositions. The zero
crossings of the real parts are used here to define the mass
of the particle. It agrees with the physical pole mass of a
stable particle, if the imaginary part is zero at this energy as
well. Otherwise it locates, at least approximately, the peak
of a resonance whose width is determined by the imaginary
part of the corresponding zero of the retarded two-point
function on the unphysical Riemann sheet.

In Fig. 10 the real (left) and imaginary parts (right) of the
vacuum p and a, retarded two-point functions are shown.
The real part of the p retarded two-point function shows a
zero crossing at w = 789.3 MeV. The related imaginary

T=OMeV,/J=0MeV

0 200 400 600 800 1000 1200 1400
w [MeV]

0
0 200 400 600 800 1000 1200 1400
w [MeV]

FIG. 10. Real (left) and imaginary (right) parts of the retarded two-point function of the p (blue) and a, (dashed red) meson vs external
energy w at T =0 MeV and y = 0 MeV. The different contributions to the imaginary parts are shown by light dashed lines (right):
p*/a; — yw + (upper dashed lines) and p* — 7z + x for the p meson and a — 7 + o for the a; meson (lower dashed lines).
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FIG. 11. Spectral functions of the p (blue) and a; (dashed red) meson at 7 = 0 MeV (normal color) and 7 = 150 MeV (light color),

both for vanishing chemical potential in linear scales with (left) and without (right) a quark-antiquark decay channel.

part begins to increase significantly when the quark-anti-
quark decay becomes possible at around @ ~ 600 MeV; the
p peak is hence strongly suppressed. For the a; meson, this
suppression is even stronger since the real part has a zero
crossing at w = 1274.7 MeV where the imaginary part
already assumes large values.

In order to see how strong the particular processes
contribute to the imaginary part, these contributions are
plotted separately on the right in Fig. 10. We see that for
the p as well as for the a; imaginary part, the quark-antiquark
decay process dominates clearly over the mesonic decay
processes, even in the vacuum, where physically this decay
should not be possible. However, in our approach this process
is naturally present since we have no mechanism which
describes confinement, and it therefore needs further inves-
tigations about how it can be suppressed or even removed in a
physically reasonable way of modeling confinement.

To isolate the effects of the quark-antiquark decay channel
in the spectral functions, Fig. 11 shows the full p and a,
spectral functions (left) in comparison with spectral

T=0MeV, y=0MeV

1
1
1
I
I
1

0 200 400 600 800 1000 1200 1400
w [MeV]

FIG. 12. Vacuum spectral functions of the p (blue) and a,
(dashed red) meson without a quark-antiquark decay channel.

functions where the quark-antiquark contributions have
been removed by hand from the imaginary parts of the
two-point functions (right) in the vacuum and at 7 =
150 MeV for vanishing chemical potential, here both
plotted on a linear scale. The increasing temperature
leads to a melting, especially of the p meson spectral
function, and a shift of the pole mass peaks towards each
other in both cases. Additionally, due to the thermal capture
process, in the a; spectral function a small peak arises
for lower energies. Without the quark-antiquark decay
channel, the peaks are less suppressed and concentrated
around the masses defined by the zero crossing of the real
part. As shown in Fig. 10 on the right, the quarks above
threshold give by far dominant contributions to the imagi-
nary parts and therefore shift the positions of the mass
peaks in the spectral functions as well, which can be seen
by comparing both sides in Fig. 11. For a better com-
parison with Fig. 8 in the main text, the vacuum spectral
functions without the quark-antiquark decay channel are
also plotted on logarithmic scales in Fig. 12. Here we see
broad peaks concentrated around the pole masses of the p
and a; mesons.

APPENDIX E: AVAILABLE PROCESSES

In this section we summarize and discuss the different
scattering and absorption or emission processes that can
occur within our framework. We divide these processes
into timelike and spacelike types. Timelike processes
involve off-shell particles with a total energy @ that is
larger than their spatial momentum |p|, i.e., ® > |p|, while
spacelike processes involve a particle excitation with
w < |p| (see Fig. 13).

The available timelike processes for an external off-shell
p meson, denoted as p*, are given by

promtm, @24/ (2m)+p°,  (El)
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\\p* \.a’f
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Collection of the possible timelike, p?> = w?> — p*> > 0, and spacelike, p*> < 0, processes. Asterisks denote off-shell particles

with total energy @ and spatial momentum p, while others represent on-shell particles from the heat bath. First column: Timelike decay
channels for the p meson. Second column: Timelike decay channels for the a; meson. Third column: Absorption of a spacelike p
excitation. Fourth column: Absorption of a spacelike a; excitation. In addition, particle-hole excitations on the Fermi surface of (anti)

quarks are possible (see text for details).

prowty, w24/2m,)?+p%  (E2)
where the kinematic constraints follow from energy con-
servation. We note that particles without asterisks represent
on-shell particles and that their masses are given by the
Euclidean masses in our truncation. Moreover, if there are
particles available from the heat bath, the inverse of the
above processes is also possible, giving rise to an equilib-
rium between direct and inverse processes. The correspond-
ing statistical weight factors can be easily read off from the
corresponding loop functions (see the discussion in
Appendix F).
The timelike processes for an aj meson are given by

a; - o+, wz\/(m,,+m,,)2+132, (E3)
72
ai+n—-o0, |p|<w<(m,—m,) 1—|—m, (E4)
2
Gitoon [flsosm-mn/1+l, (B
ai =@+, ox,/(2m,)*+p>  (E6)

with Am? = (m, —m,)*. The first and last processes
describe standard decay channels, while (E4) and (E5)
describe capture processes which are only possible if there
are particles from the heat bath available and if the
kinematic constraints are fulfilled. In general, only the

capture process aj + 7 — o is possible since the pion mass
is usually smaller than the sigma mass.

We now turn to the spacelike processes which, in the
case of the p meson, are given by

pr+r—-a=x

X (E7)
Pt oy

}05w3m|

where y represents both quarks and antiquarks. These
processes describe the absorption or, when considering the
inverse processes, the emission of a spacelike p meson.

Similarly, the spacelike processes for the a; meson are
given by

ay+o—n
0<w<|p

a+r—o . (E8)

ajt+w -y

with y again representing both quarks and antiquarks. We
note that all spacelike processes are only possible if there
are particles from the heat bath available.

In addition to the processes discussed so far, particle-
hole excitations of quarks or antiquarks are also possible at
finite chemical potential as soon as a Fermi sphere starts
building up. These processes can be induced by an external
p or a; meson with an energy-momentum configuration
that allows for an excitation of particle-hole pairs in the
vicinity of the Fermi surface (see also Appendix F). These
particle-hole processes lead to interesting phenomena such
as long-wavelength collective excitations such as sound
waves, which will be discussed in future applications of our
approach.
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APPENDIX F: EXPLICIT EXPRESSIONS
FOR THE LOOP FUNCTIONS

In this section we provide explicit expressions for the
loop functions appearing in the flow equations for the
retarded two-point functions (cf. Appendix A).

The loop functions are written in a form that allows for
an easy interpretation in terms of physical processes. We
divide these processes into three categories: vacuum
processes, capture processes, and particle-hole processes.
Processes that can occur in the vacuum are associated with
statistical weight factors of the form

(1 + ng(Eq)) (1 + ng(Ep)) — ng(E,)ng(Ep),

which relates to the process @ — E, + Ej and its inverse
process E, + Ez — w. Capture processes are only possible
when there are particles from a heat bath available. They
carry weight factors like

ng(Eq)(1+ ng(Eg)) — ng(Ep)(1 + ng(E,))

and correspond to processes like @ + E, — E; and its
inverse. Particle-hole processes are proportional to the
derivative of the occupation number, e.g., n;(E,).

The momentum-independent loop functions Iy ,/, only
contribute to the real part of the retarded two-point
functions. They are given by

k492

ikz,p = 3E2,ﬂﬂ2 [1 + 2nB(EkJT) - 2Ek.7rn$9(Ek.7r)]7
k4gz

1§, = —5 (1 +2n5(Erq) = 2E; o0 (Era)],

k.ay 6E; ,*

with @ € {7,0}.

The momentum-dependent loop functions Jy ,/, (@)
contribute to both the real and imaginary parts and therefore
encode information about possible decay processes. Split
into contributions related to the different processes, they are
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listed in Egs. (F4)—(F6). For the sake of simplicity we drop
the external spatial momentum dependence here. In this
case the theta function in the regulator functions,
Egs. (A17)-(A19), has to be evaluated numerically. For
the external energy @ we use the notation w, — o + ie.

The loop function Jgj)(w), Eq. (F4), describes the decay
of an off-shell p meson into a pion pair, p* — 7 + 7, and its
inverse process 7 + & — p*. The imaginary part of these
processes is nonvanishing when it becomes energetically
possible, e.g., w > 2E; , for the former process. The
mesonic decay channel for the a; meson is described by
the loop function Jz_ﬁu] (w), Eq. (F5), with a, p € {n, 0}, but
distinguished. Here we also have the vacuum processes
a; — a+ pand a+ f — aj but also capture processes as
described above. These processes are of the form aj +
a/f — p/a and are described by single occupation num-
bers inB(Ek,a/ﬂ). For T — 0 these contributions vanish
completely, in contrast to the vacuum processes. The
mesonic decay in a quark-antiquark pair is described by
the loop function J}" (@), Eq. (F6). Here we also have the
vacuum process p*/aj -y -+ and its inverse
v+ — p*/aj. The form (1 —ng(E;,)) reflects Pauli
blocking: Available states for the decay products are
suppressed since there are real fermions in the heat bath.

The coefficients E\%, £\ and Egalz are defined by

E) =8k + L), (F1)
ES) =8m?, — L\, (F2)
EY) = —ap? , = 8ml, + L, (F3)

with L = 12m}, and L") = 0.

Additionally, there are terms proportional to a derivative
of an occupation number which are connected to particle-
hole processes.

k6 2 .4
F (o [Pl =0) = ——— T Tho (1 4 2np(Ey ) — Erarly(Er )]
» (0, —2E;,) 15ﬂ2E2y”m2’a1 ' ’ ’
1 ko g?mi
+ L—[1 4 2ng(Ey ;)]
(0, —2E;,)? 152°E} ;m} . BTk
L 4 2ng(E, ) — E, .no(E
+(0)++2Ek,”)15ﬂ'2E27”m2{a1[ + nB( k.l[) k.lrnB( k,n)]
1 kogmy |

+
(04 +2E,)* 157°E} my

[1+2np(Exz)). (F4)
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N 1 k6gz
T 0171 = 0) = 4 (ot [ () 4 1a(Eig) = BB
" P a—k,
1 k6g2
1 E E
T (@) + B+ By 02°E2 Ey 1+ n5(Bra) + np(Eip)]
! (1 4 np(Er) + (o) — Bty B
- n n - n
(w+ —Ej,— Ek,ﬁ) 30”2E2,aEk,[i B\=k,a B\Ekp kal'p\Ek.a
1 k692
oy —Era— By 02°E2 Ey [T+ n5(Era) + 15 (Erp)]
a . ™k,
1 kS g
E. ) — E, ;)—E, n%(E
+ (C()+ - Ek,{l + Ek,/}') SOﬂzEz’aEkﬁ [nB( k.a) nB( kﬁ) k,(lnB( k,(l)]
1 k692
—ng(E E
i (@) = Eo + Erp)* 30m°E} JEp =1 (Eea) 1 (Eep)
1 k692 /
* (CU+ + Epq—E; ﬁ) 307[2E2 Ekﬁ [_nB (Ek.a) +ng (Ek,ﬁ) + EkﬂnB (Ek.a)]
’ * a 5
1 k692

Jr
(C()Jr + Ek,a - Ek’ﬂ)z SOEZE%_aEk,/)’

[=ng(Eq) + ng(Ep)l, (F5)

7 - 1 Kh2 -,
Jia(@,|p] =0) = “@l )67127]; [Eg’,z(n}(Ek’v, +p) — 0 (Epy — )]
+ kay
1 Khy o - i
— (w+ — 2Ek‘v/) 67[2E2.W [Ezk(l nF(Ek,y/ - /’t) - nF(Ek,l// + ,M)) - Ekle/El,kn/F(Ek,y/ —+ ﬂ)]
1 k4h%/ (a)
E(1 = np(Ey,, —p) — np(E
2, ForEr, Lkl = nr(Ery =) =By + 1)
1 k4h%, = (a) (&)
Ey(1=ny(E —np(E — E B\ (E
* (a)+ +2Ek,lll) 6”2Ek,y/[ 2k( nF( ky 'u) nF( ky +,Lt)) k. l,knF( ko ﬂ)]
1 k4h%/ ()
- E7 (1 - E, —u)— E ) F6
(w++2Ek,u/)26n2E2,y,[ Ll = np(Ery — ) = np(Epy + )] (F6)
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