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Quark matter in strong magnetic fields
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Abstract. In the present work we are interested in understanding various properties of
quark matter described by the Nambu-Jona-Lasinio (NJL) model once it is subject to strong
magnetic fields. We start by analysing the possible different phase diagram structures. Sec-
ondly, we investigate the differences arising from different vector interactions in the La-
grangian densities and apply the results to stellar matter. We then look at deconfinement
and chiral restauration properties at zero chemical potential with the (entagled) Polyakov
NJL models. Finally, we investigate the position of the critical end point for different chem-
ical potential and density scenarios.

1 Motivation and Results

The study of the QCD phase diagram, when matter is subject to strong external
magnetic fields has been a topic of intense investigation recently. The fact that
magnetic fields can reach intensities of the order of B ~ 10'? G or higher in heavy-
ion collisions [1] and up to 10'® G in the center of magnetars [2] made theoretical
physicists consider matter subject to magnetic field both at high temperatures
and low densities and low temperatures and high densities. We describe quark
matter subject to strong magnetic fields within the SU(3) (E)PNJL model with
vector interaction:

L= LI_)f ﬁ'YuDu _fhf]lbf + Lsym + Ldet

b Loee U (0,8;T) — %prw, (1)

with

8
[fsym =G Z [(J)f}\albf)z + (J)fi'y5)\a¢f)z] )

a=0
Laer = —K {dets [Os(1 4 v5)¢] +dete [Ge(1 —vs5)be] },
where P = (u, d, s)" represents a quark field with three flavors,

Mme = diagf(mu) mg, ms)

is the corresponding (current) mass matrix, Ag = 1/2/31 where I is the unit matrix
in the three flavor space, and 0 < Ay < 8 denote the Gell-Mann matrices. The
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coupling between the magnetic field B and quarks, and between the effective
gluon field and quarks is implemented via the covariant derivative D* = 0" —
iqeAfy — 1AM where gy represents the quark electric charge, ASM = §,,x1Bisa
static and constant magnetic field in the z direction and F,,, = 9,A5M —9,ATM.
To describe the pure gauge sector an effective potential i/ (@, ®; T) is chosen:

u ((DT’?;T) = —a(zT) QD + b(T)n [1 - 60D +4(D° + ©3) —3(dD)?],

where a(T) = ao + a7 (£¢) + a2 (¥)2, b(T) = b3 (%)3 The standard choice
of the parameters for the effective potential ¢/ is ap = 3.51, a1 = —2.47, a; =
15.2, and b3 = —1.75. Besides the PNJL model, where G denotes the coupling
constant of the scalar-type four-quark interaction in the NJL sector, we consider
an effective vertex depending on the Polyakov loop (G(®, ®@)): the EPNJL model.
This effective vertex

G(0,0) =G [1— o1 @D — ox (D3 + D3)]. )

generates entanglement interactions between the Polyakov loop and the chiral
condensate.

As for the vector interaction, the Lagrangian density that denotes the U(3)v®
U(3) o invariant interaction is

8
Lvee =—Gv ) [(0y*"Aah)® + (Dy*yshah)?] . 3)

a=0

and a reduced NJLv Lagrangian density can be written as
Lyec = _GV(II)Yud))Z- (4)

In the SU(3) NJLv model, the above Lagrangian densities are not identical in a
mean field approach and we discuss both cases next. We refer to the Lagrangian
density given in Eq. (3) as model 1 (P1) and to the Lagrangian density given in
Eq. (4) as model 2 (P2).

Our first task was to analyse the possible different phase diagram structures
at zero temperature. We have seen that the number of intermediate phases de-
pends on the number of jumps appearing in the dressed quark masses, which in
turn, depend on the number of filled Landau levels. The chiral susceptibilities, as
usually defined, are different not only for the s-quark as compared with the two
light quarks, but also for the u and d-quarks, yielding non identical crossover
lines for the light quark sector. A typical diagram is shown in Figure 1 and de-
tails are given in Ref. [3]. Next, the effect of the vector interaction on three flavor
magnetized matter was studied for cold matter within two different models usu-
ally found in the literature, a flavor dependent (P1) [4] and a flavor independent
one (P2) [5]. We have seen that the flavor independent vector interaction pre-
dicts a smaller strangeness content and, therefore, harder equations of state. On
the other hand, the flavor dependent vector interaction favors larger strangeness
content the larger the vector coupling, as can be seen in Figure 2. At low densities
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Fig. 1. Phase diagrams in the eB — u plane.
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Fig.2. The strangeness fraction as a function of the baryonic density for models P1 and P2
and different values of Gy, and a) B = 0; b) eB = 0.3 GeV?.

the magnetic field and the vector interaction have opposite competing effects: the
first one softens the equation of state while the second hardens it. Quark stars
and hybrid stars subject to an external magnetic field were also studied. Larger
star masses are obtained for the flavor independent vector interaction and max-
imum masses of the order of 2 Mg, can be achieved depending on the value of
the vector interaction and on the intensity of the magnetic field. Hybrid stars may
bare a core containing deconfined quarks if neither the vector interaction nor the
magnetic field are too strong. Also, the presence of strong magnetic fields seems
to disfavor the existence of a quark core in hybrid stars. Mass radius curves for
quark and hybrid stars can be seen in Figure 3. Details and quantitative results
are given in Ref. [6].

Then, we move to finite temperature and study the behavior of the quark
condensates at zero chemical potential within three flavor PNJL and EPNJL mod-
els. We have shown that the chiral and deconfinement transition temperatures
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Fig. 3. Mass radius curves obtained with P2 for different values of Gv, two intensities of
the magnetic field, parametrization RKH for a) quark and b) hybrid stars.

increase in the presence of an external magnetic field and that, at T = 0 the quan-
titative behaviors of SU(3) PNJL and EPNJL are closer to the lattice results. The
effect of the magnetic field on the EPNJL deconfinement and chiral transition
temperatures is such that the existing coincidence at eB = 0 is destroyed by the
magnetic field. For finite temperatures, the inverse magnetic catalysis found in
lattice calculations can be obtained if the the magnetic field back-reaction on the
Polyakov loop is taken into account by a magnetic field dependent scale parame-
ter To. Details about these results are given in Ref. [7].

Finally, the location of the critical end point (CEP) on the QCD phase dia-
gram was calculated within different scenarios with respect to the isospin and
strangeness content of matter, as shown in Figure 4 left for non-magnetized mat-
ter. It was shown that for B-equilibrium matter the CEP occurs at smaller tem-
peratures and densities. This scenario is of interest for neutron stars and confirms
previous calculations that indicate that a deconfinement phase transition in the
laboratory will be more easily attained with asymmetric nuclear matter. A more
interesting situation was observed when analyzing very isospin asymmetric mat-
ter subject to different intensities of the magnetic field, as seen in Figure 4 right.
Starting from a scenario having an isospin asymmetry above which the CEP does
not exist for a zero external magnetic field it was shown that a sufficiently high ex-
ternal magnetic field could drive the system to a first order phase transition. The
critical end point occurs at very small temperatures if eB < 0.1 GeV? and, in this
case, a complicated structure with several CEP at different values of (T, ug) are
possible for the same magnetic field, because the temperature is not high enough
to wash out the Landau level effects. For eB > 0.1 GeV? only one CEP exists.
This is an important result because it shows that a strong magnetic field is able
to drive a system with no CEP into a first order phase transition. More details are
given in Ref. [8].
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Fig.4. Left - Location of the CEP on a diagram T vs the baryonic chemical potential un-
der different scenarios and models (NJL, PNJL). No external magnetic field is considered.
Right - Effect of an external magnetic field on the CEP location within PNJL model for
three different scenarios.
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Kvarkovski propagator v coulombski umeritvi kvantne
kromodinamike

Y. Delgado®, M. Pak®, M. Schrick®

¢ Institut fiir Physik, Karl-Franzenz Universitdt Graz, 8010 Graz, Austria
® Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Roma Tre, Rome, Italy

Proucujemo kvarkovski propagator na konfiguracijah gasenega umeritvenega po-
lja v coulombski umeritvi. Pri tem uporabimo kiralno simetri¢ne “prekrivalne
fermione”. V tej umeritvi lahko poveZemo “funkcijo oblatenja” kvarkovskega
propagatorja s priporom in kiralno simetrijo kromodinamike. Pripor lahko pripi-
Semo infrardece divergentni vektorski “funkciji oblacenja”. Izvrednotimo “funk-
cije obla¢enja” kvarkovskega propagatorja, razberemo dinami¢no maso kvarka
in ekstrapoliramo vse te koli¢ine proti kiralni limiti. Kon¢no razpravljamo, kako
se odstranijo nizke Diracove ekscitacije.

Mase oblecenih kvarkov in barionska spektroskopija

W. Plessas
Theoretical Physics, Institute of Physics, University of Graz, A-8010 Graz, Austria

Prikazemo hierarhijo mas oblecenih kvarkov, ki prevladujejo v efektivnih mod-
elih kvantne kromodinamike, zlasti v relativisticnem modelu z oble¢enimi kvarki.
Opazimo, da je preseZek dinami¢no generirane mase nad golo maso bolj ali manj
neodvisen od okusa kvarkov in znasa Am ~ (370 + 30) MeV. Podobne vrednosti
dajo tudi alternativni efektivni opisi barionske spektroskopije, na primer Dyson-
Schwingerjev pristop.

Primerjava jedrskih potencialov za hiperon Lambda in za
nukleon

Bogdan Povh® in Mitja Rosina®¢

¢ Max-Planck-Institut fiir Kernphysik, Postfach 103980, D-69029 Heidelberg, Germany

b Fakulteta za matematiko in fiziko, Univerza v Ljubljani, Jadranska 19, p.p.2964, 1001
Ljubljana, Slovenija

¢ Institut J. Stefan, 1000 Ljubljana, Slovenija

Raziskujeva verjetni mehanizem, zakaj ¢uti hiperon A dvakrat $ibkejse jedrsko
polje (okrog —27 MeV) kot nukleon (okrog —50 MeV).



