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A thermo-magnetic bag model for the quark-gluon plasma
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In this work we study the pressure of the quark-gluon plasma in the presence of a magnetic field, using a minimally enhanced model of
a weakly interacting gas of quasi-particles in a thermal bath. We include the magnetic field effects through the quark mass that has beer
modified using a recently proposed thermo-magnetic coupling. This thermo-magnetic coupling emerges form the quark-gluon vertex in the
HTL approximation [1]. We use Lattice QCD [2] data, to constrain the thermo-magnetic bag function of the quasi-particle model and provide
an estimate of the thermo-magnetic vacuum energy density. We then compute the transverse pressure of the system and compare with simil
results from the literature. We find that this thermo-magnetic coupling allows a robust description of this Lattice QCD data for the pressure
of the QGP in the presence of a magnetic field. The extension to the thermal quasi-particle model we have introduced here, makes it easie
to pursue further phenomenological studies that require simulations with an EoS that has integrable quasi-particle thermodynamic variables
which have the general features of lattice data in the weak magnetic field regime.
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1. Introduction bility of thermal QCD matter using lattice simulations was
obtained and reported in Ref. [2]. There, the authors found
The quest to produce and characterize the quark-gluogiamagnetic behavior (negative susceptibility) at low tem-
plasma (QGP) in heavy-ion colliders, provides a real possiperatures and strong paramagnetism (positive susceptibility)
bility to probe extreme phenomena occurring during the earlyat high temperatures, which was reported with a quite sim-
stages of this fireball of strongly interacting fluid-like mat- ple parametrization of the temperature- and magnetic field-
ter (for a review, see [3] and references therein). These eXependence of thermodynamic properties. This has allowed
periments involve the acceleration and interaction of heavyys to report here an extended phenomenological model, a
ions, which create the right conditions for intense magnetighermo-magnetic quasi-particle model to study the longitu-

fields to be produced not only by the spectator nuclei, butiinal and transverse pressure of the QGP-like system.
also by the swirly QGP created in the overlapping region [4-

12]. These dynamic magnetic fields may impact the QGP  Together with the lattice approach, there are field theo-
evolution at different stages and they may lead to spin alignretical treatments of QGP-like systems involving quarks and
ment and polarization [13-16], magnetic catalysis and inversgluons at finite temperature and in the presence of magnetic
magnetic catalysis, chiral magnetic effect and charge segrdields. In the literature, the study of QGP-like systems us-
gation, and many other interesting phenomena [2,17-21]. ling large values of the temperature and/or the magnetic field,
the heavy-ion community there are diverse efforts in the dehas been reported using a wide variety of frameworks: per-
velopment of experimental protocols and phenomenologicalurbation theory, chiral perturbation theory, the Hard Ther-
studies to find signatures of these magnetic fields in the usuahal Loop (HTL) approximation and effective models [31-
and new observables [22-26]. 43]. In particular, there is an approach that naturally in-

One of the crucial tools to learn about the behaviour ofcludes the plasma screening effects [44] that arise in these
strongly-interacting quarks and gluons under extreme conkind of extreme conditions. In fact, as part of the HTL ef-
ditions of temperature and external magnetic fields, is tdorts, in Ref. [1] the HTL approximation was implemented
study Quantum Chromodynamics (QCD) in a constant backto get the leading behavior of the QCD coupling for weak
ground magnetic field using lattice simulations [2,27-30].magnetic fields at high temperature, where the fermion mass
This framework provides an in-depth quantitative knowledgeacts as the infrared regulator. In their calculation, the thermo-
of the QCD equation of state (EoS). It connects the highmagnetic dependence of the QCD coupling is extracted from
temperature phase with quarks as relevant degrees of frethe quark-gluon vertex in the weak field approximation. Un-
dom, with the low temperature phase where light hadrongler this approximation, the magnetic field strength is smaller
dominate the dynamics. Thus the EoS encodes the effecthan the square of the temperature, but it does not imply a
of the external magnetic field in the so called magnetic sushierarchy with respect to other scales in the problem such as
ceptibility of the medium. Recently, the magnetic suscepti-the fermion mass.
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In this work we use a quasi-particle picture to study thewritten as
thermodynamical properties of the QGP in the presence of a oo A
magnetic field by including these effects through an effective  y(T") = V—g2 dk C(T) fe(EY) —7
mass for the quarks. The key ingredient to get this effective 67 By
mass is the thermo-magnetic coupling reported in Ref. [1]. -
Then we use Lattice QCD data [2] to constrain the thermo- 2N, Ny o Kt
magneticbag function to be able to study the longitudinal + 372 Z/dk c(T) fD(Ek)ﬁ -B(T), @
and transverse pressure of the system. We then compare to =10 i
similar results in the literature and we comment on the conwherey, = 2(N2 — 1) is the gluon degeneracy facta¥,.
sequences of the proposed thermo-magnetic coupling usefle number of colorsN; the number of flavors and the
here. Fermi-Dirac and Bose-Einstein distributions at zero chemi-

The work is organized as follows: In Sec. 2 we review cal potential argfp (E) = (exp(E/T) 4+ 1)"" and fp(E) =
a successful quasi-particle model that includes confinemerexp(E/T)—1)~", respectively. The thermal effects are also
and in Sec. 3 we perform a minimal extension to this modeincluded in the single particle energy for quarks and gluons,
so that it now includes thermo-magnetic effects. In Sec. 4IVen as
we compare the pressure from the thermo-magnetic quasi-
particle model with recent Lattice QCD in a magnetic field
data and extract a thermo-magnetic bag function. We thewherem, ,(T) are the quark and gluon effective masses gen-
use the newly build thermo-magnetic pressure that includesrated dynamically by their interaction in a heat bath at tem-
a bag function, to report on the corresponding longitudinaperaturel’. The thermal masses are obtained from the self-
and transverse pressure. Finally in Sec. 5 we summarize oghergies of the corresponding particles, evaluated at thermal
results and comment on future avenues to pursue using thigomentak ~ T as

0

Bl =k +m2 (T), 2

thermo-magnetic quasi-particle model. ) ) ™
mq(T) =mgs, +Cr ZG (1), 3)

N\ T2
| | | i = (car ) Foem. @

2. Review of a self-consistent thermal quasi- ' 2) 6

particle bag model where the Casimir color factors for the fundamental and ad-

joint representations atgr = (N2—1)/2N.andC4 = N,,

. . . . respectively, andng, is the zero-temperature bare quark

In their seminal work R.A. Schneider and W. Weise [31] de- , 1 . . .

veloped a framework which allows for a quasi-particle de-Mass: The _d_|menS|onI(_ess effective coupligr’) includes
o . . a pseudo-critical behavior when the heat bath temperdture

scription of QCD thermodynamics. They built a successfula roximates a critical temperatufe

guasi-particle interpretation of QCD EoS at finite tempera- PP P

ture for the deconfined phase, using thermal masses and a 2(7) = gt 1+ 6] T. °h ®)

phenomenological parametrization of the onset of confine- ~ 11N, — 2Ny T ’

ment, in the vicinity of the predicted phase transition. OneThe constant

d d the th | 0 ising in the OGE and the characteristic exponeftare cho-
way to understand the thermal excitations arising in the QGlop, ¢4 asymptoticall#(T) makes the thermal masses

as a result of the strong interactions between quarks an Egs. B) and @) match those of the Hard Thermal Loop
gluons, implies a departure from ideality in model-building. HTL) pérturbative form, wher > T, and are extracted

From a qgalntum %omr of VIEW, t'lhese ?xgltatlr(l)ns arepca;:le rom fits to Lattice QCD data [27—-30]. Note also that the ther-
quasi-particles and play a similar role in the QGP thany, .| nasses have a functional critical behaviony,, (T') ~
phonons in a solid. This allows for a model description of .. _ ), aroundT, '

the QGP as a gas of quasi-particles with effective masse Furthermore, this quasi-particle model of the QGP at fi-

which depend on thermodynamic variables and the magnetig;q temperature, proposes that the general thermodynamic

field [31,45-49]. features of this strongly interacting plasma, can be described
In order to study the thermodynamic properties of thein terms of effective degrees of freedom that include a statis-

QGP in the presence of a magnetic field, we will include thetical parametrization of confinement through

relevant features of both confinement and thermo-magnetic 7 B

effects on the mass and strong coupling into the framework C(T, ;= 0) = Cy ({1 + 60 — 0) ’ (6)

of Ref. [31], which allows for a quasi-particle description of T

lattice QCD thermodynamics. In Ref. [31] the starting pointwhere the parameters,, j. and 3. are also extracted with

is the pressure, which is an account of the free energy of &ts to Lattice QCD data [27-30]. This implementation of

large volume and homogeneous system, which is obtainedonfinement in a statistical system, provides a numerical

via the partition function for an ideal gas of relativistic quasi- strategy to include effects due to the number of thermally ac-

particle fermions and bosongT = J1n Z/0V and can be tive gluons as a function of temperature. This implementation
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is certainly not unique, since confinement could emerge di-
rectly from an effective coupling. The model we will present o

in the next section provides a platform to implement more so- v 4 k>
P P P (1) = o7 [ aen |

K + mZ(T)]

phisticated confiment models. This is work in progress, and ©oomeT 3 ETi
it will be reported elsewhere. 0
. . Ny 2
In the work we report here, we will extend this model 2N, o |40 9 k
and we will test our results usiny, = 3 andN; = 2 and ter Z/dkC(T)fD(Ek) {3]{ +mq(T)} EY
the parameter fit corresponding Szt B as reported in Ta- =10
ble | of Ref. [31]: go = 9.4, 3 = 0.1 andé = 10~5. For the o0
parametrization of confinement, we will uég = 1.03, 6. = e(T) = % /dk; O(T) fp(EY) k* EY
0.02, 5. = 0.2. Also, in the rest of this work we will use the g 0
pion massn, = 0.139 GeV as the proxy scale to explore the N, o0
dynamics forl. ~ m. n 21\;} Z/dk C(T) fo(EY K2 B+ B(T), (9)
In this thermal quasi-particle model, the thermodynamic ™ = A

consistency is achieved in the way the energy and entropy

densities are built together with EAL)( First note that, the Provide a complete thermodynamic description of the sys-
pressure in Eq/1) has been modified by subtracti®(7’), ~ tem. In Eq. l) the bag termB(T’) acts as a negative pres-
abag function This function acts as a background field, andsure, butin Eq.9) it adds to the energy density of the quasi-

it is a negative (positive) contribution to the pressure (energyarticles, so it can be interpreted as the thermal energy den-
density) insidethe bag thus creating a confining mechanism Sity of the Yang-Mills vacuum. One of the popular features
that is not emerging dynamica”y, but rather is put in by hand_Of this model EoS is that it has no free fit parameters once the
Also, as we will see in a moment, it helps maintain thermody-non-perturbative thermal behaviour of the quark and gluon
namic consistency since the quark and gluon thermal massé&asses are fixed. The confinement faatdf’) in Eq. (€)

in Egs. B) and @) have non-trivial dependence on the tem-then emerges from the ratio of the entropy density of Lat-
perature. tice QCD and the entropy density calculated with the ther-

mal masses. In this way3(7T) is fixed through the Gibbs-

A tool to monitor the thermodynamic consistency for a pyhem condition and we can recover the HTL results when
system at finite temperature and chemical potential is th@(T) — 1, beyond the critical temperature.

Gibbs-Duhem relation in which the particle numb€r en-

tropy S and volumeV of the system, are related through . . .

changes in their corresponding conjugate variablegy =  3- A quasi-particle bag model with a thermo-
—S dT + V dP. In this work we focus on systems with magnetic coupling

zero chemical potential so the Gibbs-Duhem relation simpli- ) . . ) )
fies and the entropy density is directly connected to changd§ heavy-ion collisions the formation of intense magnetic

in the pressure with respect to temperature as follows fields with a short lifetime is possible and several observ-
ables are being proposed and studied in order to have access

to measure the impact of these fields in the evolution of the
QGP. If the intense magnetic fields are short lived then it is
possible to have modifications in the propagation of quarks
and gluons in the heat bath at temperatiiredue to awveak
magnetic field whergB < T2. In Ref. [1] the authors cal-
Furthermore, to ensure homogeneity of the thermodynamigulated the thermo-magnetic correction to the quark-gluon
potential, the Euler relation for zero chemical potentia=  vertex in the presence of a weak magnetic field within the
TS — pV is used. In terms of the energy densitand the  HTL approximation and from that, they extracted the effec-
entropy density, this relation is given by tive thermo-magnetic quark-gluon coupling. They showed

that this coupling decreases as a function of the magnetic field

strength which is a useful feature to understand the inverse

etp=Ts. (8) magnetic catalysis phenomenon.
In the work we report here, we want to minimally mod-
ify the purely thermal quasi-particle model we reviewed in
The combined Gibbs-Duhem and Euler relations givenSec. 2 to be able to include the effects of a magnetic field

by Eq. [7) and Eq. 8), have been used as a thermodynamicin the development of longitudinal and transverse pressure of
criterion that must be satisfied in the context of statistical sysa QGP system. Taking advantage of the results of Ref. [1],
tems. A suitable and general discussion about this point cathe minimal step to this is to include the magnetic field ef-
be found in Ref. [50]. Eq/1) for the pressure, together with fects through the quark effective mass. This in turn, can be
the energy and entropy densities as done directly using a new dimensionless coupling based on

S Op
V= or|, 0

S
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the thermo-magnetic coupling reported in Ref. [1]. Recentravel through a medium at temperatdrén the presence of

data from Lattice QCD in the presence of magnetic fields [2]Ja weak magnetic field3. The calculation was done using

can be then used to constrain the thermo-magnetic bag funthe HTL approximation as a thermo-magnetic correction to

tion which allows for the extraction of the longitudinal and the quark-gluon vertex in the presence of a weak magnetic

transverse prassure of the QGP system. field, and from there the effective thermo-magnetic coupling
Let us then focus on the thermo-magnetic pressure of this given by

QGP in the presence of a magnetic field, where instead of

Eq. (1) we now have gel _ 4 m3(T)
00 g0 T2
MTBw=”g/HM%ﬂfaE%k4 8\ 2
) 672 / kY + (3T2> g CrM*(T,my(T),qB), (14)
Ne T 4 where
+ ?:2 > / dk C(T) fp(EY) Zg (10) 5 ,
o - MA(T,mg(T), gB) = = {111(2) - gm (15)
where the magnetic field dependence enters through the sin-
gle particle energy for quarks only, and is given by For this particular situation, the authors of Ref. [1] show
that the effective thermo-magnetic coupling: decreases as
B} = A/ k? + m(T, B). (11)  afunction of the magnetic field and this decrease is more sig-

o nificant for larger values of the strong coupling. In fact
Even though the gluon thermal mass in E4), could also of g = 0.2 — 0.3, gz decreases down to about 15-25%

receve magnepp correct!ons t_hrough fermion Iqops, for th'sfor the largest strength of the magnetic field within the weak
minimally modpﬂed quasi-particle model, we will kgep t_h(_a field limit, when compared with the purely thermal coupling.
gluon mass with only the therma! CO”?CUOH' In this mini- Now, the proposed modification of the quark mass comes
mal extension _to the thermal quasl-part|cle _model, the quarkﬁom a calculation in which HTL was used and the dominant
carry an effective thermo-magnetic mass given by terms in aryB expansion were kept which matches the corre-
sponding Lattice QCD data we will use, which also keeps the
leading contribution of magnetic field in the magnetic sucep-
) . _ tibilities. This does not mean that the domain of aplicability
where we now propose and use the following dimensionlesgs o, resyits for the thermodynamical properties is restricted
coupling in this range. It means that we include the dominant effects

T 24 of the magnetic field when the temperature is the dominant
> , (13)  scale of the problem.

In this work, we take advantage of this thermo-magnetic
which includes the characteristic expongnind the param- coupling to posit that implementing it as an effective thermo-
eters as defined for the purely thermal coupling given bymagnetic mass for the quarks, allows a robust description
Eg. 5). As we will see in the next section, an advantage ofof the Lattice QCD data for thermodynamic properties of
this minimal extension to the thermal quasi-particle model ishe QGP in the presence of a magnetic field as reported in
that we can add a bag functid(T’, B) to Eq. 10) if needed.  Ref. [2]. As we will show in the next section, we find that
Egs.L1)-(13), represent an effective way to include the lin- with this approach we achieve an all around good descrip-
ear terms in the magnetic field otherwise expected from ation of the pressure of the QGP under a magnetic field, which
actual treatment of the Landau level resummation (see for exnakes it easier to pursue further phenomenological studies
ample [51] and references therein). A comprehensive analythat require simulations with and EoS and integrable quasi-
sis of all the limiting cases and approximations using modelgarticle thermodynamic variables that contain the general
needed to arrive to the best thermo-magnetic masses and cdeatures of lattice data.
plings is part of ongoing efforts of the theoretical heavy-ion
physics community and are key to advance our understand- .
ing of the EoS of nuclear matter. The inclusion of thermo-4- The pressure and bag function of the
magnetic effects on the description of the QGP produced in ~ QGP in a magnetic field from the thermo-
heavy-ion collisions has been widely discussed in the liter- magnetic quasi-particle model
ature [52-56], including now different analysis on transport
effects and baryon production [57]. The coupling we pro-In this section we report on the implementation of the mini-
pose here in Eq1Q) is based on the thermo-magnetic effec- mally modified thermal quasi-particle model as described in
tive couplingg. in EQ. (59) of Ref. P] corresponding to a Sec. 3, to obtain the pressure of the QGP and to compare with
phenomenological situation in which a pair quark-anti-quarkLattice QCD results that include magnetic field effects.

2
m2(T,B) =m2(T) + Cr TZQS(T, B), (12)

> _ 93 lgB| (2In(2)
%m@—wﬂv(ﬂ o (T)
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FIGURE 2. Effective bag functionB'/4(T, B) extracted with
Eq. (17) as a function of temperatur®, for different values of
the magnetic field¢B| = 0.1,0.2,0.3 GeV?. For |¢B| =
0.1,0.2 GeV? the vacuum energy density from our model are
within the range of those reported in the literature. kgs| >

0.3 GeV? andT > 160 MeV, the vacuum energy-density changes
slope and tends to diminish. This indicates that the minimally mod-

ified thermo-magnetic quasi-particle model, requires less negative

In Fig. 1, the solid lines CereSpond to 'th'e temperat,lj'repressure from the bag in this regime, the magnetic field helps to
dependence of the pressure given by the minimally modifieghaintain the pressure of the system.

guasi-particle thermo-magnetic model in E&OY normal-

ized asp/T*, for three values of the magnetic fiejg3| =  where the leading-order expansion of the pressure in the mag-
0.1,0.2,0.3 GeV2. The same values of magnetic field are netic field is given in terms of ('), the magnetic suscepti-
used to produce the dotted lines, which is the pressure nobility

malized agp/T*, given by the Lattice QCD. We use the re-

sults reported in Appendix F of Ref. [2] as a parametriza- PUt(T, B) = pltt (T, 0) + @(qB)Q- (18)

tion of the QCD Eo0S in a Python scriparam _EoS.py 2

provided by the authors as an ancillary file to their arXiv Using this procedure, in Fig. 2 we plot the thermo-

manuscript. In this figure, we can see that pressure increasﬁ?agnetic bag function as an estimation of the vacuum energy
as the magnetic field increases, for both the model and th&ensityBl/4(T B) for |gB| = 0.1,0.2,0.3 GeV2. We can

Lattice results. Nevertheless, the pressure given by El). ( gee that for the lower values of magnetic field, the vacuum

shows Ies_s sensitivity to the magnt_atic field effects as thosgnergy density from our model is within the range of those

reported in Ref. [2], and underestimates the pressure valyported in the literature (see for example [58,59] and refer-
ues, except fortemperatures close tq the critical temperatgr_gnceS therein). However, for larger values of the magnetic
The slope discrepancy between Lattice results and the minkaiq and higher temperatures, the vacuum energy-density

mally modified quasi-particle thermo-magnetic model can bepanges slope and tends to diminish. This indicates that the

a source of future enhancements to the model, since in geRsinimally modified quasi-particle model, requires less nega-
eral the change qf/T* with temperature (keeping constant tive pressure from the bag in this regime.

the chemical potential) is Even though the system excitation is driven by the tem-
P 4 perature in this regime and requires more negative pressure
g rl_5_ 2 (ﬂ) ) (16)  fromthe bag, this is less so when the magnetic field increases.
or T4, T+ T \T4 o N -
This points to a regime in our model, where the magnetic
. L . field helps to maintain the pressure of the system. In or-
In this sense, an underestimation of the slope in the quasi; : o :
. . . N der to validate the numerical implementation of ED)(that
particle model with respect to the Lattice results, indicates an = ! . S
o : now includes a thermo-magnetic bag function, Fig. 3 shows
underestimation of the QGP entropy density.
Inord i h ) | dd ath the temperature dependence of pressure (scaledlWjtfor
nor et: to :cmprqv%tTegreonus rgéu tswe a a':j €rMOhagnetic field valuegB| = 0.1,0.2,0.3. As expected -and
magnetic bag functiods(7', B) to Eq. (10), just as was done by construction- the results from our model reproduces those

in the original thermal quasi-particle model in Ed),(as a of Lattice QCD [2] shown in Fig. 1. Now the model reflects
negative pressure. We can then perform a numerical extrag:

. ) nteresting properties that were already there for the Lattice
tion of B(T, B) for fixed values of the temperature and Mag- results. For example, note how the slopes GF* are greater
netic field, using the Lattice QCD results of Ref. [2], as

for lower temperatures (closer to the critical temperature) and
Latt decrease for higher ones. According to EIg)( this implies
B(T,B) = p(T', B) — p*"(T, B), (17) " that the thermodynamic relation> 3p or equivalently

FIGURE 1. Pressurep(T, B) scaled byT™, for different values

of the magnetic fieldgB| = 0.1,0.2,0.3 GeV* as a function of
temperaturd’. Continous lines show the pressure from the quasi-
particle thermo-magnetic model in Efi0) and dotted lines show
the longitudinal pressure from Ref. [2] where they use a Lattice
approach.
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FIGURE 3. Pressure(T, B) scaled byT*, for different values of FIGURE 4. Longitudinalp3 (T, B) and transversg; , (T, B) pres-

the magnetic fieldg3| = 0.1,0.2,0.3 GeV* as a function of tem-  sure scaled by calculated with the thermo-magnetic quasi-
peratureT” given by Eq. [L0) which now includes a bag function particle model that includes a bag function shown in Fig. 3 at a
B(T, B) obtained as Eql17). As expected -and by construction- fixed 7 = 250 MeV, for different values of the magnetic field
now the model reproduces the Lattice QCD results [2] shown in |¢B] = 0.1 — 0.6 GeV2. Blue and red symbols represent longi-

Fig. 1. tudinal and transversal pressure, respectively. For comparison, we
show the longitudinaps (7, B) and transversg, »(T, B) pressure

TS > 4pV, must be satisfied. So in this regime, the entropicscaled by7* calculated with the thermo-magnetic quasi-particle
forces are the ones driving the process rather than energeticodel without a bag function shown in Fig. 1. The pressure
ones. range predicted from the model is approximatelys 10~2 GeV

It is known (see Ref. [30] and references therein) that in< p" < 1.4 x 102 GeV. Similar results have been reported in the
the presence of a background magnetic field, the differenfiterature with other methods, such as Ref. [60].
components of the pressure might become anisotropic. It is

usual to distinguish between two schemes. In one of themv,ve can appreciate that with the proposed thermo-magnetic

the flux of the magnetic field is kept constadi-§cheme); modgl V\(ithout a bag function, we get a flat bghayior of the
in the other one, it is the magnetic field strength which islong|tud|nal pressure for a range of magnetlc. field as ex-
fixed (B-scheme). Up to now, we have been working underpeCtEd from Fig. 1. Nevertheless the model on its own, has a

the B-scheme, where the pressure is isotropic. However “penchmark description of the system that is not far from what

the ®-scheme this is no longer true, the longitudinal pressurés expectec! from Lattice. Once we use the thermo-magnetic
odel that includes the bag function, we recover what we ex-

is scheme-independent but the transverse one is not. In tr8 ) . ;
®-scheme, the transverge , and longitudinalps pressure pect from Lattice QCD. From the figure it follows that the
componen'ts are related as pressure range predicted from the model is approximately,

4x 1073 GeV< p < 1.4 x 1072 GeV. Similar results have
(19) been reported in the literature with other methods, such as

Ref. [60].
where the magnetization can be written as the partial deriva-
tive of the free energy with respect to the magnetic fieldg Summary and outlook
M = —30f/0(¢B) and it was also reported in Ref. [2]. Now,
up to leading-order in the magnetic field, the magnetizatiorin this work a quasi-particle bag model with a thermo-
is a linear function of3. Therefore, the difference between magnetic coupling was used in order to study the pressure
longitudinal and transverse pressures is a quadratic functioof the QGP in the presence of a magnetic field. The QGP
of the magnetic field (multiplied by a temperature function).is modeled as a weakly interacting gas of quasi-particles
We verify this, with the extraction of the longitudinal and whose masses incorporate the thermal and magnetic effects
transverse pressures with our thermo-magnetic model thalhrough an effective QCD coupling which we propose here
now has a bag function to reproduce Lattice QCD resultsin Eq. (13).
but also we extract them with the original model withoutthe  The quasi-particle thermo-magnetic model includes
bag function. thermo-magnetic bag function Ecdl7d), which we extract

In Fig. 4, the longitudinal and transverse pressures at &rom recent Lattice QCD results [2BY/4(T,B) ~ 147 —

fixed temperaturd” = 250 MeV, are presented. The longi- 155 MeV for T ~ 150 GeV and B'/*(T,B) ~ 130 —
tudinalp; (7', B) and transversg; , (T, B) pressure scaled by 170 MeV for 7' ~ 190 GeV gives an estimate for the thermo-
T* calculated with the thermo-magnetic quasi-particle modemagnetic vacuum energy density. The lower values for this
that includes a bag function are shown in closed circles andacuum energy densit3'/4(T, B) were found for higher
triangles, whereas the ones from the original model withouvalues of the magnetic field. This hierarchy points to a regime
the bag function args (7', B) andp; 2 (T, B). In this figure in our model, where the magnetic field effects included in the

P12 =p3 —qB-M,
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quark effective mass through the thermo-magnetic couplingparticle model, the domain of applicability of this model is
are contributing to the pressure in such a way as to need ot a priori restricted in this range. Further developments
smaller bag function. associated with improvements of this model will be reported
Once the bag function is included, the pressure in theelsewhere.
B-scheme is calculated for different values of the magnetic We find that with this approach, we achieve an all around
field, and a positive slope is found for the range of tempergood description of the pressure of the QGP under a magnetic
atures and magnetic fields considered. This result implie§eld. This makes it easier to pursue further phenomenologi-
the dominance of the entropic term over the mechanical onegal studies that require simulations with an EoS that has inte-
TS > 4pV, possibly indicating the prevalence of an entropicgrable quasi-particle thermodynamic variables with the gen-
driven process instead an energetic driven one. Indthe eral features of Lattice QCD data.
scheme the results obtained for the transversal and longitu-
dinal pressures show an increaging (decreasing) longitUdin%CknOWbdgmentS
(transversal) pressure as a function of the strength of the mag-
netic field. This work was supported in part by Consejo Nacional de Hu-
Finally, the minimally extended quasi-particle model re-manidades, Ciencia y Tecnolaggrant numbers A1-S-7655
ported here allows a robust description of the Lattice QCDand CF-2023-G-433. M.E.T-Y. acknowledges support by the
data for thermodynamic properties of the QGP in the presSimons Foundation through the Simons Foundation Emmy
ence of a magnetic field. The coupling that inspired the efNoether Fellows Program at Perimeter Institute and is grate-
fective quark mass we are using in this model was obtained iful for the hospitality of Perimeter Institute where part of this
Ref. [1] in a calculation in which HTL was used and only the work was carried out. J.T.A. acknowledges support by Uni-
leading terms in the magnetic field were kept during the analversidad de Guanajuato Grant No. 174/2023 of Convocatoria
ysis. As we use this as an input in our thermo-magnetic quasinstitucional de Investigaén Cientfica 2023.
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