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Motivation: why intense magnetic fields?

Non-central relativistic heavy ion collisions: B ~ 1019 G

Magnetic field at 7= 10
(A. Bzdak, V. Skokov (2012))

— Au-Au/s=200 GeV
==+ Pb-Pb \/s=2760 GeV
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Ultraperipheral (b < 2R)

Magnetars: B ~ 103 — 10 G (Duncan and Thompson (2012))
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Motivation: why intense magnetic fields?

Non-central relativistic heavy ion collisions: B ~ 1019 G

RHIC Magpnetic field at 7= 10
(A. Bzdak, V. Skokov (2012))

— Au-Au/s=200 GeV ]
==+ Pb-Pb \/s=2760 GeV
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Ultraperipheral (b < 2R)

Magnetars: B ~ 103 — 10 G (Duncan and Thompson (2012))

Including a non-zero uniform B

@ How does QCD phase diagram looks like?

@ Are there modifications in the nature of
transitions?
@ What is the fate of critical endpoints?
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From LQCD calculations carried out with physical pion masses
(Bali et al JHEP 1202, 044 (2012), Phys. Rev. D 86, 071502 (2012))

- Low temperature: magnetic catalysis
enhancement of the chiral condensate

AE, +Z,) /2

- Close to the chiral restoration T:
inverse magnetic catalysis
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nonmonotonic behavior of light quark decrease of the T, with the magnetic field
condensates
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Many scenarios have been considered to account for the IMC

e LQCD (Bali et al (2013); Bruckmann et al (2013))

o NJL (Kashiwa (2011); Menezes et al(2014); Krein et al (2014); Fayazbakhsh,
Sadoogui (2014); Ferrer et al(2015); Mao(2016))

@ Linear Sigma Model (Loewe et al (2014/15))

[+ PQM, QM models (Fraga et al (2014); Andersen, Naylor, Tranberg
(2015))

@ Holographic approach (Rougemont, Critelli, Noronha (2016)))

@ Other effective models (Fraga, Noronha, Palharares (2013); Chao, Chu,
Huang (2013); Fukushima, Hidaka (2013); Mueller, Pawlowsky (2015))

However, the mechanism is not yet fully understood.
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NJL Model

Model with chiral quark interaction (Nambu, Jona-Lasinio (1961))
Simplest version: Scalar and pseudoscalar interactions.

_ G . - L

Lygr =@ §—me)p+ B [(W)? + (PiysT1))?) P = (u,d)

In the mean field approximation (MFA):
($OY)* = 2(OY)POY

Dynamical fermion mass generation:

M

Chosen to reproduce:
@ m, = 139 MeV
® fr =924 MeV

@ Constituent mass
M-~ 300 — 400 MeV

Parameters:
@ Current quark mass m.
@ Coupling constant G (4 fermions)
@ Cutoff A
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non-local NJL Model

5= [[ats {5 (9 +m0) 6(0) - Siae)ia(o)

2

) _ > 2 o g(+") o
Ja(z) = /d4z G(2) Y(z+ 5) Ly Y(z— <) ! :\’\@//”-’
I, = (1,4y57), G(2) nonlocal form factor P+%f/%&* w
@ models effective OGE
@ leads to momentum dependence in quark propagators

@ finite to all orders in the loop expansion — no extra cutoffs

@ properties of light mesons at zero and finite 7" and/or
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Coupling to the magnetic field

Oy = Dy = 0p—i QAM(x), Q = diag(qu, q4), Ay =Bxidye
The inclusion of gauge interactions implies a change in the nonlocal currents

t
Y(x—z/2) > W (z,z — 2/2) P(x—2/2) W(s,t) = P exp [— ZQ/ dry Au(r)]

We bosonize the action

Shos = — Indet Dy + % / d'z|o(2)o(x) + 7 (2) - ()] |

Dyw = §W(z — ) (—ip+me) +
Gz — 2" )y W(z,z) 0 [0(Z) + ivs 7 - 7(2)] W(Z, 2)

Mean Field Approximation, assuming ¢ has a nontrivial translational invariant
MF value &, 7; — 0
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) +Z lnAkp”]

MFA action per unit volume
d’p Mot 2
I {m (pﬁ + M, f,”

b 5—2—N 3 lgs B
© ~ 2m (2m)2
)2

Sbos _
(4 —
v T oG T L
+,f —f
Moy = My,

Where
(2k|qu| -l—p“ + M,:rp” M, PH) + Dj (

f
Ak, P

Af
M,wg|| me + crg,C pH

15 [ LB g+ ) exp(—pt s BI) i 202l BI)
pL = (p1,p2)

LY -

Jery = JqsB]

p = (ps,ps)

ki =k—1/2+5s¢/2 sy =sign(qsB)
A=+/-
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minimizing the effective action — Gap equation

o ‘QfB| d p|| A)\ g Nf
G = Ne Z Z k.p| gk&l)”
f=u,d A=t
+.f S gt f EI=N EENT
i M (2klag Bl + 9} + M, prMk pH) + 98 (M5 - ME)
P

Bl

avaFA

ark condensate: q = bos
Qu (Trar)B Do

To make contact with LQCD:

2me

o1 [@ran)5® — @ra)c®] +1, S = (135 x 86)!/°MeV

sf =27

ASL =xf — 5wl ASp = (AYY + ARE)/2
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Condensates at T=0

Gaussian form factor
9(p*) = exp(—p*/A?)
o = —(dras)oo

(Squared dots from Bali et al
Phys. Rev. D 86, 071502
(2012))
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Extension to finite temperature (Matsubara formalism)
d*p dp3 2 )
F(pj) = T
/ (2r)? n_Z_oo/ F(pin)
DPn = (P3,wn) wp = (2n+ )nT )
Thermodynamical potential — Gap equation
_9 00
4 lgsB| [ dps
QMFA _ TN o
BT = 9@ © Z Z 2T 2T .
n=—oo f
2 spf )2 - f
ik
In [p” (Movpu ) ] + Z In [A’WHJ
HOMFATeg
eree + eree reg B, T —0
oG )

QMFATes _ QMFA
B,T

V.P. Pagura



Condensates at finite T
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IMC is naturally displayed!
Tc(eB = 0) = 129.8 MeV (higher if coupling to PL is included)
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beyond eB ~ 0.4 GeV? — decrease of T,

IMC is observed for all parametrizations!
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Coupling to the Polyakov Loop

- Assuming quarks move on a constant colour background field:
¢ =19 0,0 GEA"/2

- Polyakov gauge ¢ = ¢33 + PgAg

- ® = {Tr exp(i¢/T) Order parameter for deconfinement

Pl = Pllne = (p3,[(2n + 1)7T + ¢])
Effective gauge self-interactions through a PL potential U/

ng‘;reg — ng‘;reg +U(P,T)
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Polynomial potential (Ratti et al Phys. Rev. D 73, 014019 (2006))

upoly((I)?T) b2(T) 2 bs 3 by 4
Upoly (%, 1) _ - Body Mo
T4 2 3 * 4

bo(T) = ap + a1 (1:;,)—1— 2(?) + 3<1:;9>

Parameters fitted to reproduce pure gauge EoS and PL behavior

Improved Potential (Haas et al Phys. Rev. D 87, 076004 (2013))
uglue(q)’tglue) o Z/{YM [(I)’tYM(tglue)]

i Iy

T_Téglue
tym(tgue) = 0.57tgue = 0.57 <T7)

glue
G

\
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Condensates at finite T - nIPNJL

fi— Improved Polynomial potential
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Te(B)T(0)
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Splitting of chiral restoration and deconfinement transitions ( 1 — 10 MeV)
Tc(eB =1) — T.(eB = 0) agrees with LQCD estimates
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Summary and outlook

In the context of a nonlocal extension of the nl(P)NJL model
under an external homogeneous magnetic field...

@ We observe at T' = 0 the expected MC effect, with results in
good quantitative agreement with LQCD.

@ In contrast to what happens in the standard local NJL model,
our results naturally lead to the IMC effect.

@ When coupling to the PL is included AT, observed from
eB =0to 1 GeV? agrees with LQCD estimates

Work in progress...

@ Extension to other form factors shape.
@ Analysis with other PL thermodynamical potentials
@ Inclusion of WFR.
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