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Huge initial magnetic fields, but thermal pressure still dominates!

Au-Au at /s, =200 GeV, Glauber-M.C., t = 0.5fm
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@ hydrodynamics works well, MHD is just an improvement in which we consistently
couple the evolution of the magnetic field with the dynamics of the fluid

o it is a well established approach well in astrophysics:
Whisky, BHAC, Pluto, ECHO, Flash...

o different levels of refinements are possible:
ideal MHD, resistive MHD, chiral MHD, multi-fluid MHD, spin MHD...

We started with the simplest approach: ideal magneto-hydrodynamics, by extending the
capabilities of the ECHO-QGP code.
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@ Energy and momentum conservation: d,T"" = 0

@ Baryon number conservation: d,N* =0

Second law of thermodynamics: d,,s* > 0

Maxwell equations: d, F"" = —I" (d,I" =0) d F* =0

@ We neglect dissipative effects. We also neglect polarization and magnetization effects.

@ We assume to have infinite electrical conductivity.
Ohm's law: I* = pout + j#; jH=0Me, = e =0

THY = TH + T4
Matter: T/ = (e + p)utu” + pg"”
Electromagnetic field: T} = b2ut'u” + 5b2g"" — bib”




We work with E and B, measured in the laboratory frame.

The relations with the four-vectors e# and b* in the comoving frame are:
et = (yor E*,yE' + ve'%v; By,)

bt = (’ykak,vBi — ’y&tijkvjEk)

Ideal Ohm’law in the laboratory frame: e =0 = E; = —sijkvak

Energy density £ = —T{ = (e + p)v* — p +3(ExE* + By B¥)
Momentum density S; = T9 = (e + p)y*v;i +eu BB ‘
Stresses T} = (e + p)y*v'v; + (p+5(ExE* + ByB¥))6i—E'E; — B'B;




The equations are rewritten in conservative form and numerically solved with
finite-difference methods.

oo U + 8¢Fi = 5

where
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Computation of thermal particle spectra with the Cooper-Frye method:
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Initial conditions for the magnetic field based on Tuchin, Phys. Rev. C 88, 024911 (2013)
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Q vyxr ovy
B¢(t,x) = E‘A3/2 (1+T\/Z>€A,
Q vz
B, (t,x) = ~Oxgr ﬁ : [’y(vt —z)+ A\/Z] e,
Q vy
B, (t,x) = Oxgr A2

[72(1)75 —2)? (1 + %\/K) TA (1 _ %\/Z)} A

where: o is the electric conductivity, o, the chiral magnetic conductivity,
A =2 (vt — 2)2 + 22, A= (ovy/2)[y(vt — 2) — VA]

Li, Sheng and Wang, Phys. Rev. C 94, 044903 (2016)




Magnetic field of a lead ion at LHC energy.
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Initial conditions for the B field as in:
Li, Sheng and Wang, Phys. Rev. C 94, 044903 (2016) - Tuchin, Phys. Rev. C 88 (2013)
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Initial conditions for the B field as in:
Li, Sheng and Wang, Phys. Rev. C 94, 044903 (2016) - Tuchin, Phys. Rev. C 88 (2013)
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Au+Au @ /syv =200AGeV, 0o =5.8MeV, 79 = 0.4fm/c
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Maxwell equations: V,FH* = —I", V ,F* = (.

Faraday tensor decomposition: F'** = ute’ — u’et + e byu,,

FHiv =yl — qV bt — el ey gy

Electric current decomposition: I* = pg.uf 4 j*, with g = —I*u,,.

Unit vector of the Eulerian observer: n, = (—1,0,0,0), nt = (1,0,0,0), so that:

ut = I'n# 4+ ToH and IF = pent + JH.

We get: g, = I'(p. — Jiv;).

pe = Or(E¥) and, in Milne/Bjorken coord., from 9, (TE") — 8k(@TBj) +7J" =0, we get:
Ou([ijk|B,) — 0: (1 E)

Jt= )
T

Eventually: p. =T (3k(Ek) - % [0 ([ijk]B;) — 0-(TE")] vi>.

V-E— (Vxé—a—E>-ﬁl.
ot

In cartesian coordinates: g, =T’




Kinematic vorticity: w® = e“”)"‘“Vuu,, Uy = e/“”\"‘ﬁuu,, Uy,

We split the covariant derivative of the fluid velocity as:

Vo, = —uyua, + §euy>\,{w)‘u”,

where a# = (u”V,)ut is the acceleration.

FrV uy, = etay, + bHwy,

Vet =V (F*uy,) = —I*u, + FPV 4,

But —I*u,, = pe, with p. electric charge density in the LRF =
pe = Vet — FF'V u,

After a substitution: p, =V, e! — eta, — blw,

In the ideal MHD approximation: e = 0. Moreover, if (Ohm's law) e = n,j* holds
and 7, = 0, then V, e# =7,V 5" = 0.

Pe = —bHw,,.

See: Mignone, Mattia, Bodo, Del Zanna - Mon.Not.Roy.Astron.Soc. 486 3 (2019)



Temporary (very raw) approach, used with thermal spectra:

we consider only pion production

we modify the distribution functions of pions f° according to a factor A, dependent on
the local charge density, so that the distribution function of positive and negative pions
become f* = (1+ A\)f%and f~ = (1 — \)f°, obtaining at the end the same total
number of pions 2f°, but with different abundancies of 7 and 7~

+ _ 2
M = 27r2 c)3 fO (\/m2+p —)/T)— 1dp

p=0, Ty, = 154MeV, my+ = 139.6 MeV — n, = 0.04462,
P2 = +n.Varahe = 0.006 (GeVim)'/2,

ni. =nyx(14s-p./(2p2)), s = sign of the electric charge



Initial B fields from axial charges produce a charge density asymmetry w. respect to the reaction plane
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Initial en. dens. tilting as in:
Bozek and Wyskiel, Phys.Rev.C 81 (2010) 054902
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Another very interesting work:
Giirsoy, Kharzeev, Marcus, Rajagopal, Chun Shen - Phys.Rev.C 98 (2018) 5, 055201



@ Resistive-“chiral” MHD:
OE —V X B=Jowm +Jomg =cE 4+ oA B

Del Zanna & Bucciantini, MNRAS, 479, 1 (2018)

Probable future approach for charge dependent spectra (with resistive MHD): f = fo + 6 f,
1 T, 1

5f = — 2Tl (1 £ fo)pe [E" — Cupe P (ua By — uﬂBa)]
T ptu 2

(Feng and Wang - Phys.Rev. C95 (2017) no.5,054912)

Re-inclusion of viscosity, better enforcement of the solenoidal condition.
@ Explicit axial current evolution:
Ot = —CaE,B", J4y =nau' +JY4
1 Hg
Eé‘i) = —;[CA/.LABH + TCHV&BUyaa(?)]
Warning: only first order. Second order under development.
Hattori, Hirono, Yee, Yin - Phys. Rev. D 100, 065023 (2019)

@ Explicit electric charge evolution
Denicol, Huang, Molnar, Monteiro, Niemi, Noronha, Rischke, Wang - Phys. Rev. D 98, 076009 (2018)

@ Reconsider initial conditions and final hadronic phase
Eskola, Niemi, Paatelainen - Phys. Rev. C 93, 024907 (2016), UrQMD, SMASH

Thank you!
-~ G.mghrami RMHDinHC 2/



