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@ BNL: “Super Strong Magnetic Fields Leave Imprint on Nuclear Matter”
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https://www.bnl.gov/newsroom/news.php?a=121694

B (1.e18 G)

Density (1.e14 g/cm3)

@ BNL: “Super Strong Magnetic Fields Leave Imprint on Nuclear Matter”

® B, ~ 10'%G even larger than in Magnetars (
)
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https://www.bnl.gov/newsroom/news.php?a=121694
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In plasma physics magnetic vs matter dominance usually quantified by
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Inverse Beta—value magnetization

Strongly magntized plasmas very common in astrophysics: post BNS-merger jets (Mattia, G.,

et al.. A&A, 691, A105 (2024)), pulsar magnetosphere (M. A. Belyaev, MNRAS 449,
2759-2767 (2015)), solar atmosphere (Ph.-A. Bourdin, ApJL 850:1.29, 2017).:.
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What about HIC's?

B! (B%2p)

Adimensional

x (fm)

Peripheral (b=10 fm) Au-Au collision at y/syn = 200 Gev: strongly magnetized plasma at
early times where fireball is very rarefied (G. Inghirami et al., EPJC 76 (2016) 12, 659)
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What about HIC's?

B! (B%2p)

Adimensional

x (fm)

Peripheral (b=10 fm) Au-Au collision at y/syn = 200 Gev: strongly magnetized plasma at
early times where fireball is very rarefied (G. Inghirami et al., EPJC 76 (2016) 12, 659)

@ B-field evolution affected by transport coefficients

@ Can transport coefficients be affected by strong B-field?
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(GR)MHD description of HIC's

Self-consistent solution of conservation laws

Vi =0 (f=u,d,s)
V,TH =0 with TH = TE + THY

and Maxwell equations
V. F*" = —J§ where FM =ute” —u”e! + M Aby u (e* = F"u,)
V., F* =0 where *FM = utb” — u’b* — " ey, (B* =*FMu,)
Energy-momentum transfer between fields and matter:
VL Th = (o) P

Macroscopic conserved currents (g = B, Q, S) connected to flavor ones by

1 1 1
I = M. JP with M= 3|3e| _f|e| _f|e‘
q = /Vtaf Jf = 30 % 31
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Ideal MHD: not a good idea

In the absence of any source of dissipation (A*Y = gt + uHu)
ThY =eutu” + PAM JE = neut, e =0
Evolution of matter energy-momentum tensor unaffected by e.m. field:
V. TE = —(J)u F* = —nqu, F"" = nge” =0

6/24



Ideal MHD: not a good idea

In the absence of any source of dissipation (A*Y = gt + uHu)
ThY =eutu” + PAM JE = ngut, e =0
Evolution of matter energy-momentum tensor unaffected by e.m. field:
V. TE = —(J)u F* = —nqu, F"" = nge” =0
Vanishing of electric field in LRF equivalent to requiring infinite electric conductivity
et :jg,cond/go =0
Slow decay of magnetic fields due to the absence of magnetic diffusion:
9B 1 _,=

V x (Vx B) + —V?B
5t V x (V% )+O'QV
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Ideal MHD: not a good idea

In the absence of any source of dissipation (A*Y = gt + uHu)
ThY =eutu” + PAM JE = ngut, e =0
Evolution of matter energy-momentum tensor unaffected by e.m. field:
V. TE = —(J)u F* = —nqu, F"" = nge” =0
Vanishing of electric field in LRF equivalent to requiring infinite electric conductivity
et :jg,cond/go =0
Slow decay of magnetic fields due to the absence of magnetic diffusion:
0B - I R
— =Vx(VxB)+—V?B
ot 0Q

However, from kinetic theory one would get (more details in the following)

1
77:37'/?(64-:‘3), oQ ~ TR e T?
—_———

y . electric conductivity
shear viscosity

One cannot have at the same time an unviscid fluid and an ideal conductor 6/24



Dissipative GRMHD

Dissipative corrections (Landau frame u, T/ = —eu):
J=neu" 4+, T =eutu” + (P+ ) A" + 71 with  u, ' = v, 7" =0
Conservation laws (D = vV, and A, = A, V") for flavor number
Dns +ne® + V,jf =0

energy
De+(e+P+MN)O+7"0,, =€ (jo)u

and momentum

(e+P+Ma,+AuP+MN)+Aus Aam® + 3" T = ng €y + €uurp o U™ b
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Dissipative GRMHD

Dissipative corrections (Landau frame u, T = —cut):
J=neu" 4+, TR =eutu” + (P4 ) A" + 7" with v,/ = v, =0
Conservation laws (D = vV, and A, = A, V") for flavor number
Dne+n©@ + V,jF =0

energy
De+(e+P+MO+7"0,, =€ (jo)u
and momentum
(e+P+M)a, +Au(P+N)+Aus Aam + 3" T, = nq e + €uurp g u™ b°
Constitutive relations for the dissipative corrections:
@ Macroscopic approach, V,S* >0, as a starter (generalized Ohm's law)

@ Boltzmann-Vlasov equation, extended to strongly magnetized plasmas
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Generalized Ohm's law for multiple conserved charges

Non-negative entropy production rate

u,d,s

V,S* >0, where St=su"— Zafj,ff
f

One gets

u,d,s u,d,s

TS = N0 =m0, + Y (ur —ar ) Vit + > ' [Qrlelen = TA, (5)] 2 0
7 f

which is satisfied if ar = ¢/ T and

N=-¢©, " =-2n", jI'=ryk (Qp

elet — TA ay)

so that

8/24



A closer look at the dissipative currents

Dissipative quark-flavor currents (off-diagonal response possible!)

JF = K (Qf/ le| e’ — T A ag )
—_—— ——
conduction diffusion

In the macroscopic-charge basis (¢ = B, Q, S):

Jb = =T Mg ki (MB)pg Alag + Mar ki Qr |ef e
~—
— =0
= K}qq/ q
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A closer look at the dissipative currents

Dissipative quark-flavor currents (off-diagonal response possible!)

JF = K (Qf/ le| e’ — T A ag )
—_—— ——
conduction diffusion

In the macroscopic-charge basis (¢ = B, Q, S):

Jb = =T Mg ki (MB)pg Alag + Mar ki Qr |ef e
~—
— =0
= K}qq/ q

Setting g = Q — generalized Wiedemann-Franz law:

Qr ke Qp
ro= Y Il rri @ = 3 P XL O

f.f f,f

@ |deal electric conductor and e* = 0 <= infinite quark diffusion and A*ar =0
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A closer look at the dissipative currents

Dissipative quark-flavor currents (off-diagonal response possible!)

JF = K (Qf/ le| e’ — T A ag )
—_—— ——
conduction diffusion

In the macroscopic-charge basis (¢ = B, Q, S):

Jb = =T Mg ki (MB)pg Alag + Mar ki Qr |ef e
~—
— =0
= K}qq/ q

Setting g = Q — generalized Wiedemann-Franz law:

Qr ke Qp
ro= Y Il rri @ = 3 P XL O

f.f f,f

@ |deal electric conductor and e* = 0 <= infinite quark diffusion and A*ar =0

@ "Good" electric conductor: e = 0 but small, of first order in the gradients. However, no
constraints on b*
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The Boltzmann-Vlasov equation

BV equation for the (anti-)particle distribution 7= (flat spacetime for simplicity):

0

+ v
|:pM8M+Qf |e|F/'L pyw

p-u
]ffi:m(ffi_fojf)

Recast it into the form

0

+
a0 |

,
i =fif+ p% {pﬂaﬂ + Qf |e| F* p,

which can be seen as the resummation of the following expansion

o0 an

+ TR + v 0 +

fe :Z[p,u(puaﬂ_‘_c)f le| F* Puapﬂ> fof -
n=0 i
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The Boltzmann-Vlasov equation

BV equation for the (anti-)particle distribution 7= (flat spacetime for simplicity):

0

+ v
|:pM8M+Qf |e|F/'L pyw

p-u
]ffi:m(ffi_fojf)

Recast it into the form

0

+
a0 |

TR v
7=+ 2 [0+ OF el

which can be seen as the resummation of the following expansion

(o) aqn

TR + v 9 +

fr=> [pu (P”au + Q7 le| F* p”é)p“) for -
n=0 d

Conditions to fulfill in order for truncated (~ Chapman-Enskog) expansion to be meaningful
@ Kn = \,p/L ~ 70 < 1: gradient expansion
@ ¢ = T7gle|E/T < 1: negligible energy gain between two collisions
@ y =17gle|B/T ~ Auip/rLarm < 1: negligible bending between two collisions
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HIC's: weakly or strongly-magnetized QGP?

Back-of-the envelope estimates for a conformal plasma of classical particles:

o P
gdfT4a 5V

1
TR—S(T]/S)?, P= 2 = B2/

B (B22p)

Hence, for 1)/s ~ 0.2 and gy.¢ ~ 50

100

50 gaof (1 )47 oy .
,XZZ (/) /Bvlzdl

Adimensional

2 Pv 10
1
@ Bulk of the fireball weakly magnetized
0.1
@ Peripheral regions may require self-consistent 1
0.01

resummation of magnetic effects
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Dissipative current: microscopic derivation

Quark-flavor currents expressed in terms of off-equilibrium distributions

H L w v —+ — . o d3p 1
jf =g A, [ dxp [(5ff —of; ] ,  with dX:W;
where 5
5 = 5 (pha, + QF el F* p, 7
f p-u ( @ el P dpr
We consider a plasma of gluons and 3 light quark flavors:
_ (4ge + 7> r8F)T 2
p=p" 360 "+ Z (539 + 2457 )
At first order in Kn and ¢ (but to all orders in x) one has
DOL{ =0
1
D =-p56
=38

Z Qf e‘ e v (Jf)l/ ux bp

AFB = ﬂa“+zgif (Afar — BQy|e| )
f
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Diffusion and conduction in a weakly-magnetized plasma

Truncating the expansion at first-order one replaces

1
ff—fE=h(xF) = > where x; = —f(p-u) —af and af =+ar
e +1
The off-equilibrum correction is then given by (IEO% =1 )
+ TR + v, 0 +
of = pu <p“8u+ Qf |e| F¥ py@p”) for
TR

e (for o) (P10t 4 597 lelp )
—— ——— ——

I I
Writing only the terms providing a non-zero contribution to j#
/
i
e+ P

PO = — Pyt —(pou)p S~ (Byap — BQr fe]e) +.
H/_/ I

la

Ib
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Diffusion in a weakly magnetized plasma

Off-equilibrium correction to the (anti-)quark distributions:

T s ng (—p-u o o
5 = o [t | <iafpf€(+,3)) g (BQp/le]e” =A%)

= €/
_ At f
= Aff‘/

leading to the dissipative current flavor current

o ~ ng3 3 2 nfn,c/T ~
J#:;””’eﬁ_;”{ 8 (”M'f o= |
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Diffusion in a weakly magnetized plasma

Off-equilibrium correction to the (anti-)quark distributions:

T s ng (—p-u o o
5 = o [t | <iafpf€(+,3)) g (BQp/le]e” =A%)

= €/
_ f
:Aff’

leading to the dissipative current flavor current

o ~ ng3 3 2 nfn,c/T ~
J;—L:;Kﬁ/eﬁ—;TR{ 18 <1+ﬂ_2(1f O — P eflf

Non-diagonal, symmetric flavor-diffusion matrix. Matrix elements in flavor space are scalars,
given by the integral

1 R _
K = gfg/dXP2 (Afr —Az)
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Electric conductivity: numerical estimates for af = 0

For zero quark density the diffusion matrix is diagonal. From the WF law one gets (gr = 6)

Qr i Qr TR T
UQ:Z|6|2 T = ‘ | 2@2—77\’ (111

Xz

From 7g = 5(n/s)+ one gets 05

1910.08516, Ny =2+ 1

0.4
g

TC.~3 (n/S)

£0.3
g ' ¢
comparable, for 0.1.< /s <0.2, with © 02 {
lattice-QCD calculations (G. Aarts and A. o %
Nikolaev, Eur.Phys.J.A 57 (2021) 4, 118) H%i
"L 150 200 250 300
T [MeV]

350
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Diffusion and conductivity in a strongly-magnetized QGP

Consider the formal expansion

o0

TR v 8 n
fif=>_ [n (p“@u—i— QF |e| F Pu@)} fof -

n=0

When x ~ 1 all terms of the form

TR + v 0 ’ TR iz + v i +
KP'U> (Qf 16 p"f)p*’ﬂ [(p-U) <p Ot Qe lel P Py ) | or

provide contributions of first order in Kn and &.
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Diffusion and conductivity in a strongly-magnetized QGP

Consider the formal expansion

o0

TR v 8 n
#=X [ (oot l )|

n=0

When x ~ 1 all terms of the form

TR + o, 0 ’ TR iz + o 9 +
KP'U> (Qf 16 p"f)p*’ﬂ [(p-U) <p Ot Qe lel P Py ) | or

provide contributions of first order in Kn and £. Truncating the expansion is meaningless. One
should rather implicitly resum all these term through a proper ansatz for the off-equilibrium
fluctuations.
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Diffusion and conductivity in a strongly-magnetized QGP

Consider the formal expansion

> TR v 6 n
fE = Z [p- U (P“au + in le| F* py[);ﬂ‘)} fo?
n=0

When x ~ 1 all terms of the form

TR + v i ’ R w + (1% i +
(5) (oo ngg) | |(75) (won+ @t re )

provide contributions of first order in Kn and . Truncating the expansion is meaningless. One
should rather implicitly resum all these term through a proper ansatz for the off-equilibrium
fluctuations. Start from the BV equation:

TR + v 9 + TR A+ w 0 + +
ﬁ |:p#6M+Qf |e| (e pl/) ut 8p“] fof +ﬁQf |e|bl Pv Twéff :6ff
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Deriving the diffusion tensor (1)

Ansatz for off-equilibrium fluctuation (LRF for simplicity):

+ iTet (sii  RidiN gt PR L gt ik ik s
O | e = P [Eff’ (0" = b'D) +L b'D + Hg, b }e},

Substitute into the previous equation
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Deriving the diffusion tensor (1)

Ansatz for off-equilibrium fluctuation (LRF for simplicity):
5 e = P | E (07— BD) 4L BN + Hy b8,
—_—

Substitute into the previous equation and use also to get the induced current

y d*p p' =i
I = gf/W:PI [(E;;’/_Eff’)zu + (Ui = Lgp) B'D + (M —Hip) €D } & =K
p

Flavor-diffusion tensor
ij wl =i b’b’ ljkBk
Rgr = Rgr = + Kff/ + /"i

where

& = — & - -
“Iﬁlf 3 /dXP (L —Lep) w7 = ?f/dxp2(Ef+f’7Eff’) K = jf/prz(H?f/*Hff/)
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Deriving the diffusion tensor (1)

Concerning the first term, it receive a correction from the magnetic term in the Euler equation:

TR v 0 i i ~i
T [0, + OF lel(e'p) 5] 6 = plAz 878, +

weak—field result

ZQ{N e|B ) ”k[;kj;u

R ++
+ R [ fEf }
p-u of Tor .

where one has to substitute the previous decomposition

] 1 lik tk| =~
Jrr = /‘lf//f‘/_ +hf,,f,bbj+f1f,,f, €’ b:| ej
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Numerical results

@ Results are presented at fixed s/ng and for ng/ng = 0.4|e| and zero
net-strangeness

e For a conformal plasma dimensionless diffusion components /T2 only functions
of the the scaling variable ,8;1 (no need to specify neither temperature nor the
magnetic field)
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Numerical

results:

transverse diffusion s/ng = 50
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Numerical results: Hall diffusion s/ng = 50
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Numerical results: transverse diffusion s/ng = 300
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Numerical results: Hall diffusion s/ng = 300
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Conclusions

Work in progress (for details see . Frasca poster), from kg get og;

In HIC's for most of the fireball 4-volume kg just a scalar and o from RTA-BV
in agreement with [-QCD, but in some domain B-induced breaking of isotropy has
to be accounted for:

In astrophysics strongly-magnetized plasmas much more common and hopefully
RTA-BV approach can be a good guidance;

Deriving the same tensorial constitutive relation ji = k7, &/, in the large-3;,*
regime from V,S" > 0 non trivial: separate treatment of (non-conserved) particle
and antiparticle currents;

Extension to second order in Kn and £ a big challenge if [3;1 is large.
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