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Introduction

® |n off-central or peripheral HIC, a huge magnetic field as well as angular velocity can be
created [2, 3].

F. Becattini, F. Piccinini, and J. Rizzo Phys. Rev. C 77, 024906
= /Syy = 200GeV and Ly = 5 x 10° 1 at an impact parameter b = 5 fm.

Even 0.01% angular momentum(ang. mom.) transfer = 103 i ang. mom. of QGP

® This implies QGP must have a high average vorticity.

Question:
® Can the transport coefficients of QGP be modified in the presence of rotation?

In this presentation, we will answer this question in a non-relativistic setup.
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Non-Relativistic Frame Transformation:

Operator connection from inertial to rotating frame:
d a\’ =
— == Qx . 1
(5)=(5) +ax M
Using the Eq. (1) one gets the following important identity:
5:§’+2(§><V)-&-ﬁx(flx?’)—i—ﬁxr“, (2)
Coriolis force = —2m(§) x V'),

Centrifugal force = —m Q x (G x 7') ,

Euler force = —m(Q x 7).

Our set-up:

A non-relativistic single-component fluid rotating with angular velocity § = const.

§) = const. makes Euler force zero.
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Formalism(contd...)

® In our analysis, we will ignore the centrifugal force as if it were not there(added in the
backup slides).

Fior = q(0 % B) and Fg,, = 2m (9 x 4)

Replace 2m& «— q B

B fA=qB/2m
No difference
L - Be
between the opinions
of Aand B

Figure: Motion under finite magnetic fields and rotation
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Formalism(contd...)

® To see the statistical effects = Boltzmann Transport Equation(BTE)

Out of egbm. = transport coefficients of the medium

® Navier-Stokes Theory = Dissipative flows = Transport coefficients x Driving force

Our Interest: Charge current : J; = o‘,'jéj
Kinetic theory definition of j :

BB
/,=qg/ﬁv;6f, 3)

® Assumption: Total distribution (f) = local egbm. distribution (fy) + deviation é§f,

"= exp{E ull 77;74 }—&-17 “

f obeys the Boltzmann Transport Equation(BTE).
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Formalism(contd...)

® BTE in Relaxation Time Approximation (RTA):

External forces in different scenarios are different.

® Qur BTE will be:

of _ of 2 o= Of 5f
— - E +2m Q- —==—-—. 6
ot TV ap TIGE+2mVx Q- o5 =~ ©
* We ignore terms: 24 OT = n
j i i
Eq (6) will become,
2 Lo Of% 4 Sf 5f
[GE +2m(7 x gy . 20— o0 )
Bp Tc
® In Eq. (7) keeping terms of order §f :
af Z o= of of
—V-(qE)+2 Q) —==——. 8
:>8Ev(q)+ m(V x Q) o5 p (8)
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Formalism(contd...)

Solving Eq. (8) for &f
® Ansatz: §6f = —p- ﬁ(%fE")
F=aé+po+~(&xad)

g 0=

mu
Il
m

a, 3, are unknown constants

® Substituting &f in Eq. (8):

E . . 5 . .
(q— —207)8+2/R(0 - 8) +200(8 x &) = S8+ BovrLexay. )
m Tc Tc Tc
® Following linear eq.s to solve:
9E 7 _ o Toey=b a_a (10)
m 0 Tc ’ Q0 ’ Tc ’ Q Tc ’

1
2q -

Q
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Formallism(contd...)

Eq. 10 can be simplified as:

re(E) ()5 B:w, (1)

- ﬁ b 'Y b
1+ (%) 1+ (2)? 1+ (2)?
® See two time scales = and mq (more about this later).

The Egs. (11) can be used to get the expression of §f as:

~9f0
f=—p Fo_
of=—P-FoE
or° )
=g (0B + 0 +9(8x2)
~ 2 ~ ~ ~
0 To(72)"(& - 8)gE e(72 qE
Tc Tc
1+(m) 1+(TQ)
ar qre Te\ 2 o
_,9[_:(1”:;)2) {5jl+ (5) w/w/+( Q)G/jkwk:|EV/ (12)
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Formalism(contd...)

Current density:

J,qu/ > F)’s g’:( o >2> h— (%)QW/+ (;;)t,,w}liv/. (13)

Tc
(Tw

Final expression:

3 0 2 T T T =
~o [ Gtes () [ (e s

Tc
( Q

* Comparing Eq.(14) with j; = o E;

d3p afo v2 T . /T T2
99 /(27r 39E 3 (ﬁ) {”//* (jé)‘uk'wk(jp w,w"i . (15)

We can re-express Eq. (15) as follows:

9 [ Pp ()" 2,
ojj = 00djj + o1€kwk + oawjw; , With op = Ea @) ﬁ X ?f (1-1). (16)
TQ

09,01, 02 are scalars that make up the conductivity tensor.
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Formalism(contd...)

® o, interms of fermi functions: o =

e fermi functions: f;(A) = F(/) 5o 4
® Let's define the following:

il

o) =09+

Ox =
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=00 =

~(%)" 73

2::3‘1 (e )? s Tityp(A) A= e/T.
0
xI—Tax
A—TeX(1
gvmg? 3
(@™ T213/2(A),
gvVmg®
o2 = 772"3 2(A),
(2m)3/2 1 4 (222 /
gvme? Te(3)
o1 = T2 T3 f5(A). (17)
(271-)3/2 14+ (7—0) 3/2
10/20
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Results and Discussion:

) —)

s S For G = Qk:
7zm(ﬁ><m% /
\‘//

x

oy o1 0
[e]=|(—01 o0 0
0 0 op+o2

09 =01 =0y =0xx, 00 +02 =0 =0zz

Figure: perpendicular conduction and oy =ox = Oxy

e

Non-Zero Coriolis force in XY-plane —
v Jx=o0x By =0xEyjy =oyEy =01 Ey

No Coriolis force in Z-direction =—
jz = (TzzEz = UHEZ

Figure: parallel conduction
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Discussion(contd...)

0121 =
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o

= ool

006}~

02 03
T(Gev)

Figure: onormatized VS T, =0
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Forpu —0
Vmg? 3
o) = 0.299 ——— (on )3/2 7c T2((3/2),
\/Eq2 Tc 3
01 =029g Lo ——° Ti((3/2),
(@m)*/2 1 4 (z2)?
vmg?  Te(7E )
ox = 0.29g T8¢(3/2),
P iy ()
(18)
Ozz = O'H X Te
Tc
O'XX:O'yy:ULO(TL:ﬁ7
+(32)
g =0 X Tx = TC(%)
Xy = Ox X = T o
1+ (2)
O’L(Q—>00rTQ—>OO):O'H,
ox(—=00rmg - o0)=0.
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® We explored the equivalence nature of the Lorentz force and the Coriolis force in
transport phenomena.

® The microscopic quantity- the deviation from the equilibrium distribution, is guessed
with three unknown constants.

® The deviation is found by substituting it in the relaxation time approximated Boltzmann
equation with the Coriolis force term.

® Then, it is used to obtain the microscopic expression of current density and is compared
with the macroscopic definition of current density to get the conductivity tensor.
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Inclusion of Centrifugal Force: To see the effect of Centrifugal Force on the current, one
may add the centrifugal force as a force term in the LHS of Eq. (7) as follows:

[GE + 2m(¥ x §1) — mG x (5 x 7)] - af:_g?

B T

[GE — mG x (G x 7)] - ‘Z—'erzm(vxﬁ).aan;‘”:_g,

[qE — m((§ - P)S — Q27 - %iJrzm(vxﬁ)-afoag‘Sf:fg,
[qé—m((ﬁf)ﬁ—ﬂzﬂyg—fEO(V—U)+2m(V><ﬁ)~g—’:(\’/’—ﬁ)—i-2m(\7 G)- 8@‘2:—%.
(19)

Since conductivity (in general, any transport coefficient) is independent of the fluid velocity,
we will put U = 0 in the Eq. (19) to get:

= - — 0 = 0
[qum((Q-F)QfQZF)]'%\7+2m(9><9) évﬂm(vxﬂ) Zngg’
[qE_m((ﬁ.ﬂﬁ_QZF)] %v-ﬁ-.?m(vxﬂ) Z(’Zz—i—cf. (20)
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Let us assume that, §f = —p - /:'(g—':) with F = a@ + B& + (& x &), where E= Ee O =,
and a, B,~ are unknown constants. The Eq.(20) with the substitution of §f becomes:
oE _ (67— 027 +2(Fxay. - LE. ( ‘9f0) 1)
m 2E" T %% oE )~

We have three linearly independent vectors, i.e, & @, and & x &. One may, without loss of
generality, assume that @ = k, ‘Zx—w‘ =] and e;;’wxl“’ = Q‘Xé(f;‘é) =17, where7,j, and k are
the unit vectors along X, Y, and Z axes, respectively. Now we will express the expression of
centrifugal force in terms of the linear combination of & &, and & x @ .

Centrifugal acceleration = Q?(F— (& -F)d),
= Qi+,
@ x (&% @) exw
>< )
+

= Q°
[X & x & ty

L[_ X . x(®~é|)

472 | [éx | & x &
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Further one notices F x § = —yQ& + 1Q(& - )& + aQ(& x ). By equating the coefficients of

the linearly independent basis vectors from both sides of Eq. (21), we get the following three

equations:

gE  ~v X 0 Tae) X©-8) B «a y _

m Q 4T§22|é><c2:\ e TQ. 4T§\é><¢2)| e Tq 4T§|é><ofz| Tc
(23)

The above equations can be simplified to give:

Tc

o) - (x+ :*Cy),
Q

S ()P 4mlexol(t+(2)?)
B TC(TQ)(qm) e
+(Z)?  dmglexa|(1+(2)?)
of e
2(m) i o

(e ) @
4role x &|(1+ (Z)?)

T
(_Xé—’—y)v

IS

(©.8) To
(x+ ). (24)
+(5) &
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of

_5. B9
OE
oo N N Ao oA
—a—Emv~(oce—ﬁ-ﬂw-‘,-'y(e><w))7
. o % ,
72?”7% [ TC(T)gf - AQ - 2(X+Ey)]e
1+(%) 4m|e><w\(1+(7;)) 7Q
2, sy qE .
T TTC (@ )q— :—we
+] oa) - 2(’") +—0 (X + )]
1+ (72) 4rale x &[(1+ (72)°) TQ
() (%) % .
+[ 0 Tcmz + — Q — (7x:—C +y)](e><d:))},
1-1—(a 47’Q|e><w|(1+(a) ) Q

(25)
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Finally, we have,

Tc

8f°( qre ){ e\ 2 ] mOf° ™
f=——o ————= |0+ | — ) wjw, + wi | Ejvy
9E 1+(%)2 i (m> j@l ( Q)G//k k| =V — 3E47-Q\e><w|(1 +(Tc)2)

et (3)9) e (2)9) eoen(—x(3) )

The second term of RHS of Eq. (25) gives a current that is not proportional to the electric field.
Hence, it will not contribute to the electrical conductivity components. We may call it a

Centrifugal Current(js):

ej 7] (26)

Tc

qg/ dp of0 v2 o
(27)% GE 3 47l x &|(1 + (%)2)

& (27)

how;M+ww+@wwwwvwm+o
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