Transport properties of quark matter under rotation
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Motivation: Perfect fluid behavior of QGP
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PRL 99, 172301 (2007)

@ Specific Viscosity of QGP close to theoretical limit

o Elliptic flow is sensitive to Viscosity

@ Transport coefficients are critical input parameters for Hydro evolution
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Motivation: Global polarization and vorticity
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Figure: A and A polarization with collision energy. Becattini et al., IJMPE, 33, 06, 2430006 (2024)

The most vortical fluid, Q ~ 10%22s~1 ~ 10 MeV
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Hydrodynamics: Viscous stress

In inertial frames (non-rotating)

Viscous stress tensor: (Navier-Stokes theory)

™ =7 [(Aﬁ,‘Ai + AVAR) — %A‘“’AUT] Vou™ — ( APV, u° J

In general, 7 = prveB Vas, J
V _l(aUa+%) AWV = gV _ iy ARy — ()
af — 3 Ixgp Al =8 utu-, u, =U.

nveB syt (fluid velocity), A*, g (metric)
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Hydro: Viscous stress (Rotating system)

Rotating System:

@ Fluid cells with velocity u*, and angular velocity (ﬁ) independent

@ Slightly out of equilibrium.

@ Slow rotation, % <1

@ System under external magnetic field and rotating system posses the same symmetry

,r/ul/oc,é’ - nuuaﬁ (UN’ AHV’gW’,wN’wHV) J

Where, wH’ = 6“”a5waw5, w* is the direction of angular velocity.

To construct 7***# following condition must satisfy:
@ Symmetric stress tensor: 17 symmetric under p < v, a < 3
o Onsager symmetry: ne8(w7) = @B (—w7)
@ Orthogonality: v, = 0.
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Hydro: Viscosity coefficient matrix

Satisfying the symmetry conditions, we can construct 7 independent components

i) A NP

i) AP AP AV pR

iif) AP WP + AP,

iv) whw’w?wP,

v) ARGV WP+ AYBWR W 4 AMBLY WY 4 AV WP,
Vi) ARAVB | AVBHe - NBBLva | Aveub.

Vi) W%’ WP W Bt w® + WPt w® + W whlP.
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Hydro: Viscosity coefficient matrix

5 Traceless components — Shear Viscosity (7).
2 Non-zero trace components — Bulk Viscosity ().

Traceless:
0 _ - . 1
Cukl = (Bwiwj — dj) (wkw/ = §5k/)
Cukl 5,/5Jk aF 5J/5,k 5U5k/ aF 5;jwkw/ = 5J~/w;wk — 6jkw,-w/ I 5k/w,-wj
_5lkijl (5,/ijk + WiWjWrwi

Cgk, = Opwjwy + djwjwi + Sjwiw; + djwiwk — dwiwjwiw)

ij
3 _
Gl = ditwjk + djjwik — Wikwjw) — Wjikwiwy
4 _
Cijk/ = WikWjw| + WjjWjwk + WikWiw| + WjjwiWk

Non-Zero Trace:

Ci?k/ = 5U(5kly Ci?k/ = 5kaw/ aF 5k/w,-wj
v
Viscous stress tensor: 7 = Zn 0Mn Cukl Vi + ¢ C] Jikl Vi + G1 Cukl Vi }
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d3 iPi
Viscous Stress : 7j; = NfNCNS/ e ’)’3 PiPj SF
= *p pi
Charge Current : J; = q Nf‘NCNS/ T 5

Distribution function, f = f(x*, p*) = fo + 0f

1

p”~uu(X)—u(X)} +1

fo =
’ exp | le),

, Pr=(E,p)

0f : Solve Boltzmann transport equation.
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Boltzmann equation and RTA

In rotating frame: (about z axis)

1-02x>—Q%2 Qy —Qx 0
_ Qy -1 0 0
B = —Qx 0 -1 0
0 0 0 -1
Equation of Motion:
dpa 1 TR 1 3 ng/d C)gd L ({)gll/
A — rOt — FOL r(}, — oo B ;/
dr + mP Pl T o8 OxH - Oxv OxP J

Mo = —02x, M3, = —Q%, I3, = —Q, I, = Q, Zero otherwise.

a5 . . .
For external force F* =0, d_lt) = [m(Q X F) x Q+2m(V x Q)} J

Force terms: Centrifugal and Coriolis, as in Classical EoM.
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Boltzmann equation and RTA

In rotating frame: (about z axis)

1-02x>—Q%2 Qy —Qx 0
_ Qy -1 0 0
B = —Qx 0 -1 0
0 0 0 -1
Equation of Motion:
dp 1 ,u v 1 /3 ngld 0gﬁ3 L nglz
= ra _ Fa r(x —_ 5ol [ ;/
dr * mP Pl ) OxH - OxV oxP J

Mo = —2%x, M3, = —Q%, F%O = —Q, 2, = Q, Zero otherwise.

For external force F* =0, — =+« Lm Q X F) ><Q/—i—2477 (V x ﬁ } J

Force terms: Centrifugal and Coriolis, as in Classical EoM.
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Boltzmann equation and RTA

Modified Boltzmann equation:

p- Of(x*, p”) = C[f]

orf of of
v pupBra 20 por ~ Bo
p o PP s Bp° + gl Mo, M aph + gqF

of

Pa 8_/3[3 = C[f]

Free Streaming term, Rotation, Temperature dependent mass,
Electromagnetic force term
Relaxation time approximation (RTA): C(f) = —pu%i{,

ansatz, 0f = 6f (relevant gradient forces : N a8, Tuv,-.)

Presented by: Jayanta Dey (BLTP JINR) Transport properties May 2025



Boltzmann equation and RTA

Modified Boltzmann equation:

p- Of(x*, p”) = CI[f]

orf of of of
7 _ ptpB e o Bor —
p 8&“ PP s Bp° + gl Mo, M i + gF pa ﬁe—\

Free Streaming term, Rotation, Temperature dependent mass,
Electromagnetic force term
Relaxation time approximation (RTA): C(f) = —pu%i{,

ansatz, 0f = 6f (relevant gradient forces : N a8, Tuv,-.)
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Transport coefficients

Solving RBE we can get:

2
N¢ N Ng d3ﬁ IBQ (n)
= — fo(l—1y);, n=0,.4
=157 ) @np \E) T¢ P -fo)in=0

T\
_q /vf/vc/vs/ dp Te(H) P

0
Ty = 5 > 5 (1—f7); n=0,1,2
9T (2731 4+ (%) E |
Effective relaxation times: 7.0 = 7, ) = m, 72 = m
78 = 275%, 4 = TC%; Tq = 55 = Rotational timescale.

Conductivity Tensor: oj; = 096;j + T1€jj)kwi + Towiw;
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Nambu-Jona—Lasinio model for rotating system

Jiang and Liao, Phys. Rev. Lett. 117, 192302 (2016)

Two flavor, isospin symmetric NJL:

£ = [iv" (O + Tu) — molt + Gs[(V9)* + ($ins9), )

Spinorial affine connection, '), = %wuab[fy’”,yb]; Wyuab = Spin connection

— )2
mean field approx. : £ = ¥[iv*(9, + ) — My — (M4Gm0) 7 J
S

Constituent quark mass: M = mg — 2Gs (1)) J

The gap equation can also be obtain by minimizing the thermodynamic potential
with respect to constituent mass.
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_ GsNeNr = [N, [V N-pl 2 2 M
M=mo+ ——5— ;@o/o dp1 /_\/mdpz (Jn(mp) +Jn+1(pu))) £
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Figure: Left: Constituent quark mass at p = 0.1 GeV~!, Right: Entropy density and number density
with temperature. pQ <1, A =651 MeV, Gs =5.04 GeV—2,
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Results: Transport coefficients
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Figure: Left: Shear Viscosity, Right:

Anisotropy is prominent
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Electrical conductivity at Q2 = 0.01 GeV and 7. =5 fm

At high temperature massless, non-interacting results recovered with chiral restoration
Substantial contribution from Hall-like component
Suppressed viscosity/ conductivity: Affect of rotating EoM

Transport properties May 2025



Transport coefficients
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Figure: Left: Shear Viscosity, Right: Electrical conductivity at T = 0.150 GeV and 7. =5 fm

@ Anisotropy vanishes with decreasing rotation.

@ At high w massless results recover due to chiral restoration

. H H . Tc/TQ
@ Peak in the Hall-like components arises from term: T (re /)2
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Threefold affect of rotation:
1) Anisotropy: Multi-component transports

2) Effective relaxation time, rotational timescale: Reduction in value of transport.

3) Thermodynamic EoS and constituent quark mass: Enhancement in value of
transport
Effective relaxation time wins the competition and reduces the net transport value.

Shortcomings and improvements

@ Rotating NJL result with fixed coupling constant contradicts with lattice estimation.

@ Incorporate 2 dependent coupling constant consistent with lattice and study transport.
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Thank you for attention!
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