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‘We derive the transport coefficients of second-order fluid dynamics with 14 dynamical moments using the
method of moments and the Chapman-Enskog method in the relaxation-time approximation for the collision
integral of the relativistic Boltzmann equation. Contrary to results previously reported in the literature, we
find that the second-order transport coefficients derived using the two methods are in perfect agreement.
Furthermore, we show that, unlike in the case of binary hard-sphere interactions, the diffusion-shear coupling
coefficients £y, Ay,, and 7y, actually diverge in some approximations when the expansion order N, — oo.
Here we show how to circumvent such a problem in multiple ways, recovering the correct transport
coefficients of second-order fluid dynamics with 14 dynamical moments. We also validate our results for the
diffusion-shear coupling by comparison to a numerical solution of the Boltzmann equation for the
propagation of sound waves in an ultrarelativistic ideal gas.
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In this paper, we study all transport coefficients of second-order dissipative fluid dynamics derived by
V.E. Ambrus ef al. [Phys. Rev. D 106, 076005 (2022)] from the relativistic Boltzmann equation in the
relaxation-time approximation for the collision integral. These transport coefficients are computed for a
classical ideal gas of massive particles, with and without taking into account the conservation of intrinsic
quantum numbers. Through rigorous comparison between kinetic theory, second-order dissipative fluid
dynamics, and leading-order anisotropic fluid dynamics for a (0 + 1)-dimensional boost-invariant flow
scenario, we show that both fluid-dynamical theories describe the early far-from-equilibrium stage of the
expansion reasonably well.
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The relativistic Boltzmann equation |.

The Boltzmann equation describes the space-time evolution of the single-particle
distribution function f(x*, k*) = fi

The relativistic Boltzmann equation

KhOLfi = C[f] = 7/‘dK’deP’Wkk/ﬁpp/ (f,,f,,,f.(ﬁ(/ - f.(ﬁ(,fpfp,) . ()

k# = (k% k) is the four-momenta of particles with mass mg = \/k*k,,, where
dK = gd®k/ [(2m)3k°], while f = 1 — af, with a=0/a=1/a = —1 for
Boltzmann/Fermi/Bose statistics. The invariant transition rate is

—pp’ = gi(z )° da(;[ L O(KH + K — pt —p't), (Z)J
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The relativistic Boltzmann equation Il

Local thermal equilibrium - Jiittner distribution

fic = fox = [exp (—ao + BoEk) + 3], (4)

Not a "true” solution, where a9 = 0/ To, Bo = 1/ To and Ex = k*u,,. The solution

fk = fox + 0, (5)J

where §f is the non-equilibrium correction.

The Anderson-Witting approximation to the collision integral

fio — £ 5t
C[f;]z—k”uﬂkTiROk :—EkT—:, (6)

where the relaxation time 7g(x*) is a momentum-independent parameter proportional

to the mean free time between collisions. This is the relativistic generalization of the
I . .

BGK model; Cgek [] = —kT—ROk, used in Lattice Boltzmann methods.

P.L. Bhatnagar, E.P. Gross, M. Krook, "A Model for Collision Processes in Gases. |. Small Amplitude Processes in Charged and Neutral

One-Component Systems”. Physical Review. 94 511 (1954).

J.L. Anderson and H. R. Witting, " A relativistic relaxation-time for the Boltzmann equation”, Physica 74, 466 (1974).
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Fluids dynamics from the Boltzmann equation

The momentum-space integral of the distribution function fi with the four-momentum
and the energy of particles forming a rank-£ tensor defines the moment

Ran tensor moment

MEL B = (Bl .. Ry = /dKEk'k‘” kM (7)

The particle four-current and the energy-momentum tensor

NHE = MY = /deka _ /de“(fOk +6R) )

TH = MY = /de“k"fk = /de“k" (fox + Ofc) - (9)

.

Moments of the relativistic Boltzmann equation (RTA)

/deh kO[O, ] = 6#M5°>‘1'”M = CMAef] (10)
1
=_= (Ml*l AL 7/dKEkkA1---k)‘4 fOk)
TR

Note that the particle number and particle four-momenta are collision invariants, i.e.,
C = [dKC[f] =0 and C* = [ dKk*C[f] =0
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The particle number conservation

OuN* = 8M/de"fk TR dKE (fic — fok)
1
=——(n—ng) =0, (11)
TR
The energy-momentum conservation
uy, 0 THY = u, 0y / dKkH kY iy = —— / dKEk (f — fok)
1
=——(e—e)=0, (12)
TR
1
A}, TH = Aﬁé)ﬂ/de“k”fk = ——/dKEkk<A> (f — fox)
TR
1
=——W"=0, (13)
TR
Landau matching conditions, and Landau frame
n=ng, e=¢, (14)
=0, (15)
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Ideal Fluids I.

Conservation laws for a simple (single component) perfect fluid (no dissipation)

OuN§ =0 charge conservation =1 eq.
OuTY =0 energy-momentum conservation = 4 egs.

WO TE =0,  A)OTY =0

Perfect fluid decomposition with respect to u*

.

NéL = nout
TYY = eputu” — pgA*Y
ng = N u, (net)charge density
e = T upuy energy density
1
Py = _EAW T equilibrium pressure

A

o The time-like normalized flow velocity is u*(t,x) = v(1,v), where utu, =1
@ The projection tensor AHY = gh? — yty?, where gh” = diag(1,—-1,—1,—1)

o We have 5 equations for 6 unknowns ng(1), eg(1), po(1) and u*(3). Closed by an
Equation of State (EoS) Py = Py(eo, no).

Etele Molnar Dissipative fluid dynamics in the relaxation-time approximation for an ideal
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Dissipative Fluids I.

Conservation laws for a simple (single component) dissipative fluid

OuN* =0 charge conservation =1 eq.

O, TH =0 energy-momentum conservation = 4 eqs.

General decomposition N¥* = Né‘ + dNH and THY = Té”/ +oTHY

N¥ = nut + V#
THY = eutu” — (Po + M)AHY + WHuUY + WY uH 4 oh¥
n= N*u, charge density
e=T*u,u, energy density
1
P=Py+M= fEA;W THY isotropic pressure
VH = AF*N,, charge flow

WH = Ak B Tug energy-momentum flow

1 1
THY = [5 (A“O‘A”’8 + A"'BAO‘”) = EA“”AM?} Tap stress tensor

@ We only have 5 equations and an EoS for 17 unknowns, n(1), e(1), u*#(3) and
n(1), vVi(3), Wk (3), = (5).
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General equations of motion I.

Using fix = fok + 0fx where 6f = fox (1 — afok) ¢k we define the irreducible moment

b = <Ekruk<u1 ...kw)>6 (16)J

(- Ys=()y={()o=[dK(- )5 and Kkl o g me) :Aﬁllj_"'#fkul...klll

B
p1=0n=0, p2=0de=0, po=———=I,
m

Py = VH, pl=wt=0, ph” = .

Now, writing the Boltzmann equation in the following form

Défx = —Dfox — E_ ku VY (fox + ) + E C [fox + 6] (17)J
where D = u#0, = —_r and V,, = A " Ou, the equations for Dptt#2 follow from,
Dpﬁﬂf He) — Aﬂl sz /dKEku (lI1 V,g)(sfk . (IS)J
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General equations of motion II.

Infinitely many coupled equations for pt! "¢ equivalent to the Boltzmann equation !

. 0 Gy
pr—Co1=aDeo+ = [mé(r —1)p,—2 — (r+2)p, — 3 ’n]
3 Dyg

+%6 vH 7Vup 1+rp,7 Oy + |:(r71)p752+ 5 “"] ouv

20 20

p,< ) C<M> ( It o+ rptt” — %V“ (mgp,,l — p,+1) — AL (Vup, +a B,iw'w‘)
+2 [mB =06y (r+3)pk] 0+ o [2mE (= pr 2 — (2 +3)pr]
+ % [moror—1 = (r +3) prea = 3afN] & + @l VHN + prpwh” + (r = 1) o 0y

v)

2
P — €l = 2aP = [ (r = 1) proz = my (2r +3) pr + ( +8) pria] ¥ + 20}
2 2
( 2 vy ) ( 2 vy vy
+ g0 # [mo"’rfl —(r+5) Pr+1] - ’V u (mﬂprfl - pr+1)

+§[mg(r71)p¢‘f2 (r+4)p* ]9+7[mg(771)p:7<2 (r+5)p W‘}aﬁ
(19)

. A A
o iy — AR 2P 4 (r = 1) o o

“Derivation of transient relativistic fluid dynamics from the Boltzmann equation,”

G. S. Denicol, H. Niemi, E. Molnar and D. H. Rischke,
Phys. Rev. D 85, 114047 (2012)
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General equations of motion IlI.

The Dirk Not MotheR (DNMR) recipe:

Expansion around equilibrium

o = fo+ for (1 — afo) D> ot ki, ok MY (20)
£=0 n=0
©_ () E& 0.
o = S5y e @y
20,0 i=n m=0
)

The coefficients a; " are calculated via the Gram-Schmidt orthogonalization procedure

Define the negative—order moments r < 0

u1 Hp Z pHI M]_-IZZ ) (22)
FO = 70 /dK EF (A"‘Bkakﬁy HO (1 - afu) . (23)
Frn = (20 + 1)1 3 =

The Grad or Israel-Stewart approximations have no negative-moments!
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General equations of motion V.

The moments of the linearized collision integral

Ny Ng
Cr(itimue) = 7ZA£ﬁ)pl;1---M , Zfﬁf)cffi”“” _ 7p,<1u1-~ue> i (24)
n=0 r=0

0) . .. . I
where Agn) is the collision matrix while its inverse

—1

N,
A = (a0) 7 = z Qsﬁzﬁ (a®) ", (25) J

mn

is the microscopic time scales proportional to g, = Amfp/c between collisions.
Here Q(©) diagonalizes A(9) according to; (52(‘3))71 ADOQE) = diag (X(()Z), xgl), - )
0 _ ( ()

while we set QOO = 1, while arrange the eigenvalues in increasing order, sz) < Xri1-

The RTA collision integral

Je 580 1
Cfﬁlluw = _Z Lpﬁr“w = _7p‘rl1mul ) 7—r(rf) = TROm 5 Q%) =m . (26)
n=0 TR R
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General equations of motion V.

The moment equations

pr+ Z .A,,, Pn =« 0)9 + (higher-order terms) , (27)
<“> AF Z .Am ph = ar IVha + (higher-order terms) , (28)
No
pS#V) aF Z Aﬁ?,)pg” = 2a£2)a"“’ + (higher-order terms) , (29)
n=0

The moment equations - final form

No No
Z T,(,?)p, +pn=20 Z T,,(,))oz(o + Z T,,,)(hlgher order terms) , (30)
= =| r=0
ZTS})p + pHt = Vi« Z Do 4 ZTS}) (higher-order terms) , (31)
r=0
2
Z 7-,,, phY = 20" Z Tz oa,z) + Z ng)(higher—order terms) , (32)
- _ _J
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General equations of motion VI.

The 14 dynamical moments are py = —%I’I, py = V¥, and pf” = mhv,
o

The DNMR approximation for the non-dynamical moments

3 3
pro = —— a9+ = — 2000, o= AN+ okn), (33)
Mo my mg
o = APV 4 (ky — 2 ko) V e, o = AVt o(kn), (34)
PiSo = Q@ x4 o(n, — Q@ ng)oh” P = @b 4 O(kKn). (35)
where the first-order transport coefficients and the y%) coefficients are:
m 0) (0 a 1) @ 2 2) (2
ér = =0 Z Tﬁn)ag ) , Ky = Z 7',(")o¢£7 ) 5 nr = ZTr(n)o‘sr ) 5 (36)
3 0,1, n=0,#1 n=0
9 = Z o, %= o), 9= Z =2 (37)
n=0,#1,2 n:O,:/l

For r = 0 one obtains the usual Navier-Stokes coefficients: (p = ‘rég)ago) = ‘rnago),

(1) @)

Ko = Tyag ', and nmo = Tray

Etele Molnar pative fluid dynam n the relaxation-time approx
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General equations of motion VII.

The corrected MR approximation for the n

namical
3 3 3
pr = =N+ = (Y — s = o> S, (38)
™o mg ™o
P VI () o = ot TV, (39)
P o @i o1 @) o @ypo gt N A (40)
/
where the O(Kn) corrections are now explicitly included, cDNMR
0 _ 1) _ OINe)
A/EO) = Z m n0 ) ’YEO) = Z m n0 ) Z}_ )QnO 9 (41)
n=0,41,2 n=0,1
No ¢
n 1 2
= > 020 @ Z FOE @ 2 Zﬂz : (42)
n=0,#1,2 So n=0,#1 (g 70
y

V. E. Ambrus, E. Molndr and D. H. Rischke, *

‘Transport coefficients of second-order relativistic fluid dynamics in the relaxation-time
approximation,” Phys. Rev. D 106, no.7, 076005 (2022)
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General equations of motion VIII.

This is the way in RTA!

. 3 _
TRPr + pr = rral0 + 0(2) = ?E,G + O(Re™'Kn) (43)
0
R + o = 7raMVHa + 0(2) = K, V*a + O(Re™'Kn), (44)
erﬁ“"> + pﬁ“w = 2TRa£2)cr“” + 0(2) = 2,0 + O(Re™Kn) , (45)

() (1)

2
2
where (, = TR%Q, , kr = TRay, ' and n, = TRCV£

)

, hence the ratio of coefficients,

()

0 _ @ ©) _ Gr (1) _ Kr @ _ Nr
Ry = Zg) = Ry =G Ry = Riy = — (46)
Qg 0 0 70
o
The order of things in RTA!
3 0 1 2
A= —?Rfo)ﬂ v Pra ™ RGVH, Proso ™ RGm (47)
0

v

V. E. Ambrus, E. Molndr and D. H. Rischke, “Transport coefficients of second-order relativistic fluid dynamics in the relaxation-time

approximation,” Phys. Rev. D 106, no.7, 076005 (2022)
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Second-order fluid dynamics |.

Equation for the bulk pressure
Tnﬁ +MN=—-¢0— Zn\/vu\/” — Tan,_Ll-J“ — onnlée
= An\/ VMV‘U'OC + )\nﬂﬂuua'uu ) (48)

Equation for the diffusion current

TV L VE = gVFa + —7y Vuw” ™ — Sy VHO — £yn VAN
aF f\/ﬂ-A"“JV)\Tr)\V + rynNa” — 7yemh? o,
—Aw Voot + AynNV*a — Ay "V, a , (49)

Equation for the shear-stress tensor

Tt (BY) 4 b — 2not? + ZTWF;HUJU))\ — OpnmH’O — 7'7m7r>‘<“az> + ArnMNo*”

S VA VACY ANy YA vACA VRS WIVAVAT VA0V (50)
v

First-order transport coefficients

2
CZTH%Q(()O), li=7'voz(()l), r]:‘r,ra(()z).
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Second-order fluid dynamics Il.

The second-order coefficients in the 14-moment approximation are:

(1) (1)
2 myGyo  m_o my [ORZy,  19RT,
o= S0 0RO ), Apy= - [ =10 S S0}
ODUS=eln (3 3 Dy | 3 20 Y= =g Do h o8

2 2 ar®) 2

my (630 (1) ) my [ Gso ~1,0 mg (Gzo ©) )
lbny=m— [(— —R = —T— 1 — — ———— | Apgr= 1 —— R o
=73 5, Z1,0) TV "3 | oy o p Nr "3 by 2.0

) ;
) or® s o2
TV —1,0 TV —1,0 mo (1)
Tvi=—|1—-h———— |, 7ypr=—|1—-h————— |, Aw=r"1 = =—R 5
VLT ( oI B YT =y oI B W= (5 5 20

orY ;10RO ) (aﬁ@m 1R | >
— o =), A=y R0
dax h o8 da h o8

5 —2,0

(1) (1) (1)

Lo 2mORT, My o 2mp (ORDh, 10RT,
TV 5 omp TV 71' 100 Awv L o o8

Etele Molnar
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Second-order fluid dynamics IlI.

Coefficients in the massless limit

02 ‘ ‘ ‘ 12 ‘ ‘ ‘
(a) s Svs/(Brz) (b)
0.1 A/ (B 1
< v/ (BTR) ”é‘ 0.4
| = 0xn/(BTR)
= 0 = e 0
i) tya/(B 5 ‘
5 v/ (BTR) Using ») —e— g 04 Using ~{f} —e—
—04 .2 1
o0 M —e— el ) —e—
—08 | ]
'RQ.U - R(j‘l)‘.“ -0
~02 ‘ : ; -l2 : ! ; :
0 2 1 6 s 10 0 2 4 6 s
No= Ny —1 Nap=Ni—1

All other coefficients agree in all approximations; i.e., -0 vs. ', vs. R_, 0.
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Second-order fluid dynamics IV.

With a binary collision integral

For a gas of ultrarelativistic hard spheres with constant cross-section, the 14-dynamical
moment approximation for truncation orders Ng —2 = N; — 1 = N> = 1000,
corresponding to Ny + 3Ny + 5N, + 9 = 9014 moments included in the basis.

Coefficients of the diffusion equation

[ Method T 'f [ "vBmepl [ dwitvl [ Evalrvl= rvalrvl [ Awlrvl T Avalryl |
Tam /120 9/4 i B/20 3/5 B/20
TReD 015802/ 2.0838 1 0.0283717 0.80862 0.0692737

DNMR | 0.15892/ 25721 T 0119218 0.92005 0.0517097
DNMR | 0.15892/c 2.5721 1 0.00853473 0.92005 0.0568787

Coefficients of the shear-stress equation

l Method [ n [ T [Amfpl [ Srmlre] [ Lrylrn] [ TrviTa] [ TrmwlTr] [ Apvira]
Tam 7/(30 D) 5/3 /3 0 0 10/7 0
IReD 1.2676 /(o B) 1.6557 4/3 —0.56960/ 3 —2.2784/ 1.6945 0.20503/3

c&DNMR 1.2676 /(o B3) 2 4/3 —0.68317/8 —2.7327/8 1.6888 0.24188/3

D. Wagner, V. E. Ambrus and E. Molnar, “Analytical structure of the binary collision integral and the ultrarelativistic limit of transport

coefficients of an ideal gas,” Phys. Rev. D 109, no.5, 056018 (2024)
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Applications I.
Relativistic ideal gas of massive particles
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Relativistic ideal gas I.

Thermodynamic integrals

Irg(v, B) = M/ dKE~ 29 (A Ky ky ) for
ge m oodXXr 2q 1)q+%efzx (52)
T 2m2 (2 + 1)1 ’

where z = mg/ T and fox = e BE while

Bessel functions of second-kind

Ky(2) (zq_lu/ dx (2 — 1)} (53)

Primary thermodynamic quantities

o K
n=ho=2_T322Ky(2), P=hy=nT, ez/20:P[3+z 1(2)] . (54)
272 Ka(z)

.

v

Etele Molnar Dissipative fluid dynamics in the relaxation-time approximation for an ideal
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Relativistic ideal gas II.

The speed of sound - with N* conservation
oP 1 /0P cpP
de), h\on/)., c(e+P)

The speed of sound - withOUT N* conservation

oP ki Ple+P
] 2= (7) __ PletP) , (56)
de /), ho o P2 + e2

0.7 : : : 2
ceo--

Bh(c? — &%)

] where ¢, and ¢, = ¢, + 1 are heat capacities at
constant volume or pressure.

0.1 1 10 100 1000
z=my/T

The coefficient(s) of bulk viscosity

Etele Molnar Dissipative fluid dynamics in the relaxation-time approximation for an ideal
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Coefficients of the bulk equation

- 3.50 . -
1.00 BF: {/mP --6-. (3) BF: onn/7n - ©
DNMR: (/7P --B-- 3.00 [DNMR: onn/7ir
0.80 - BF: 150(/m P —e— _ BF: 8/ - BF: A/t
IDNMR: 150¢ /7P —a— £ 250 [DNMR: b/ £ (.60 DNMR: Anr/m
0.60 Small z —ﬁfne' B Small 2 E Small =
=040 £ 040
e ¢ 5
= I
= 020 A < 020 o
[ R
000 0.50
001 0.1 1 10100 001 0.1 1 10 100 001 0.1 1 10100
z=my/T z=myg/T z=mo/T
0.80 80.0 0.10
BF —e— (d) BF —e— (e) BF —e— (f)
DNMR —8— DNMR —&— 0.0 | DNMR —e—
0.60 | Small z 50.0 | Small 7 f - Small z
= T 006
£ 0.40 <
] £ 004
0.20 !
0.02
0.00
0.00
0.01 0.1 1 10 100 0.01 0.1 1 10 100 0.01 0.1 1 10 100
z=my/T z=my/T z=my/T
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Coefficients of the diffusion equation

&) 1.80 BF —o— () 2.0 BF —o— (©
008 ® 160 é)\l\ll( —a DNMR —g—
Small 2 180 | Smallz
0.06 140
& £ 160
=120 <
0.04 z
£
1.00 140
0.02 BF —e— 050 1.20
DNMR —a— &
0.00 [Small z 0.60 g 1.00 g
001 01 1 10 100 001 01 1 0100 001 01 1 0100
= =my/T 2= my/T mo/T
. 020
2.00 BF —e— (d) 1.00 BF —e— ] BF —e— (®)
DNMR —@— 0.80 | DNMR —s— DNMR —@—
160 | Small 2 —— Small 7 015 | Small 7
0.60
120 F 0.10
0.80 £ o
0.00 0.05
0.40
~0.20
0.00
0.00 B 0.40
0.00 01 1 10 100 0.01 01 1 0 100 001 01 1 10 100
2 2 =m/T
0.08
BF —e— 19) 0.10 BF —e— (h) BF —e— (1)
DNMR —@— DNMR —g— 0.08 | DNMR —g—
0.06 | Small z —— 0.08 | Small 2 Small 7
0.06
0.06
0.04 | ; g
0.04 g ou
0.02 o2 002
0.00 4 0.00 0.00
0.01 01 1 10100 001 01 1 10 100 001 01 1 10 100

2=mo/T 2= mo/T
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Coefficients of the shear equation

—lwv/(:T)

4.00

1.00 BF: A /7
0.95
0.90
2,00
0.85
0.801
100
001 01 1 10 100 001 01 1 10 100
== my/T 2= mg/T
170 . .
BF o © 200 BF o T
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Applications Il.
Bjorken expansion

t
ut = (—707 0, E) = (cosh s, 0, 0, sinh 75)
T T

t
= <E,O7 0, 7> = (sinh 7, 0, 0, cosh 7))
T T
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Applications II.

.0f b
-05 00 05 1.0 -1.0 <05 00 05 10
KidGeV] k{Gev] ki{GeV]

o Elliptic flow - momentum space frs = {GXP (—5 K2 +(1+ 5)/‘3)]
anisotropy of particle emission in
non-central heavy-ion collisions. Spheroidal momentum distribution function.

Prolate (left) - ISOtropic - Oblate (right)

Anisotropic fluid dynamics

NH = Auk + A* (57)
FHY Z oyt a1 oM ) 4 By — B =i (58)
where =HY = gtV — gyl yu¥ + [FY = AFY 4 [#]Y such that =Y upu = =HY], = 0.
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Boltzmann equation for the boost invariant expansion

Ofy vZ 5, Of 1 >
— =0 =)= =——(k = fo) > v® = tanh(y — ns)
orT T Av, TR
Second-order fluid dynamics - 4 diff equations
n 1 T
Dn+— =0, De+ —(e+ P)=0, PP=P+MN—m, PL5P+|'|+5,
T T
¢ n ™ 4n g L 2n
TRDN +MN = —— —épn— + A\pr— TRDT + 7= — —0pqr— — Tpx— +Agn— -
T T T 3T T T 37

Anisotropic fluid dynamics - 3 diff equations
2 LK RS - RS 2.4
s — exp (a - TW) e [k, = [ keSS,

1 1 ~ 1 " P
=——(-n), De+=(e+P)=-=(e-¢), PL=0gi=
TR T TR

D +

N4>

(e = #1— i)

Dﬁ,+$(3ﬁ,—i§%):—i(ﬁ,—P) : ﬁzé(ﬁ,um)_fa, ﬁzg(m_ﬁ,).

1
2

There are no free parameters, everything above is a function of z = mg/T.
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Kinetic theory vs. second-order fluid dynamics - WITH conserved particles

mp = 0.01 GeV/c?

mo =1 GeV/c?

mo = 10 GeV/c?

1
FirZo e WEO
0.8 -b 0.8 f 0.8 11
\ $ 3
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=04 T 04 D) . S04 \
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1 10 1 10 1 10
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0.5 —03
1 0.6
s & =0,BF 5 -09 & =0,BF --0- & =0, BF
DNMR 'E DNMR --@-- DNMR
) RTA v 12 RTA ----. RTA
- & = 100, BF = R & =100, BF —e— & = 100, BF
: DNMR -1 NMR —a— DNMR
-25 (d) RTA —— RTA —— . RTA ——
—18 25
1 10 1 10 1 10
7 [m/e 7 [fm/c] 7 [fm/c]
2 & =0, BF 1 & =0,BF --0-- 25 & =0,BF --0--
DNMR DNMR --@-- DNMR --@--
. RTA «-nn- RTA «-nn- — 2 RTA «---
. & = 100, BF —e— & =100, BF —e— T & =100, BF —e—
DNMR —a— DNMR —a— - DNMR —a—
1 RTA —— RTA —— 5 RTA ——
S
S
0.5 =
d 02 td 0.5
N W#0 N A0 W#0
08 Iyt 0
1 10 1 10 1 10
7 [fm/c 7 [fm/d] 7 [fm/d]
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Kinetic theory vs. anisotropic fluid dynamics - WITH conserved particles

mp = 0.01 GeV/c?

mo =1 GeV/c?

mo = 10 GeV/c?

1 1
e hu#0 w70
0.8 0.8 £ 0.8
ki
, 0618 L 061 & 0.6
o o o
04 04 04
& =0, AHydro £ =0, AHydro - & =0, AHydrc
02 RTA 02 RTA - --n. 02 RTA -
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() RTA —— (b) RTA —— () RTA ——
0 0 ! 0 .
1 10 1 10 1 10
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0 0 0
e n#0 n#0 LR n#0
03 05
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) & =0, AHydro

- RTA ~12 RTA - RTA -
- & = 100, AHydro & = 100, AHydro & = 100, AHydro

—25 (d) RTA —— (e) RTA (f) RTA ——
—15 —2.5
1 10 1 10 1 10
7 [fn/c] 7 [fm/c] 7 [fm/c]

2 & =0, Aydro i £ =0, AHydro 2.5 £ =0, AHydro

TA --een TA - TA -
5 £ = 100, AHydro —a— 08 £ = 100, AHydro 2 & = 100, AHydro

RTA

/gh ||
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=06 15
5 1 5
= T 04 £
S & =
0.5 2
: 02 05 |d
R j#0 Fo H#O
i
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Kinetic theory vs. second-order fluid dynamics - NO conserved particles
mp = 0.01 GeV/c? mo =1 GeV/c? mo = 10 GeV/c?
1.11:” '.“:o ! 0
0.8 .:.n 0.8 .'. 0.8 ",
\ ! &
0.6 0.6 0.6
o I a g
= = = & =0.BF --0--
S04 T 04 04 J
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6 o Tl &=0BF --6--
- 9 DNMR --@--
=5 RTA ----- RTA -oonn
‘é 4 S = ll](l: BF —e— B £ = 100, BF
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T 3 = DNMR
N Py RTA
o1 0 5 & = 100, BF
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Kinetic theory vs. anisotropic fluid dynamics - NO conserved particles
mp = 0.01 GeV/c? mo =1 GeV/c? mo = 10 GeV/c?

1 1 1
bi=0 bi=0 w=0
0.8 0s [
E}
d
< 06 & < 0.6 &
04 04
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