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Introduction

New, exactsolutionsof relativistic viscoushydrodynamicshave beenfound recently

T. Csorgé6,
arxiv:2003.08859

A SphericallysymmetricHubbleflow: greatamountof freedomof dissipativecoefficients

A Perfectfluid attractor: howto extractthe effect of bulk viscosityin final state measurment8
A Indirectdescriptionof experimentaldatahasbeensuccesfullydone

A The nonrelativisticlimit leadsnew exactsolutionof viscous nonrelativistichydro

Motivation of this work
AThesameeffectscanbe understoodin amuchsimplerformalism
APerfectfluid attractor: isit a generalproperty of hydro? T. Csor g

) _ _ L . manuscriptin
AThebasicequationsof nonrelativistic, viscoushydro are fully clarified | preparation



https://arxiv.org/abs/2003.08859

Non relativistic, viscous hydrodynamics

Localconservatiorof the particlenumber energyand momentum:

on+V(nd)=0

1 Toclosethe equation
Oy + V() 4+ pVi = (VD) +2n {Tr (D?) — = (Vﬁ’)gl system

] E0Se=Kp

o

(e +p) (0 +TV)T+ Vp=CV (VD) +n [Aﬁ’+ %V(Vﬁ)

Balancezquationof entropy.
(. bulk viscosity

2 1
Oro + V(o) = %(Vﬁ’f + Tn [Tr(DQ) ~3 (Vﬁ)QI >0 n: shearviscosity
_ B 1 6’01 a’l),!g
where D;, = 5 (8” + or )



Interpretation of K

Relationshipto the speedof sound
207) = (14 1) 2
AK is constant: c;(T) =1+~ )E

1+ ﬁ:—I—Td—H -
drl’

. 2 T
A k temperaturedependent(IQCD: ci(T) = -
m




Interpretation of K

y: adiabaticindex

Relationshipto the speedof sound 1
- A(T) = '(1 +ﬁ;—1)‘ K
AK I s constant: s m
: 2 A A
A k temperaturedependent(IQCD: ci(T) = |1+ |k + Td_T i
m

Y
y(T):temperaturedependentadiabaticindex




Interpretation of K
y: adiabaticindex

Relationshipto the speedof sound 1

2 T
- : T 1
AK is constant: ;(T) = ("'"3 )m
. 2 dk T
A k temperaturedependent(QCD: ci(T) = |1+ [k + TdT _
m

J
Y
y(T):temperaturedependentadiabaticindex

Relationshipto the heat capacities

. C, .
AK 1 s constant: y=—"=1+4+k
Cyv

C,(T dr\ !
A K temperaturedependent(IQCD: Y(T) = (D) =1+ (h}—l—T—)




Interpretation of k

Evenif the massis temperaturedependent the formulaeremainunchanged

1+ n+Td—K -
dT

T

(T)

»  Gp(I) T
S Cy(T) m(T)

C

Conjecturefor multicomponenthadronicmatter:

2 GT) T
S Cy(T) (m(T))
~ 2 nami(T)
(m(1)) = =52

Thisconjecturebasedon the resultsof arXiv:1610.02197



https://arxiv.org/abs/1610.02197

Spherically symmetric fireball

Hubble flow: 0=

Thescaleof the fireball:  R(¢)

Selfsimilarity (0 +1vV)s=0

andscalevariable §— —




Spheroidally

symmetric, rotating fireball

Velocityfield:
Hubble flow:

Rotationalterm:

Thescalenf the fireball:

Angularvelocity:.

Scalevariable

| . NagaXiv:i139.43@0s 6 r g 06 :
| . NagaXiv:1d06.09C8 6 r g 0 :

Csor g6,

M.

alXiv:1I5NLa) 2093,



https://arxiv.org/abs/1309.4390
https://arxiv.org/abs/1606.09160
https://arxiv.org/abs/1511.02593

Ellipsoidally symmetric, rotating fireball

Velocityfield: U= Up + Urot
X
(Y cos t9+zsm t?)frx ) . r
. Z X \sin(29) [ ?
Hubble flow: v (7yt) = + (E —}) ; (0)
(% sin 19—|— cos 1?)1‘2 Tz
. T, cos? 9+ Z sin? 9)r, - Ty
Rotationalterm: Orop (7 1) = Y 7~ +a(£_5)*’m(2ﬂ) 0
—ry sm 19+Xcos 19) z X 2 —T:
: X+ Z
Thescalesofthe fireball: X (¢), Y(¢), Z(t) Averagdransversescale R = 5
2 M. | . NagaXiv1309.43@s 0r g o
Angularvelocity:. 9= w(t) _wo RG M. | . NagaXv1a06.090596r g 6
2 2 R(t) T. Csoérg6, M. akivIsNAIHY:
_ re ?“i re 1 1 2 n2Y qin2 :
Scalevariable s=mryrt Atz [(rz —rZ) sin® 9 +rors sin(20)]


https://arxiv.org/abs/1309.4390
https://arxiv.org/abs/1606.09160
https://arxiv.org/abs/1511.02593

General form of the new solutions
Thetemperatureandparticledensitycanbe giveni n syanmetryindependent form:
n(r,t) = nof%/ﬁ(t)V(s)
T(r,t)=Tofr(t)T(s)
P, t) = pofy " (OV()T(5)

TheseexpressiongrevalidonlyforO2 ya u I yu ¢
Thef{t) function carriesthe symmetryandincludesthe dissipativeeffects



Spherically symmetric, dissipative fireball solution

- with homogeneous pressure -

If the pressureis homogeneousthen A(s) (s)=1 G=0sothe Eulerequationandy are:

R=0 —> R=const. — R:Rt—l—Roth
C=((p(t))

With that, the energyconservatiorbecomes

kO (fr) + d_¢(p(t)) &

t p(t) t2 .
If the bulk viscosityislinearin pressure ((p(t)) = gof%
0

T <<T

po=m(t)" e 4]

(£ en{ £ -4

>

Latetime approximation
perfect fluid asymptote

d

T(t)~ T4 (%0) T (s)
p)~pa ("

d2
Ty ="Tyexp ( ﬁpf;o )




Spherically symmetric, dissipative fireball solution
- with inhomogeneous pressure -

p(t,s)
Po

If the pressureisinhomogeneoustheny hasto belinearin pressure ((t, s) = (

Assumption %
0 =ar)( )

With that, the energyconservatiorbecomes

. 2
QET:Con R
gr  Kpo R'
The Euleequationis: effect(;fbulkviscosity

) Ty [ Ry =
RR:OE—O(—O) gr(t)
m \ R -

effect of bulk viscosity




Spheroidally symmetric, dissipative fireball solution
- with inhomogeneous pressure -

If the pressurelsinhomogeneoustheny and' hasto belinearin pressure C(t5) _n(ts) _plt:s)

1 Co 7o Po
B R3Yp\ "

Assumption

With that, the energyconservatiorbecomes

. . 2 . . . . 2
gr _ Go 2R+Y +2n0 232+Y2 1 2R+Y
gr  kpo\ R Y kpo | R2 Y2 3\ R Y
\ J \ J
The Euleequationis:  effectof bl}|kViSCOSity effect of sgearviscosity
S Ty R(%Y[} &
RR—YY—OEm (RQY) gT(t)

effect of bulkand shearviscosity



Spheroidally symmetric, dissipative fireball solution
- with inhomogeneous pressure and rotation -

If the pressurelsinhomogeneoustheny and' hasto belinearin pressure C(t5) _n(ts) _plt:s)

1 Co 7o Po
B R3Yp\ "

Assumption

With that, the energyconservatiorbecomes )

L N2 . . . N2
gr  Co (QR Y) +2770 2R? Y? 1(2R Y)
J |

gr  Kpo R+Y kpo | R2 Y2 3\ R Y

|
L | ISR !
The Euleequationis: effectof bulkviscosity effect of shearviscosity

m \ R2Y

effect of rotation effect of bulkand shearviscosity

1
) ) To { R2Yy\ *
RR— R*?=YY =Cjg “( 0 0) gr(t)



Ellipsoidally symmetric, dissipative fireball solution
- with inhomogeneous pressure and rotation -

¢(t,s) _n(t,s) _plts)
Co U Po

Pressurasinhomogeneou#®\, ¥ and' arelinearin pressure

)%

With that, the energyconservatiorbecomes

|
@_g(

Assumption XoYoZ0

XYZ

fT(t):QT(t)<

effect of shearviscosityfor ellipsoidallysymmetricfireball
A

( )2- | Moo (Xo + Zo)' (

- |

X2 y? 72 ?
Xz y2 )
)

X, Y 2
Y 7

1

3

X, r. .z
X Y Z

X 7

Zz X

X

2
210

+ 4

gr | KPo ;PO '|4H3p0 (X+72)

o effectobeIkviscosity
The Euleequationis (where R=(X+2)/2:.

X()'{'—Rw2 _ Y?:Z(Z—sz yon

effect of rotation

the only e¥fect of shearviscosity
for spheroidallysymmetricfireball

XoYoZg

effect of ro![ation, ifn 8

1o
m

effect of rotation

XY Z

effect of rotation, bulk and shearviscosity

gr(t)

) ers



Ellipsoidally symmetric, dissipative fireball solution
- with inhomogeneous pressure, rotation, and Tdependent® 0-¢ U

. , . . t, t, t,
Pressurasinhomogeneous\ ¥ and' arelinearin pressure cts) _nlts) _ plts)

Co U Po
Noassumptiorfor f{t) andwe definethe scalevolume
1
XoYoZo \ 7 3/2
24y ¢ ¢ V=Vt)=(2r)""XYZ
TEO=TofrTl)  frXor0)( S (1)=(2r)
Theenergyconservatlorbecomes effect of shearviscosityfor ellipsoidallysymmetricfireball
A
: . N2 | . . . NP o)
L \fr V_G(V)  2n|X2 V2 22 1(V nowo? (Xo+20)* (X Z
Y(T)—1) fr V_‘pg 1% o X2 y2 72 3\V | dpy (X+2)4 \Z X
l )
effectof bulk viscosity the onlyeffec!tofshearviscosity effect of rotatllon, ifn 8

The Euleequation for spheroidallysymmetricfireball

X(X—Ruﬂ) — YV = Z(Z—sz) - CE%fT(t)

effect of rotation effect of rotation effect of rotation, bulk and shearviscosity



Spherically symmetric, dissipative fireball solution
- with inhomogeneous pressure -

300 - - - - - 300
o/po [MeV™] Co/po [MeV™]
—_— — 0
———=0.003 1 —===0.003
250 0007 250 0.007
e e (0.012 ~. = (0.012
200
;. ..........
NS Sl T,
S50 ONSL el
H -
~§~.‘
1007 7 —a50 Mev |
..... :rT'.'~,
Ry =5 fm R =5 fm A
50 | Ro =0 ] 50 | Ro =0
Kk =3 k=3
m =940 MeV m =940 MeV
0 : : : : : 0 : : : : :
5 10 15 20 25 30 5 10 15 20 25 30

t [fm/c] t [fm/c]




Spherically symmetric, dissipative fireball solution
- with inhomogeneous pressure -

20 T T T T T 20
Co/po [MeV™] J Co/po [MeV~]
I8 [ | e 3 I8 [ | e 0 y
—=—=0.003 —=—=0.003 7
16 + 0.007 16 + 0.007 Py
= 0.012 = 0.012
A 0.016 T 0.016
Ty =250 MeV T =250 MeV
Elz'Rozsfm Elz-ROA=5fm
S10F Ry=0 10 F RA =0
= k=3 = K =3
8r 8
m =940 MeV m =940 MeV
6r 6
__‘:4f‘
4 4 o
2r 2




Spherically symmetric, dissipative fireball solution
- with inhomogeneous pressure -

1 1 . :
Co/Po [Mev—l] Ty =250 MeV Co/Po [MeV_l] TOA —950 MeV
0.9 | o 0 1 0.9 | e 0
=5 f A _
———=0.003 }?O 5 fm —=—=0.003 Ry =5 fm
0.8 88(1); Ry =0 1 0.8 8-807 R =0
=== 0. = 0.012
........ 0.016 k=3 Lust] wrssasnn 0.016 K =3
0.7 F —940 MeV “‘_."‘ 1 0.7
m =9 RO m =940 MeV
0.6 T o=
‘o’;”:"‘

s




Summary

Anapplicationof our new relativistig viscoussolutions

A New, analytic, exactsolutionsof nonrelativistic Navier-Stokesequationswith Hubbleflow
Onlyacademicresults not planto describemeasurements

Theeffectsof viscositiesandrotation are vanishingor late times

Thesolutionsare asymptoticallyperfectboth for a finite andvanishingu

These exacsolutionstend to perfect fluid solutioms

Thankyouforyourattentioh



