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Various application of hydrodynamics

= Why is hydrodynamics so effective?

= Works well on ... St
[ 7 . i Wi g 4 NS S G
O ... microscopic scales oo s P e Sl

»
x

O ... macroscopic scales

;. @

O ... cosmic scales

. . Heavy-ion collision: in the
= Hydrodynamics has no internal scale overlap area, the sQGP is created

= Averages the microscopic degrees of freedom

= Analytic hydro: with relatively simple equations we can ... Today’s presentation:
... describe the scaling behaviour of experimental data —> scaling of dN/dy
... provide a tool for checking more complex calculations —> describe the thermal radiation
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Relativistic perfect fluid solution with accelerating velocity field

= Equation of state: £ = Kop (Iu:O) T. C;c'irgé’, G. Kasza, M. Csandd and Z-F. Jiang:
- . > 5 1 : t 47, Universe 4 (2018) 69
= Rindler coordinates: T = Vi* T3 AT
= Velocity field: pw_ (cosh(S2) _
Y ¢ (sinh (2) 2=19(n.)

= 1+1 dimensional, parametric,
almost self-similar, finite solution

t-t0 [fm]

A\: rate of acceleration
(Hwa-Bjorken: A=1) \
accelerating expansion

\

realistic dN/dnp
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Scaling of dN/dy
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Pseudorapidity distribution

= Starting from the rapidity distribution, we calculated the pseudorapidity distribution

= Parametric curve:

AN\ (1 [ + )
(”P(y)’ an, (y)) - (21 [up(ym — )

= We compared this curve with experimental data :
o PHOBOS Au+Au 130 GeV, 200 GeV

o ALICE Pb+Pb 5.02 TeV
o CMS p+p 7 TeV, 8 TeV, 13 TeV > described very well, collectivity in p+p collisions?
o CMS Xe+Xe 5.44 TeV

] <Ip(y)|)dN)
"(E(y)) dy

G. Kasza, T. Cs6rgé:
Int.J.Mod.Phys. A34 no.26, 1950147 (2019)

= Different sizes (p+p, A+A), different centralities, different collision energies
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Fits to CMS data (Xe+Xe)

= The parametric formula works well in such cases where other models fail:

XeXe \I/sNN =544 TeV

500 CMS Xe+Xe at 5.44 TeV, 0-80% centrality 700
- CMS Phys.Lett.B 799 (2019) 135049
600
400 W -
o B — +0.04 i B
2300 1 h=1.21700 e
3 k=10 -
2 A -
T 200 T,=103"2 MeV - g
dN/dy| —449*9 C XeXe 0 - 80%
YIp=%*7 28 200 dNen/dn
100 - Y2/NDF=0.36/22 | E ;:s;aLg:g & symmetrised
© Data 100F- — HvDJET 1.9
Fitted range: My € [-2.5, 2.5] —Fit - — AMPT
0 I I I I I O_IIIIIlllllllIIIIIII]IIIIIIIIIIIIIII
-2 -1 0 1 2 & 2 - 0 1 2 3
G. Kasza, T. Csérg6: np 1

Int.J.Mod.Phys. A34 no.26, 1950147 (2019)
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A reasonable approximation of the rapidity distribution

= If |y| << 2+1/(A-1), then the rapidity distribution becomes Gaussian:

dN (N) ( y? )
— = exp | — 5
dy (QﬁAyQ)l/Z 2Ay

= Manifest of the hydrodynamic scaling behaviour:

ALyQ:(,\—l)2 [H(H,{%) (%+JZ)}

Ny = (27ay?) "
(N) = (2rAy?) i

= The physical properties of different collisions (Vs, centrality, size) are scaled out:

12 \ B 2
- exp (— 2Ay2) > f(x) = exp (—7)

y=0

dN  dN
dy

dy

arXiv:2311.18678
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Data collapsing

= Pseudorapidity distributions were transformed into rapidity distributions = fits to the dN/dy data series

2 T T T T
exp(-x21‘2)
181 @1 PHOBOS Au+Au 20 GeV 0-30% | |
' @1 PHOBOS Au+Au 62.4 GeV 0-30%
+0+ PHOBOS Au+Au 130 GeV 0-30%
1.6 - 81 PHOBOS Au+Au 200 GeV 0-30%
o+ CMS Xe+Xe 5.42 TeV 0-80%
14 % ALICE Pb+Pb 5.02 TeV 0-5%
A 4 r ALICE Pb+Pb 5.02 TeV 30-40% . . .
> &1 ALICE PbePo 502TeV T0.80% For each dataset, the fit range satisfies:
~ i CMS p+p 13 TeV |
o1 3 SuepmmeTey |yl << 2+1/(A-1)
q4 .
Tos This condition is the strictest in the case of
3o0.
2. PHOBOS Au+Au@20 GeV =2 |y| << 3, |x]| << 1.8
© 0.
0.4
02+ : -
arXiv:2311.18678
0 ' ' ‘ ‘ | Another prediction for Gaussian dN/dy from
15 -1 0.5 0 0.5 1 15

Landau hydrodynamics:

C-Y. Wong: Phys. Rev. C 78, 054902

C-Y. Wong et al.: Phys.Rev.C 90 (2014) 6, 064907
A. Sen et al.: J.Phys.Conf.Ser. 630 (2015) 1, 012042

x =y/Ay

= Data collapsing on the f(x)=exp(-x?/2) curve of the scale function
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Thermal photon radiation
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Derivation of the thermal radiation

Source function: o IS
S (@ p)dia = 2 OB

T

Using the 1+1 dimensional CKCJ solution:

1 IS utrdrdn,dr;dry
cosh (Q (77,2) - 77z)

Assuming homogeneous transverse distribution of temperature

Window function: sQGP is transparent for photons

H(t) =O (1 —7) - O (1 — 1)
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(27h)® TR exp (p”u,u) 1
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The new analytic formula for the thermal radiation

The source function is integrated over space and time
o Motivated by earlier results: A was assumed to be close to 1

° The integral was perfromed by saddle point approximation
o The result is evaluated at midrapidity (y=0)

d*N 200 1 1]t 5 pr 5 pr
= N, — =2 |1 S I c L
2mprdprdyl,_, 3732 [Tfa Iy ] r [ (a i) TO) (a T2 ) ]

A and k are collapsed into « (typical behaviour of hydro): 9
T:: freeze-out temperature A

T,: initial temperature

N,: multiplicity at midrapidity

arXiv:2311.03568
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Fit to experimental data

Good confidence level with realistic
values of physical parameters

Intermediate p; regime = T, can be
determined more precisely

Data is from: arXiv:2203.17187

N(pr) [GeV~?]

10

To = 0.716
- Ty =0.173

- Ny = 5014

C CL=25.7%
©Ex?/NDF=8.94/7

- o = 441577 56y (stat) 531" (syst)

©@ PHENIX Au+Au@200 GeV, 0-20% (nonprompt)
[ |Systematic uncertainties of the dataset
Fit of the analytic formula
Systematic uncertainties of the fit

0.327 0.32
017 (stat) Trsg(syst) GeV
0055 (stat) 10105 (syst) GeV

+16383 (Stat)+1164g

—6880 T4503 (Syst)

1
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In conclusion...  Mank you for yous attertion!

= Scaling behaviour of dN/dy

— p+p collisions can be described as collective systems
—> Our fits indicate low c, value (=0.35) = indicate the presence of fluid

—> p+p and A+A collisions: self-similar systems

= New formula for thermal radiation
- lacks of radial flow and viscous effects
Message?
—> but describes the data very well

- compare the obtained initial temperature to the Hagedorn temperature (< 350 MeV):

T <1y = O.ngzg(stat)fg:g (syst)
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Csorgb-Kasza-Csanad-Jiang (CKCJ) hydro solution

= Rindler coordinates, velocity field:

1 t >
)

u' = (cosh(Q}), sinh(Q))

= 1+1 dimensional perfect fluid solution:

ne(H) = Q(H) - H,
WH) = = IA\/K_Aarctan< ’f\:)l‘tanh (H))
alndl) = o (?)AVG(S) [1+ ’;:isinh2(H)]—%,
7 = 5 ()70 [ S=gemon]
T = val(s)’
Sl = (?)A_l sinh(H) [1 - ;:isinhQ(H)] o

Universe 4 (2018) 6, 69

r, [fm] Ty

Equation of State: A: acceleration parameter

l

accelerating solution
realistic dN/dn,

£ =KD

(with u=0)
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Rapidity distribution

= We applied the Cooper-Frye formula

= Temperature is determined on the freeze-out hypersurface
= Integrals were calculated by saddle-point approximation
= Fluid rapidity could be well approximated by a linear function: Q=An,

= The 1+1 dimensional rapidity distribution was embedded in 1+3 dimension

N N a(rg)
aN 4 cosh™ 2 1 (g) exp (— m [eosha("""”) (2) — 1])
o Tes Qo

dy  dy

y=0

G. Kasza, T. Csorgé:
Int.J.Mod.Phys. A34 no.26, 1950147 (2019)
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Pseudorapidity distribution

= Starting from the rapidity distribution, we calculated the pseudorapidity distribution

= Parametric curve:

mp(y) = tanh™! (7! tanh (y)) = tanh ™"

G. Kasza, T. Csorgé:
Int.J.Mod.Phys. A34 no.26, 1950147 (2019)




Pseudorapidity distribution

= Starting from the rapidity distribution, we calculated the pseudorapidity distribution

= Parametric curve:

(0. 1) = (31 [0+ 000

dN ) dN
—(y) = —
dnp dy

- \/1 e ™ (B ew (7 o (2) 1))

G. Kasza, T. Csorgé:
Int.J.Mod.Phys. A34 no.26, 1950147 (2019)
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Fits to PHOBOS data (Au+Au)

0 PHOBOS Au+Au @ 130 GeV, 0-30% centrality

400M
_ +0.006
:_9- 300 F *71-3324 006 1
-c K‘,0=10
Z T .=196"? MeV
= e
o] 200 L eff -2 o i
dN/dy]| =419
Y2/NDF=3.60/22
100 il
© Data
Fitted range: € [-2.5, 2.5] —Fit
O 1 p 1 1 1
-2 -1 0 2
T’P

G. Kasza, T. Csorgé:
Int.J.Mod.Phys. A34 no.26, 1950147 (2019)
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00 PHOBOS Au+Au @ 200 GeV, 0-30% centrality

-0.008

m0=10

- +6
| T,=203°0 MeV

dN/dy]| =4757

Y2/NDF=5.42/22

40057 >

A=1.262"0:009

©@ Data
Fitted range: M, € [-2.5, 2.5] —Fit
-2 -1 0 2
T




Fits to ALICE data (centrality dependence)

2000 M

1500
o - +0.0005
= A=1 '259870.0005
g =10
o] 1000 ¢ T.7=270 MeV

500 f »*NDF=0.31/16

ALICE Pb+Pb at 5.02 TeV, 0-5% centrality

dN/dy| =2183.227, 205

©® Data
Fitted range: 1 ¢ [2.5, 2.5] Fit
) -1 0 1 2
nP

ALICE Pb+Pp at 5.02 TeV, 40-50% centrality

400
300+ 1
o _ +0.0009
= A=1.1887 4 4009
2200 =10
=
© Teﬁ=270 MeV
- +215
100 dN/dy] =360.41"2
v2/NDF=0.49/16
® Data
Fitted range: n_ < [-2.5, 2.5] Fit
0 L P 1 1 1 1
-2 -1 0 1 2
o

1400 ALICE Pb+Pb at 5.02 TeV, 10-20% centrality

1000 |

— +0.0007
800 [ A=1.2448 55047
h‘-0=10
600 T_=270 Mev

N/dy| =1342.67*305
400 | dN/dyl=13426

-9.06
+2INDF=1.62/16
200 F ©® Datal -
Fitted range: 7 < [-2.5, 2.5] Fit
0 ‘ , ‘ , .
) -1 0 1 2
o
60 ALICE Pb+Pb at 5.02 TeV, 70-80% centrality
S0 W
40 |
SR
30 k=10
T, =270 MeV
207 dnsdy| =50.22102
+*INDF=2/16
10 ® Data| |
Fitted range: m, € [-2.5, 2.5] Fit
0 . ‘ ‘ . .
-2 -1 0 1 2

o



Fits to CMS data (p+p)

CMS p+p at 7 TeV

=1 14*0.04
- A4 0

#,=10

T =145 MeV

dN/dy]|,=6.6" 5

Y?/NDF=0.47/6

© Data -
Fitted range: n € [-2.5, 2.5] i
) -1 0 1 2
nP

dN/dy

n

w

T

CMS p+p at 8 TeV

_ +0.04
- AT s
nU=10
T, =145 MeV
_ +0.08
_ dN/dy|,=6.27 %%
2/NDF=0.60/18
© Data| -
Fitted range: 5 € [-2.5, 2.5] —Fit
-2 -1 0 1 2
nP
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M

- +0.0003
A=1.1798 )" 00a
nU=10
T off 145 MeV

dN/dy],=7.4370 2

*INDF=3.6/46

CMS p+p at 13 TeV

€ Data
Fitted range: T, € [-2.5,2.5] it
) -1 0 2
TIP

Collectivity in p+p collisions?
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The new analytic formula for the thermal radiation

d*N 200 1 1]t 5 pr 5 pr
=N -~ 2T e ) = =
2nprdprdy |,y 372 [Tfa T[?] Pr l (O“ i) To) (O" T )]
N — dN  gAr T TS”"‘S 1 1 ] 3732k 2Tk 1/2
"Tdy |,y @rhPtR o [TF Tg] 23 \N(26—1)—A(s— 1)
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The new analytic formula for the thermal radiation

—1
d* N N 200 1 1
p— 0 —

3/2 Q «

2rprdprdy |, 3r3/2 | T T
a =4 1
. - = ra=425]
10 =45 |
N ]
107 ¢
> ]
[«b] 1
Z 107 ¢ ;
Ty =0.716 GeV )
- T; =0.173 GeV St N O
L ~ T, ~. 1
10°% £ Ny =5014 =~ ., "" -
C ~ 8
r b ..

1 2 3 4 5 6

pr [GeV]

—a—2

Pr

N(pr) [GeV~?]

5 pr 5 pr
F'fat+5. =) - Tlats =
2 T(] 2 Tf

Ty = 0.4 GeV]| :

-— -TO:0.5 GeV |

e Ty = 0.6 GeV |

......... Ty =07 GeV | ]

- . IT():O.SGGV El

_T; =0.173 GeV

Low p; regime does
not constrain T, ]
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In conclusion...

= p+p collisions can be described as collective systems

= QOur fits indicate low c, value (=0.35)
= Low c, value indicate the presence of fluid, so the presence of QGP

= p+p and A+A collisions: self-similar systems

Is the hydrodynamic description well-accepted?

The geometry of a
quark-gluon plasma

o A+A collisions: become a major trend since 2005 —
o p+A, d+A and He+A collisions: accepted since 2019 =
o p+p collisions: not widely accepted yet
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In conclusion...

= p+p collisions can be described as collective systems
= QOur fits indicate low c, value (=0.35)
= Low c, value indicate the presence of fluid, so the presence of QGP

p+p and A+A collisions: self-similar systems
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A+A collisions: become a major trend since 2005

p+A, d+A and He+A collisions: accepted since 2019

p+p collisions: not widely accepted yet

However, describing H+H systems by hydro is not a recent idea

e

Abstract: The invariant spectra of 7= mesons produced in (7+/K*)p interactions at 250 GeV /e are
analysed In the framework of the hydrodynamical model of three-dimensionally expanding cylindrically
symmetric finite systems. A satisfactory description of experimental data is achieved. The data favour
the pattern according to which the hadron matter undergoes predominantly longitudinal expansion
and non-relativistic transverse expansion with mean transverse velocity (u,) = 0.20 £ 007, and is
characterized by a large temperature inhomogeneity in the transverse direction: the extracted freeze-
out temperature at the center of the tube and at the transverse rms radius are 140 +3 MeV and 82+7
MeV, respectively. The width of the (longitudinal) space-time rapidity distribution of the pion source
is found to be A = 1.36+0.02. Combining this estimate with results of the Bose-Einstein correlation
analysis in the same experiment, one extracts a mean freeze-out time of the source of {rf) = 1.4+0.1
fm/c and its transverse geometrical rms radius, Rg(rms) = 1.2 £0.2 fm.

arXiv:hep-ex/9711009v2 19 Dec 1997
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