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Thermal Radiation from an
Analytic Hydrodynamic Model
in Heavy-Ion Collisions

with Hadronic and QGP Sources




Motivation

Direct photon puzzle: the measured v, of direct photons is of the
same order of magnitude as for hadrons.

v, cannot be described simultaneously with direct photon spectra
using the theoretical models known so far.
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In Today's presentation

1+1 dimensional analytic model (no transverse dynamics)
v, cannot be investigated

Focusing on thermal history

Hadronic and QGP components of thermal radiation
EoS constrained by lattice QCD calculations

Locally accelerating velocity field




Previous results from 1+3d analytic hydro

Based on the Csorgd-Csernai-Hama-Kodama solution of relativistic hydro

Acta Phys.Hung.A 21 (2004) 73-84
Boost-invariant velocity field, Gaussian temperature profile
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v, and spectrum were fitted simultaneously
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New 1+1d model with generalized EoS

1 : . T. Csorgo, G.K., M. Csandd, Z. Jiang:
Based on a perfect fluid solution, completely analytic s cois s e

Locally accelerating velocity field: u* = (cosh (€2) ,sinh (2)), Q= Q(n,)
Inhomogeneous temperature

Generalized for a broadened class of EoS that contains IQCD EoS

The spectrum is embedded to the 1+3d space, but v, cannot be calculated

The spectrum has a

low temperature component (T < T}, let's call it hadronic component)

high temperature component (1> T, let's call it QGP component)




Equation of State

EoS: u=0, e=x(T)p

Requiring temperature inhomogeneity: strong constraint for x(7T):

T  Ok(T) :
k(T + WO T + T ut — o (energy conservation)
[() 1+ ~(T) acr} pt O
x(T) = k¥ = const. T. Csorgo, G.K., M. Csandd, Z. Jiang: Universe 4 (2018) 6, 69
G. K.: Int.].Mod.Phys.A 39 (2024) 01, 2450006
o(T) + T  Or(T) _ O — const Leads to new solutions and a

1+ k(T) OT new model for thermal radiation



Equation of State

Solutions for x(T) (ratio of ¢ to p):
1+Cy
T Cq—FKtr

Tir Kir+1

Kq

T> Ty, ®(T)=xy(T)

T<T,, x(T)=xy(T)

in(T) and x,(T) are matched at Ti,: 1,(Ty,) = x4(T,)

C}, controls the peak of x,,(T)
ktot (1) = O (T — Tiy) kg (T) + O (Tt — 1) k(1)
Cq= Kiot( T >> Ty




Parametrization of EoS

Main goal: mimic the IQCD EoS

T;.: fixed to values in accordance [ 1QCD Eos|
with the literature i %i&%
il
KfO = K(Tfo) 5k % ¢
’E: @
z °
~ 4+ i
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K. =x(1,.)=7 ) ,
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Sz. Borsdanyi et. al.: JHEP 11 (2010) 077




Temperature

Analytic solutions for the temperature:

A

Th (77 772) = Tir0 (_) 1+ sinh (Q (772) - 772)
T A—1

A
2Cq

A
_ . (T0\ % Cq—1 . 9 B
7o (o) = 7o (2) 7 1+ S st (@) — )]

Two solutions are matched at 7,

T (7_7 772) =0 (T o Ttl’) Tq (7_7 772) + O (Ttl" o 7_) Th (7—7 772‘)

T<T,

T> Ttr



Source function

Simple assumption for source function:

s urdrdn.drgdr,
cosh (Q2 (n2) — 1)
H(t): transparency to photons
H(r) =0 (1t — 1) — 0O (7 — 1) no interaction with the medium

Calculating pr spectrum:
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Spectrum

Two-component direct photon spectrum:
d*N _ d*Ng
2rprdprdy|,—g  27pTdpTdy|,—)

d? Ny,
2mprdprdy |,

_|_

High-T (QGP) component  Low- T (hadronic) component
2
2rprdprdy |,y 27rh TR * cosh Q 1)z) Ty (7.n2)

d? Ny, TAT h pHuy, pluy,
dT exp | —
2rprdprdy |,y 27rh TR * cosh (2 —7.) Ty (7, m2)




Spectrum

Results derived from the integrals:

d2N, oy 20q [ 11 “1paqgr VLB opT 1=t

2mprdprdy|,—o 04 33/2 KA Sl 2T Jpon,

d2Ny, 200, [ 1 11 ( 5 pT> 1=t
e N 2 — o h F e} + P —

2aprdprdy |, " 32 TP T | T "TYT )

EoS parameters (C;) and rate of acceleration (A) are scaled out:

2C;
Q; = )\Z -3
Threshold temperatures and midrapidity densities:
e e AN
70 \ ¢4 Ttr | b _ i
Ty, = T Ty = T, (—) No,i
tr 0 (Ttr) f tr,0 - dy



Fits to PHENIX Au+Au@200 GeV

Fit to the non-prompt data component across four centrality classes:

Data:
O- 2 O % PHENIX: Phys.Rev. C 109 (2024) 4, 044912

20-40%

—— Fit of the analytic formula —— Fit of the analytic formula
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—+= Hadronic component

@ PHENIX Au+Au@200 GeV, 0-20% (non-prompt)
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Systematic uncertainty of the fit

—-= Hadronic component
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Quantitatively good description of data! S. Turbide, R. Rapp, C. Gale:

Phys.Rev.C 69 (2004) 014903

S. Turbide, C. Gale, E. Frodermann, U. Heinz:
Phys.Rev.C 77 (2008) 024909

Hadronic > QGP at py <1 GeV, supporting examples:




Fits to PHENIX Au+Au@200 GeV

Fit to the non-prompt data component across four centrality classes:

Data:
PHENIX: Phys.Rev.C 109 (2024) 4, 044912
le) . S, E ., o
40-60% 60-93%
10° 3 10’
—— Fit of the analytic formula —— Fit of the analytic formula
107" === QGP component 107" === QGP component
3 —+= Hadronic component —+= Hadronic component
" (D PHENIX AutAu@200 GeV, 40-60% (non-prompt) 1 0—2 @ PHENIX AutAu@200 GeV, 60-93% (non-prompt)
10 ~ 3 [ Systematic uncertainty of data [ Systematic uncertainty of data
Systematic uncertainty of the fit -3 Systematic uncertainty of the fit
&3 10
|> 10~ 4 |
2 % 10
= 10 5 <
9 =2 =107
% 10 ] an =818 %
{ 7, = 0.156 Gev 10°
10°¢ 3 Ty =0.15 GeV \ = Ty=0.15 GeV ,
1 7) = 0.45540922 Gev \ Ty—0.452:008) Gev ™.
107 { No,, =104 ( ) \.\ CL=7.0% 10 ] Mo = 15253 N CL=0.2%
] 6.0e + 06 2/ nr 1.6e + 06) * < N
1 Non= (4.0e + Uﬁ)iw.o“m} <\x>/]\1DF: 13.1/7 Ny, = (8.4e + Oﬁ)iﬁi,&:-:—()ﬁ) N\ 2/ NDF=229/7
10_8 T T T . T T T 1079 T T T \ T T T
1 2 3 + 5 6 1 2 3 f! 5 6
pr [GeV] pr [GeV]

Quantitatively good description of data! S. Turbide, R. Rapp, C. Gale:

Phys.Rev.C 69 (2004) 014903

S. Turbide, C. Gale, E. Frodermann, U. Heinz:
Phys.Rev.C 77 (2008) 024909

Hadronic > QGP at py <1 GeV, supporting examples:




Fits to PHENIX Au+Au@200 GeV

Initial temperatures extracted:

0.60

0.55 ~

0.35 A

Q® Model prediction (with hadronic component)
[ Systematic uncertainty

0.30

0-20%

20-40% 40-60% 60-93%
Centrality

In more central collisions
decreasing trend is obtained.

The model’s validity for more peripheral
collisions is questionable.



Test the model in hadronic channel

Data:
Fit to the dN/dn data of PHOBOS Au+Au@200 GeV PHOBOS: Phys.Rev.C 83 (2011) 024913
The fitted formula was already known: G. K. and T. Csirgs: Int.] Mod.Phys.A 34 (2019) 26, 1950147

Only fine-tuning was needed to account for the new hadronic solution
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Quantitatively good description of data!



EoS predicted by the model

Fits to hadronic data

Fits to photonic data constrain «(T) = ¢/p
1QCD simulations —
Sz. Borsdanyi et. al.: JHEP 11 (2010) 077 _ zhtg

® 1QCD simulation
Uncertainty of x;,(7) and x,(7)

T%,: varies widely in the literature,

an intermediate value was chosen
PHENIX: Phys.Rev.C 109 (2024) 4, 044912; STAR: Phys.Rev.C 79 (2009) 034909 <

Low-temperature side: good

3 T, =0.115 GeV ©
quantitative agreement achievable | 01000V
: Kfo = 4.2
24!
] . i Ky = 1.0 + [1):3
High-temperature side: only | O =7.37:018
p g : : at — 3.284008 0-20% prediction
qualitative agreement is achived T . o p .
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EoS predicted by the model

Fits to hadronic data

Fits to photonic data constrain «(T) = ¢/p
1QCD simulations : =
Sz. Borsdanyi et. al.: JHEP 11 (2010) 077 - i - ;ch(T)
i @ 1QCD simulation
6 - I Uncertainty of x,(7) and x,(7)
T%,: varies widely in the literature,
. . 519
an intermediate value was chosen |
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EoS predicted by the model

Kk4(T) compatible with It does not guarantee same
lattice at high T agreement for p or ¢
2.00 :

s oy : Ty =11 ; icti
Transition area: good quantitative | | o ey 0-20% prediction
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EoS predicted by the model

Kk4(T) compatible with It does not guarantee same
lattice at high T agreement for p or ¢
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Closing thoughts

Where simple analytic hydrodynamic models succeed, more complex
models struggle

Hydro ensures the thermalization of the system.

Perfect fluid models works well

Is the effect of viscosity negligible?

Two component model in analytic framework

Well describes the non-prompt photon spectrum across multiple centralities.
Hadronic emission outshines the thermal QGP emission around pr <1 GeV.

The model works well also in the hadronic channel.

Hydro-based EoS constrained by 1QCD EoS

Further improvement in agreement is possible.
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models struggle

Hydro ensures the thermalization of the system.

Perfect fluid models works well

Is the effect of viscosity negligible?

Two component model in analytic framework.
Well describes the non-prompt photon spectrum across multiple centralities.
Hadronic emission outshines the thermal QGP emission around pr <1 GeV.

The model works well also in the hadronic channel.

Hydro-based EoS constrained by 1QCD EoS Th an k y oU f01" yOIH’

attention!

Further improvement in agreement is possible.
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Recent results from 1+1d analytic hydro

T T T T T T

© PHENIX Au+Au@200 GeV, 0-20% (nonprompt)
[ ]|Systematic uncertainties of the dataset
Fit of the analytic formula
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Systematic uncertainties of the fit
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Scaling behaviour of data
has been found

Based on the relativistic hydrodynamic

solution of Csorgd, Kasza, Csanad and Jiang
T. Csorgo, G.K., M. Csanad, Z. Jiang: Universe 4 (2018) 6, 69

Locally accelerating velocity field,
inhomogeneous temperature, but only 1+1d

Analytic calculation of spectrum using
saddle-point approximation

Fitted to the non-prompt component of
PHENIX Au+Au @ 200 GeV data

Non-prompt component: dominated
by hydrodynamic evolution

G. K.: Int.]. Mod.Phys.A 39 (2024) 01, 2450006



Fits to PHENIX Au+Au@200 GeV

Initial temperatures extracted:
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