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Mo8va8on	1

2

We	are	neglec8ng	any	dynamics	of	the	chiral	condensate	!
The	pions	are	the	goldstone	boson	of	the	spontaneous	symmetry	

break		



Mo8va8on	2
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The	chiral	suscep8bility	seams	to	respect	the	scaling	as	predicted	
from	O(4)	universality	class	in	d=3		

The	independent	le\	
and	right	rota8on		
of	the	flavour	of	the	
quark	is	spontaneous	

broken.		
The	Universality	class		
is	the	same	of	O(4)	

scalar	field		



Chiral	summery	
The	(approximated)	conserved	quan88es	are	of	2	flavour	QCD	

Stress Iso-vector	(isospin)		 Iso-axial		
Tµ⌫
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The	approximate	flavour	symmetry	 SU(2)L ⇥ SU(2)R ⇠ O(4)
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The	pion	are	the	pseudo	goldstone	boson	and	they	decay	at	large	
distance	due	to	the	small	quark	mass	

The	order	parameter	can	be	considered	as	state	variables	like	
temperature

The	order	parameter	is	the	chiral	condensate	
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pionssigma
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We	need	the	theory	of	superfluid	hydro	(Son	'99)

(T, uµ)
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Physical	picture	T<<Tc
Working	regime	

So\	pions	mode	on	Hydro	
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Physical	picture	T~Tc
Working	regime	

So\	pions+sigma	mode	on	Hydro	
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Linearized	equa8on	
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D0 = const
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We	linearize	the	equa8on	around	equilibrium	(mean	field)	

The		parameter	depends	on	the	temperature	and	on	
the	value	of	the	fields	at	the	minimum

Axial	charge	and	pion	equa8on	(assuming	zero	vector	chemical	
poten8al)	

Sigma	equa8on	

Solving	for	the	pion	we	get	a	dumped	Klein	Gordon	equa8on
7
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Mean	field	equa8on
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In	mean	field	one	can	easily	find	how	the	minimum	of	the	poten8al	
change	and	the	mass	of	pions	and	sigma	

Masses Minimum
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Lamce:	Engels,	Vogt	0911.1939.	Engels,	Karsch	1105.0584		



Real	8me	lamce	simula8on	
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Gaussian	Noise	

We	perform	real	8me	lamce	
simula8on	for	the	model	in	
equilibrium	(called	Model	G)

Florio	et	al	2111.03640		

The	sta8c	property	are	the	
same	the	introduc8on	of	the	
conserved	charged	change	
the	dynamic	universality	

class	(the	scaling	exponent	)



Iso	axial	spectral	func8on	

Quark	diffusion	T>>Tc

Quasipar8cle	Pions	T<<Tc
We	can	se	the	transi8on	between	QGP	to	propaga8ng	pions	form	

EOM		
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Effec8ve	Boltzmann	equa8on	for	
so\	pions
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From	the	linear	propagator	we	can	define	(using	the	Wigner	
transform)	and	effec8ve	kine8c	descrip8on	of	the	so\	pions	

distribu8on	func8on	

Ep = v2(p2 +m2)
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Well	below	the	phase	transi8on	the	pions	propagate	like	
quasipar8lce	with	a	modified	energy	dispersion	from	the	medium

Depends	on	the	posi8on	of	the	minimum �̄
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Why	all	of	this	should	majer	
Devetak	et	al	1909.10485	

We	solved	normal	hydro	equa8on	+	a	lot	of	par8cles	in	the	feed	
down	we	were	not	able	to	produce	as	that	many	pions	
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Es8ma8on	of	diversion	curve	
The	pion	velocity	and	the	mass	scale	with	the	condensate		and	are	

reduce	next	to	the	phase	transi8on

Ep = v2(p)(p2 +m2)
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Possible	enhancement	at	low	pT
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Figure 3. Top: The best fit for ⇡,K, p spectra compared to the experimental data in five centrality classes

in Pb–Pb collisions at
p
sNN = 2.76 TeV. Bottom: The data to model ratios. The shaded areas correspond

to the sum in quadrature of the statistical and systematic experimental uncertainties.

While hpTi of kaons agrees very well with the experimental measurements, the hpTi of pions and
protons show some residual deviations. For the pions this is a reflection of the deviation between
model and data in the transverse momentum spectrum below pT = 0.5 GeV/c, which results in
a slightly larger hpTi for pions in our model. As for the protons, the slight discrepancy could be
due to the absence of an hadronic phase between chemical and kinetic freeze-out in our model. We
note that similar discrepancies are observed in other hydrodynamic simulations [40, 46] and none
appears able to reproduce data within the very small experimental uncertainties.

To our best knowledge no recent heavy-ion simulations (including our own presented here) are
able to produce a uniformly good description of identified particle spectra from central to mid-
central nucleus-nucleus collisions if experimental uncertainties are taken seriously. The pioneering
studies of [52] showed excellent agreement of identified particle spectra measured at RHIC with ideal
hydrodynamic simulations, but the agreement worsened when e↵ects of viscosity were included. In
the EKRT model [53], pion spectra are described well at the expense of over-predicted kaon and
proton yields, which is in line with our finding when we attempt to fit only the pion spectra.
In Ref. [40] where the e↵ect of both bulk viscosity and hadronic rescattering were studied, the
data to model agreement is arguably on the same level as in our work, although we employ a
single freeze-out approximation. We note here that the extensive Bayesian analyses of refs. [22, 41]
have concentrated on momentum integrated observables. In summary, the excellent quality of
experimental data of identified particle spectra indicates the need of including additional physics
in hydrodynamic simulations of heavy-ion collisions.

4.2 Strange, multi-strange and energy dependence of particle spectra

Having found the optimal parameters of our model, many other observables, not used in the fit,
can be directly predicted. This is an important step in validating the physics picture behind the
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 A recent ordinary hydro fit from Devetak et al 1909.10485

typical pt
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With	the	modified	dispersion	curve	
Devetak	et	al	1909.10485	



Outlook	
•	The	dynamics	of	the	chiral	condensate	has	to	been	included		
in	the	hydrodynamic	descrip8on	of	Heavy	ion	Collision		

•	The	Sta8c	universality	class	is	the	O(4)	model	in	3	dimension	

•The	dynamic	universality	class	is	so	called	Model	G		

•We	perform	the	first	lamce	simula8on	and	determine	the	spectral	
density		

•Naturally	the	pion	propaga8on	in	the	medium	are	modified	such		
for	low	pt		

•More	dis8n8ve	signal	could	be	detected	in	the	two	point	func8on	
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Thank	you!	


