
Strangeness in equation of state studies at high density

Che-Ming Ko, Texas A&M University  

q Introduction
q ⁄𝜋! 𝜋": S𝜋RIT
q ⁄𝐾# 𝐾": FOPI
q  ⁄Σ! Σ" : ?	
q ⁄Ξ! Ξ# : ?
q Threshold effect
q Summary 

Supported by US Department of Energy

1



2

PRL 49, 989 (1982)

First experiment on strangeness production in HIC

T* = K+ kinetic energy in NN center of mass
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Abstract: Kaon pr~uct~on in relativistic nuclear collisions is studied on the basis of a conventional 
multiple-collision model. The input is the differential cross sections for kaon production in 
elementary baryon-baryon collisions, estimated in a simple model. Inclusive kaon spectra are 
calculated at 2.1 GeV/nucleon for a number of ‘experimental cases. The calculated kaon yield is 
approximately isotropic in the mid-rapidity frame and extends considerably beyond the nucleon- 
nucleon kinematical limit. 

1. Introduction 

Most of our knowledge about atomic nuclei has been obtained by using 
(predominantly light) nuclear projectiles with relatively low incident energies. With 
such tools we have arrived at a rather good understanding of nuclear properties at 
normal density and low excitation. Very little knowledge has been accumulated 
so far about the properties at abnormal densities and/or high excitation. On 
theoretical grounds it has been suggested that other phases of nuclear matter may 
exist. These exotic phases include pion condensation ‘), density isomerism *), and 
quark matter 3). The proper conditions for the occurrence of such phenomena may 
exist in ~trophysical sites, such as neutron stars, and our ~de~tanding of astro- 
physical phenomena is linked to our knowledge of nuclear properties far from the 
ordinary state. High-energy nuclear beams offer a unique tool for probing exotic 
nuclear phases in the laboratory. 

Through the last several years, steady progress has been made in the study of 
high-energy nuclear collisions 4). A wealth of inclusive or semi-incl~ive data has 
been accumulated and a host of models have been introduced. However, until 
now no strikingly exotic signal& have appeared, and it has become increasingly clear 
that the identification of possible exotic phenomena is conditioned on our ability 
to account well for the dominant processes of more conventional character. We must 
therefore try to understand in detail the overall collision dynamics. 

So far it has not been possible to obtain a ~ambiguous view of the evolution of a 
high-energy nuclear collision. The one-particle inclusive spectra, which form the 
main part of the data, have proved unsuitable for discriminating between widely 

’ Prepared for the US Department of Energy under contract No. W-740.5-ENG-48. 
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First theoretical studies on strangeness production

a) Randrup, PLB 99, 9 (1981)
b) Ko, PRC  23, 2760 (1981)
c) Asai, Sato & Sano, PLB 98, 19 (1981)
d) Asai, NPA 365, 519 (1981)

Importance of multiple scattering, 
strangeness conservation (canonical 
suppression), and final-state
interactions

J. Randrup and CMK, NPA 343, 519 (1980)



EOS of asymmetric nuclear matter
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Slope theoretical values -50 to 200 MeV

Curvature theoretical values -700 to 466 MeV

Empirically, 

Nuclear equation of state
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K(δ) = K0 + Kasyδ
2,    Kasy = Ksym - 6LNuclear matter Incompressibility

K0~ 230±10 MeV, Kasy~ -500 ±50 MeV, L~ 88±50 MeV 

§ Symmetry energy at high densities is practically undetermined !

Esym(r)~ 32 (r/ρ0 )γ with 0.7<γ<1.1 for ρ<1.2ρ0 

Li, Chen & Ko, Phys. Rep. 464, 113 (2008)

from mass formula
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§ Although difference between
   cascade and BUU with mean 
   fields can be 40%, difference 
   between stiff and soft EOS 
   is about 15%.  
§ No definitive conclusion on
   stiffness of nuclear EOS from 
   pion yield because the large
   experimental uncertainty of 
   also 15%.
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Subthreshold kaon production in high-energy HIC
Aichelin & Ko, PRL 55, 2661 (1985) Fuchs, PRL 86, 1974 (2001)

§ Kaon production at subthreshold energy in HI collisions, dominated by 𝑁𝑁 Δ → 𝑁Λ𝐾	and 
 𝜋𝑁 ∆ → Λ𝐾, is sensitive to nuclear EOS, and data are consistent with a soft one and that 
    extracted from nucleon flows by Danielewicz, Lacey, and Lynch [Science 298, 1592 (2002)]

Nb+Nb @ 700 AMeV



Near-threshold pion production with high energy 
radioactive beams (IBUU)

π- yield is sensitive to the symmetry energy Esym(ρ) since they are mostly produced 
in the neutron-rich region, with softer one giving more π- than stiffer one. Difference 
between ⁄!!

!" from super soft (x = 1) and super stiff (x = -1) Esym(ρ) is, however, 
only about 30%, which makes it very challenging to determine Esym(ρ) from data 
using transport models.

stiff soft

B. A. Li, PRL 88, 192701 (2002) 
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Density dependence of nuclear symmetry energy
W. G. Lynch and M. B Tsang, PLB 830, 137098 (2022)

Instead of constraining the symmetry energy S0 and and its slope 
parameter L at nuclear matter saturation density (left figure), each 
measured observable should be used to determine the symmetry
energy at the density it is most sensitive (right figure). 
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§	𝑁𝑁 ↔ 𝑁Δ and ∆↔ 𝑁𝜋	are dominant reactions    
   for pion production in Sn+Sn at 270A MeV.
§ ⁄∆𝑚!"

∗ 𝛿 and L correlations extracted from
   the single spectral ratio of 132Sn+124Sn and 
   108Sn+112Sn reactions using dcQMD (Dan     
   Cozma). The green shaded region lies 68%   
   confidence level for data with pT > 200  MeV/c.     
   The dotted blue lines denote contours
   corresponding to the 95% confidence level.

→ 𝑆0 = 35.3 ± 2.8	MeV, 𝐿 = 79.9 ± 37.6	MeV. 
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Pion production in 132𝐒𝐧 + 𝟏𝟐𝟒𝐒𝐧 and	𝟏𝟏𝟐𝐒𝐧 + 𝟏𝟎𝟖𝐒𝐧	at 
270A MeV and b = 3 fm 

Although no transport models can perfectly describe the data yet, the symmetry 
energy effect in some models is larger than the experimental errors. 

G. Jhang et al. [SπRIT & TMEP], PLB 813, 136016 (2021); H. Wolter et al. [TMEP], PPNP 125, 
103962 (2022)



6 Zhi-Gang Xiao et al.: Title Suppressed Due to Excessive Length

the EOS of nuclear matter at high densities [58]. Earlier,
the kaon yield has been used successfully in constraining
the incompressibility of isospin symmetric nuclear mat-
ter. For instance, transport model analyses of the Kaos
data suggest that the EOS of symmetric matter is soft
[59,60,61]. For the isospin effect, Q. Li et al has noticed
in 132Sn+132Sn at 1.5 GeV/u that the K+/K0 ratio
depends on the symmetry potential [8]. Later in [9], an
excitation function of K+/K0in Au+Au collisions with
different symmetry potential calculated and confirmed the
dependence of the K+/K0 ratio on the isovector poten-
tial. It has been realized that the isovector part of the in-
medium interaction affects the kaon production via two
mechanisms: (i) a symmetry potential effect, i.e., a larger
neutron repulsion in n-rich systems, and (ii) a threshold
effect, due to the change in the self-energies of the particles
involved in inelastic processes. Thus theK+/K0 ratio was
proposed as another, probably better, probe of the high-
density behavior of nuclear symmetry energy [9]. Similar
to the π−/π+ observable, the sensitivity of theK+/K0 to
the variation of symmetry energy is more pronounced at
beam energies near the kaon production threshold [8,9].

The first attempt to extract the stiffness of symmetry
energy from K+/K0 observable was done by the FOPI
collaboration [62]. To reduce the systematic uncertainties,
the double ratio of K+/K0 in Zr+Zr and Ru+Ru sys-
tems with same mass but characterized by different N/Z
composition at 1.528 GeV/u is used. The experimental
result is compared with thermal model calculation and a
relativistic mean field transport model using two different
collision scenarios (the infinite nuclear matter and the re-
alistic finite nuclear collision) and under different assump-
tions on the stiffness of the symmetry energy, as presented
in Fig. 7. Thermal model calculation reproduces the data.
For the transport model calculations, the sensitivity of the
double ratio K+/K0 on the stiffness of symmetry energy
differs in the two scenarios. In the former case, it is evident
that the double ratioK+/K0 increases rapidly if one goes
from NL (symmetry energy only containing kinetic con-
tribution) via NLρ (including the isovector-vector field ρ)
to NLρδ (including both ρ and δ effective field), or equiv-
alently with increasing the stiffness of Esym(ρ) from 50 to
100 MeV at 2.5ρ0. While in the realistic nuclear collisions
of Ru/Zr nuclei, the sensitivity is less pronounced and the
double ratio of K+/K0 differs by about 5% between NL
and NLρδ parameterizations. This reduced sensitivity is
mainly attributed to two dynamical effects that tend to
weaken the contribution of the isovector interaction, i.e.,
the fast neutron emission and the transformation of neu-
tron into proton in inelastic channels. It indicates that to
obtain experimentally accessible sensitivity, one shall use
the lower beam energy in heavier system with larger N/Z
asymmetry. On the experimental side, however, measur-
ing a sample of K0 and K+ with sufficiently high statis-
tics and high precision at subthreshold energies will be a
considerable challenge and calls for great effort in future
experiment.
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Fig. 7. (Color Online) The double ratio of K+/K0measured
in Ru+Ru and Zr+Zr systems (red star) in comparison with
thermal model calculations ( open cross in left panel) and rela-
tivistic mean field transport model (right panel) for infinite nu-
clear system (open) and realistic collisions (solid), taken from
Ref. [62].

3.3 η production and effects of nuclear symmetry
energy

This subsection is a brief summary of the work originally
published in ref. [16]. Given the inconsisteny of the high
density Esym(ρ) among various transport model analy-
ses, searching for more sensitive new probes of Esym(ρ) at
high-densities is still ongoing. Compared to pion or kaon,
massive mesons generally probe the Esym(ρ) at higher
densities if the effects of the final state interactions do not
smear the signal. The η meson, as the massive member
in the nonet of pseudoscalar Goldstone mesons with mass
547.853 MeV/c2 [63], is a preferred probe to Esym(ρ) for
further good reasons: (1) The η meson experiences weaker
final state interactions compared to pion due to its hid-
den strangeness (the ss̄ component). And because the net
strangeness content is zero in η mesons, they can be pro-
duced without another strange partner in the final state
and thus require less energies. In addition, it has signifi-
cant photon and dilepton decay branch ratio, which pro-
vides a clean electromagnetic probe to Esym(ρ). (2) The
η meson is sensitive to the number of p-n collisions while
the π−/π+ ratio is determined by the ratio of n-n and p-p
colliding pairs, η and the π−/π+ ratio provide comple-
mentary information about the symmetry energy. (3) The
η meson is produced from the proton-neutron collision for
which the relative momentum is determined mainly by the
gradient of the isovector potential. However, we shall keep
in mind that the elementary η production cross sections

Symmetry energy effect on K+/K0 ratio
Lopez et al. (FOPI Collaboration) , Phys. Rev. C75, 011901(R) (2007)
G. Ferini, M. Colonna, T. Gaitanos, & M. Di Toro, NPA 762, 147 (2005) 

E=1.528A  GeV
Open: Infinite nuclear matter
Full: Heavy ion collisions    

§ Symmetry energy effect negligible in collisions at 1.528A GeV, which is     
   only slightly below the threshold energy of ~ 1.60 GeV, and is expected to be
   larger at deep subthreshold energy. 11



Symmetry energy effect on Σ-/Σ+ ratio 
Li, Li, Zhao & Gupta, PRC 71, 054907 (2005)

§ Based on extended UrQMD with symmetry potentials and 𝐵𝐵 → Σ𝑋,𝑀𝐵 → Σ𝑋, 𝐵∗ → Σ𝑋, 
 Σ𝑀 → 𝐵∗	reactions.
§ Symmetry energy effect is seen at 1.5A GeV, which is slightly below the threshold energy of 
   ~ 1.79 GeV, with the soft one giving a Σ-/Σ+ about 5% and 14% larger than those from the stiff    
   symmetry energy with and without Σ	mean-field potentials, respectively.
§ A much smaller symmetry energy effect on Σ-/Σ+  is, however, seen in Au+Au at 1.5A GeV   
   based on LQMD [Ding-Chang Zhang et al., CPL 38, 092501 (2021)]. 12
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Symmetry energy effect on ⁄𝚵! 𝚵𝟎	ratio 
Gao-Chan Yong, Bao-An Li, Zhi-Gang Xiao, and Zi-Wei Lin, PRC 106,  024902 (2022)

§ Based on AMPT with the inclusion of 
   mean-field potentials for baryons according to the  
   quark number counting rule.   
§ A supersoft symmetry energy (x=1) gives about  
   24% larger ⁄Ξ" Ξ#	than a superhard symmetry  
   energy (x=-1) in Au+Au collisions at 𝑠 = 3	GeV,
   which is below the threshold energy of 3.25 GeV.
§ The symmetry energy effect is expected to be
   enhanced in collisions of more neutron-rich nuclei. 
§ However, it is not known if the present model can   
   describe the HAHES data on	Ξ"	from Ar+KCl at 
   1.76A GeV or 𝑠 = 2.61	GeV because hadron 
   yields at the initial stage of hadronic evolution in 
   AMPT are determined from fragmentation of 
   strings produced in initial nucleon-nucleon 
   collisions and the important 𝑌𝑌 ↔ 𝑁Ξ reactions     
   [Li, Chen, Ko & Lee, PRC 85, 064902 (2012)] are 
   not included in the present model.
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In-medium threshold effects on pion production

§ pn → pΔ0

Initial-state potential: Up+Un

Final-state potential: Up+UΔ0=Up+Up/3+2/3Un

→ difference in initial and final potentials: 
     (Un-Up)/3>0 in neutron-rich matter
 
→ reduced production threshold

§ First studied by Ferini, Colonna, Gaitanos and Di Toro (NPA 762, 
  147 (2005)) in a relativistic transport model

14
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Effects of energy conservation on chemical equilibrium in
hot dense symmetric nuclear matter (RVUU with 𝑵𝑳𝝆)

Zhang & Ko, PRC 97, 
014910 (2018)

Nucleons, Deltas and pions
in a box at T= 60 MeV,   
𝜌 = 0.24	fm$%,	
	𝜌&= 0.096	fm$%

§ Including potentials in 
     the energy conservation 
     during collisions keeps 
     correct equilibrium 
     distributions.

§ Treating collisions as in 
      free space, as done in 
      essentially all transport 
      models, leads to 
      equilibrium distributions 
      without potential effects. 



In-medium threshold effects on π-/π+ ratio

§ In-medium threshold effects increase the total pion yield, the
   π-/π+ ratio and reverse the effect of symmetry energy. 16

T. Song and CMK, 
PRC 91, 014901 (2015)
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Kaon flow as a probe of kaon potential

Li & Ko, PRL 74, 235 (1994)

Zheng, Fuchs et al., PRC 69, 034907 (2004)

§ Kaon flow is sensitive to its potential, and a repulsive potential is needed to 
   describe data. 



Kaon potentials in nuclear medium Ko & Li, JPG  22, 1673 (1996); 
Ko, Koch & Li, ARNPS 47, 505 (1997)

Chiral effective Lagrangian → repulsive potential for kaons  and attractive potential for 
antikaons 

• Experimental data on spectrum and directed flow are consistent with repulsive   
   kaon and attractive antikaon potentials	→ threshold effect on their production.18

K+ K+ K+ K-



Summary

§ Subthreshold kaon production has been shown to be a good probe to the stiffness
   of the EOS of normal nuclear matter at 2-3 𝜌#.

§ Heavy ion collisions at various energies allows the possibility to determine the      
   nuclear symmetry energy at various densities, with the ⁄𝜋" 𝜋$ ratio measured by  
   S𝜋RIT already providing information on the value of 𝑆 𝜌  at	𝜌 ≈ 1.5	𝜌#, although 
   with large uncertainty.

§ To extend the density reached in HIC, it has been proposed to study the ratio of 
   isospin partners of strange hadrons, such as the K0/K+, Σ-/Σ+ and ⁄Ξ" Σ#	ratios, in 
   HIC at energy below their respective production threshold, as these particles are 
   produced at densities higher than 1.5	𝜌#.

§ Because of the lack of anti quarks in the considered strange hadrons, they cannot be    
   destroyed in the expanding nuclear matter after their production and are thus
   cleaner probes of 𝑆 𝜌  than the ⁄𝜋" 𝜋$ ratio. 

§ Threshold effects due to hadron potentials can, however, reverse the effect of  
   nuclear symmetry, which makes it a challenge to extract information on 𝑆 𝜌 . 

§ Both experimental and theoretical studies are needed to achieve this goal.  
19


