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THE QCD PHASE DIAGRAM

The QCD critical point in heavy-ion collisions
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SCALE EVOLUTION OF QCD
integrating out ßuctuations from UV to IR
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initial action: gauge Þxed Euclidean QCD

SCALE EVOLUTION OF QCD
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covariant derivative Þeld strength

asymptotic freedom: ßuctuations increase strong coupling

[S. Bethke, hep-ex/0606035]

! ! 1 GeV
<latexit sha1_base64="nsE9bxKKJnSOTzluRONrXmJA0dY="></latexit>



k

effective four-quark interactions are generated

SCALE EVOLUTION OF QCD

! ! 2
s,k ! T,k (øq T q)2

! T,k grows with decreasing energy scale

running controlled by IR-attractive Þxed point  
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Figure 5: Sketch of a typical # function for the fermionic self-interactions ! i : at zero gauge
coupling, g = 0 (upper solid curve), the Gau§ian Þxed point ! i = 0 is IR attractive. For small
g ! 0 (middle/blue solid curve), the Þxed-point positions are shifted on the order of g4. For
gauge couplings larger than the critical couplingg > gcr (lower/green solid curve), no Þxed points
remain and the self-interactions quickly grow large, signaling $SB. For increasing temperature, the
parabolas become broader and higher, owing to thermal fermion masses; this is indicated by the
dashed/red line.

ing larger than the regulator scale k, these functions approach zero, which reßects the
decoupling of massive modes from the ßow.

Within this set of degrees of freedom, a simple picture for the chiral dynamics arises: for
vanishing gauge coupling, the ßow is solved by vanishing! i Õs, which deÞnes the Gau§ian
Þxed point. This Þxed point is IR attractive, implying that t hese self-interactions are
RG irrelevant for su! ciently small bare couplings, as they should be. At weak gauge
coupling, the RG ßow generates quark self-interactions of order ! ! g4, as expected for
a perturbative 1PI scattering amplitude. The back-reaction of these self-interactions on
the total RG ßow is negligible at weak coupling. If the gauge coupling in the IR remains
smaller than a critical value g < gcr, the self-interactions remain bounded, approaching
Þxed points in the IR. These Þxed points can simply be viewed as order-g4 shifted versions
of the Gau§ian Þxed point, being modiÞed by the gauge dynamics. At these Þxed points,
the fermionic subsystem remains in the chirally invariant phase which is indeed realized at
high temperature.

If the gauge coupling increases beyond the critical coupling g > gcr , the above-
mentioned IR Þxed points are destabilized and the quark self-interactions become critical.
This can be visualized by the fact that " t ! i as a function of ! i is an everted parabola;
see Þgure 5; forg = gcr, the parabola is pushed below the! i axis, such that the (shifted)
Gau§ian Þxed point annihilates with the second zero of the parabola. In this case, the
gauge-ßuctuation-inducedø! Õs have become strong enough to contribute as relevant opera-
tors to the RG ßow. These couplings now increase rapidly, approaching a divergence at a
Þnite scalek = k! SB. In fact, this seeming Landau-pole behavior indicates$SB and, more
speciÞcally, the formation of chiral condensates. This is because theø! Õs are proportional

dimensions which were shown to inßuence the quantitative results for the present system only on the
percent level, if at all [50].

Ð 17 Ð

[Braun, Gies, hep-ph/0602226]

! ! 1 GeV
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strong coupling exceeds critical 
value: ! T,k diverges

SCALE EVOLUTION OF QCD
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gauge couplings larger than the critical couplingg > gcr (lower/green solid curve), no Þxed points
remain and the self-interactions quickly grow large, signaling $SB. For increasing temperature, the
parabolas become broader and higher, owing to thermal fermion masses; this is indicated by the
dashed/red line.
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[Braun, Gies, hep-ph/0602226]

resonance in condensate channel: 
chiral symmetry breaking

! øqq" #= 0
<latexit sha1_base64="ETjkBHpZloQLdakt8j4dMedLdWQ="></latexit>

! S,k (øqq)2 ! "
<latexit sha1_base64="CB0syw2iDA7nH/vsrPkVMw/VonM="></latexit>

around the same scale 
gluon mass-gap develops: 
conÞnement
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[Cyrol, Mitter, Pawlowski, Strodthoff,  hep-ph/1706.06326]

k! SB ! 0.5 GeV
<latexit sha1_base64="+iGCH+wVegXUw18w7T0oqb3XpAs="></latexit>

! ! 1 GeV
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rewrite resonant 4-quark channels in terms of mesons 
(similar: baryonization from 6-quark interactions)

SCALE EVOLUTION OF QCD

! T,k =
h2

T,k

m2
!,k

Yukawa coupling

meson mass parameter

[Braun, Fister, Pawlowski, FR,  hep-ph/1412.1045]
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Þxed point at small g:  low-energy 
parameters uniquely determined

k! SB ! 0.5 GeV
<latexit sha1_base64="+iGCH+wVegXUw18w7T0oqb3XpAs="></latexit>

! ! 1 GeV
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low-energy models 
emerge  when gauge 
sector decouples

different tensor structures of ! T,k: different bound states

U(3) generators

(øqTaq)2 + (øqi! 5Taq)2
<latexit sha1_base64="qrgxfVLY9Gcc1XzdW+jVm3Qz0BU="></latexit>

! , K, " , " ! , a0, #, $, f 0
<latexit sha1_base64="qO+j021n8Hzna8M8v36rB6oDECo="></latexit>



evolution equation for " k: 
[Wetterich 1993]

! t = k
d
dk

successively integrate out ßuctuations from UV to IR (Wilson RG)

full quantum effective action
(generates 1PI correlators)" k is eff. action that incorporates all ßuctuations down to scale k 

lowering k:  zooming out / coarse graining 

! ! ! k ! 0 = !

FUNCTIONAL RG

low-energy QCD inherently strongly interacting: non-perturbative method

capture fundamental and emergent d.o.f.: scale dependent effective action

! t ! k = 1
2 STr

! "
! (2)

k + Rk

#! 1
! t Rk

$



need uniÞed description in terms of one scale dep. effective action 

DYNAMICAL HADRONIZATION

continuous transition from quarks and gluons to hadrons 

bosonize 4-quark interactions in each RG-step: scale-dep. meson Þelds � ! �k
<latexit sha1_base64="XfQtbrMtotY/1TIfqwAVRRqwmQA="></latexit>
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[Gies, Wetterich, Phys.Rev. D '02,  Pawlowski, Ann.Phys. '07,  Floerchinger, Wetterich, Phys.Lett. B '09]
[Braun, Fister, Pawlowski, FR, hep-ph/1412.1045]

running mesons reßect bound state nature: ! t " k !
! t #T,k

hT,k
(øq Tq)

<latexit sha1_base64="0tgmeAFXgXuTz9XP/9T2ehuRu6o="></latexit>

mesons constituents"bookkeeping"
of 4-quark interactions
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[Mitter, Pawlowski, Strodthoff, hep-ph/1411.7978]

4-quark interaction encoded in Yukawa coupling

uniÞed description of quark-gluon 
and hadronic phase



[Fu, Pawlowski, FR (in preparation)]

All the details in Wei-jie FuÕs talk

APPLICATION: PHASE DIAGRAM
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APPLICATION: PHASE DIAGRAM

[Juricic, Schaefer  (2016)]
[Almasi, Pisarski, Skokov (2016)]

[Kamikado, Strodthoff, Smekal, Wambach (2012)]

[Braun, Klein, Piasecki (2010)]

[Fu, Pawlowski, FR (in preparation)]

[Fukushima, Pawlowski (2012)]

[Braun, Mian, Rechenberger (2014)]

[Skokov (2011)]

[Kamikado, Kanazawa (2014)]

[Mueller, Pawlowski (2015)]
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APPLICATION: PHASE DIAGRAM
[Fu, Pawlowski, FR (in preparation)]



QUARK MASS DEPENDENCE

distinct mass hierarchy of quarks (2%TC &  1 GeV)
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what if u, d were even lighter?

explicit breaking very mild in light quark sector

any `remnants« of the 
underlying ßavor symmetry?

relevant ßavor symmetries:

�26

QCD chiral transition consistent with O(N) universality class

M
χM

∼ ml − mc

mph ys
s

fM(z)
fχ(z)

ml /m s
<latexit sha1_base64="v7zcB7+A9TNhuXZv6weexxqj0AE="></latexit>

~universal scaling 
functions

O(4) scaling

[Mukherjee, CPOD2018]

SU(3)V ! SU(3)A ! U(1)V ! ZA
N f

<latexit sha1_base64="jI/mKdppKCvmGh3mmcgx7Mtzhlk="></latexit>

SU(2)V ! SU(2)A ! U(1)V ! ZA
N f

<latexit sha1_base64="b/bESaJLzy5mhfGfCO5JxLVNjgY="></latexit>

U(3)L ! U(3)R " SU(3)V ! SU(3)A ! U(1)V ! U(1)A
<latexit sha1_base64="s+HAVfJQJKDC0d8wp3x+EuE0XVc="></latexit>

! "# $
<latexit sha1_base64="y2fBfR3oQd4WG55e+SeqCXGYB2Q="></latexit>

O(4)
<latexit sha1_base64="VYzepi6igroc2VLMBPXwvHlR3dM="></latexit>

axial anomaly

s is chubby



QUARK MASS DEPENDENCE
expectation for the chiral phase transition:

[Pisarski, Wilczek, PRD29 (1983)], based on linear sigma model in LO '  expansion

Nf = 2 chiral quarks: depends on the fate of the axial anomaly at T C

Nf = 3 chiral quarks: 1st order transition

¥ U(1)A still broken: 2nd order with 3D O(4) universality

¥ U(1)A restored: 1st order transition possible

still an open problem!
current status on the lattice, e.g. [Sharma, hep-lat/1901.07190]

(U(1)A expected to be restored at large T, but how large exactly?)
[Pisarski, Yaffe, PLB 97 (1980)]



QUARK MASS DEPENDENCE
expectation for the chiral phase transition:

[Pisarski, Wilczek, PRD29 (1983)], based on linear sigma model in LO '  expansion

Nf = 2 chiral quarks: depends on the fate of the axial anomaly at T C

Nf = 3 chiral quarks: 1st order transition

¥ U(1)A still broken: 2nd order with 3D O(4) universality

¥ U(1)A restored: 1st order transition possible

still an open problem!
current status on the lattice, e.g. [Sharma, hep-lat/1901.07190]

(U(1)A expected to be restored at large T, but how large exactly?)
[Pisarski, Yaffe, PLB 97 (1980)]

What is the non-perturbative picture?

[S. Resch, FR, B. J. Schaefer (2017)]



QUARK MASS DEPENDENCE
QM model
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SU(3)L x SU(3)R x U(1)A symmetric part

explicit symmetry breaking part:
⇢n = Tr

�
⌃⌃†�n
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U(1)A breaking through `t Hooft determinant: 
generated by a dilute gas of small instantons 
with top. charge Q = 1

[`t Hooft, PRL37 & PRD14 (1976)]

[Petreczky, Schadler, Sharma, hep-lat/1606.03145]

dilute gas of small instantons with charge Q:

(det ! )|Q| + (det !   )|Q|
<latexit sha1_base64="5yFxAt50CWLFVLeLTtjta8qO1ZI="></latexit>

[Pisarski, Rennecke (in preparation)]

light and strange quark masses 
(light isospin symmetry)

!
!

x

"
"!" (x)!" (0)# $ "!a0(x)!a0(0)#

#

<latexit sha1_base64="+0TaBi3ZuU3qwYiPqyC24BSax68="></latexit>

!øll "
<latexit sha1_base64="bi178uJdR4ZuaPyEAr0slCds1Oc="></latexit>

! øss"
<latexit sha1_base64="HM9crkPoQNRd4QsFRgMVr3GRNCA="></latexit>

q =

!

"
#

l
l
s

$

%
&



QUARK MASS DEPENDENCE
the order of the phase transition in the plane of the quark masses:

the role of ßuctuation with  the axial anomaly
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[Schaefer, Wagner, hep-ph/0808.1491] [Resch, FR, Schaefer, hep-ph/1712.07961]

cA = const. > 0
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non-perturbative conÞrmation 
of Pisarski-Wilczek

ßuctuations are crucial

the Columbia plot
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Note: this is strictly speaking only 
realized in the large-NC limit

instanton contribution &  

e! 8! 2

g 2 |Q | = e! 8! 2 N c
g 2 N c

|Q| = e! 8! 2
" |Q |N c N c "#!!!!!" 0
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the order of the phase transition in the plane of the quark masses:
the Columbia plot

the role of ßuctuation without  the axial anomaly

non-perturbative conÞrmation 
of Pisarski-Wilczek

ßuctuations are crucial
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STRANGENESS & HICS



¥ phase diagram probed at freeze-out; timescale ~10 fm/c

¥ typical timescales of strong and (ßavor-changing) weak decays: ~1 fm/c vs ~1013 fm/c

quark number conservation of the 
strong interactions at the freeze-out! 

baryon number, strangeness 
& charge are conserved

PROBING THE PHASE DIAGRAM
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¥ increasing baryon chemical potential with decreasing beam energy (at mid-rapidity)

¥ net quark content determined by incident nuclei
¥ net strangeness has to be zero Þxes $S :  strangeness neutrality

Christoph Blume                                                             CPOD 2010, Dubna, Russia 30

Significant change of    
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¥ net charged Þxed Þxes $Q

PROBING THE PHASE DIAGRAM

$B is a `free« parameter

here: µQ = 0
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¥ net charged Þxed Þxes $Q

PROBING THE PHASE DIAGRAM

$B is a `free« parameter

here: µQ = 0

Effect of particle number conservation 
on the phase structure?

[Fu, Pawlowski, FR, (2018)]
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[Koch, Majumder, Randrupp, nucl-th/0505052]

strangeness neutrality

¥ CBS as diagnostic tool for deconÞnement:

QGP hadronic phase

¥ all strangeness is carried by

¥ strict relation beween B and S:

¥ if all ßavors are independent:

¥ mesons can carry only strangeness, 
baryons both

: strange baryons dominate

: strange baryons & mesons

BARYON-STRANGENESS 
CORRELATION
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s, øs

Bs = ! Ss/ 3
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generalized susceptibilities

baryon-strangeness 
correlation
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ij = T i + j ! 4 " i + j p(T, µB , µS)

" µi
B " µj

S

order parameters canÕt be measured, but particle number correlations can

! BS
n 0 !

!
(B " # B $)n "

<latexit sha1_base64="93QOporddzq49VNCr8V5XHx9JCE="></latexit>

B = NB ! N øB
<latexit sha1_base64="txqlovl2MP7u5b+ZKHU0BvmX75M="></latexit>

and they are sensitive to critical ßuctuations!
[Stephanov, Rajagopal, Shuryak, hep-ph/9903292]



STRANGENESS NEUTRALITY

¥ strangeness neutrality implicitly deÞnes µS0(T, µB ) = µS(T, µB )
!
!
! S"=0

! BS
01

!
T, µB , µS0

"
= 0 !

d! BS
01

dµB
= 0 "

! µS0

! µB
=

1
3

CBS

¥ net strangeness:!S" = !N øS # NS" = ! BS
01 V T3

[Fu, Pawlowski, FR, hep-ph/1809.01594]

¥ HIC: colliding nuclei have zero strangeness !S" = 0



STRANGENESS NEUTRALITY

! BS
01

!
T, µB , µS0

"
= 0 !

d! BS
01

dµB
= 0 "

access B-S correlation through strangeness neutrality!

particle number conservation phases of QCD

! µS0

! µB
=

1
3

CBS

[Fu, Pawlowski, FR, hep-ph/1809.01594]

¥ HIC: colliding nuclei have zero strangeness 

¥ strangeness neutrality implicitly deÞnes µS0(T, µB ) = µS(T, µB )
!
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!S" = 0

! BS
01

!
T, µB , µS0
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= 0 !

d! BS
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dµB
= 0 "

! µS0

! µB
=
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¥ net strangeness:!S" = !N øS # NS" = ! BS
01 V T3



! k =
! 1/T

0
dx0

!
d3x

"
øq
#
! ! D! + ! ! C!

$
q + øq há" 5q + tr

#øD! " áøD! "   $
+ ÷Uk (" ) + Uglue (L, øL)

%

PQM MODEL
captures relevant dynamics at low energy

[Fukushima, hep-ph/0310121]

[Fu, Pawlowski, FR, hep-ph/1808.00410]

chemical potential 

µ =

!

"

1
3 µB 0 0

0 1
3 µB 0

0 0 1
3 µB ! µS

#

$

øD! ! = ! ! ! + [ C! , ! ]

C! = ! ! 0 µ¥ vector source:

¥ coupling to mesons:
[Lo et. al., hep-lat/1307.5958]

gluon background Þeld

D! = ! ! ! ig" ! 0A0

¥ Polyakov loop: order parameter

L =
1

Nc

!
Tr f P eig

! !
0 d! A 0 ( ! )

"

¥ effective potential: inputUglue (L, øL)

baryons

¥ thermal quark distributions modiÞed 
through feedback from A0:

[Fukushima, hep-ph/0310121]
[Fu & Pawlowski, hep-ph/1508.06504]`interpolation« between baryon and quark d.o.f. 

nF (E ) A 0!!"

!
1

e3( E ! µ ) /T +1 , L " 0 (conÞnement)
1

e( E ! µ ) /T +1 , L " 1 (deconÞnement)



STRANGENESS CHEMICAL 
POTENTIAL

¥ slope directly related to baryon-
strangeness correlations:

CBS for any T and $

T and ! B dependent to enforce strangeness neutrality

! µS0

! µB
=

1
3

CBS

T [MeV]
<latexit sha1_base64="VcvT5nW+0yRxAL9USLcQPYFb+Ac="></latexit>

µB [MeV]
<latexit sha1_base64="HVIvWx/aETzOLnkKem54LaAWub4="></latexit>

µS0 [MeV]
<latexit sha1_base64="2d8DzJ6D12ayVc6uphEoRryilzI="></latexit>

free quarks: 1/3

[Fu, Pawlowski, FR, hep-ph/1808.00410]

[Fu, Pawlowski, FR, hep-ph/1809.01594]

$S0 is nontrivial function



lattice results: [HotQCD, hep-lat/1203.0784]

BARYON-STRANGENESS 
CORRELATION

competition between 
baryonic and mesonic 
sources of strangeness!
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at strangeness neutrality

maxima at the chiral transition!

direct sensitivity to the 
QCD phase transition

3
! µS0

! µB
= CBS !

"strange baryons#
"strange baryons & mesons#

!

!
"#

"$

< 1 mesons dominate
= 1 mesons & baryons (or uncorrelated ßavor)
> 1 baryons dominate

Note: not necessarily due to 
growing correlation length; 
the composition of matter 
matters here!

[Fu, Pawlowski, FR, hep-ph/1809.01594]

beyond mean-Þeld!



BARYON-STRANGENESS 
CORRELATION
strangeness conservation vs non-conservation
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sizable suppression from strangeness neutrality!

[Fu, Pawlowski, FR, hep-ph/1809.01594]



transition to QGP shifted to larger $B (for Þxed T)
smaller curvature of the phase boundary
( 30% effect on location of the CEP?
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PHASE STRUCTURE
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[Fu, Pawlowski, FR, hep-ph/1808.00410]



¥ QGP evolves hydrodynamically at late stages

¥ `almost« perfect ßuid: small viscosity 
over entropy density

QGP evolves close to 
isentropes in hydro regime

s/n B = const.
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ISENTROPES
strangeness conservation vs non-conservation

[Fu, Pawlowski, FR, hep-ph/1808.00410]

cf. mean-Þeld NJL [Fukushima, hep-ph/0901.0783]



SUMMARY

the phase diagram has many faces!

chiral phase transition driven by strong couplings

¥ low energy sector emerges through resonant interactions

¥ ßuctuations are crucial

quark mass dependence: Columbia plot

¥ light chiral limit: sensitive to fate of the axial anomaly

the phase diagram & heavy-ion collisions

¥ CEP is a robust feature of the phase diagram

¥ particle number conservation has to be taken into account

¥ intimate relation between strangeness conservation and phases of QCD

¥ baryon-strangeness correlations probe the phase transition
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STRANGENESS AND CHARGE 
CONSERVATION

! µS0

! µB
=

1
3

CBS !
" QS

11
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! µQ0
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2 (" BQ
11 ! r " B
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" S
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2 ! r " BQ
11 ) ! " SQ

11 (" SQ
11 ! r " BS
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¥ particle number conservation implicitly deÞnes two functions:

µQ0(T, µB ) = µQ (T, µB )
!
!
n S =0 , n Q = rn B

µS0(T, µB ) = µS(T, µB )
!
!
n S =0 , n Q = rn B

r =
Z
A

¥ this implies:

generalization of `freeze-out relations« 
used on the lattice to any T and $)



● ● ● ● ● ● ● ● ●
●

●
●

●
●

●
●

●
●

●
●

●

■ ■ ■ ■ ■ ■ ■
■
■
■
■
■
■
■
■
■
■

● ��
■ ������

! ��� ! ��� ��� ������

���

���

���

���

"�! �χ#$�χ

�!
�
�

●
●

●
● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■

! ��� ! ��� ��� �������
����
����
����
����
����
����
����

"�! �χ#$�χ

� �
�

● ● ● ●
●

●
●

●
●

●
●

●
●

●
● ● ● ● ● ● ●

■
■

■
■

■
■

■
■

■
■ ■ ■ ■ ■ ■ ■ ■

! ��� ! ��� ��� ����

�

�

�

�

"�! �χ#$�χ

�!�
�

[HotQCD, hep-lat/1407.6387 & 1701.04325]
[Wuppertal-Budapest,  hep-lat/1309.5258]

µB = 0

¥ thermodynamic potential:

¥ thermodynamics:

p = ! !

s =
! p
! T

" = ! p + Ts + µB nB + µSnS

I = " ! 3p

c2
s =

s

!" /! T

nB = #BS
10 T 3

nS = #BS
01 T 3

! =
! "U0 + Uglue

#$
$
EoM

chiral 
transition 
temperature

compare to lattice gauge theory

THERMODYNAMICS



[HotQCD, hep-lat/1407.6387 & 1701.04325]
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[Wuppertal-Budapest,  hep-lat/1309.5258]

compare to lattice gauge theory

THERMODYNAMICS

¥ thermodynamic potential:

¥ thermodynamics:
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s =
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¥ strangeness number density 
increases with increasing $S

¥ strangeness neutrality: 
zero crossing

µS0 ⌘ µS(T, µB)
��
nS=0

STRANGENESS DENSITY
as a function of ! S

! B " 300 MeV
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open strange meson 
ßuctuations crucial!

¥ quark/baryon vs meson dynamics?
¥ equation for $S0 from the fermion part of the RG ßow[Fukushima,  hep-ph/0901.0783]

full
Eq. (??)
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fermions only

full result

STRANGENESS CHEMICAL 
POTENTIAL
role of open strange meson dynamics

µB = 150 MeV

µB = 450MeV

µB = 660 MeV

µS0

��
fermions

⇡ µB

3
� T

2
ln


L̄(T, µB)

L(T, µB)

�
(~3% accurate in mean-Þeld)



strangeness conservation vs non-conservation

EQUATION OF STATE
13
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Figure 6. Comparison between the pressure (Þrst row), the trace anomaly (second row) and the speed of sound squared (third
row) at strangeness neutrality (solid blue line), at µS = 0 (dashed orange line) and at µS = µB / 3 (dotted gray line) for various
µB .

(solid, green), at various µB . This is shown in Fig. 6. The
first row shows the pressure, the second the trace anomaly
and the third the speed of sound squared. For small
baryon chemical potential, µB ! 300 MeV, the equation
of state is not very sensitive to the chemical potentials
since baryon excitations are highly suppressed. At small
temperatures pion fluctuations dominate the equation of
state in this case and hence the thermodynamic quantities
are essentially independent of µS . At larger temperatures
we find that the pressure and the trace anomaly are always
smaller at strangeness neutrality than at µS = 0. At larger
µB this e! ect is more pronounced. The pressure and the
trance anomaly start to grow at larger T at strangeness
neutrality as compared to µS = 0, indicating that the
QCD phase transition is shifted to larger temperatures.
This is also apparent from the position of the minima of
c2

s , which approximately coincide with the pseudocritical
deconfinement and chiral transition temperatures. Note
that at µB = 675 MeV we find Td ! T! , so the two
corresponding minima are degenerate. For µB = 675
MeV the equation of state shows a sizable dependence
on the strangeness. For the pressure we find a di! erence
of about 20% between µS = 0 and nS = 0 at large
temperatures and for the the trace anomaly even more
than 35% in the transition region. The higher sensitivity

of the trace anomaly is due to its direct dependence on the
particle numbers. At strangeness neutrality, the baryon
number is always smaller than at µS = 0 for finite µB for
all temperatures. This is as expected since finite µS leads
to less strange particles in the system that can contribute
to the baryon number.

In contrast to p and I , the speed of sound squared
shows the highest sensitivity in the small and intermediate
temperature region. As discussed in Sec. IVB, p and I
are dominated by the increase in the number of degrees
of freedom at the phase transition, while c2

s is not. In
the hadronic regime we find a di! erence of about 30%
between µS = 0 and nS = 0 at µB = 675 MeV. This
is also apparent from the comparison to the results at
µS = µB / 3. As argued in the previous section, µS = µB / 3
enforces strangeness neutrality in case of uncorrelated
quarks, i.e. deep in the deconfined phase. The results
for µS = µB / 3 and nS = 0 should therefore become
degenerate at large temperatures. This is also what we
observe for the thermodynamic quantities. Since µS0 is
already close to its asymptotic value at T! , cf. Fig. 4,
they are already very similar close to the chiral transition
for µS = µB / 3 and nS = 0. The pressure and the trace
anomaly show only very small di! erences between µS =
µB / 3 and nS = 0 at small temperatures. c2

s shows a


