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PHASE DIAGRAM OF QCD

Key goal of nuclear physics: map the QCD phase diagram
Experimental and theoretical access is limited:

o Low pg — heavy-ion collisions, lattice QCD

o Very high pg — perturbative QCD

o Intermediate pg — largely unknown
Future facilities will probe this matter at moderate T

Cold, dense regime is still inaccessible in terrestrial
experiments

Neutron stars (NS) provide the only known laboratory:
o Reach supranuclear densities

o Observables constrain the EoS
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IN TODAY'S PRESENTATION:

= This work based on previous studies: constraining the eLSM and studying the phase transition using NS
observations Phys.Rev.D 108 (2023) 4, 043002

= Extends earlier analyses in several directions
= New results: posterior in the A—q diagram

= New data included: NICER (some new measurements), PSR J0952-0607 (population analysis of BW systems)

= Consistent with perturbative QCD EoS



MODELLING THE EOS:

= Lagrangian density of ELSM (2+1 flavours), chiral U, (3) x Ug(3) —>SU_(2) x SUr(2) x Uy(I)

L =Tr[(D,M)Y(D,M)] — m3 Te(MTM) — X\ [Te(MTM)]* — Ao Te(MTM)? + ¢1(det M + det MT) + Te[H(M + MT)]
- LT+ R+ T | (B4 A) (4 R + 1Tl L)+ Te{ R (R, R

h _
+ 71 Tr(MYM) Tr(L2 + R.) + ho Te(| L, M|* + |MRy|?) + 2hs Tr(L,MR*M") + ¥ [ir, D" — M| U

—gv¥ [y, V* + g—A'YE’%A“] v
gv
= Includes vector mesons coupled to constituent quarks

= SSB: nonvanishing meson condensates

(on) =N, (0s) = s,

(B = vy () =y (8°) =va.
Phys.Rev.D 105 (2022) 10, 103014



MODELLING THE EOS:

= The pressure is given by the grand canonical potential:

p(ﬂf,ﬂe) — QO — Q(T — Oa/uf:rlufe)

= The grand potential consist of the following terms:

Q1:01: — meson((bNa qua Vpy Vs U@) ‘I‘Q;—fgc _|_anat (/sz) ‘|‘Qel

= The field equations are the stationary points of the grand potential:

891;01: aQtot aQtot aQtot aQtot

— j— p— p— :0

0 ¢5N 3¢5 8’Uw avp ({91)@

Phys.Rev.D 105 (2022) 10, 103014



MODELLING THE EOS:

= Hadronic matter: relativistic S

mean-field model of Steiner 107~ — -
et al.: - i ]
Nucl.Phys.A 837 (2010) 210-254 i i ]
Astrophys.). 774 (2013) 17 N
SFHo: a relatively soft EoS = © |
(nucleons, p, 0, w with Z T 1 .
) : S [ A e HS(TMA) 1
quartic couplings) VTR IR S TMI - ]
7 SFHx ] ,
= B SFH . —
K = 245 Mo, ; o, - |
=47. AN e, LS(180) | ]
/ eV, . HS(FSUGOI) | [ TS =

m*/mn - 0.76 | : s L1 \2 ! 0 1|0 1‘2 1‘4

10 3, 10
€ (MeV/tm") R (km)

»= Crust: unified model of Douchin and Haensel
Astron.Astrophys. 380 (2001) 151



MODELLING THE EOS:

= Fifth-order polynomial interpolation between hadronic and quark matter EoS:
N

e(pp) = chkg; pBL < PB < PBU
0

= Interpolation of energy density ensures continuity of pressure and speed of sound

2 _ 9p _ pB 9%
S Oe pn oph

C P = pPpBUL—E

= Free parameters of the transition: width and mean density

I'=(ppu — pBL)/2 p = (pBU + pPBL)/2



EOS CONSTRAINTS:

| Initial set | Prior | +M®R, | +pQCD | +A | +A14 | +R1a |
| 9261 )| 1993 | 593 | 438 | 133 | 104 | 104 |

T I T T T I T T T I T T T |
Median 1 20 3¢

Radio 2.19 2.051.99 1.94

Spiders 2.29 2.18 2.12 2.08

w/J0952 233 2.22 2.15 2.10
All 7 230 2.19 2.13 2.09

[J0348+0432

“\
= Jfam+1744

= Systematic scan over gy, [, and p, resulting in _ o
9,261 parameter sets ("Initial set") L

= The Initial Set was filtered by requiring stability £ 4
and causality ("Prior") ) :
= The Prior was filtered using a minimal M+, o \
constraint based on BW population estimates, N e
. . " . " 0 Y
including PSR ]J0952-0607 ("M™";o\") s |
5,0




EOS CONSTRAINTS:

| Initial set | Prior | +MPS5, | +pQCD | +A | A1 | +Ria |

| 9261 W 503 | 438 | 133 | 104 | 104 |

T I T T T I T T T I T T T |
[J0348+0432 Median 1¢ 20 3¢
Radio 2.19 205199 1.94
Spiders 2.29 2.18 2.12 2.08

w/J0952 233 2.22 2.15 2.10
All 7 230 2.19 2.13 2.09

“\
= Jfam+1744

= Systematic scan over g , I, and p, resulting in _ P
9,261 parameter sets ("Initial set") [

= The Initial Set was filtered by requiring stability £ ”"’f"*“z“'f
and causality ("Prior") o i
= The Prior was filtered using a minimal Mgy o \
constraint based on BWV population estimates, N e
. . " . " 0 L
including PSR ]0952-0607 ("M™";o\") s |
5.0




EOS CONSTRAINTS:

| Initial set | Prior | Mmm | +pQCD | +A | +Aq1.4 | +R1.4 |

| 9261 | 1993 |u| 438 | 133 | 104 | 104 |

T I T T T I T T T I T T T |
Median 1 20 3¢

Radio 2.19 2.051.99 1.94

Spiders 2.29 2.18 2.12 2.08

w/J0952 233 2.22 2.15 2.10
All 7 230 2.19 2.13 2.09

[J0348+0432

“\
— Jfam+1744

= Systematic scan over g, , I, and p, resulting in _ |

I

9,261 parameter sets ("Initial set") I Do

= The Initial Set was filtered by requiring stability [
and causality ("Prior") - ,’

J0952-0607

* The Prior was filtered using a minimal M+, | \
constraint based on BW population estimates, N e

including PSR ]J0952-0607 ("M™in.,") -

Astrophys.Lett. 934 (2022) 2,LI7 ™~ e




EOS CONSTRAINTS:

| Initial set | Prior | +MPS5, | +pQCD | +A | A1 | +Ria |

| 9261 | 1993 | 593 |Q?i)| 133 | 104 | 104 |

= pQCD consistency checked via causal and stable matching:

n n
NS _ QCD

NS  HQCD

nNS < NQcDh s  PNS < PQcCD,

= We also enforced the integral constraint:

ﬂQQCD - MQNS NNS }u%gCD - NZNS nQCcD
Apn’lin S Ap S Apmax , Apmin - , Apmax —
2 [UNS 2 HLQCD

= Imposed values from pQCD EoS:

pqep = 2.6 GeV, poep = 6.47 1/fm”, pacp = 3823 MeV /tm Phys.Rev.Lett. 121 (2018) 20, 20270

Phys.Rev.D 104 (2021) 7,074015



BAYESIAN ANALYSIS

= Calculating the posterior probability for each parameter set:

p(datald) p(6)

p(fldata) = D(data)

= Parameter set:0 = {g,, T, p}

= Joint likelihood from multiple astrophysical measurements:

p(datalf) = Hp



BAYESIAN ANALYSIS

= Calculating the posterior probability for each parameter set:
data|d) p(60
p(fldata) = il 0)p(0) Data likelihood under model parameters 6

~p(data)

= Parameter set: 0 = {g,, T, p}

= Joint likelihood from multiple astrophysical measurements:

p(datalf) = Hp



BAYESIAN ANALYSIS

= Calculating the posterior probability for each parameter set:
data 6’@
(Oldata) = PatalfXp(®)

p(data)—"

= Parameter set: 0 = {g,, T, p}

Prior:

constant, if causality and stability
conditions are fulfilled

0, if causality or stability
conditions are violated

= Joint likelihood from multiple astrophysical measurements:

p(datalf) = HP(DL-I@)



BAYESIAN ANALYSIS

= Calculating the posterior probability for each parameter set:

p(9|data) — p(dﬁm(e) Normalization:dmps out
p(data) (uniform prior, only relative posterior

probabilities are considered)
= Parameter set: 6 = {g,, T, p}

= Joint likelihood from multiple astrophysical measurements:

p(datalf) = HP(DL-I@)



BAYESIAN ANALYSIS

= Calculating the posterior probability for each parameter set:

p(datald) p(6)

p(fldata) = D(data)

= Parameter set: 0 = {g,, T, p}

= Joint likelihood from multiple astrophysical measurements: " Astrophys). 961 (2024) 1,62

Astrophys.). 974 (2024) 2,294

p(data|(9) — Hp(D”Q) /- Astrophys.). 995 (2025) 1, 60
v MR (NICER)

l Astrophys.). 976 (2024) 1,58

 Astrophys.Lett. 971 (2024) 1,120
Datasets used in this work: -

A-q (GWI170817)  Phys.Rev.X 9 (2019) 1,01100I
Mrov (GW 190814, Gap obj.) Astrophys..Lett. 896 (2020) 2, L44
M-R (HESS J1731-347) Nature Astron. 6 (2022) 12, 1444-145 |




BAYESIAN ANALYSIS:

= Mass gap object (GW190814):

stsonio) = 4 [1+a (Maon @)y

= NICER measurements and HESS |1731-347:

p(MR|#9) / AN px (M. R = R(M.9))

= Binary NS merger GWI170817:

Mrov

~

p(A]8) / M, paw (A(My, M, 9), q(Mi, M)

Meq 3/5

(mym,)

. : M —
Chirp mass (my + my) /3




RESULTS:
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RESULTS:
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RESULTS:

= 438 EoS: the Prior set is filtered by only
the pQCD and the Mgy constraints

= Under these constraints, the SFHo+elLSM
EoS disfavors radii below |2 km

= |s the M., constraint too strict!?

= |s a softer EoS required!?

- (Or both?)
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RESULTS:

= Binary effective tidal |

deformability: O

A 16 (my + 12my)miA; + (my + 12m)m3A, "

13 (my +my)°

= The present model |
prefers higher values and

consistent with the data N

= For direct comparison, three il

alternative model were tested: g

two are excluded by the data N

A

—_GW170817 (68%)

| s BBKF (DD2-SF) N
----SFHo-MHT (HK, gv/gs =1, T = 3.65p0, p = 5.15p9)
—==DD2-eLSM (gy =4, T = 2.8py, p = 5pp)
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RESULTS:

p/ Pmax Equally weighted p/ Pmax
1 T T T T 1 T T == r
. 09t Y | 1
= EoS comparison of the four Y |
tested models: 08 1 : *
o §
0.7 / 1
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RESULTS:
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SUMMARY

= The eLSM revisited with new astrophysical data
=  The complete EoS was described by the SFHo and eLSM models with a crossover transition
= Bayesian inference of M-R diagrams: softer EoS is required and/or Mgy = 2.22 Mgy is too strict

= Posterior distribution of A-q: consistent with the data, two alternative models were excluded

= Future plan:
o Include NS-BH binary data in the analysis
o Inclusion of strangeness degrees of freedom in the hadronic phase (softer EoS)

o Extend current EoS inference to a hierarchical Bayesian framework with latent NS parameters



SUMMARY

= The eLSM revisited with new astrophysical data
=  The complete EoS was described by the SFHo and eLSM models with a crossover transition
= Bayesian inference of M-R diagrams: softer EoS is required and/or Mgy = 2.22 Mgy is too strict

= Posterior distribution of A-q: consistent with the data, two alternative models were excluded

= Future plan:
o Include NS-BH binary data in the analysis
o Inclusion of strangeness degrees of freedom in the hadronic phase (softer EoS)

o Extend current EoS inference to a hierarchical Bayesian framework with latent NS parameters

Thank You far Your attention!



BACKUP
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EOS CONSTRAINTS:

| Initial set | Prior | +MP5, | 4pQCD | +A | A1 | +Ria |
| 9261 | 1993 | 593 | 438 (| 133 | )104 | 104 |

= The leading tidal contribution to the GWV phase evolution of merging NS's:
R — 16 (my + 12my)miA; + (my + 12m;)m5A,
13 (my +my)
= An EOS-agnostic LVC analysis reported a conservative upper bound: A < 720 Phys.Rev.X 9 (2019) 1,011001

= We also test a tighter tidal deformability constraint together with a radius constraint:

70 < Ay 4 < 580

9.1 km < Ry 4 <128 kin  prysRevLett. 121 (2018) 16, 161101



EOS CONSTRAINTS:

| Initial set | Prior | +MER, | +pQCD | +A | +AL
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= The leading tidal contribution to the GWV phase evolution of merging NS's:
R — 16 (my + 12my)miA; + (my + 12m;)m5A,
13 (my +my)
= An EOS-agnostic LVC analysis reported a conservative upper bound: A < 720 physRev.X 9 (2019) 1,011001

= We also test a tighter tidal deformability constraint together with a radius constraint:

70 < Ay 4 < 580

9.1 km < Ry 4 <128 kin  prysRevLett. 121 (2018) 16, 161101
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