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QCD phase diagram
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Motivation: core-collapse supernovae

* how do massive stars explode?
* which progenitors end as black holes, which as neutron stars?
*what is their nucleosynthesis contribution, galactic chemical evolution?

STELLA
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Supernova explosion mechanism

* presently favored: neutrino-driven mechanism (Colgate & White 1966)
« explosion triggered by energy deposition of neutrinos in the in-falling matter

* requires multi-dimensional fluid instabilities: convection, turbulence, ,standing
accretion shock instability”, in general no explosions in 1D simulations

* multi-D e.qg. increases time of matter in gain region and thereby the neutrino
heanng
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Example of a 3D supernova simulation

 simulation by Kuo-Chuan Pan et al. 2016 (Basel)
* 15 Msun progenitor (Woosley et al. 2002)

«HS(DD2) EQS, relativistic-mean field, nucleons, nuclei (MH and
Schaffner-Bielich 2010)

* hydrodynamics: FLASH (Lee 2003)
 neutrino transport: IDSA (Liebendorfer et al. 2009)
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Time = -5.83 ms

Entropy (kb/baryon)
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Open questions in core-collapse supernova theory

* typically low explosion energies, cannot explain all supernovae
» differences between 2D and 3D simulations
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Melson et al. 2015, 9.6 Msun

* all present 3D simulations still
significantly under-resolved?
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Role of the EOS in core-collapse supernovae

« different nuclear interactions/hadronic EOSs have only a moderate impact
(Janka 2012, MH et al. 2012, Suwa 2013, Kuo-Chuan Pan et al. 2015, ...)

*no 2D or 3D simulations with non-nucleonic degrees of freedom yet (!)

I — what is the role of quark matter? I
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Quark-hadron hybrid EOSs for CCSNe and NS merger

« EOS tables with full density, temperature and asymmetry-dependence
needed

Model Nuclear Degrees M nax R1,4M® References
Interaction of Freedom (Mg) (km)

STOSTQ TM1 n,p,a, (A, Z), 7, q 1.85 13.6  Nakazato et al. (2008)

STOSQ TM1 n,p,a, (A, Z),q | 1.81 14.4 Nakazato et al. (2008)
STOSB139 TM1 n,p,o, (A, Z),q | 2.08 12.6  Fischer et al. (2014)
STOSB145 TM1 n,p,o, (A, Z),q | 2.01 13.0 Sagert et al. (2012)
STOSB155 TM1 n,p,o, (A, Z),q | 1.70 9.93 Fischer et al. (2011)
STOSB162 TM1 n,p,a, (A, Z),q | 1.57 8.94 Sagert et al. (2009)
STOSB165 TM1 n,p,a, (A, Z),q | 1.51 8.86 Sagert et al. (2009)

*only two with Mmax compatible with Antoniadis
et al. 2013
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Quark-hadron hybrid EOSs for CCSNe and NS merger

*quark phase: bag model H—ﬂ-——_F——T:: - ~
—U,d,S (ms=100 MeV) 'pl(rr;l.]/.!, ,» Lis S)_ pl(rnléI> y iy )
— first-order corrections for strong | | 11-4-- 250%5 + Zis
interactions, as (Farhi and Jaffe 60 21
1984) — -

* hadronic phase: ,STOS", Shen, Toki,
Oyamatsu and Sumiyoshi 1998, 2011

— nucleons, alpha particles,
reprresentative heavy nucleus

— non-linear relativistic mean-field
interactions (TM1)

— symmetry energy not compatible with
various experimental constraints

* phase transition:

— global charge neutrality
(Gibbs PT/non-congruent PT)
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Quark matter in core-collapse supernovae




Densities reached in the CCSN of a low mass progenitor
11.2 Msun progenitor from Woosley, Heger Weaver 2012

Beginning of mixed phase for Y,=0.3
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High mass progenitor
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S5 F E
T 108 | <4 = *reduction of (hot) Mmax due to quarks
a f 1| etgy in principle observable
o 102 T™M1 — — - E _ .
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Lo L mggggmg b e.g., hadronic EOS, explosion
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1010 l L1 ] 1 l 1 | - 1 l 1 1 1 | by K Eblnger On ThurSday :
0 0.5 1 1.5
time (sec)

[Nakazato et al., Apd 721 (2010)]
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Thermal properties of hybrid EOSs




QCD phase diagrams

* typically shown in T-u, sometimes also in T-ng

RHIC/LHC/Early Umverse

L‘flf{'{ Uvorve S __ The Phases of QCD

BNL

A. Ohnishi

S. Riister

34():”03&)4004204404604805(!)k
w [MeV) Y
g
Crtxcal Pont
— s 2 uark-gluon
> = 0 O™\ e ™ E &
Hadron Gas Color / Nucleon _-’ Nuclear ' = plasma (QGP)
Superconductor Ko We) \ \ R
/ o | Q—O ~ Matter 170 -.E’ L,,
oo St - i/ / Mev [§ 23 Wikipedia
900 MoV I -g .g
Baryon Chemical Potential : 3
RHIC sps quark—gluon plasma hadronic
170 MeV |-~ -0 o2 (confined)
- . " early universe
¢ A ~ wo .
'; ) & B .%' .. " ALICE quark-glaon |‘J1\HSChaefer
(o . p
1’ i il
% . '« 2 crossover <yy>~0
& Point hadron gas g
%) \  non-Fermi ligu £
.y * mue Ieal{l'llle;r S "’ x| §~ quark matter
o’ a3 S P (. ‘ '-s ;
' i 10 MeV o iiia \ olor @S —_—
Hadronic Phase ”’c Quarky \ Tadad | superconducl Yy>>0
Matter ol , crossover -
%‘ = hadronic fluid ) —"
) superfluid/superconducting
Liguid-Gas /~ phases?
' ng=0 n,>0 2SC >'>0 CFI
Nuclear Superfluid may“mm Baryon Chemical Potest il vacuum \ nuclear matter | peutron s}ar cores
Gluonic phase, etc U

Matthias Hempel
Istanbul, 25.04.2016




Comparison of QCD and nuclear liquid-gas phase transition
[MH, V. Dexheimer, S. Schramm, I. losilevskiy, PRC 88 (2013)]
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Pressure-temperature phase diagrams

liquid-gas phase transition chiral/deconfinement phase transition
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The entropic QCD PT (dP/dT|pt<0)

» Clausius-Clapeyron equation

gp| s -s
dT |y 1L —1/nl

* more degrees of freedom (color, strangeness) in the quark phase
— high specific heat capacity and low temperatures
— QCD PT always entropic?

* what about color-superconducting phases (cf. Ruster et al. PRD73 (2006)_. |
or more advance quark EOSs (e.g., pQCD, A. Vuorinen & A. Kurkela et al.)?
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General properties of entropic PTs (dP/dT|p1<0)

- for Maxwell phase transition
dP | P |
dT ', 1T !

npB

» general thermodynamic relations: unusual sign of 2nd cross derivatives,

,2abnormal thermodynamics”, e.g.:

OP| oT |
— <0 — <0
8T!nB 6713!3

«dT/dng|s<0 observed by many
authors, also well-known in
heavy-ion collisions

« Steiner et al. PLB 2000
 Nakazato et al. APJ 2010
* Fischer et al. APJS 2011

* Yudin et al. Astron. L 2013
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[Kl&dhn & Fischer, Apd 810 (2015)]

Phase diagram of vBAG | |
[KlI&hn, Fischer, MH, arXiv:1603.03679]

VBAG:
e vector interactions
*dynamic chiral symmetry breaking

« assumption of simultaneous chiral symmetry restoration and deconfinement
— BdC(T’IJC)
 here: only two flavors
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Consequences of the entropic QCD PT:
Inverted convection in proto-hybrid stars

[A.V. Yudin, MH, D.K. Nadyozhiny, T.L. Razinkova, Mon. Not. R. Astron. Soc. 45, 4325 (2016)] ' I



Matter and convection in proto-neutron stars

« entropy per baryon of 0-5

trapped neutrinos in the
early stage of the
supernova, lepton fraction
Y. ~0.4

e after one minute: neutrino-
free, Y\=0, beta-equilibrium

Entropy

0.35¢
* negative entropy gradients 03l
Induce convection 0.25/
- effect of convection: 0.2
outward transport of hot 0.15
matter, enhanced neutrino 0.1}
luminosities 0.05
% 0.5 1 150 0.5 1 15

Baryon Number (solar units) Baryon Number (Solar Units)

slEEVA=e e [Roberts et al. PRL108 (2012)]
convectively unstable ¢

Matthias Hempel
Istanbul, 25.04.2016



Convection in proto-hybrid stars
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*unusual thermal
properties (abnormal
thermodynamics) due to
entropic PT:
positive entropy
gradients are
convectively unstable (!)




Convection criteria
. relatiyistic Ledoux criterion for convection:
(96} dS Oe | dYL
3_! | — >0
S PY, dr

8YL !P,S dr

*let’s ignore composition changes, keep Y_=0.4=const. — de/dS determines
convection

»de/dS usually negative — negative entropy gradients are convectively
unstable

Oe e+ P
— — TLBT 1 5P
aS P7YL T a_T‘S,YL

* first term: small, relativistic correction
« —» dP/dT|s>0 <& de/dS|p<0

abnormal thermodynamics/
entropic PT. convectively
unstable where normal
matter is stable
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Convection criteria for B165
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Realizablility and possible consequences

e realizability depends on
— EOS model of hadronic and quark phase
— description of the phase transition
— structure of the proto-hybrid star

* possible consequences:
— starting from quark core with low temperature
— low entropy bubbles moving outwards, high entropy inwards

— inward heat flux, increasing temperature of quark core, decreasing
temperature of hadronic mantle, until negative entropy gradient is
achieved

— impact on supernova dynamics ?
— imprint on neutrino signal ?

Matthias Hempel
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Consequences of the entropic QCD PT:
Loss of stability and a novel third family of hybrid stars

[MH, O. Heinimann A. Yudin, |. losilevskiy, M. Liebendérfer, F.-K. Thielemann, arXiv:1511.06587] y



Unusual thermal properties and stability of compact stars

 for mass-radius relation: P(g,S)
*to characterize thermal effects: dP/dS|¢
« dP/dS|¢>0: stiffening, dP/dS|:<0: softening for increasing entropy

. usmg general thermodynamlc relatlonshlps

a_PI _ _#2 T aPI
os' — ' o T oy art

* first term small, relativistic correction

[ éﬁﬁ&? tF\:ermodynamics/

| entropic PT: softening of
| the EOS with increasing |

entropy ‘ ‘ i -

E————
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Pressure-energy density relation
60

—— 8=0, STOS |1 <hadronic and quark matter

— 8=0,B165 | . - stiffens when it is heated

------ R S *in the phase coexistence region it
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 however: stability not directly given by dP/dS|e, but e.g. by I'= d(Iog .
and dependence on the hadronic EOS .

— solution of TOV equations necessary
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A novel third family of proto-compact stars

3-0 L L | L

L \VRYRE . | | eafter onset of phase transition:
25 a) 8165 now. el loss of stability, regained for
20 | sufficiently large quark matter
= | core
‘E’ 1> - third family feature (,twins")

arises for high entropies

* as expected for the softening
due to the entropic property

20 25 30 35 40 45 50 55
R (km) -novel aspect: a third family
that exists only in the proto- -
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Matthias Hempel
Istanbul, 25.04.2016



A novel third family of proto-compact stars — EOS dependence

3.0 T

a)B165, now . s=5{| *for B139: third family arises
L 3 only for very high entropies,
much less pronounced
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A novel third family of proto-compact stars — neutrinos
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Collapse to the third family in the supernova

e aj B1"65',~ -YL:.O‘:_4 | S'=5 | - schematically:
25T « accretion: increase of the
20 - proto-neutron star mass from
= .l ~1 Msun to ~1.5 Msun in the
‘E" | first 200 ms
1.0 | » collapse from the second to
0.5 the third family with
1 gravitational binding energy
(VA

| 5 10 15 20 25 30 35 40 45 50 55 lelease
R (km)

* exactly this was seen in detailed core-collapse supernova S|mulat|ons DY
T. Fischer in 2009-2012 4

* new insight: the novel third family induces the collapse

» after collapse: formation of 2nd shock, energetic explosmn e en
spherical symmetry
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CCSN explosions by the QCD phase transition

x 10° [Sagert, et al. PRL 2009] t .= 240.5 ms
—_— O 8*- - tpb= 255.2 mS
2] ' r |
£ o4} | t,p= 255.4 ms
g 0m t,= 255.5 ms
o
s 04 t,,= 256.3 ms
A tp=261.2 ms
10 10° 10°
Radius [km]

» phase transition induces collapse of the proto-neutron star
e collapse halts when pure quark matter is reached
« formation of a second shock

*shock merges with standing accretion shock, explosion shock me
standing accretion shock e

» second neutrino burst as a clear observable signal (DasG Ipta
»weak r-process (Nishimura et al. 2012) — talk by A. Loh
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Entropic PT and core-collapse supernova explosion
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third family of proto-
hybrid stars
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Mass-radius relation of hybrid EOS and SN explosions

' ' T ' ' * no explosions for
5 | B'"*=139 MeV, 0,4=0.7 =~ _ \ PSR J1614-2230 | sufficiently high
114 e~ -
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O explosions in spherical symmetry
(T. Fischer et al. ApJS 2011)
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Is this explosion mechanism still possible?

* obvious tension: high maximum mass « strong phase transition

* third family feature already in cold neutron stars? — talk by O. Heinimann
on Thursday for a systematic investigation

* new insight: the thermal properties of quark matter are crucial
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Summary and conclusions

* phase diagram in P-T can provide interesting information
*the QCD phase transition is entropic (dP/dT|p1<0) (other quark models?)

* entropic PTs lead to unusual thermal properties of the EOS, ,abnormal
thermodyamics®

* possible consequences in astrophysics:
— Inverted convection in proto-neutron stars
— novel third family of proto-compact stars
— core-collapse supernova explosions

*new hybrid EOSs are needed (work in progress)
* spherically symmetric and multi-D CCSN simulations
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