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Breaking News: First observation ...
of NS — NS mergers in gravitational
waves and all el-magn. spectrum

|5 Selected for a Viewpoint in Physics
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The Goal: Theory of the QCD Phase Diagram

Temperature

Early Universe

e LHC Experiments

The Phases of QCD

Quark-Gluon Plasma

. NICA - MPD (collider)

J'}'-.-n
W, Future FAIR Experiments

NICA-BM®@N (nuclotron)

5 /‘-
Hadron Gas . Color
Superconductor
Supernova * 7

Nuclear \ |

Critical Point ?

- Vacuum Mattar

’/

Neutron Stars

900 MeV
Baryon Chemical Potential

Perturbative QCD

Approximately selfconsistent
HTL resummation
(T>2.5Tc, yu> 1500 MeV)

QCD Phase transition(s)

Mott dissociation of hadrons,
Deconfinement, ySR

Statistical Model of
Hadron Resonance Gas

Well established for
Description of chemical
freezeout



Introduction: Beth-Uhlenbeck vs. Generalized BU

Beth-Uhlenbeck: 2" virial coefficient B(T)

BU for virial expansion of density:
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Example: Deuterons in nuclear matter
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E. Beth and G.E. Uhlenbeck, Physica IV (1937) 915;
S. Schmidt, G. Roepke, H. Schulz, Ann. Phys. 202 (1990) 57
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Introduction: Beth-Uhlenbeck vs. Generalized BU

Thermodynamic Greens function approach: ag, _ - |
dE i T=10MeV [
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®-derivable approach, 2-loop approximation

J.-P. Blaizot, E. lancu, A. Rebhan, Phys. Rev. D 63 (2001) 065003

Skeleton expansion for thermodynamic potential and entropy

1 1
BOQ[D]=—logZ=-TrlogD ' - STrIID+®[D] -[D] = mz@ +1mm+ms@ .

| T
Inv. Temp: 1/T trace in conf. Space self-energy related to D
Dyson equation: D -1 =DE 1+ 11 Free propagator Do is known
Essential property of Q[D] is Stationarity under variation of D: 06 Q[D]/dD =0
This implies d ®[D]/ 6D =1/2T1
Physical propagator and selfenergy are defined self-consistently !

Self-consistent approximations are defined by the choice of ®

- @ — derivable theories

G. Baym, Phys. Rev. 127 (1962) 1391; Vanderheyden & Baym; J. Stat. Phys. 93, 843 (1998)



Approximately selfconsistent thermodynamics

Matsubara summation:;

d*k .
0N/V= Wn{m][lmlﬂg{—mz+k“+ [1)-ImIID] +T®[D]/V

Analytic properties:

% dkg plko K k
0PE k) o D(w k) =ImD(w+ie k)= "L2E)

—wlm Kg—w 2

D(w.k)= j
Thermodynamics from entropy density: &= —a{{L/V)/aT

d*k an(w)
(2m)* aT

Im(w.k)Re D(w. k) + &'

S:_j d*k  an(w)

-1
oy o mloeD (@) +j

d*k an(w)
Tl @mr T

T/ V)
T

o

Re [l Im D > 0

for two-loop skeleton diagrams

Loosely speaking: S'accounts for residual interactions of “independent quasiparticles”

d/dw[Imlog D'+ ImMReD]=2Im[D Iml (d/dw D*) ImI1] = 2 sin?d dd/dw , for D = |D|e'®

D. B., in preparation (2016)



Proof of cancellations resulting in S'=0 (1)

D+,/[§:rj!;“ {BHB?JHEHImD}

T dkdﬂk
-0 = —TEZf = D(w1, |k1|)D(wz, |ke|) D(~w1 — w2, | — k1 — ka)

ATd/V)

S'=-
dT

First term

Spectral representation

T dky p(ko, k
D(w, k) = f g;fiwj

— o

Matsubara sums

d‘kd*k’d‘k” ~1 —1 1
_ _q: —T3 f SNk + K + KMok o(E ok
Z l: + } { JIP{ J'ﬂl: }wl—kgwE—kEW1+W3+kg

Wl Lo

Partial fraction decomposition of the three energy denominators and Matsubara summation over wy, w; yields:

1 " I "
Py {[n(kg) + 1] [n(ko) + n(kg) + 1] + n(ko)n(ky)}

Temperature derivative and renaming variables under the integrals

0r [n(ko + n(ko) + n(ko) + n(ko)n(ko) + n(ko)n(ky) + n(ko)n(ko)] — 30rn(ko) [1 + n(ko) + n(kq)]




Proof of cancellations resulting in S'=0 (1)

Second term:
2 3
q d-k dk.;. fdkn . 1 1
Rell = —= ko, |k Bk E
{L-I.i',l'.""_] 2 {ﬂ,ﬂ.)ﬂ P[ ':'!'| ”P{ I:I!ll +q|] ~ wl_kﬂ [.-1.2'1—|-[.|}—.;{2E|
B ::;1'2 d>k dk, 1+ n(kp) + n(kg)
- o [ 5 [ SRtk kDp(ks, i+ ah —E (7)

dlqg On(kg
/ mﬂj’d "0R0) Rl w, g)lmD(w, ) =

1
go + ko + k

ke A0
g B f (2r) d IE 561 (q + k+ K)p(@)p(K)p(k )8rn(go) [1 + (ko) + n(Ky)] (8)

(2m)4 27

This proves the cancellation of & for the scalar theory with cubic selfinteraction in the 2-loop approximation (sunset
diagram) for the ®— functional.

This cancellation holds as well for the pressure and the density!

For the pressure we obtain

dq ] dq a 8d(q) . .

— i . —gn Ty Z5HT 2

p(T) f )7 (0) [6(a) —sind(q) cosd(q)] = — [ F5Tn (1—eT) 2sin? §(q) (9)
Note that in the approximation §(gp,q) = — arctanfw~y /(g3 — w?)] the "spectral distribution” does not correspond to

a Lorentzian (Breit-Wigner) function as naively expected, but to a "squared Lorentzian”

dgo(wy)®
[(g5 — w?)? + (w7)*]? (10)

See, e.g., Vanderheyden & Baym (1998); Morozov & Ropke, Ann. Phys. 324 (2009) 1261




Approximately selfconsistent HTL resumm. QCD

J"'E'n
g o L (o)
(a) (b) (c) (d)

FIG. 3. Diagrams for d» at 2-loop order in QCD. Wigely, plam,
and dotted lines refer respectively to gluons, quarks, and ghosts_

In ghost-free gauge, HTL resummed QCD thermodyn.
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J.-P. Blaizot, E. lancu, A. Rebhan, Phys. Rev. D 63 (2001) 065003



Generalized Optical Theorems

See derivations for T-matrices by R. Zimmermann & H. Stolz, pss (b) 131, 151 (1985)
Here we consider the analogue of T =V - G°, the propagator S = G" —T1, G real, static

Assuming the inverse exists we have two identities: S = S*S* 'S and §* = §*§-18

Sp+iS; = S*(SR' —i511)5 | ey Sr = §'Sp'S,

Sp —iS; = S*(Sg' +is;jh)s . S = -8*S;'S,
With definition S = G —I1 follows off-shell optical theorem: S; = S8*I1; S = S1I; 57
Using the fact that G is a real constant, we have: _(Sﬁl}" =-IIp and §;'=_II;

Sp = S¥Sp'S+8%(S;')S+ 55,8
= S*¥(S5' +iS; 1 —iS71)S + 8%(S5')'S + S*(Sgt 1S, HS S
g-1 1
Y S
= 8% + 8 _i85*'8;'5 +i5*5; '8 + §*(S;'Y'S
L
25p

S* IS —15*; S +15*10; 5",

Derivative optical theorem:

Splly = S* IS +15* 10 STl —1S¥I ST, e
: N ’

St — 'y S; = 2Im [I; STI; S*]

>
1%, 2 Im[IT; STy 5]






®-derivable Q-M-D PNJL model, 2-loop approximation

1T

=37 Y aTr{ln[S7'] +[SiIL]} + ®[Sq, Sm, Sp]
i=Q.M.D
af) ael
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®-derivable Q-M-D PNJL model, 2-loop approximation

1T
ﬂ — 5? | E -I':-t_r:P['{].ﬂ I:S.I-__l] + [S-;_‘H:‘]} + q] [S{},Sﬁfasﬂ] 3
i=(Q M.D
all Al
S izn,q) = 574 (izn, q) — Mi(iz, — i 1L =
. izn,q) i0 (1Zn, q) (1zn,q) , 35, 0, if II; 35,

1 d: dw y
0= ETE;\'D {ﬂﬂ; fﬂf,-[u}Tr{Imln [S7'] + [Re S; ImII;] } +
o 1 Bg T dw
0 = 'I"[SQ:SMaSﬂ]_ETi=£lEM,D {ﬂﬂ}a_i 5 filw) Tr {[Im 5; Re IL]}

dfl
S=—E=Zisi_+x




®-derivable Q-M-D PNJL model, 2-loop approximation

(Imln§~*)" = —Im (SI') = SyIl; — STy — (M7 Sy, + SrITy)

a i
2 Im(ST1; 8+ ) (M Sg)

Use optical theorems ...
SIl; = sin 4 el? .. S*’H; — —i§’ sinde ¥ .. ﬂIm(SH;S*’H;] = _24sin”* 4 .
Generalized Beth-Uhlenbeck EoS

98i(w, q)
O

— Tl — e~ @—#)/T] gin? §,(w, q)

Effect of the sin”2 term ... example: Breit-Wigner ...

Lty Pf; ] 5{5.; {LLJ} - Emm.if‘,-
7 3

§;(w) = — arctan [

w? — w; o (W -w?)? WP
2 90; (w) 2 (w; ;) “Squared Lorentzian” ...
sin” d; (w) = 7 3212z ©  Vanderheyden & Baym (1998)
dw [(w? — wi)? +wiTE)? y y

Morozov & Roepke (2009)



Cluster expansion in the 2Pl formalism

e &— derivable approach to the grand canonical thermodynamic potential
[Baym, Phys. Rev. 127 (1962) 139]

J = —Tr{In(=G1)} — Tr{S1G1} + Tr {In(—Ga)} + Tr{EGs} + D[G,, G

with full propagators:
Gil(1,2) = 2 — Ei(p1) — E4(1, 2); G5 112,12, 2) = 2 — Ey(py) — Ea(ps) — £2(12,1'2', 2)
and selfenergies

5P 5@
Y5(12,1'%, 2) = |
e 22122 = e T

Because of stationarity equivalent to

1aJ 1
n = —ﬁa ﬂZ/ _fl S]_ 1, 1.1.:'}

(baryon number conservation)

$(1,1) =

e Generalization to A-nucleon clusters in nuclear matter
Q= (-1)*[Trin(—G3'") + Tr (84 Ga)] + @,

0P

Gl = G977 Ly, Sa(l. AT Az, = .
A A Ay Bal...4 ) = A A AT A




Cluster expansion in the 2Pl formalism

A) Choice of the ®-functional:
- 2-particle irreducible diagrams /4\

- closed 2-loop diagram involving
3 cluster propagators (A, B, A+B)
and 2 vertices
- equivalent to 1 T-matrix + 2 propagators

A+RB 3
B

B) Ansatz for thermodynamic potential:

Q — }:[—1}*‘1 [Trin (=G, ') + Tr(4 Ga)] + Y ®[Ga.G5.Ga 5] .
A.B

od
OGa(l.. A, 1"... A", za)

Gl =G —x,y, Ba(1..A 1. A ) =

C) Check: conservation laws, e.g.: 1 90

(correspondence to GF formalism) HZ_EE VZ[ — fi(@)Ai (1, )




Cluster virial expansion in the 2Pl formalism,
Examples:

A) Deuterons in nuclear matter: /(\

Q 2z L)

N

B) Mesons in quark matter:

C) Nucleons in quark matter: @ @

D) Nucleons and mesons (hadron resonance gas) in quark matter:

L)
U




Example B: Mesons in quark matter

®d-functional Meson selfenergy (RPA) Quark selfenergy

——

Ty (g, 0+in) = G5! —Ty(q,0+in) = |Ty(q,0)| e @) 5. (4 &) — arctan(3 Ty /RTy)
4> m
Q = Qe + Quy oMF — 2N;N.Gs ﬁE—Pu — - (Ep) — F+(Ep)]

7 3
OME

d
Qwr = 7 - ZNfof{Z *‘;3 Ep+Tn(14+e”E = 0/T) 4 Tin (14 Er =0T |

&k [do © . Oy (k, )
o o T 2
QO dﬂf{zﬁ]g f oy {m+2T1n []_ c ]251[1 om (k, @) 4 } ]

Iy (0, po) = de

d'q (0+m/Eq)[1 +8(q0) — f-(Eg)] , (0—m/Eq)[g(qo) + 1+ (Eqg)]
(Eﬁ}‘ﬂ'ﬁpﬂmaqﬂ]{ go—potE;—p—in go—po—E;—p—in }

D. Blaschke, M. Buballa, A. Dubinin, G. Roepke, D. Zablocki: Ann. Phys. 348 (2014) 228
D. Blaschke, PoS Baldin ISHEPXXII (2015) 113; arxiv:1502.06279



Example B: Mesons in quark matter

®-functional Meson selfenergy (RPA)

Quark selfenergy

Ty (g0 +in) = G5! —Ty(g,0+in) = Ty(g,0)| e @) 5. (4 @) 2 arctan(3 Ty /RT3

a2
Q= Opp +Qyy OMF = ENchGSf {2;;3 EEF[I —J-(Ep) — f+(Ep)] ,

2 3
_ OmF _ ap [ ( —{Ep—E+—#}fT) ( —(Ep E—+.ﬂ]ﬁ")]
ﬂMF_-‘iG}; ZNEN‘F,/-{ZTE'}?' Ep+TIn|1+e +TIn(l+e .

&k [do P
ﬂu=duf{2jr]3f2ﬁ {m+2T1n [1—.: w/ ]251[1 v (k,®)

Iy (0, po) = de

dq (0 +m/Eg)[1+g(q0) — f-(Eg)] . (Yo—m/Eg)[g(qo)+ f+(Eq)]
(Eﬁ}‘LﬁpM{q’qﬂ]{ go—pot+E;—p—in N go—po—E;—p—in }

D. Blaschke, M. Buballa, A. Dubinin, G. Roepke, D. Zablocki: Ann. Phys. 348 (2014) 228
D. Blaschke, PoS Baldin ISHEPXXII (2015) 113; arxiv:1502.06279



Example B: Mesons in quark matter

d3q © do by = Opec + Bng
EI[T'I ﬂ}=_d?.' 3 _n;{w]ﬁx(m"q}k J||||| | I 1 |||||| | I 1 |||||| | L
{EH} —00 E:IT 3 l— : '_'_'_"__.,-— pu—
L f,..-'f’ ’.'._."' -
f""’dmldﬁx(m:ﬂ —u—f&wm dwldax{m;r}Jrlfm @D i ; fﬁ ]
0 T dw 0 T diw T s (T) do 1 — )] o —
ng x(T) 1 . T T |
X I8 (00T~ (nar: )] 0 —
g g ' |||||| ] |||||||| ] |||||||| ] 1
I TTTI | I T TTTTI | I T TTITI I 1
[ | T
u _H"'-"'i-u-..”__‘r‘- -
0 TIMeVis — 0 = 7
w5 200 ) _
i ———  250) |
3 = 600 _
-|||||| ] |||||||| ] |||||||| L [
J||||| | |||||||| | |||||||| | L
LN : —
38 Lt N
wt L : S 4
1 — : ‘," —
B . _F"" . - -

-1 - 0 T

. A | |||||| ] |||||||| ] |||||||| ] 1

i .1 02 .3 (ol 0.1 |

T G E[E'r-:"r'll

D. Blaschke, M. Buballa, A. Dubinin, G. Roepke, D.

Zablocki: Ann. Phys. 348 (2014) 228



Example B*: Mesons+diquarks in quark matter

2NN 4 d + 26YV¥ + ¥°
— i f P P — + o { +_ } e B _|:'EP_ ],I|I'T
Y= 27E, Fo(Ep) +fa(Ep)l foB) =T 5Gramryy T=¢ "

= w=2u)/T
(® - 28X)X + X° X=een

/3@1- - X)X - X°

o =3 [ 2 [ lok@) + s ). dh(o) -

Suppression of colored states by Polyakov-loop & Confinement: ®=0
6
5
1} _
; 4 =
[ £
3=
s ) 2
0.1 B
-
=11}
0 £
=1
ool
: |:' I i i i L |:I i i i i -1
D 02 04 06 08 02 04 06 08 1
T [GeV]

D. Blaschke, A. Dubinin, M. Buballa: Phys. Rev. D 91 (2015) 125040



Example D: Hadron resonance gas — effect. model

®d-functional:

Selfenergies:




Example D: Mott HRG / PNJL — effective model

0.8

= 0.6

o

Al,

0.4

0.2

dA, /dT, d/dT

20
18
16
14
12
10

O N R N

T I T T T T
B * lattice QCD ]
L - - fit formula
4.
L 2
- ih_ |
t
*
| * _
*
— -.*‘-- —
+
| $ —
§-
#.
+h
| | 1 1 1 **'**+ + L

100 150 200 250

T [MeV]

FPpran(T) = Peg(T) + % [®; T ,

Tln[1+38(Y +Y?) +Y7]
Y(Ep) = exp(—Ep/T)

T
U [®;T) = - “{E 5% | b(T)In(1 — 6&* + 88" — 38*)

=1 &

T-dependent quark masses from fit to LQCD

m(T) = [m(0) — mo]As(T) + mg ,

m,(T) = m(T) +m, —mg .

ALl(T) = [l—tanh (T;rT)]

T. =154 MeV 4+ = 26 MeV

D. Blaschke, A. Dubinin, L. Turko, in prep. (2015)



Example D: Mott HRG / PNJL — effective model
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O 0.05 0.1 0.15 0.2 0.25 o 010 o
T [GeV]
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Temperature [GeV]

- 2 dé:(M2:T
f dM T In (] + E_\W."‘T) = Sil‘lﬂ EE:{lﬂrleT] 1[dﬂ£r. }
] n i

®(14+2Y)Y +Y3
1+3P(1+Y)Y +¥3°

- T dppﬂ d':-'l'! 2 a
Ppa(T) = 4N, Z /hrz [?f@[m]cﬁq[m;ﬂ, - {w—ﬁ;}“—kmj

Hadrons + Mott effect

Quarks + rescattering effects fa(w) =

iy dg(w;7y) = 2 + arctan .



Example D: Mott HRG / PNJL — effective model

' [ [ ' [
I‘:_. PSLL
_— P PS, stamland BLI
0251 — P_, MPS, peneralized BU ]
I'h. PRAL.
- - P MPS, standard BU
0.2 P MPS, generalized 1510
h~
015
By
0.1
0.05 -
0
0

- Mott dissociation of hadrons (here pi, K) at the
Chiral rstoration temperature T_c = 153 MeV

- Asymptotic behaviour of quark-gluon

T [GeV]

Pressure can be adjusted with rescattering
Parameter gamma

- Very good correspondence between lattice QCD
Thermodynamics and improved MHRG/PNJL model;
Hadronic and partonic contributions quantified

D.B., A. Dubinin, L. Turko, in prep. (2016)

T | | T T T
Borsanyi et al. (2014)

Bazavov et al. (2014)

Borsanyi et al. (2014)
Bazavov et al. (2014)

T [GeV]



Example C: Nucleons in quark matter

®-functional nucleon selfenergy quark selfenergy

> -~
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DD

C

quark exchange interaction
between nucleons:




Example C: Nucleons in quark matter

®-functional nucleon selfenergy quark selfenergy

Not new! Already contained in above diagrams!

)

e——0 | _' |
\ :_,// =| _ R : ]

=

quark exchange interaction
between nucleons:




Example C: Nucleons in quark matter

®-functional nucleon selfenergy quark selfenergy

& O

quark exchange interaction
between nucleons:




Intermezzo: Structure of the baryon?

12-Apostle
Church,
Kars




Structure of the baryon?

Intermezzo

@
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Intermezzo: Structure of the baryon?

Borromean ? !

AP ¢°

_ _ =il i
A e Tr InS™ A A, ¢}

Zhtact = [ DATDA D¢ exp{—

Cahill, Roberts, Prashifka: Aust. J. Phys. 42 (1989) 129, 161
Cahill, ibid, 171; Reinhardt: PLB 244 (1990) 316; Buck, Alkofer, Reinhardt: PLB 286 (1992) 29



Example C: Pauli blocking among baryons

Q:;ﬁ (g‘g‘* @ a) Low density: Fermi gas of nucleons (baryons)
L& a®
T, re e
@9 &) &)
b)

b) ~ saturation: Quark exchange interaction and
Pauli blocking among nucleons (baryons)

c) high density: Quark cluster matter (string-flip
model ...)

Roepke & Schulz, Z. Phys. C 35, 379 (1987); Roepke, DB, Schulz, PRD 34, 3499 (1986)

Free quark  Nucleons (baWO”S) nmedium — Nucleon (baryon) self-energy --> Energy shift

in medium

l {t— *\, A" =3 |4,p(123) [ [E(1)+E(Q+E(3)=Ep][fa, (1) +f4,(2)+f4,3)]
123
_ }i +3 3 Urp 1230, p(456)f 3 EYp ) Bustbyp( 12305 p(456) —th, p(453 )by 126)
e 123 456 +v'P°

il .; , ...n X[E(1)+E(2)4+E(3)+E(8)+E(5)+E(6)-E%—E%p]

]
T =EP;ﬂi.fm+HP;ﬂ.m
One-quark exchange Two- quark exchange ’ ’
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PHYSICAL REVIEW D
Pauli quenching effects in a simple string model of quark/nuclear matter

G. Ropke and D. Blaschke
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H. Schulz
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Example C: Pauli blocking in NM — details

New aspect: chiral restoration --> dropping quark mass

- T I T T I T I T T I T ] 25{!} T I T |
35'DT e - | - e ﬁs-symmhicmatter[black]iuﬁ}
o mMass 1
3001 x‘*“ BmshmR‘]lmmassscaljng | 2000 A_ - neutron matter (red lines) -
T T T hNTL - B eq. d-quarks (this work) 1
250 \ — —— BNIL - P eq. u-quarks (this work)
= . \ - = 1500 Modified hNIL (solid lines) —
ﬁ 200 \ _ o Brown-Rho (dotted lines)
= \ | = - Constant mass (dashed lines)
- Y
E 150 N . <1000 .
- . b -
100 N = i
s0] LS - 500 e
D_ [ N T I S B |-.llI-IL-‘l-.i-.l-.‘l.-:_:'l_'h'_:'T'T:‘-'l'_' . S |
0 01 02 03 04 05 06 07 08 05 1 09 02 04 0.6
n, [fm”] n [fm”]

Increased baryon swelling at supersaturation densities:
--> dramatic enhancement of the Pauli repulsion !!

D.B., H. Grigorian, G. Roepke: “Quark exchange effects in dense nuclear matter”, in prep. (2016)
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Example C: Pauli blocking in NM - results
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Example C: Pauli blocking in NM — Summary

Pauli blocking selfenergy (cluster meanfield) calculable in potential models for baryon structure
Partial replacement of other short-range repulsion mechanisms (vector meson exchange)

Modern aspects:
- onset of chiral symmetry restoration enhances nucleon swelling and Pauli blocking at high n
- quark exchange among baryons -> six-quark wavefunction -> “bag melting” -> deconfinement

Chiral stiffening of nuclear matter --> reduces onset density for deconfinement

Hybrid EoS:
Convenient generalization of RMF models,
Take care: eventually aspects of quark exchange already in density dependent vertices!

Other baryons:

- hyperons

- deltas

Again calculable, partially done in nonrelativistic quark exchange models, chiral effects not yet!

ivisti it ; ; ; 2 — ;0,1 :
Relativistic generalization: aid L5 P29 e P10

Box diagrams of quark-diquark model ... & -
/.

pa;p P p Paj p Ps—qipi P3P

K. Maeda, Ann. Phys. 326 (2011) 1032



Support a CEP in QCD phase diagram with Astrophysics?

a

> 200
¥
= &
-
= 8
v )
S o
- <
5 =
o 100 E
5 <
= 0%
<
T
©
, O
AN 1 ';EJ
L) '

o Compact Stars Net baryondensity n/ ng 0
sl No=0.16 fm=3 .

NICA White Paper, http://theor. jinr.ru/twiki-cgi/view/NICA /WebHome

Crossover at finite T (Lattice QCD) + First order at zero T (Astrophysics) = Critical endpoint exists!



Two high-mass pulsars with M ~ 2M_

M=2.01 +/- 0.04 Msun M=1.928 +/- 0.017 Msun

PSR J0348+0432 * PSR J1614-2230

; At T 'II-
Antoniadis et al., Science 340 (2013) 448

Demorest et al., Nature 467 (2010) 1081
Fonseca et al., arxiv:1603.00545

What if they were high-mass twin stars?
— radius measurement required ! — NICER (2017)



Two high-mass pulsars with M ~ 2M_

Neutron Star Hybrid Star

Hadronic matter Hadronic and Quark matter
Mstar =2.0 M, Mgtar =2.0 M,

Rstar =13.9 km Rstar =11.1 km

unark—core = 7.36 km



Motivation — Neutron stars (Twins?)

o e r et T« Star configurations with same
2.4 ?bgf* 3o 26 o N - masses, but different radii
£ £
22F g
[ o ]
| i~ A, ]
5 0 PSRI03MS+0432 _ i
Tt [ PSRII6I4-2230 i
E' [ - n-00 [N 1
1.8 =
= F —— 1,550 7 Mark A. R. Kaltenborn
6L - _ * New class of EOS, that features
L e THEREE high mass twins
[ = Y 4
1.4F -~ (=5 2 | = NASA NICER mission: radii
[ 1,=30.0 o n,=0.08| measurements ~ 0.5 km
| = g &)
: Q |
| L | 1 | 1 | 1 I |

i | 1|2' 1l3 1|4 15 16 17 18 ° Existence of twinsimplies 1% order
R [km] phase-transition and hence a

critical point

Benic, Blaschke, Alvarez-Castillo, Fischer, Typel, A&A 577, A40 (2015)



Support a CEP in QCD phase diagram with Astrophysics?

\'? a9l @
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S. Benic et al.,, A&GA 577, A40 (2015)

Color Super-
Y stars conductor

y-
paryon density n/ no

rs
Compact 12 No=0.16 fm—3

Crossover at finite T (Lattice QCD) + First order at zero T (Astrophysics) = Critical endpoint exists!




Constant speed of sound (css) model

Alford, Han, Prakash, arxiv:1302.4732

First order PT can lead to a stable branch of

=
hybrid stars with quark matter cores which, @
depending on the size of the “latent heat” a
(jump in energy density), can even be >
disconnected from the hadronic one by an L%
unstable branch — “third family of CS”.
2.5
[ 2
2- ﬂE}'!Ean = 0.3 Cam = 1 4
T - Nerit = 4.0Ng
S p o) Dews/Eqr = 0727 ]
Z [efen - // -----------
81l e/e’=06
0 [ . 1 . 1 . 1 . 1 . 1 . 1
7 8 9 10 11 12 13 14

Radius (km)

€0,QM

Ecrit

pc rit

Pressure

Measuring two disconnected populations
of compact stars in the M-R diagram would
be the detection of a first order phase
transition in compact star matter and thus
the indirect proof for the existence of a
critical endpoint (CEP) in the QCD phase
diagram!



CEP in the QCD phase diagram: HIC vs. Astrophysics

i

A. Andronic, D. Blaschke, et al., “Hadron production ...”, Nucl. Phys. A 837 (2010) 65 - 86

NuPECC Long Range Plan 2017; http://www.nupecc.org




Towards “measuring” the EoS in the T — mu plane
(QCD phase diagram)

lﬂ{]{]u 1] | | '|||||| | | | ||||||
2-tropes wio
mass constraint
A " 1000 i R ]::QCD

s

3-tropes w/o

100 mass constraint

2-tropes with
mass constraint

N < HLPS

+ S EE
4

10

Pressure [MeV/fm |

Temperature

= MNeutron matier

1 1 | I-IIIIIl L | IIIIII| |

100 1000 10000
Energy density [Mchm?']

Chemical potential —>

Speed-of-sound diagram from the

INT program in Seattle, Summer 2016 A. Kurkela, E. Fraga, J. Schaffner-Bielich, A. Vuorinen,
Astrophys. J. 789 (2014) 127

Interpolation between lattice QCD and
Compact star physics (2 M_sun)



Towards “measuring” the EoS in the T — mu plane

(QCD phase diagram) :
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x 0.6
5
0.4

>
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Chemical potential —>

Speed-of-sound diagram from the
INT program in Seattle, Summer 2016

Interpolation between lattice QCD and
Compact star physics (2 M_sun)
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A. Kurkela, E. Fraga, J. Schaffner-Bielich, A. Vuorinen,

Astrophys. J. 789 (2014) 127



Conclusion:

High-mass twins (HMTs) with
quark matter cores can be
obtained within different
hybrid star EoS models, e.g.,
- constant speed of sound

- higher order NJL

- piecewise polytrope

- density functional

HMTs require stiff hadronic
and quark matter EoS with a
strong phase transition (PT)

HIC A - HP D {callidar )

- MIC & - EMGHN (muclotron)

IR

g

Existence of HMTs can be verified, e.g., by precise compact star mass and
radius observations (and a bit of good luck) — Indicator for strong PT !!

Extremely interesting scenarios possible for dynamical evolution of isolated
(spin-down and accretion) and binary (NS-NS merger) compact stars

Critical endpoint search in the QCD phase diagram with Heavy-lon
Collisions goes well together with Compact Star Astrophysics



Particle Accelerators and Detectors

Equation of State — Phase Diagram

Quantum Field Theory of Dense Matter

29 member

countries !!
(MP1304)

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Kick-off: Brussels, November 25, 2013




‘
Particle Accelerators and Detectors

Equation of State — Phase Diagram

21 member

countries !
(CA15213)

“Theory of HOt Matter in Relativistic
Heavy-lon Collisions”

EUROFEAN COOPERATION
New. m@ﬂ ' IN SCIENCE AND TECHNOLOGY
| |
n

Kick-off: Brussels, October 17, 2016




Particle Accelerators and Detectors

Newest:
PHAROS

http://www.cost.eu/COST_Actions/ca/CA16214

Equation of State — Phase Diagram

Quantum Field Theory of Dense Matter

Network:
CA16214

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Kick-off: Brussels, late 2017
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International Conference “Critical Point and Onset of Deconfinement”
University of Wroclaw, May 29 — June 4, 2016




volume 52 - number 8 - august - 2016 ean Physical Journal volume 52 - number 1 - january - 2016

Recognizedd by Eurspean Physical Socialy @ Recognized by European Physical Society

Hadrons and Nuclei Hadrons and Nuclei

Inside: Topical Issue on Exotic Matter in Neutron Stars
edited by David Blaschke, Jiirgen Schaffner-Bielich
and Hans-Josef Schulze

Topical Issue on Exploring Strongly Interacting Matter
at High Densities - NICA White Paper
edited by David Blaschke, Jirg Aichelin, Elena Bratkovskaya, Valker Friess,

Marek Gazdzick, Jergen Randrup, Oleg Rogachevsky, Oleg Tervaey, Viacheslav Toneey

From:
Neutron star interiors: Theory and reality
by J.R. Stone (left)

Phenomenological neutron star equations of state:
3-window modeling of QCD matter
byT. Kojo (right)

Color-superconducting

strange quark matter :
(u,d.s quarks) i . quark exchange * -+ -quark exchange

sam CFL g + = structural change of hadrons +  * Quark Fermi sea

csL  CFLK : :

gCFL K y - :

LOFF  CFL-x® s .'k;»: :

T

o

From: Thres stagas of tha NIL A accalaraier comalay
by ¥ L Kakalidze ot o

gk & Springer
Socseih linhana —
& Fisica

Societd Italiana
di Fisica

EPJA Topical Issues can be found at ——»  http://epja.epj.org/component/list/?task=topic
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