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QCD Phase Diagram

» dense hadronic matter
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QCD Phase Diagram

» dense hadronic matter
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High mass NSs do not
rule out QM cores

They are no evidence neither.
General problem:
Which observable would

convince that QCD phase
transition happens in nature?

Fischeretal. >

1st order phase transition observable in neutrino signal
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Standard feature: deleptonization burst form core bounce
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1st neutrino burst shortly after core
bounce, deleptonization burst, standard
feature in all supernova models

Hard to detect because it comes in /¢

2nd burst due to 2nd-shock propagation
across neutrinospheres, dominated by:

Ve [”w”raﬁﬂ,f*r}

Neutrinos are emitted locally and come
from low densities (hadronic phase)

2nd burst last only few milliseconds

Accompanied by significant rise of
average neutrino energies

Observable for currently operating
neutrino-detector facilities

Dasgupta & T.F. et al. (2010), PRD 81, 103005



Problem: Violation of current constraints from astrophysics

Demorest et al. (2010), Nature 09466, J1614-2230
High mass NSs do not { )

rule out QM cores Antoniadis et al. (2013), Science 340, 448, J1614-2230

They are no evidence neither. Steiner et al. (2010), ApJ 722 (Bayesian analysis of few selected low-mass X-ray binary systems)

General problem: Muyaxe = (1.97—=2.01) £0.04 Mg,
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G\uark Matter

What is so special about quarks?

Confinement: No isolated quark has ever been observed
Quarks are confined in baryons and mesons

Dynamical Mass Generation:
Proton 940 MeV, 3 constituent quarks with each 5 MeV
- 98.4% from .... somewhere?

and then this:
eff. quark mass in proton: 940 MeV/3 = 313 MeV
eff. quark mass in pion : 140 MeV/2 = 70 MeV

qguark masses generated by interactions only

,out of nothing’

interaction in QCD through (self interacting) gluons
dynamical chiral symmetry breaking (DCSB)

is a distinct nonperturbative feature!

Confinement and DCSB are connected. Not trivially seen from QCD Lagrangian.
Investigating quark-hadron phase transition requires nonperturbative approach.



G\uark Matter

Confinement and DCSB are features of QCD.
It would be too nice to account for these phenomena
when describing QM in Compact Stars...

Current approaches mainly used to describe dense, deconfined QM:

Bag-Model :

While Bag-models certainly account for confinement (constructed to do exactly this) Chodos, Jaffe et al: Baryon Structure (1974)
they do not exhibit DCSB (quark masses are fixed - bare quark masses). Farhi, Jaffe: Strange Matter (1984)
NJL-Model :

While NJL-type models certainly account for DCSB (applied, because they do) Nambu, Jona-Lasinio (1961)

they do not (trivialy) exhibit confinement.
Modifications to address confinement exist (e.g. PNJL) but are not entirelly satisfying
Both models: Inspired by, but not originally based on QCD.

Lattice QCD still fails at T=0 and finite p
Dyson-Schwinger Approach

Derive gap equations from QCD-Action. Self consistent self energies.

Successfully applied to describe meson and baryon properties = D
Extension from vacuum to finite densities desirable ===

—> EoS within QCD framework Y .g =
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they do not (trivialy) exhibit confinement.
Modifications to address confinement exist (e.g. PNJL) but are not entirelly satisfying
Both models: Inspired by, but not originally based on QCD.

Lattice QCD still fails at T=0 and finite p
Dyson-Schwinger Approach
Derive gap equations from QCD-Action. Self consistent self energies.

Successfully applied to describe meson and baryon properties = D
Extension from vacuum to finite densities desirable ===
— EoS within QCD framework Y .

— THIS TALK: Bag and NJL model as simple limits within DS approach



DSE : dynamical, momentum dependent mass generation

' [ ' [ ' [ momentum dep. (here @ T=p=0)

Rapid acquisition of mass is
0.4~ Jeffect of gluon cloud ] LQCD as benchmark

Neither NJL nor BAG have this

4 How do momentum dependent
gap solutions affect

- EoS of deconfined quark matter?
- EoS of confined quark matter?

- transport properties in medium?

Roberts (2011)

1 | 1 i } — |
ul] 1 2 3 Bhagwat et al. (2003,2006,2007)

P. O. Bowman et al. (2005)

p [GeV]

Bag model:  bare quark mass at all momenta and densities
NJL model: dressed quark mass at all momenta, changing dynamically with chemical potential



Dyson Schwinger Perspective

One particle gap equation(s)

S™Hp; ) = i70 + iva(pa + ip) +m + S(p; p

D

> - @
I

s

Self energy -> entry point for simplifications O==

¥ (p; ) =fA(SW§492Dpo(p—q)%%S(Q)Fﬁ(p; q)

|
. General (in-medium) gap solutions

S~ (p; ) = iYPA(p; ) + iya(pa +ip)C(p; p) + B(p; )



Effective gluon propagator

S(p; )t =Z,(iy p+iy,(p,+ig)+m, )+Z(p; )

a

(pi2) =2, ] 9% (0D, (p-G52) " 7,S(@)T 20, Pis)
q

Ansaftz for self energy (rainbow approximation, effective gluon propagator(s))

A P P i x/\n
Z } g Dmp—q)g S (@) (g, p) / G((p—a)*) Dyt (p - 9) 5 S @) 5w
Specify behaviour o G(k?)
L”fz} _ e Do (k) + DRk 4 an m T (k)
o %hl |:T + (1 + Jile,r"ai"'ia{:jﬂ)
Infrared strength running coupling for large k

(zero width + finite width contribution)

EoS (finite densities):
st term (Munczek/Nemirowsky (1983)) delta function in momentum space — Klahn et al. (2010)

2nd term | — Chen et al.(2008,2011)

NJL model: ¢°D,.(p—q) = — 0,0  delta function in configuration space = const. In mom. space
'?TE-G




Munczek/Nemirowsky -> NJL's complement
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R(jp2) > % (background field in x)

AN = Aw.BN = Bw.Cn = Cw.



Munczek/Nemirowsky
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T. Klahn, C.D. Roberts, L. Chang, H. Chen, Y.-X. Liu PRC 82, 035801 (2010)



DSE - simple effective gluon coupling

QLF-.:“) 874 DS (k) + 42

L2 B
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Wigner Phase Less extreme, but again, 1particle number density distribution
different from free Fermi gas (quasi particle) distribution
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DSE -> NJL model

1

9*Dpo(p = q) = m—é%a, Gluon contact interaction in configuration space (other models exist)
I'%(p;q) = &%. Rainbow approximation D
2 >O>
Y diq PTA,
~ — &
A, =7 + | _
p Ap=P OmZ J, (2m)F #AZ + (ﬁCQ B2
16N, d*q B
B — ¢ d 4N,
P= T omt |, @ @Az @CZ+ B2 B, —5ns(T, 1", B).
G
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Thermodynamical Potential

1

DS: steepest descent

P[S] = TrIn[S™1] — 5 Tr[2S].

d4
Prg = TrlnS™! = 2N, /A (2;))4 In(p®+p3 + B;)
1 3 3

Compare to NJL type model with following Lagrangian (interaction part only):

8
Li=Ls+ Ly =Gs Y (qraq)’ + Go(qir09)”.

a=0

2 2
a0, 97w
Qq_Qq+4Gs 2G,

—Q(T'=p=0)

¢,= 2GsNng(T, m},u’})
wy =—2GgNeny (T, my, 1)

i, 0,

0 Doy



Thermodynamical Potential

1
DS: steepest descent P[S] = Ir lIl[S_l] — iTl"[ES]. NJL model is easily understood

as a particular approximation
of QCD’s DS gap equations

d4
Pre=TrlnS™ 1! = 2NC/ Wz)ll In(p” -|-13421‘|‘Bﬁ)
A

(2
1 3 3
Pr = —iTrZS = Eméwi — 8m2@;¢'i

Compare to NJL type model with following Lagrangian (interaction part only):

8
Li=Ls+Ly =G5 ) (qma9)” + Go(@i0g)*. | u= 2GNeng(T,mjy, py)

5 w;:o Wy =—2GNeny (T, m%, 1)
Q=0+ 3q. " ag, Wl =r=0 00, 09,

0 Doy



Bag Model from NJL perspective ...

obvious differences between NJL and Bag: - DySB
- confinement
- vector interaction
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Bag Model from NJL perspective ...

obvious differences between NJL and Bag: - DySB
- confinement
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I | I I I :' | I I I
600
s-quark
é 400 Mass
> Pressure NJL
= 200 Pressure Ideal Gas - Bag
a.
>
) 0
2
= )
-200 !
!
_400 ] 1 1 | ] 1 1 | ] 1 1 | 1 1 1 | 1 1 1 | 1 1 1 :: | 1 1 ]
0 100 200 300 400 500 600 700

#

u [MeV]



Bag Model from NJL perspective

obvious differences between NJL and Bag:

- DySB
- confinement
- vector interaction
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Bag Model from NJL perspective

obvious differences between NJL and Bag:

800
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Bag Model from NJL perspectlve

obvious differences between NJL and Bag:

P [MeV fm"]
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vBag: vector interaction enhanced bag model

Chiral + Vector:

) o K‘U ‘ * )
Ppar(pi) = Prin(py) + THi(#@) — Ppac

1 * K’U 2 * 1
EBM(!H) — Eﬁc*eln(!«fxz‘.) + 7?’11;(#-:::) + Ppac

pi = pg + Kony (T, 1)
‘Confinement’:

P =Y, PF'" — Beyy with Beyp = 3 Bf — Bac

And, of course, chiral+vector+’confinement’ e & rischer anvasos.0292 aps 2015)



http://arxiv.org/abs/arXiv:1503.07442

Conclusions Part |

Vector enhanced bag like model can be motivated from NJL - which can be obtained from DS gap equations

Bag model character: bare quark masses
effective bag pressure

Difference: chiral bag pressure as consequence of DxSB, flavor dependence
confining bag pressure with opposite sign (binding energy)
accounts for vector interaction -> stiff EoS, promising for astrophysical applications

What NJL couldn’t: reduced chiral bag pressure due to confinement -> by hand, no harm to td consistence

Advantage of the model: extremely simple to use, no regularization required, Fermi gas expressions, bare masses
no (obvious) gap equation

Ppar(i) = Prin () + 7??.-5)(;1,,@:) — P ac P = Zf P;fm — Beyy Wlth Bepr =2 B;’; — Bd_c

-

) * K ) . i
epn (i) = Ek’in(“’i) + 71”-3(.‘--’-4) + Ppac

pi =y + Kyny (T, p)



Neutron Stars with QM core — vBAG vs BAG
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Absolutely Stable Strange Matter?

(very) brief review:

Three essential papers:

PHYSICAL REVIEW D VOLUME 9, NUMBER 12 15 JUNE 1974

New extended model of hadrons*®

A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn, and V. F. Weisskopf
Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 25 March 1974)

We propose that a strongly interacting particle is a finite region of space to which fields are
confined. The confinement is 2ccomplished in a Lorentz-invariant way by endowing the finite
region with a constant energy per unit volume , B. We call this finite region a “bag.” The
contained fields may be either fermions or bosons and may have any spin; they may or may
not be coupled to one another. Equations of motion and boundary conditions are obtained
from a variational principle. The confining region has no dynamical freedom but constrains
the fields inside: There are no excitations of the coordinates determining the confining

FIG. 1. A color-singlet bag attempting to fission into

region. The model possesses many desirable features of hadron dynamies: (i) a parton two bags which are nof color ainglets. The flux lines
of the colored gluon field are shown explicitly.

Key assumptions: Bag is a given, massless colored quark and gluon fields, boundary conditions ensure confinement



Absolutely Stable Strange Matter?

(very) brief review:

Three essential papers:
PHYSICAL REVIEW D VOLUME 30, NUMBER 2 15 JULY 1984

Cosmic separation of phases

Edward Witten*
Institute for Advanced Study, Princeton, New Jersey 08540
(Received 9 April 1984)

A first-order QCD phase transition that occurred reversibly in the early universe would lead to a
surprisingly rich cosmological scenario. Although observable consequences would not necessarily
survive, it is at least conceivable that the phase transition would concentrate most of the quark ex-
cess in dense, invisible quark nuggets, providing an explanation for the dark matter in terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon less than 938
MeV. Two related issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.

The average quark kinetic energy is proportional to u,
so (with a common pressure in the two cases) it is smaller
in the three-flavor case by a factor

strange-quark mass will reduce this effect, but it is still
plausible that strange quarks lower the energy per baryon
of quark matter by 50—70 MeV per baryon. This is

B/(ru+52"30)=[3/(142*%)13/4~0.89 .




Absolutely Stable Strange Matter?

(very) brief review:

Three essential papers:

PHYSICAL REVIEW D VOLUME 30, NUMBER 11 1 DECEMBER 1984

Strange matter

Edward Farhi and R. L. Jaffe
Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 9 May 1984)

We explore the properties of quark matter in equilibrium with the weak interactions, containing
comparable numbers of up, down, and strange quarks. Witten has recently conjectured that this
“strange matter” may be absolutely stable. Using a Fermi-gas model including O («,) corrections
we establish the conditions under which strange matter in bulk is stable and describe its characteris-
tics. Augmenting our model with surface-tension and Coulomb effects we study strange matter with
intermediate baryon number, 10? <4< 107. For low baryon numbers A < 10%, we replace the Fermi
gas by the bag model and study shell effects and the approach to the bulk limit. Finally, we discuss
the phenomenology of strange matter in all its forms.



Absolutely Stable Strange Matter?

(very) brief review:

Three essential papers:

PHYSICAL REVIEW D VOLUME 30, NUMBER 11 1 DECEMBER 1984

Strange matter  Ihree important statements:

In Sec. II, we investigate the properties of stable strange
matter in bulk. Our study rests on several plausible as- 1. Limiting case of original (MIT) bag model
sumptions. The first, as we have already mentioned, is ‘e £ - it i
that the system is well approximated by a Fermi gas (bag is filled with relativistic Fermi gas)
separated from the vacuum by a phase boundary. We fur-

ther assume that the effects of dynamical chiral-symmetry
breakdown [E.g., dynamical' qua.rk IMasses, Goldstone 2. Chiral symmetry is restored
pions) can be ignored in the quark gas so quarks are bare quark masses

characterized by their current-algebra masses. Finally, we
assume that the properties of the quark Fermi gas can be
computed using renormalization-group-improved QCD
perturbation theory. Unfortunately, at the momentum

-> thermodynamic bag model

scale typical of the problem at hand (roughly My /3) a, is : :
not small. Other methods (e.g., lattice Monte Carlo simu- 3. Perturbation theory applicable
lations of QCD) may eventually yield information about (more or less)

quark matter; at present, perturbative QCD is the only

1 ilable. Qur study of strange matter in bulk is
tool avatia Y s 2. and 3. are related.



Absolutely Stable Strange Matter?

EDWARD FARHI AND R. L. JAFFE

m ({MeV)
Ma

100F




Absolutely Stable Strange Matter?

Table 2
Single Flavor, Effective Two-flavor Chiral Bag Constants, and g, ., for the Parameterizations of Table |

Chiral Bag Model Parameters Phase Transition TM1 — 2f QM (symmetric)
| — i\ PV .- 1 1
Py, o7 (EH,dPu..u;) Pi Gt (Z,.,.;ﬁ;..m) T I B, [y (Maxwell) P (1) BE (y-de)
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
300 | 137.6 224.1 2385 343 594 1029 1458 120.7 149.8
' In 145.8 1734 221.9 240.2 365 591 1094 1569 141.4 149.8
m [48.5 1 76.6 221.7 2413 371 590 1114 160N 147.1 149.9
- v 152.7 1816 221.7 2433 383 590 11458 1651 155.3 150.0
a—
-
LA
= 200
e
100F
145 150 155 160 140 145 150 155



Absolutely Stable Strange Matter?

Table 2
Single Flavor, Effective Two-flavor Chiral Bag Constants, and g, ., for the Parameterizations of Table |

Chiral Bag Model Parameters Phase Transition TM1 — 2f QM (symmetric)
| — , oo ! . " i 1
Py, 7 (Eﬂ,ﬂﬂp I!..-x{'.) Pic® (ZH.J"-,P Ei:.-i(]) uy K, H fy. (Maxwell) P () B (y-dc)
MeV) (MeV) MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
300 - 1 137.6 224.1 2385 3 594 1029 1458 120.7
’ 11 1458 1734 2219 2402 365 501 1094 1569 141.4
I 148.5 176.6 221.7 2413 371 500 1114 1600 147.1
- v 152.7 1816 221.7 2433 383 590 1148 1651 155.3

100F

145 150 155 160 140 145 150 155



Absolutely Stable Strange Matter?
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prediction of absolutely
stable strange quark matter
crucially relies on neglecting
dynamical chiral symmetry
breaking for light quarks

Difficult to confirm even if
one assumes no DCSB for
strange quarks at all



Conclusions Part |l

vBAG: &

- vector interaction resolves the problem of too soft bag model EoS w/o perturbative corrections
- No problem at all to obtain stable hybrid neutron star configurations

- Standard BAG models bag constant is understood to mimic confinement, DxSB is absent

- VvBAG introduces effective bag constant with similar values to original BAG

f-’ff Zfo_Bdc

- However, positive value due to chiral symmetry breaking, (de)confinement reduces B
- Absolutely stable strange matter hypothesis is not trivial to hold up accounting for DxSB

- NJL and partially Bag model result from particular approximation within Dyson-Schwinger approach
rainbow approximation (quark-gluon vertex) + contact interaction (gluon propagator)
- Consequence: both models lack momentum dependent gap solutions
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Medium Corrections
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Coherent picture:

(de)confinement bag constant reduces
with temperature

-> nuclear and chiral quark matter become similar
-> indicates cross-over behaviour

Careful:

Model is not able to actually describe crossover
15t order phase transition is ‘hardwired’ :

NM and QM EoS are modeled independently
NM EoS doesn’t know about quarks
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Phase Diagram
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Location of transition line

vBag:

defined by chiral transition

does not depend on hadronic EoS
‘low’ n

NJL(+Maxwell):
changes with NM EoS
‘high’ u
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Phase Diagram
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Location of transition line

Onset of coexistence domain:
Depends on NM EoS for both

Onset of pure quark phase:

vBag:

defined by chiral transition

does not depend on hadronic EoS

NJL(+Maxwell):
changes with NM EoS
‘high’ n
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Medium Corrections
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Medium Corrections
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Proto Neutron Star Configurations
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Conclusions

QCD in medium (near critical line): \

Task is difficult

Not addressable by LQCD

Not addressable by pQCD

DSE are promising tool to tackle
non-perturbative in-medium QCD
Qualitatively very different

results depending on

effective gluon coupling

Bag model mostly a simple

limiting case of NJL model

NJL model a simple contact interaction
model in the gluon sector

vBag connects them, other models exist

—




Effective Lagrangian

* S: DCSB
* V:renormalizes _. _ :
| i Linw = Gsnp Y (§ivsmaAsCq’ )(q” CivsTaraq)

 D: diquarks — 2SC, CFL o b—25.7
« TD Potential minimized 8

i i imati + Gs Y [(@m9)° + nv(@ivog)’]

in mean-field approximation S 47aq lv\qioq

a=0

Effective model by its nature;
can be motivated (1g-exchange)
doesn’t have to though and can ~ Thermodynamical potential
be extended (KMT, PNJL)
. . 12 12 12 42 L2 42 _\_2 AQ AQ
+ possible to describe hadrons (T 1) Oy + Og T Py Wy + Wy 1 W L Bud T Ay T A7,

8Gg 8Gy AGp

f p f {E.nqLQTZn (1+E—EHKT)} QO —



NJL model study for NS ... oammomssmens
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Conclusion: NS may or may not support a significant QM core.
additional interaction channels won’t change this if coupling strengths are not precisely known.




