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Ziemlich
extrem

Jiirgen Schaffuer-Bielich erforscht Materie bei Ausnahmebedingungen

Voo (Miver Fink

Wenn Jiurgen Schaffner-Bielich, seit kur-
zem Professor fiir Theoretische Physik an
der Universitat Heidelbwerg, auf seine For-
schungsinteressen zu sprechen kommt,
ist er zum elnen schnell an der Tafel, zum
anderen verstehi er s, mit hitbschen Ver=
gleichen aus dem Alltagsleben auch ed-
nem Nicht-Physiker auf anschauliche
Weise die komplexe Materie nahezubrin-
gen, Und das it wahrsten Sinne des Wor-
Lig,

Denn die Materie ist
nicht nur komplex, sie [st
Uberhaupt einer der Haupt-
gegenstiinde, mit denen gich
der newe Physikprofessor be-
schiftigt, genauer: , Was ich
mir angchaue, ist Materie unter extremen
Bedingungen, und zwar unter so extre-
men Bedingungen, dass sie sich in ihre
Einzelbestandteile auflist”, erklirt er
Dann wenden Qutarks frejgesetet. Dabei
lassen sich spannends Beobachtungen
machen, geride bel Phasentbergingen -
W50 wie man das beispielsweise ja auch
vom Kochen von Wasser her kenni: fest,
flitesig, gastormig™.

Gerade hat Schaffner-Bielich zusam-
men mit einer Groppe um Matthias Lic-
bepdirfer an der Universitat Basel Simu-

Privat liest er
Science Fiction

lationsrechungen zum FPhasenfbergang
bei der Supernova gemacht, alsoe der Ex-
plosion eines Sterns am Ende seiner Le-
benszeit, Das Sensationelle sel gewesen,
dass die Bildung von Quarkmaterie sine
Bupernova erfolgreich auf dem Compu-
ter explodieren Lisst; das habe man bis
wor Kurgem gar nicht oder nur sehr
schwer mit konventionellen Ansitzen hin-
bekommen, etklirt der Physiker,

Experimentell werden Untersuchun-
gen zur Materie vor allem auch mit Hilfe
von  Schwerionenkollisionen
durchgefiihrt, wie beispiels-
weise afn Large Hadron Colli-
der {LHC) in Genf oder abet
auch bel der Gesellschaft filr
Schwerionenforschung im
Diarmstadt. Am dortigen Teil-
chenbeschleuniger-Projekt FAIR (Facili-
ty for Antiproten and lon Research) ist
Schaffner-Bielich beteiligt.

Die Erkenninisse, die man sich von
solcher  Grundlagenforschung  erhofft,
sind fundamentaler Natur: Einblicke in
die Stritktur der Materie und die Evoluti-
on des Universums sollen sie ermagli-
ehven. Genau das steht aueh auf dem Pro-
gramm der im Hahmen der Exzellenzini-
tiative bewilligten Heidelberger Gradu-
{ertenachule Fundamental Physies®, an
der Jirgen Schaffner-Bielich mitwirkt.
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For den theoratischen Physiker J0rgen Schatfner-Bielich sind mathematische Berechnungen &in wichtiger Teil seiner Arbait. Foto; Oliver Fink

Die Ausbildunpsbedingungen fir Dokto-
randen dort nennt er _phantastisch®, Al-
les sei extrem gut durchorganisiert. Es ge-
be ein hochattraktives Begleitprogramm
wie Graduiertentage oder Workshops,
Hervorzuheben selen insbesondere auch
die Vermittlung von Fahipgkeiten wie Prii-
sentation und Zeitmanagerent. Selbst (o
den USA, in denien er viele Jahre an ver-
schiedenen Universititen peforscht hat,
habe or solch hervorragende Bedingun-

gen fiir Doktoranden nicht erlebt, Wie ist
eigentlich Jirgen Schalfner-Bielich, der an
der Universitit Frankfurt promoviert war-
de und sich dort auch habilitiert hat, zur
Physik gekommen? Die Entscheidung fir
das Studium stand filr ihn friheeitip fest.
Bereits in der Schule gehérten Physik und
Mathematik zu seinen Lieblingsfichern. In
seiner Freizeit habe er sich, wie er bertcha
tet, begeistert durch die Science Fiction-Li-
teratur gelesen, Erst standen die Perry Rho-

dan-Hefte auf dem Programm, spater ka-
men KElassiker wie der deutsche | Zukunfis-
roman-Fionier” Hans Dominik ader Isaae
Asimov mit seiner beriihmten Foundation-
Trilogie dazu. Genicllen kann der Physiker
diese Geschichien auch heuwte noch, wenn
auch die Zeit neben der Wissenschafi etwas
kmapp bemessen ist, Die verbringt der rwel-
fache Vater am liebsten mit seiner Familie;
mancheeral refcht ¢5 avch noch zum Karate-
Sport

— p.3
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my blackboard notes are already in the local newspaper!

— p.3



Outline

Introduction: observational data on neutron stars
Properties of neutron stars and quark stars
QCD phase transition and supernovae

— p.4



Observational Data on Neutron Stars

— p.5



Supernova Explosions

(supernova simulation by Janka et al.,
MPA Garching)

stars with a mass of more than 8
solar masses end in a (core
collapse) supernova (type Il)

Supernova of AD 1054 was visible
for three weeks during daytime
(crab nebula)!

supernovae are several thousand
times brighter than a whole galaxy!

last supernova explosion for the last
400 years in our local group:
SN1987A

most prominent candidate in the uni-
verse for producing the heavy ele-
ments (r-process)



Crab Nebula = M1 HST =« WFPC2

MPIfR - Born Pulsar Group

NASA, ESA, and J. Hester (Arizona State University) STScl-PRC05-37




The Pulsar Diagram
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(ATNF pulsar catalog)

the diagram for pulsars: period
versus period change (P-P)

dipole model for pulsars:
characteristic age: 7 = P/(2P)
and magnetic field

B =2-10"9(P- P)'/? Gauss

anomalous x-ray pulsars: AXP,
soft-gamma ray repeaters:
SGR, young pulsars in
supernova remnants: SNR

rapidly rotating pulsars (millisec-
ond pulsars): mostly in binary
systems (old recycled pulsars!)

— p.8



Masses of Pulsars (stairs, 2006)

Double Neutron Stars

JO737—-3039A (a)
J0737-3039B (a)
J1518+4904 (b)
J1518+4904com (b)
B1534+12 (c)
B1534+ 12com (c)
J1756-2251 (d)
J1756-2251com (d)
J1811-1736 (e)
J1811-1736com (e)
J1820+2456 (1)
J1829+2456com (f)
J1906+0746 (g)
J1906+0748com (g)
B1913+16 (h)
B1913+16com (h)
B2127+11C (i)
B2127+11Ccom (i)

J00D45-7319 (j)
J1141-6545 (k)
B2303+46 (1)

B0021-72H (m)
J0437-4715 (n
J0621+1002 (o
JO751+1807 (p
1101245307
J1713+0747 (r)
J1748-2448] (s)
J1748-2446] (s)
B1802-07 Eh)
B1855+09 (u)

11909-3744 (v)

q)

3

Neutron Star Mass (M)

more than 1600 pulsars
known

best determined mass:

M = (1.4414 4+ 0.0002) M,
for the Hulse-Taylor pulsar
(Weisberg and Taylor, 2004)

smallest known mass:

M = (1.18 £ 0.02) M, for
pulsar J1756-2251 (Faulkner
et al., 2005)

PSR JO0751+1807 corrected
from M = 2.1 + 0.2M, to
M = 1.14 — 1.40M, (Nice et
al. 2008)

— p.9



Supermassive Pulsar in Globular Cluster?

(Freire et al., arXiv:0711.0925v2 (2007))
measurement of periastron

advance of the pulsar PSR
J1748-2021B

Probability density

Inclination angle ¢ of orbital
plane unknown

9

statistical analysis (for angle 7):
M =2.74+0.21My (10) and
M > 2.0Mg (99% c.l.)

=
S

two neutron stars with
M ~ 1.4Mg, 'unlikely’ but

N

O]
=
n
o
O
-
O
-
O

O

O
O

i possible for : = 4 — 5 degrees
_.‘n\\\\\\\\\\\‘““‘ﬁmmm
2 4

measurement of a second GR
effect needed to draw a firm
conclusions!

Probability density

Pulsar mass (Mg)

— p.10



How To Measure Masses AND Radii of Compact Stars

mass from binary systems (pulsar with a companion star)

radius and mass from thermal emission, for a blackbody:

Lo, R\’
Foo — O-SBT;lff,oo (_>

~ 4nd? d

With T oo = Toa /(1 + 2) and Roo = R/(1 + 2)

redshift:
oG M\ /2
1 =1 - —
oo (-2

need to know distance and effective temperature to get R,
radius measured depends on true mass and radius of the star

additional constraint from redshift measurement from e.g.
redshifted spectral lines fixes mass and radius uniquely

— p.11



|SO|ated NeUtron Star RX J1856 (Drake et al. (2002))

o<
.
R 0p]
o~
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-
O
T
O

Photon Flux

Wavelength (A)

closest known neutron star, parallax measurement with HST:
D =117 £+ 12 pc (Lattimer and Wolter 2002), D = 140 4 40 pc (van Kerkwijk
and Kaplan 2004), D = 161 4+ 18 pc (Kaplan 2007)

perfect black—body spectrum, no spectral lines!

for black-body emission (x-ray part only): 7" =60 eV and R, =4 — 8 km! ;.1



Constraints on the Mass—Radius Relation (Lattimer and Prakash (2004))

Radius (km)

spin rate from PSR B1937+21 of 641 Hz: R < 15.5 km for M = 1.4M
Schwarzschild limit (GR): R > 2GM = R,
causality limit for EoS: R > 3GM

only quark stars can have small radii!

— p.13



A Quark Star? (NASA press release 2002)

“Cosmic X-rays reveal evidence for new form of matter”
— a quark star?

— p.14



. Up Quark
® Dovn Quark Neutron Star Strange Quark Star

. Strange Quark
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NEUTRONS QUARKS QUARKS




RXJ 1856: Neutron Star or Quark Star? (o etar. 2007))

—~
7
<
By
e
o
7
"
]
o
=
()
~
<
L

+  VLT/FORS1

- HST/STIS

+ CXOILETG

- XMM/RGS

+ EUVE
VLT/FORS2
HST/WFPC2

XMM/RGS
CXO/LETG

VLT/FORS1

Wavelength (A)

two-temperature black-body fit implies a lower limit for radiation radius:
Reo = R/\/1 —2GM/R =~ 17 km (d/140 pc)

thin magmetized H-atmosphere on condensed iron core (Ho et al.):
redshift z, ~ 0.22: R ~ 14 km and M ~ 1.55M,

not necessarily a quark star!

— p.16



X-Ray burster

Counts/em® /A Counts/cmy/a/A

A Low Mass X-Ray Binary: 4U 1320-30
A-Ray Emizsion: BURSTS

o
Earth \

.,

»
=
=
1
=
o
£
-~
o
-
3
L7}
7]

D seconds 34

Becretion
Disk

- Meutran Star

BaEoud 1sang o3
8:8-8F£0 OX3

SUN

binary systems of a neutron star with an ordinary star
accreting material on the neutron star ignites nuclear burning
explosion on the surface of the neutron star: x-ray burst

red shifted spectral lines measured!
(2 =0.35 - M /Mg = 1.5 (R/10 km)) (Cottam, Paerels, Mendez (2002))

— p.17



X-Ray burster EXO 0748-676: the EoS Is hard!

Neutron star
(DBHF)

Hybrid, mixed
(CFL+APR) \ .

(2SC+DBHF)

Quark star .
(QCD O(ay)).~
. ~”

10 11 12 13 14 15
Radius R [km]

analysis of Ozel (Nature 2006): M > 2.10 £ 0.28 M and R > 13.8 £+ 1.8 km,
claims: 'unconfined quarks do not exist at the center of neutron stars’!

reply by Alford, Blaschke, Drago, Klahn, Pagliara, JSB (Nature 445, E7
(2007)): limits rule out soft equations of state, not quark stars or hybrid stars!

multiwvavelength analysis of Pearson et al. (2006): data more consistent with

— p.18



Properties of Neutron Stars and Quarks Stars

— p.19



Structure of Neutron Stars — the Crust (pany page)

A NEUTRON STAR: SURFACE and INTERIOR
) CORE: g

Homogeneous
Matter

A\« ATMOSPHERE
k ENVELOPE
CRUST
OUTER CORE
INNER CORE

Polar cap

R
._'\*’--m,%’(:one of open
. -;%_Mmagr!etlc
k. b field
“-‘;‘.%"‘-\!j\nes

E e

- Neutron Superfluid

Neutron Superfiuid + L
Neutron Vortex  Proton Superconductor sl
Neutron Vortex

e

n < 10% g/lcm?:
atmosphere
(atoms)

n=10* —4-10" g/cm3:
outer crust or envelope
(free e, lattice of nuclei)

n=4-10" — 10" g/cm3:
Inner crust

(lattice of nuclei with free
neutrons and e™)

— p.20



Structure of a Neutron Star — the Core (midolin weber)

absolutely stable
strange quark
matter

uldils
“ij
m
s

- p.21



Phase Transitions in Quantum Chromodynamics QCD

early universe

Quark—Gluon

Plasma

FAIR

Hadrons

Color

Superconductivity
neutron stars

Early universe at zero density and high temperature
neutron star matter at small temperature and high density
first order phase transition at high density (not deconfinement)!

probed by heavy-ion collisions at GSI, Darmstadt (FAIR!)

— p.22



Quark matter in the NJL model

o 2
D = 2772 Z/ dk & ‘62‘ —|—4K0'u0'd0'3 4GD Z ‘A ‘

—2G520' + 4GVW0 + Pe

use Nambu—Jona-Lasinio model for describing quark matter

describes both dynamical quark masses (quark condensates o)
and the color-superconducting gaps A (Ruster et al. (2005))

parameters: cutoff, scalar and vector coupling constants Gg, Gy,
diquark coupling Gp, 't Hooft term coupling K

fixed to hadron masses, pion decay constant, free: Gp and Gy,

— p.23



Phases in Quark Matter (ruster et al. (2005))

first order phase transition based on symmetry arguments!
phases of color superconducting quark matter in 3 equilibrium:

normal (unpaired) quark matter (NQ), two-flavor color superconducting phase

(2SC), gapless 2SC phase, color-flavor locked phase (CFL), gapless CFL
phase, metallic CFL phase

(Alford, Rajagopal, Wilczek, Reddy, Buballa, Blaschke, Shovkovy, Drago, Ruster, Rischke,
Aguilera, Banik, Bandyopadhyay, Pagliara, ...)

— p.24



Mass-radius and maximum density of pure quark stars

va_
B" =145 MeV p

A=3u

green curves: MIT bag model

B"*=200 MeV

e blue curves: perturbative QCD
/ calculations
(Fraga, JSB, Pisarski 2001)

10
Radius (km)

case A = 2u: Mpax = 1.05 Mg, Ryax = 5.8 KM, npax = 15ng
case A = 3u: Mpax = 2.14 Mo, Ruax = 12 KM, npax = 5.1ng

other nonperturbative approaches: Schwinger—Dyson model (Blaschke et al.),
massive quasiparticles (Peshier, Kampfer, Soff), NJL model (Hanauske et al.),
HDL (Andersen and Strickland), ...

note: pure quark stars can be very similar to ordinary neutron stars!

— p.25



Matching to low density EoS

hadrons /
massive quarks

_|—|—>

p'mi n

Two possibilities for a first-order chiral phase transition:

=
><

A weakly first-order chiral transition (or no true phase transition),
— one type of compact star (neutron star)

A strongly first-order chiral transition
— two types of compact stars:
a new stable solution with smaller masses and radil

— p.26



Quark star twins? (rraga, 3sB, Pisarski (2001))

weak transition
A=3u

hadronic EoS >

Radius (km)

Weak transition: ordinary neutron star with quark core (hybrid star)

Strong transition: third class of compact stars possible with maximum masses
M ~ 1 Mg and radii R ~ 6 km

Quark phase dominates (n ~ 15 ng at the center), small hadronic mantle

— p.27



Third Family of Compact Stars (ceriach 1968)

(Glendenning, Kettner 2000; Schertler, Greiner, JSB, Thoma 2000)

third family neutron stars white dwarfs

[0]

third solution to the TOV equations besides white dwarfs and neutron stars,
solution is stable!

generates stars more compact than neutron stars!

possible for any first order phase transition!

— p.28



Signals for the QCD Phase Transition?

mass-radius relation: rising twins (Schertler et al.,
2000)

spontaneous spin-up of pulsars (Glendenning, Pel,
Weber, 1997)

delayed collapse of a proto-neutron star to a black
hole (Thorsson, Prakash, Lattimer, 1994)

bimodal distribution of pulsar kick velocities (Bombaci
and Popov, 2004)

collapse of a neutron star to the third family?
(gravitational waves, y-rays, neutrinos)

gravitational waves from colliding neutron stars?
secondary shock wave In supernova explosions?

— p.29



QCD phase transition in supernovae

Irina Sagert, Matthias Hempel, Giuseppe Pagliara, JSB, Tobias
Fischer, Anthony Mezzacappa, Friedel Thielemann, Matthias
Liebendorfer, arXive:0809.4225, submitted to PRL

— p.30



Phase Transition to Quark Matter for Astros

BY4=165 MeV, m=100 MeV, m ;=m,=0

(Irina Sagert and Giuseppe Pagliara)
guark matter appears at low density due to g-equilibrium

low critical density for low Y,, due to nuclear asymmetry energy
guark matter favoured at finite temperature

supernova matter at bounce: 7'=20 — 30 MeV, Y, = 0.2 — 0.3, e ~ (1 — 1.5)¢g

— p.31



Phase Transition to Quark Matter for Astros

BY4=165 MeV, m=100 MeV, m ;=m,=0

(Irina Sagert and Giuseppe Pagliara)
guark matter appears at low density due to g-equilibrium

low critical density for low Y,, due to nuclear asymmetry energy
guark matter favoured at finite temperature
supernova matter at bounce: 7'=20 — 30 MeV, Y, = 0.2 — 0.3, e ~ (1 — 1.5)¢g

production of quark matter in supernovae at bounce possible!

— p.31



Check: Mass-Radius Diagram of Cold Neutron Stars

Bl"‘l;4162.5 MeV
B1/"=165 MeV
B1/*=170 MeV
BY4=175 MeV

BY4=185 MeV
TMl nam o am

M=144M,  —

(Irina Sagert and Giuseppe Pagliara)

presence of quark matter can change drastically the mass-radius diagram
third family of solution for certain bag constants

maximum mass: 1.56 M, (BY* = 162 MeV), 1.5M, (B'/* = 165 MeV)

— p.32



Check: Phase Transition for Heavy-lon Collisions

BY4=165 MeV, m,=m,=0

(Irina Sagert and Giuseppe Pagliara)

no G-equilibrium (just up-/down-quark matter)

large critical densities in particular for isospin-symmetric matter
(proton fraction Y, = 0.5)

production of ud-quark matter unfavoured for HICs at small T and high density

no contradiction with heavy-ion data! ~ p.33



Implications for Supernovae — Explosion!
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velocity profile of a supernova for different times (around 250ms)

formation of a core of pure quark matter produces a second shock wave

— p.34



Implications for Supernovae — Explosion!
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Implications for Supernovae — Explosion!
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(Sagert, Hempel, Pagliara, JSB, Fischer, Mezzacappa, Thielemann, Liebendé6rfer, 2008)

velocity profile of a supernova for different times (around 250ms)

formation of a core of pure quark matter produces a second shock wave
leads to a successful explosion!

— p.34



Implications for Supernova — Neutrino-Signal

Luminosity [1 0> erg/s]
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(Sagert, Hempel, Pagliara, JSB, Fischer, Mezza-

cappa, Thielemann, Liebenddrfer, 2008)

temporal profile of the emitted
neutrinos out of the supernova

thick lines: without, thin lines:
with a phase transition

pronounced second peak of
anti-neutrinos due to the
formation of quark matter

peak location and height deter-
mined by the critical density and
strength of the QCD phase tran-
sition!!

— p.35



Summary

guark matter can be present in the core of neutron
stars

QCD phase transition can lead to a new family of
compact stars

guark matter can be formed Iin supernovae, even
shortly after the first bounce

» |leads to a successful explosion (with enough
explosion energy in the shock)

» forms a second peak in the (anti-)neutrino signal
» Implications for gravitational wave signal?
» and r-process nucleosynthesis?

— p.36
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