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Elementary particle matter:

e Matter in extreme conditions reveals its constituents

qaZ-q_ 9os 9
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Elementary particle matter:

e Matter in extreme conditions reveals its constituents

e New era for matter in extreme conditions:

LHC Run 3-4, HL-LHC, FAIR, NICA, ... LIGO+Virgo, NICER, eXTP, ...
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Neutron stars

e Masses < 2.0M ey el lons, Electrons
33 0.3-0.5
e Radii ~ 10km Inner Crust Po Electrons, Neutrons, Nucleii
< _ -3 1-2 km 0.5-2
on 1 5100 (100 0. 16fm ) Outer Cora [ Neutron - Proton Fermi liquid

Few % Electron Fermi gas

e <2GeV /fm?® —

e Competition between gravity and pressure of strong
interactions determines the macroscopic features of neutron stars

mass-radius relationship, maximal stable masses , tidal deformability, etc...

e Neutron stars are nature’s own femtoscopes

107 15m — 10km
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Neutron stars

e Masses < 2.0M ey el lons, Electrons
33 0.3-0.5
e Radii ~ 10km Inner Crust Po Electrons, Neutrons, Nucleii
< _ -3 1-2 km 0.5-2
on 1 5100 (100 0. 16fm ) Outer Cora [ Neutron - Proton Fermi liquid

Few % Electron Fermi gas

e <2GeV /fm?® —

e Competition between gravity and pressure of strong
interactions determines the macroscopic features of neutron stars

mass-radius relationship, maximal stable masses , tidal deformability, etc...

e Neutron stars are nature’s own femtoscopes

107 15m — 10km

..but 10"”m away
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The other femtoscope:

PD+Pb @ sqrt(s) = 276 ATeV.

2010-11-08 11:30:46
Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693

o Transition to hot quark matter around e ~ 500MeV /fm?.
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The other femtoscope:

PD+Pb @ sqrt(s) = 276 ATeV.

2010-11-08 11:30:46
Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693

o Transition to hot quark matter around e ~ 500MeV /fm?.

e The big question:

Is there cold quark matter inside neutron stars?

4/11



Challenge:

T TR T T T T
z S 1.n,, :
3 : : systematic errors +/-24% _ E
o 1000 : o 7
E L / :
> ! dinner: 2 6GaV ? :
a : : : n,=2.6GeV : 3
= ! Ecrust / errors+/-24% :
I outer : : : :
> : B
7 e crust !
© 0.001f ; B
a
4 : : : : [
C L il A Lol L sl 1
1e-06 10 100 1000
Quark Chemical Potential p —w, /3 (MeV)

o At low densities nuclear EFTs: Challenges at saturation density
This takes you about 200m inside the star

o At large densities resummed pQCD reliable around 40po
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Challenge:

Pressure (MeV fm'3)

1000

0.001

le-06E

:1.n,,
: systematic errors +

! tinner / .

- ‘crust L, 3
outer : : :

crust : : !

5 Center of a star, =

M S e T
1 10 100 1000
Quark Chemical Potential p —u, /3 (MeV)

@ Cores of neutron stars somewhere in between

Need astrophysical measurements to empirically extract

EoS in between
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Neutron star observations:

o Pulsar timing:
e Shapiro delay
M ~ 2M®

Demorest et al. Nature (2010)
Antoniadis et al., Science (2013)

triple system w 2 WD@
!

"
. 1

uodoted 4 Apci1 2016
7861371 (a) 21T T T T T L
Volo -1 ;" ; s~
sy @ g S
E".f:’:"i —e—i X=ray,/optical
i S2128%s8 () — et
I odiea zr
01827-371 [
:xonzz—? ) —_—e———,
81957420 (0 blgck widow pulsor———e————
a5 1 2% © —
O 15%438 Gl e
5 o
o L
RO e

1145341559 comp, .
J1906+0746 (8) .
1136816748 Cop. '
Bi8sas ) 1
81834113 comp. .
81913418 (o) o
B19134+16 comp. ulse=Taylc
B2127419C () A
A e
3073730398, . dlouh\e pulsar
11786-2251 ()
e .
1887 ¥ o IS inNGC 65

=]

| —

653
i
]
5,4 white dworf-
iy neutron star
47 Tue binaries
in NGC 1851

_ in M5
in NGC 6440 ——e——1
i in NGC 6441
in NGC 6752
-
—e—i
i NGC 6544 84

[z RS 3 T e

1.0 1

5 2.0

2.5

3.0

Demorest etal.2010

Antoniadis et al. 2013
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Neutron star observations: [|KEEEEEEIES

e Pulsar timing;:
e Shapiro delay
M ~ 2M,

Demorest et al. Nature (2010)
Antoniadis et al., Science (2013)

. 2.2 R
e Time resolved X-ray Lo
[ 0.9
spectroscopy: 0 08
o Mass and radius e o
measurements = 1o} 05
NICER, eXTP,... % 0.4
= 14l 03
>
D 0.2
12p 0.1
0.0
1.0 - -

9 10 11 12 13 14 15 16
Radius R (km)

Nattila et al.
Astron.Astrophys. 608 (2017)
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Neutron star observations:

Lightcurve from Fermi/GBM (50 — 300 keV)

o Pulsar timing:

Event rate (counts/s)

e Shapiro delay
M ~2Mg

Demorest et al. Nature (2010)
Antoniadis et al., Science (2013)

Frequency (Hz)

o Time resolved X-ray
spectroscopy:

-4 -2 0

° Mass and radius Time from merger (s)

measurements
NICER, eXTP,...

o Gravitational waves:

e Bounds on tidal
deformabilitér
IGO+Virgo
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Constraining the Equation of State with neutron stars

10* T I B R

pressure [MeV /fm?]
—
<

i
7 8 9 10 11 12 13 14 15 16 10% 10° 10*

R [km] energy density [MeV/fm?]
Annala et al. PRL 120 (2018)

o Large ensembles of interpolations between known limits
set of 400 000 EoS’s
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Constraining the Equation of State with neutron stars

M (M)

7 8 9 10 11 12 13 14 15 16
R [km]

pressure [MeV /fm?]

10*E

H
<
T

—
=)
>
T

—
Q
T
T

=

o,

T
T

10%

10°

10*

energy density [MeV /fm’]
Annala et al. PRL 120 (2018)

e Large ensembles of interpolations between known limits

set of 400 000 EoS’s

e Existence of a 2My implies that FEoS must be stiff enough
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Constraining the Equation of State with neutron stars

MM,
pressure [MeV /fin”]

Excluded!

L | o el
7 8 9 10 11 12 13 14 15 16 107 10° 10*

R [km)] energy density [MeV/fm?]

Annala et al. PRL 120 (2018)+LIGO update
Annala et al. PRL 120 (2018)

e Large ensembles of interpolations between known limits
set of 400 000 EoS’s

e Existence of a 2M implies that EoS must be stiff enough

e Non-detection of tidal deformation by LIGO/Virgo implies that
the EOS Hlust be SOft enough The first determination of NS radius from GWs
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Quark Matter cores in Neutron Stars?

104 o

10°

10?

pressure [MeV /fm?]

10'

10°, €QGP

L | MR | L

10? 10° 10t
energy density [MeV /fm?]
Annala, Gorda, AK, Né&ttild, Vuorinen, Nature Phys. (2020)

e Rapid softening hints to a phase transition to quark matter
e ~ 500 — 750MeV/fm?,
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Quark core in maximally massive NSs

1.0f
max(c?) <

g 08 1.0

8

Z 0.6f T 0.8

s

k]

5 0.4 ] . 0.6

= . 0.4

0.2 1

=
=)
T

3 4 5 6 7
R [km] of QM core
Annala, Gorda, AK, Néattild, Vuorinen, Nat. Phys. (2020)

Amount of matter with v = igig < 1.75

f=1
[ E
(%]

Sizeable fraction of the star (25%) may be in the quark phase.
o If ¢2 < 0.4, at least 0.4Mg, of quark matter.

e If no quark matter, collapse to black hole triggered by the phase
transition
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Future:

10— ;
o 10E \ E
% N Theory ]
= 10°E 3
P ]
z - Observations .
= 10 .
a 10k E

10° | | 3

10 103 104

energy density [MeV/ fn13]

e Combined effort of nuclear physics, QCD, and astrophysical
observations will allow to determine the phase of the neutron star
cores
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Conclusions:

e Neutron stars have opened up a novel window to extreme QCD
matter

o Combining astronomical and theoretical inputs allows to
empirically determine properties of strongly interacting matter in
extreme conditions where no 1st principles calculations are
available

e Hints pointing to quark matter in maximally massive stars. No
definite answers yet but quark cores should be treated as a
standard scenario
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Extra slides
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Building stars

2000 ‘

I Second monotrope 4

/ |

First monotrope b

73

S

S
T

Energy density [MeV/fm3]

1000 — ' Neutron matter =
[ Crust )
s00l- I |
0 T 1
0 5 10 15

Distance from center [km]
AK et al. Astrophys.J. 789 (2014) 127

o Nuclear EoS present only as thin crust:

e Important as a boundary condition to interpolation, not the EoS
itself!
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Robustness of the interpolation

‘)

pressure [MeV /fm
M (M)

10% 10% 10! 6 7 8 9 10 11 12 13 14 15 16 17

energy density [MeV /fm”) R [km]

o Three different interpolations agree well:
e piecewise polytropic

up to 4 independent segments
o Chebyshev polynomial polytropic index, v(p) = exp(>_, Tx(p)7x)

up to degree
e piecewise linear ¢2(p)

s up to 5 independent segments

Annala, Gorda, AK, Nattild, Vuorinen, Nat. Phys. (2020)
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