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§ Future LHC Experiments

lEaﬂy universe The Phases of QCD

108 years ago, 10%*m away from us, two stars of
R~10%*m and M~103%g crossed paths.

On August 17 2017, LIGO measured a 1071’ m
oscillation in the length of its 103m arms.

Today: Implications on physics of scale 10™1°m.
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What are neutron stars?
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When a hydrogen burning star runs out of fuel:

M < 9M,,, = White dwarf

*M = 9M,,,, = Supernova explosion
oM = 20M,,, = Gravitational collapse into BH
oM < 20M,,,, = Gravitational collapse into...




outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km

?



Outer Crust lons, Electrons

NS characteristics: o305im gl
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Unique laboratory for
strong interaction physics:
Density in NS cores high
enough to probe nuclear
matter well beyond |
saturation density Radiation

Beam

Neutron star




Physics picture: Hydrostatic
equilibrium resulting from
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Particle/nuclear theory
challenge: Find Equation of
State of strongly interacting
matter that is
 Cold and dense _
* Electrically neutral: b
2/3n, —ng/3—ns/3+n.=0
* In beta equilibrium: 0 e L

0 0.05

[,LB/B — Ud = s = Uy -+ e n[fm_3]
Hebeler et al., ApJ 773 (2013)
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|
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Big open questions:

* Can QCD theorists predict neutron star measurements?
e Can we infer the QCD matter EoS from observations?
 Can deconfined matter be found inside the stars?
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What do we know from observations?
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Radius measurements more problematic, but progress

through observation of X-ray emission:

* Cooling of thermonuclear X-ray bursts provide radii to
~400m [Nattila et al., Astronomy & Astrophysics 608 (2017), ...]

* With NICER mission, launched 3 June 2017, X-ray pulse
profiling — Radius of a single star (perhaps) to ~200m
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Radius measurements more problematic, but progress
through observation of X-ray emission:

Cooling of thermonuclear X-ray bursts provide radii to
~400m [Nattila et al., Astronomy & Astrophysics 608 (2017), ...]

With NICER mission, launched 3 June 2017, X-ray pulse
profiling — Radius of a single star (perhaps) to ~200m




Gravitational wave breakthrough:
LIGO and Virgo observation of NS
merger 130 million ly away!

Normalized amplitude

Three types of potential inputs: 5000_._2._.._3:’
1) Tidal deformabilities of the NSs

during inspiral — good measure 100
of stellar compactness

2) EM signatures — present if no
immediate collapse to a BH

3) Ringdown pattern — sensitive to
EoS (also at T # 0), but freq.
too high for LIGO

Frequency (Hz)

LIGO and Virgo collaborations, PRL 119 (2017); 1805.11581 -30 -20 -10 17 0

Time (seconds)



Gravitational wave breakthrough:
LIGO and Virgo observation of NS
merger 130 million ly away!

Normalized amplitude

Three types of potential inputs: 5000-__2_4@6
1) Tidal deformabilities of the NSs

during inspiral — good measure 100
of stellar compactness N
2) EM signatures — present if no
immediate collapse to a BH
3) Ringdown pattern — sensitive to
EoS (also at T # 0), but freq.
too high for LIGO

LIGO-Livingston
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Tidal deformability: How large a quadrupolar moment a
star’s gravitational field develops due to an external
quadrupolar field

Qij = —AE;;

Substantial effect on observed GW waveform during
inspiral phase

| | ' 10.7
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(0.3
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Tidal deformability: How large a quadrupolar moment a
star’s gravitational field develops due to an external
quadrupolar field

Qij = —A&;;

Recent LIGO bound 70 < A(1.4M) < 580 at 90%
credence using low spin prior [LiGO and Virgo, arXiv:1805.11581]
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Gravitational wave breakthrough:
LIGO and VIRGO observation of NS
merger 130 million ly away!

Three types of potential inputs:

1) Tidal deformabilities of the NSs
during inspiral — good measure
of stellar compactness

2) EM signatures — present if no
immediate collapse to a BH

3) Ringdown pattern — sensitive to
EoS (also at T # 0), but freq.
too high for LIGO

Frequency (Hz)

-20 -10
Time (seconds)
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Gamma rays, 50 to 300 keV GRB 170817A

1,500
=4

"
2 1,000

500

Gravitational-wave strain GW170817

EM counterpart: short gamma ray burst detected 1.7s
after GW measurement, followed by an optical signal
 Kilonova: Decay of heavy r-process elements

e GRB — Proposed upper limit for the maximal mass of

NSs: MmaX < 216t8%gM® [Rezzolla, Most, Weih, ApJ 852 (2018)]
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LIGO and VIRGO observation of NS
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Ringdown pattern: Unlike in BH mergers, expect a
complex period of relaxation characterized by GW
spectrum sensitive to both initial NS masses and the EoS

M/M,.,, q~1

binary (< 1kHz) black hole + torus (5 — 6kHz) black hole (6 — TkHz)

#

binary (< 1kHz) ~ HMNS/SMNS(2 4kHz)  black hole 4 torus (5 — 6kHz) black hole(6 — TkHz)

rov?

2 4

1.5+

binary (< 1kHz)  SMNS (diff. rot.)(2 - 4kH») SMNS (Wi Tot.)(1 — 2kHz) black hole/NS?

& © ;
. " ” -

(105 — 107 yr] [1ms — 1] [1—10%s] t
Baiotti, Rezzolla, Rept.Prog.Phys. 80 (2017) 24




Post-merger dynamics can be studied with relativistic
hydrodynamics, showing marked sensitivity to EoS, but
frequency range (currently) too high for LIGO and Virgo

\SAREARERERE [ AR BRAAN RARES REREE RLERAN RALEILE (RARENEEE SRR RN R RRR R ERRE) [ [

n 'l
J.‘|

Ha-ql0-M1250 Ha-q10-M1275 HA-q10-M1300 H4-q10-M1325 H4-q10-M1350

Takami, Rezzolla, Baiotti, PRD 91 (2015)
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EoS — theoretical limits
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Low-density behavior of EoS well known from nuclear
theory side. Challenges begin close to saturation density:

At 1.1ng, current errors in Chiral Effective Theory EoS +24% -
mostly due to uncertainties in effective theory parameters
State-of-the-art EoS NNNLO in chiral perturbation theory power
counting [Tews et al., PRL 110 (2013), Hebeler et al., ApJ 772 (2013)]
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Asymptotic freedom of QCD = High-density limit from a

non-interacting theory. However,...

* Atinteresting densities (1 — 10)n, system strongly interacting
but no nonperturbative methods available

* Naive expectation: Weak coupling methods only useful at very
high densities
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Recent improvement: First part of four-loop pressureat T = 0

11 Nodg
12 (2m)3
Romatschke, Sappi, Vuorinen, arXiv:1806.xxxxx] — cf. talk by Matias Sappi

derived: py_1o0p 3 a.meInag [Gorda, Kurkela,
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Iron

Three-loop result with nonzero quark masses [Kurkela,
Romatschke, Vuorinen, PRD 81 (2009)]

* Uncertainty of result at £24% level around 40n;
* Main uncertainty from renormalization scale dependence
* Pairing contributions to EoS subdominant at relevant densities
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Conclusion: Sizable no man’s land extending from outer
core to densities not realized inside physical neutron stars

Options: Use models, deform theory, or interpolate EoS
between known limits and use astrophysical constraints



Interpolation — with and without
observational constraints
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Quadrutropic interpolation,
using close to 200.000
randomly generated EoSs

Figures mostly from annala,
Gorda, Kurkela, Vuorinen, PRL 120 (2018)
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Implement then two-
solar-mass constraint:
Accept only EoSs that
fulfill Mipax > 2Mg

Assumption here and in
the following: All stars
considered main seq. NSs

 Excluded: twin stars [e.g.
Alvarez-Castillo, Blaschke, PRC96

(2017)], strange quark stars
[e.g. Weber et al., IAU 291 (2013)]
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measurements of stars

with well-known (large)

masses very valuable for

EoS determination
especially at low densities
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One stellar merger later —
where are we?



Big open questions:

e Can QCD theorists predict neutron star measurements?
» Not there yet — need fundamentally new machinery

e (Can we infer the QCD matter EoS from observations?
» Looks very promising, fast progress with GW's

e (Can deconfined matter be found inside the stars?
» Tough question, but we’re on the right path!



