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e Introduction - dense matter and neutron
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e Neutron star structure and the equation of state
(EoS)

e Multi-messenger constraints on the EoS: what
have we learned so far?

e Future directions



QCD phase diagram
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Dense matter in NSs

® stable nuclei
® neutron-rich nuclei

® neutron-rich nuclei with
quasi-free neutrons I

® homogeneous hucleonic
matter (liquid)

® ecxotica

Fundamental questions

® what are the most relevant
lower-energy degrees of
freedom?

® how does deconfinement
evolve as T->0 on the QCD
phase diagram?

Homogeneous
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radio pulsar timing ©NRAO Sniifee Mass (Mg) References

PSR J1614-2230 1.97 £ 0.04 Demorest et al. (2010)
1.928 £ 0.017 Fonseca et al. (2016)
1.908 £ 0.016 Arzoumanian et al. (2018)

PSR J0438+0432 2.01+£0.04 Antoniadis et al. (2013)

PSR J0740+6620  2.147959 Cromartie et al. (2019)

2.08 £0.07 Fonseca et al. (2021)
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Categories of the M-R relation

SH & Prakash,

arXiv:2006.02207
(a) Strange Quark Stars (b Hadronic Stars (©) Third-family Stars
M 2) 3)
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“softer”\ s/ ™ 2nsat

Witten (1984) R R Schertler et al. (2000) R

® self-bound stars with a bare surface e.g. strange matter hypothesis

® continuous (and mostly smooth) profile for normal hadronic EoSs; *also
possible with weak/mild phase transition or crossover

® substantial softening e.g. discontinuity in the energy density induced by
a strong sharp phase transition



Schematic EoSs from theory

controlled
exz.: calc.
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vacuum vacuum vacuum
p p Ptrans p

® self-bound stars with a bare surface e.g. strange matter hypothesis

® continuous (and mostly smooth) profile for normal hadronic EoSs; *also
possible with weak/mild phase transition or crossover

® substantial softening e.g. discontinuity in the energy density induced by
a strong sharp phase transition



From nuclei to neutron stars

E/A (MeV)
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® nuclear experiments correlate S and L
® theory extrapolates in isospin and baryon density
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From nuclei to neutron stars

weak radius R, [ fm ]
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Nuclear physics input
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core

Drischler, SH,

Lattimer, Prakash,
Reddy and Zhao,
arXiv:2009.06441

® pressure at low

densities (outer
core) controls
typical NS radii:
stiff or soft?

reliably quantified
uncertainties from
chiEFT for beta-
equilibrated NSM

less than ~5%
deviation from
PNM pressures

to extrapolate or
match at higher
densities in the
Inner core



maximally

Typical scenarios distinguishable

nuclear matter only (standard)

| o Strong PT
/ sharp boundary - /X
' ﬂ Maxwell _y
\* weak PT

knownupto
saturation «fp  {st-order PT

\ A& mixed phase - Gibbs
5 (geometrically separated)
crossover/quarkyonic

® masquerade problem: likely indistinguishable
through observations that constrain M-R only

® smooth crossover: no more easily understood in oo s |
terms of hadrons than in terms of quarks Quarkchacron :!
mixed phase (Gibbs)
® 1st-OPT: mixed phase (Gibbs) is favored if the R Sl it

hadron/quark surface tension is small Crust
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X-ray probes of NS radii

® conventional methods of radius estimates through surface

Mass (M..)

photon emission detection suffer from large uncertainties
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® photospheric radius expansions
(PREs)
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Ozel & Freire (2016);
Steiner et. al (2016)

SEERE L D I O O B CE R
— M13
— M28
— M30
— NGC 6304
— NGC 6397
——  Cen
—— 47 Tuc X5
— 47 Tuc X7

Radius (km)

® quiescent low-mass x-ray
binaries (QLMXBs)



First BNS merger detection

GW170817 that unveiled the
multi-messenger era

Fermi (light)

® “hear” cosmic collisions between
densest astronomical objects

e Gravity Wave “Chirp”

e follow-up E&M signals; “see” e.g.
evidence for nucleosynthesis

LIGO (gravitational waves)

credit: Karan Jani/Georgia Tech

EoS affects GW emission
during inspiral

e tidal deformablllty

A —k Rc?
M T 3\ GM

® compactness
5 M / R k X (M/ R) tidal effects
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Impact on pre-merger GW signal
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Measuring NS radius with GWs

0.04

M = (mm)*®/(my + mp)/° = 1-186t8:881 Ma

A

LVC collaboration, arXiv:1805.11579

0.0035 B 2 -
| = 2.
0.0030 -
0.00251 chirp mass extremely
: well measured
r, 0.0020
- ] effect from mass ratio
A 0.0015- uncertainty is small
0.0010-
0.00051
0.0000 Frmbe A e e |
0 200 400 600 800 1000 1200 1400 1600
A
Rise/kip 104 113 117 124 14.0 145 149

e smaller R (favored) <13.6km e larger R (disfavored)
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Pure neutron matter (PNM)

Drischler et al.
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Drischler, SH,

GW + heavy pulsars Lattimer, Prakash,
Reddy and Zhao,
arXiv:2009.06441

® sound speed in the core and when rapid stiffening in the EoS begins

3-.

N/ Nsat

1A1.186 < 720

04 05 06 07 08 09 1

conformal limit 5 5 causal limit

ci~1/3

Cs, match
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GW190814

the most asymmetric
system observed

Neutron

Sf;" my = 2321 1IM my = 250108 M,
Black
2.8
2.7
® extremely loud event produced by s
the inspiral and merger of two -
compact objects -- one, a black g2
hole, and the other of undetermined |
nature
93] —— EOBNR PHM
® the mass measured for the lighter T SR
compact object makes it either the 25 2 21 %
lightest black hole or the heaviest mu[Me)

heutron star ever discovered LVC collaboration, arXiv:2006.12611
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Phases of Dense Matter
(INT Program INT-16-2b)

Sound speed in the core

c2(r) = dp(r)/dz(r)
how fast pressure rises with energy density

Possible behavior in neutron star interiors

Temperature —>

® minimal scenario of normal nuclear matter:
(smoothly) continuous function of pressure

® first-order phase transition scenario: finite ¥ I e B

energy density discontinuity induces sudden 8:

I

I

softening near the phase boundary e

. . 0.6

® crossover scenario/quarkyonic matter o 05|
. 04f
Limits 03f

0.2
0.1

1

rapid
A s?ifferllin‘gl L
0() ().25. 0.5 l().75. | 125 LS 195 2
® ~4-8 times saturation: supports massive NSs ny(fn”)

McLerran & Reddy,
® high-T: matches lattice calc./heavy-ion data PRL 122, 122701 (2019)

R |

e asymptotically high density: ~1/3
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Phases of Dense Matter
(INT Program INT-16-2b)

Sound speed in the core

2 _
c2(r) = dp(r)/de(r)
how fast pressure rises with energy density
Possible behavior in neutron star interiors

® minimal scenario of normal nuclear matter:
(smoothly) continuous function of pressure

® first-order phase transition scenario: finite
energy density discontinuity induces sudden
softening near the phase boundary

® crossover scenario/quarkyonic matter
Limits

e asymptotically high density: ~1/3

® ~4-8 times saturation: supports massive NSs

® high-T: matches lattice calc./heavy-ion data

21

Temperature —>

temporary
softening
PH

%" order
<«— fransition

Hp

smooth

>

~ My

Baym et al. arXiv:1707.04966
Rept. Prog. Phys. 81, 056902



Alford & SH Constraints from max. mass
arXiv:1508.01261
DBHF (stiff) NM, coum = 1/3
I"]trans/no
1.0 2.0 3.0 4.0 5.0 5.5

1 VL ' ' ! e with weakly interacting
I/ A i quarks, very limited to
1 / D i reach two solar masses
O]

' ] = : . :
| | : : = e high transition density
& 0.8 T : i BN scenario: resembles no

w L s s =i ok PT; short extension
W 0.6 ! i i r\!i (ﬁ_i gg
< / I NE ~C o = ® [ow transition density
0-4p/h\ \f% A : scenario: no twin stars
¥ NS A \ i
‘\\‘ 3 (D,/ /I ] 1
A%\\‘ \~s}_‘_9-ci'/ v '/'l ," _
00/ = 0.1 0'2’ 03 YR Generic ansartz
. : : . . _2
ptrans/Etrans E(P) = Etrans + Ac + CQM(p — Ptrans)

still survives the
conformal limit
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oanch  @,0. @ population of BNS events

,
y \ \ Chatziioannou & SH, arXiv:1911.07091
R

SH & Steiner, arXiv:1810.10967

— N=20 |
Alford, SH & Prakash 15.01 N = 50
PRD 88, 083013 (2013) 2125 —— N =100
\M Z —— N =200
£ 10.0
I s
Zwtrans | = 7.5
masquerade %
| S 5.0
Rtrans: R a /
.- - 2.51 ~
critical strength to —
trigger an instability 0 = , = , . el
A L3 '01.3 1.4 1.5 1.6 | %4 1.8 1.9 2.0
it = SR eidov (1971) M;y(Mo)

Etrans 2 2 Etrans

® might identify third-family stars [strong 1st-OPT] with pre-merger GWs

® requires multiple (N~50-100) future detections to separate different
families: NS-NS, NS-HS, HS-HS mergers
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e.g. a population of BNS events

Ao A 2y (R 2>5
= - = = 2 -_—
T3 \eM/) Chatziioannou & SH, arXiv:1911.07091
_ DoAr+ €55 (D) SH & Steiner, arXiv:1810.10967
15.0 — 5=
2125 — N =100
z — N =200
100f < 10.0 ‘ ‘
S
. , , , =
1 12 14 16 18 %
Mass (M,) ch 5.0 7
most populated if the 2.5 /
no;mra]tl bhrarr\]cg >13 km ) , e g
and the high density . ‘ - — . . .
matter is still strongly 137 14 15 1;34 (M1.)7 1.8 19 20
t(Mo

interacting C_f > 0.4

® might identify third-family stars [strong 1st-OPT] with pre-merger GWs

® requires multiple (N~50-100) future detections to separate different
families: NS-NS, NS-HS, HS-HS mergers
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® light-curve modeling of x-ray pulse profiles that are
sensitive to the stellar compactness M/R

Neutron star Interior Composition ExploreR

Front-side hotspot rotates through the line of sight
J>

PSR J0740+6620

J0740+6620
1 )
I |
1 ! L ! 1

e LB 20 22 24 26 28
88.5

88.0
BLSE
— ___/

86.5

[

v

Relative flux

1 1 1 I L 86.0
16 18 20 22 24 26 28

Pulsar Mass (Mg)

nermactignteucvesioae;

Increasing compactness (M/R) and light bending

Cromartie et al.
Nature Astronomy (2019)

invisible surface

® most recent data on the heaviest NS known so far: combined information
with precise mass measurements through Shapiro delay (radio)
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Independent NICER team analyses

Riley et al. 2019 Miller et al. 2019

M = 1.34 771° Mg M = 1.44 T01° Mg

—-0.16 -0.14

R=12.717775km R =13.02" 2% km

Credit: NASA’s Goddard Space Flight Center/Cl Lab

PSR J0030+0451
Results published together in an ApJ Letters Focus Issue in December 2019
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NS radii from hotspots

2.6

— APR Riley et al. (2021)
---- HLPS soft D
2.4t —— HLPS int. \
—— HLPS stiff \
\
=22 \
= iy
f— |!
i
s 2.0} % ]
\‘ !
\\ I
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= .l
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1.6 a "

11 12 13 14 15
Radius (km)

2

=
o

10 15 20 25
Miller et al. (2021) 1t (km)

+2.6 +1.3
new! radius of PSR J0740+6620 ~ 2 M, 13.7 7’5 km vs. 12.4 7775 km
previously: PSR J0030+0451 ~ 1.4 M,

® analyses of waveforms produced by hotspots of rotation-powered pulsars
® tend to favor relatively stiffer EoS at intermediate (2 ~ 3ns;t) densities
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Multimessenger constraints (&gesea,

arXiv:2106.05313

2.9 i
radius of a | i
massive NS : e —
first measured Ry = 12.2 4A1. S, + X-ray
1.8}
@
=
= L4y 12.32 4 [1.23km
1.0}
6 8 10 12 14 16 18

R (km)

® nonparametric survey conditioned on ensembles of existing model EoSs
e GW170817+190425, NICER JOO30 & JO740, and massive pulsars
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Pressure vs. density

1037 ,
— i;i;r rgimde: probed
— s by radius
1030} —— PSRs + GWs >
—— PSRs + GWs + Xeray / 7.
S 1035
= N\
% maximum NS
=103 , inferred ~ 2.2 5 Mg,
A, * 1.2 Pnuc
(@)
10 £ é% S

1014 1015

p(g/cm’)

® tightening the pressure constraint at intermediate densities
® (90% symmetric credible intervals) best compatibility with data
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Single branch vs. multip

1037

1036 I

e branches

e

—— Marginalized Composition

1 Stable Branch
—— 2 -+ Stable Branches

pﬂUC

—f\im.
<
(@]

|

=
o

0.5

My [Mo)

: 2pnuc

<
—

A,
l

~

— '10'14

p(g/cm’)

driven by radius

' '10'15

expected from

® full posterior is dominated by EoSs with a single stable branch max. mass
® onset for the unstable branch (extra softening) pushed to two ends
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Summary

e multimessenger constraints point to NS radii around 12.5
km \pm 1.5 km

e most extreme phase transitions that lead to drastic >2-3km
reduction seem disfavored; onset restricted to either low

or high densities

e milder PTs or smooth crossovers are fairly consistent with
data; requires high sound speed in the inner core

e pressure or stiffness in nuclear EoS up to twice saturation
density is crucial for interpretations of high-density
behavior: the golden window

31



Looking forward

GW190425 hunting for surprises..

® total mass ~3.4 solar masses

® signal too weak to provide further
EoS constraints R<16 km

LVC collaboration
arXiv:2001.01761

—— X <0.89
x < 0.05
——————— Galactic BNS

—
(e}

oo

llight BNS |/

1/mergers would

be great /T
21 'l \\\\
LA

Probability density

0 et : ‘ : : :
2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75
Ttot (M@)

see events of GWTC-2: arXiv:2010.14527

4.00
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LVC collaboration
arXiv:2006.12611

923 EOBNR PHM
—— Phenom PHM

2% 22 24 26
m[M]

GW190814 more mass-

gap objects?
® component of ambiguous nature

® most asymmetric system observed



e
A3
M

Fate of merger remnant

@I@

Margalit & Metzger
arXiv:1710.05938
ApdL 850, L19 (2017)

%
Max

Tidal Tail
Dynamical
M~ 104102 M,
V~0.2-03c

Prompt Collapse

(Mostly) Red Disk Winds
M~ 10%-10%M, v~0.1c

HMNS or short-lived SMNS

Interface Dynamical
M~102M, v~0.2-03¢

Blue Disk Winds (long-lived NS)
M~10210"M; v~0.1¢

Tidal Tail
Dynamical
M~ 104-102M,,

V~0.2-03c¢c
Red Disk Winds (short-lived NS)

M=~10210*M, v~0.1c
g S

long-lived SMNS

nterface Dynamical M ~ 10?2 M,, v~

| c
Blue Disk Winds (long-lived NS)
M~10%10*M, v~ ¢ (
magnetar !
wind nebula \

Tidal Tail
Dynamical uS
M<10?M; b

v~c

) A\

® GW + EM constraints from 170817 seem to favor Mmax<2.16~2.3 solar

MasSeS

® radius >10.68 km to prevent prompt collapse

33

Ruiz et al. (2018), Rezzolla et al. (2018), Shibata et al. (2019)

Bauswein et al. (2017)



Post-merger dynamics

Bauswein & Stergioulas, arXiv:1502.03176 Takami et al., arXiv:1412.3240
f LERIR IR TNV RN L LA l“"Y“"]
1 0_20 i prak 225} j
\ T ]\
. fs <;
O E 1
§- f ~93.0|- —}
21 T ]
T = L ]
_C‘q-, ?:—23.5? J‘
) \
= ]
_29 Type Il g — original _}
10 ] 240 —  Tukey _
- Type IIII J - — Tukey + filter \‘
2 —
f [kHz] R U T T E T
f [kHz]

® complicated spectra of excited modes depend on the EoS
® |ocation of the dominant peak strongly correlated with NS radii

e within reach of next generation GW detectors (~10 times more sensitive)
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e.g. softening effects on post-merger GW

o5 LTTT ;3‘118.'\:31 IR LN - 1.35 Mg, + 1,35 M, 1AMy + 1AM,
= : 7 & T L i £
hyperon onset | "™ ] ¢
2.0 |- m

® more compact remnant
(higher central density) = 15

M =1.6 M.

J [kHz]

® carlier collapse; higher L0
frequency

f [kHz

||||||||‘T||||1|||
2 3 4

Most et al. arXiv:1807.03684 " i Radice et al. arXiv:1612.06429
PRL 122, 061101 (2019) ApJL 842, L10 (2017)
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e.g. softening effects on post-merger GW

@
‘\,\ X  hadronic models
hybrid merger

4+  DD2F-SF models
® DD2-SF models

+ \ hadronic inspiral

PT after merger

v

No PT

2.5
third-family
stars 2.01
. EC 1.57
stiff EoS at low .
density -DD2 S’ 1.0
® strong 1st-OPT to 0.5
stiff quark matter
10 12 14 950
R [km]

Fujimoto et al. (2022)

1.375M;, -1.375M, T
Without Crossover |

0.02 0.03
Time [sec]

1375 M, -1.375M,"
With Crossover .

-2.5

0.02 0.03
Time [sec]
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159

B 3
-2.0

500 750 1000 1250
A135

Bauswein & Blacker (2020)

® soft EoS at low
density ~N3LO chiEFT

® rapid stiffening in the
crossover regime

crossover to soft
quark matter
after merger



NSBH mergers

LVK collaboration
arXiv:i2106.15163

THE ASTROPHYSICAL JOURNAL LETTERS, 915:L5 (24pp), 2021 July 1 https: / /doi.org/10.3847/2041-8213 /ac082e

© 2021. The Author(s). Published by the American Astronomical Society.

CrossMark
Observation of Gravitational Waves from Two Neutron Star-Black Hole Coalescences

Table 2
Source Properties of GW200105 and GW200115
GW200105 GW200115

Low Spin High Spin Low Spin High Spin

(x2 < 0.05) (x2 < 0.99) (x2 < 0.05) (x2 < 0.99)
Primary mass m; /M., 8911 89412 5915 578
Secondary mass m,/M,, 1.9102 19122 14108 15401
Mass ratio g 0:2112% 0.22153% 0.241031 0.267933
Total mass M/M.. 10.8793 10.91}3 Tat2 7100
Chirp mass M /M, 3.411388 3411088 TR0 2R 10
Detector-frame chirp mass (1 + z) M /M, 3.619+0:306 3.619400017 25801990 25798000
Primary spin magnitude y, 0.09700% 0.08+9:22 0311222 0331948
Effective inspiral spin parameter X.g —-0.01199% 0017314 —0.14794] —-0.1979%3
Effective precession spin parameter Y, 0.07 353 0.09" 045 0.194)28 0211939
Luminosity distance D /Mpc 2802110 280719 8107158 3005130
Source redshift z 0.06-9%2 0.060:%2 0070 0.07:3%8

® GW200105: ~1.9 + ~9 solar masses
® GW200115: ~1.5 + ~06 solar masses

no information on matter effects
no significant EM detections

see events of GWTC-3: arXiv:2111.03606
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Outcome of a NSBH merger

Foucart et al. (2018)

q=1.2 binary 1.5ms after merger
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® NS is either tidally disrupted or plunges into the BH - mass ratio, spin, EoS

® radius determines if tides are measurable & if EM signals can be produced
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More opportunities

probing dense matter in NSs
new!

® cooling of NS 1987A - neutrino
emissivity, stellar superfluids
(nuclear theory, condensed matter)

® merger evolution and astro/GW
signals - out-of-equilibrium
physics; composition details
(simulation, nucleosynthesis)

® next Galactic supernova?
(neutrino physics)

® asteroseismology
(hydrodynamics, GR, nucl-th)

® ...and more - add your own!

Rev. Mod. Phys.
88, 021001 (2016)
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