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1. What are QCD phase transitions?
2. What are neutron-star mergers?

3. How can QCD phase transitions affect
neutrino emissions?

4. What are the neutrino signatures from
remnants of neutron-star mergers

5. Summary



1. QCD phase transitions



QCD phase transition
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QCD phase diagram
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Models for QCD — some examples

Hadron phase:

NLWM (non-linear Walecka model)
QMC model

Unparied quark phase:

NJL (Nambu-Jona Lasinio) model
MIT Bag model *
L =[5 (0 0uy — (8ut) v*9b) — B] bu(x) — 399A,

CFL (color flavored locked) phase:
Perturbation theory



2. Neutron-star mergers as laboratory
for QCD phase transition



Neutron star — neutron star merger

Credit: NASA's Goddard Space Flight Center/Cl Lab
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GW signals from NS-NS merger

Dietrich, T., Hinderer, Gen Relativ Gravit 53, 27
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Inspiral Merger Ring-down

NS + NS merger + ejecta HMNS + disk



Missing physics in the ring-down phase

PT-triggered collapse
(PTTOC)

prompt PT
(PPT)

delayed PT (DPT)
GW170817 : BINARY NEUTRON STAR

no PT (NPT)
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3.Neutrinos from QCD phase transition
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Previous neutrino detection
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Neutrino Reactions

A. Perego (2014)

Reaction
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(1) neutrino nucleon scattering:

v; +{n, p} = vi + {n, p}

(ii) neutrino emission:
pte —Ve+n

n—|—e+—>17€—|—p

(iii) neutrino absorption:

Ve+ND— p+e€

Ve +p—>n+et
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Neutrinos from QCD phase transition

Lyms ~ 22 o C AR Acatte
’ tdiff ns O
phase process | A(T=5 MeV) | A(T=30 MeV)
Nuclear Matter |[ vn — vn 200 m I cm
Vel — €7D 2 m 4 c¢cm
Unpaired Quarks | vq — vq 350 m 1.6 m
uecf — e u 120 m 4 m
CFL A3B 100 m 70 cm
v — vo > 10 km 4 m

A ~VvH —vH
H: CFL Goldstone boson

S. Reddy (2003)
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4. Neutrino emission from remnant
of neutron-star mergers
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Neutrino emission — method

Sho Fujibayashi (2020,
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Neutrino emission — affect by NS

L, (erg/s)
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2.0 A

L, (erg/s)

0.5 A

0.0 ~

Neutrino emission — affect by disk

A. Perego (2014)
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Next step: treatment of neutrino transport

Radiative transport: .
absorption

(1ﬁ a. v) () = —k, ()L, () + 4, ()

— o+
c Ot — o scattering

_|_// dQ dv/’ O'(V,Q;V/aﬂ,)IV’(Q/)

radiative transport:

7 S absorption
LR — ko | - 0@ R TP RP) + 0 (P, KP)
dg | - -
scattering

+/d‘*k’%(a:ﬁ;kﬁ,k’ﬁ)z(azﬁ,kﬁ’)
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Next step: treatment of neutrino transport

Methods

Leakage schemes

Moments-based
radiation transport

Monte-Carlo
radiation transport

radiative transport:

Pros

Easy to calculate

Acceptable
accuracy

Most accurate

Cons

Easy to broke

Expensive

Most
expensive

Example (Ref)

ASL scheme
Perego et al. (2016)

Grey moment scheme
Foucart et al. 2016b

Foucart et al. 2020
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5. Summary
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Summary

1. QCD phase transition is a fundamental particle property
that can be probe by celestial objects.

2. Remnant of neutron star merger is highly dependent on
nuclear physics.

3. Neutrino as one of the multi-messengers can be a helpful
tool to study the remnant of Neutron-star mergers,
especially when QCD phase transition happens.
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Neutrino emission — QCD phase transition

Density profiles of various neutron-star mergers
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Density profiles before
10 ms are useful
indicator of QCD phase
transition
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Standard model of particles
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NS-NS merger

Remnant: massive NS or BH

collapse
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Tim Dietrich (2021)

Mass

NS-BH merger

« Remnant: BH
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Merger g+ gisk .

viscous evolution of disk
disk matter infall/outflow /
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. -
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disk expands/mass ejection

Shibata and Hotokezaka (2019)
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GW signhal — BH coalescence vs NS merger
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Signals from NS-NS merger

ntrate (s—1)

Fermi Nal cou
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o

-200

—— Fermi 10-300 keV countrate
—— Cocoon emission from numerical simulations

GW chirp time

Makhathini et al. (2020)

27



Signals from NS-NS merger GW170817

Lightcurve from Fermi/GBM (50 — 300 keV)

i What do we get?

et I I uflon e hodl et Wlag g « Short gamma-ray burst
LA ke B U | UL IR B - Gravitational waves

» Kilonova (afterglow)

I

Gravitational-wave time-frequency map

[Credit: LIGO, Virgo, Fermi, Swope, DLT40]
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https://link.springer.com/article/10.1007/s41114-020-00028-7#ref-CR234

Previous neutrino detection

energy (Mev)

Supernova
Kamiokande
® IMB
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Nakahata M (2007)

The number of observed muon neutrinos

Neutrino oscillation

mmmm The expected number of events without neutrino oscillation
mmmm The expected number of events with neutrino oscillation
mefem The observed number of events in Super-Kamiokande

1000

500

[Credit: Super-K]
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Neutrinos from QCD phase transition

— burst of neutrino emissions
Gentile, N. A. (1993)

b Core-collapse supernova
phase transition
— second shock reach neutrino sphere
B — second neutrino burst
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| g '
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? er
e Could neutron star merd
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Neutrino instruments

Kamiokande
(1983-1996)

* Atmospheric and solar
neutrino “anomaly”™
* Supernova 1987A

Birth of neutrino astrophysics

Super-Kamiokande
(1996 - ongoing)
* Proton decay: world best-limit
* Neutrino oscillation (atm/solar/LLBL)
» All mixing angles and Am?s

Discovery of neutrino oscillations

Hyper-Kamiokande
(start operation in 2027)
Extended search for proton decay
Precision measurement of neutrino
oscillation including CPV and MO
Neutrino astrophysics

Explore new physics
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Details about Hyper-K instrument

Structure of upper part

Inner Detector
(Photo Sensor)
(Mylar Sheet)

Duter Detecto A
(Photo Sensor)
(Tyvek Sheet)

Structure of bottom part
CROSS SECTION
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Lt s How does Hyper-K works?

Neutrino
> Observe the Cherenkov Ring from
Charged charged particles
particle : :
in water Optical “Sonic Boom” from faster than

Electron

>99% /e separation

Length -> momentum
33




Details about Hyper-K instrument

KAM SK HK-3TankLLD HK-1TankHD

Depth 1,000 m 1,000 m 650 m 650 m
Dimensions of water tank

diameter 15.6 m ¢ 39m ¢ 74m ¢ 4 m ¢

height 16 m 42 m 60 m 60 m
Total volume 4.5 kton 50 kton 774 kton 258 kton
Fiducial volume 0.68 kton 22.5 kton 560 kton 187 kton
Outer detector thickness ~ 1.5 m ~ 2m 1~2m 1~2m

Number of PMTs
inner detector (ID) 948 (50 cm ¢)

outer detector (OD) 123 (50 cm ¢)

11,129 (50 cm &)
1,885 (20 cm ¢)

40,000 (50 cm @)
20,000 (20 cm ¢)

40,000 (50 cm @)
6,700 (20 cm ¢)

Photo-sensitive coverage 20% 40% 13% 40%
Single-photon detection unknown 12% 24% 24%
efficiency of ID PMT

Single-photon timing ~ 4 nsec 2-3 nsec 1 nsec 1 nsec

resolution of ID PMT

Hyper-Kamiokande Design Report (2018)
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detection probability

Detectability of Hyper-K for NS merger

Koutarou Kyutoku (2018)
f11=0.5, E p=3x10%erg, <E>=10MeV, D g=200Mpc waiting time P*(R/1Mpc™> Myr )*(M/1Mt) (year)
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Neutrino flux from NS-NS postmerger disk

1. Neutrino emission

a. Massive NS
= . | b. Accretion disk
. 5/ 2. Neutrino absorptoion
. a. Absorbed by disk ->
i puff matter

¥ = v absorption

accretion disc

hot HMNS y_driven wind

A. Perego (2014)
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Neutrinos from NS merger

1. NSNS-NS 2. NSNS-BH 3. NSBH
« Delayed collapse or * Prompt collapse «  With mass ejecta
long-standing NS e Mt<28MO M BH<S5MO

« M t>28MO0O

o QUbd ApAY v ud
I... V .'-,'I ; ?.‘ ,'. .‘.

M = v absorption

accretion disc \

hot HMNS  |_4riven wind
A. Perego (2014) Foucart et al. (2015) 38




Neutrino flux from postmerger disk

NS-NS NS-BH

* Leakage scheme: ¥,~0.1 « Neutrino reabsorption: Y,~0.2 — 0.4
 Moment transport: Y,~0.15 — 0.2

100¢

20

50+
10 | -

-50%
— 10 -

100+

20

—60 A0 —20 0 2 40 60

(km)

Foucart et al. (2016) Foucart et al. (2015)
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L, (erg/s)

Neutrino emissions from NS-X merger

1. NSNS-NS 2. NSNS-BH 3. NSBH

10% T i
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| rmmemnns — SFHo-12H 1053 E —— KSs (0, = 0.15)
F — DD2-135M —-== K8 (high res)
— DD2-135M-v0) —-—~- K8n (irradiation off)
= 107 Y8 (Y, = 0.1) )
B K6 (x = 06) =
<L 2,
5107 <)
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48 [
A 107 183615 ——
1072 10! 10° 10t 10 10 100 10 ;
‘) (d t (s20) 10 100 1000
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Sho Fujibayashi (2020, APJ) Sho Fujibayashi (2020, PRD) Kota Hayashi (2023)
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Motivations

Why neutrinos?
What happened after neutron star merge?

What can we learn from the dense matter in the
remnant disk?

Can we tell the difference between NS-NS and
NS-BH merge via neutrino alone?
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Why neutrinos?

 Weak interaction -MeV
 Low absorption rate
 What can neutrinos tell us?

Calculations:

1. BB from disk vs disk+NS vs extended disk from NSBH

2. Heating mechanisms: shock vs B-field driven turbulence
vs QCD phase transition

3. Transport scheme: leakage vs moment transport
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Estimate the number of NS-X neutrino
detection

44



Neutrino cooling timescale
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Predict the GW lagging time
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Pars with disk

Same mass ->
different EOS ->
different Lv
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Pars with disk

timescale (s)

] == NS cooling
104 3 wind
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QCD Lagrangian — an example

The QCD interation is described by a Lagrangian
Full QCD Laaranaian

Effective Lagrangian

L= i- f2 [Trvozvoz* — vﬁﬁzﬁz*] + f2 [g:rm?f(z + 21+ gTrM(E + 21)].

Color-flavor locked phase

Ly (x) = i [ (x) 7 h(x)+HC,

V2

49



QCD Lagrangian — Hadron phase

NLWM (non-linear Walecka model)

S S S TR
B

3 (21907 — mie? = Snot = 520" ) — {0 4 SmE v
1 — = 1 = = 1 N N 2
_ ZBW . BMv 4 Qm?)bu M 4 5 <8M58N5 — m36 ) ;
QMC model
Q ZB 41
Ebag — -9 =B —R SB
’ zq:nq R Rp 3
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QCD Lagrangian — Quark phase

NJL (Nambu-Jona Lasinio) model

3
L =q(ir"8 —m)q+gs ) [((P\a(]f + (di%AGQ)z}
a=0

+ gp {det [q; (1 +5) q;] +det [ (1 —5) g5},

MIT Bag *

L =[5 (v7"0uv — (0uh) vb) — B] Ou(x) — 9PA,
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