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Personal Journey toward Astrophysics

* Was a master student to study nuclear theory, but ended up with
leaving the field of nuclear physics for astrophysics

* Did not have any intention to use computers for my research career
but ended up with spending the entire PhD years on the code
development

* Finally came back to nuclear physics community
e Astrophysics with nuclear physics, computation, and more else

* Do not need to put any constraint on who | am or what | do: my limit
IS my imagination
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What | have learned and thought to know so far

e Basic courses in physics

* Quantum field theory: Lagrangian, Feynmann diagram,
renormalization, etc.

 Computer codes: Fortran, python, etc.
* Algorithms: PDEs for hydrodynamics, solvers for rate equations, etc.
 And more ...

* (Ideas and scientific writing)
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Outline

* History of Nuclear Astrophysics

* Observations and Theory
e Stellar Evolution
* X-ray Burst

* Experiments
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Nobel Prizes Il

Arthur B. McDonald Takaaki Kajita
2015 2015
Solar neutrino oscillation Atmospheric neutrino oscillation

(2001) (1998)



More Nobel Prizes |

Saul Perlmutter

i Brian P. Schmidt

Adam G. Riess

Raymond Davis,
Jr.

Masatoshi

2ee Koshiba

Riccardo
Giacconi

United
States

Australia
United
States

United
States

United
States

Japan

ltaly
United
States

"for the discovery of the accelerating expansion of the Universe through observations of distant
supernovae"l!11]

1998

"for pioneering contributions to astrophysics, in particular for the detection of cosmic neutrinos"!192]

1980’s & 1970-1994

"for pioneering contributions to astrophysics, which have led to the discovery of cosmic X-ray sources"!1%2]

X-ray Astronomy starting from late 1950’s
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1963

More Nobel Prizes Il

Joseph Hooton
Taylor, Jr.

Martin Ryle

Antony Hewish

Eugene Paul
Wigner

Maria Goeppert-
Mayer

J. Hans D.
Jensen

United
States

United
States

United
Kingdom
United
Kingdom

Hungary
United
States

United
States

West
Germany

"for the discovery of a new type of pulsar, a discovery that has opened up new possibilities for the study of
gravitation"[®3]

1974

"for their pioneering research in radio astrophysics: Ryle for his observations and inventions, in particular of
the aperture synthesis technique, and Hewish for his decisive role in the discovery of pulsars"l74]

1967

"for his contributions to the theory of the atomic nucleus and the elementary particles, particularly through
the discovery and application of fundamental symmetry principles"©l

"for their discoveries concerning nuclear shell structure"68]

1950
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Stellar Evolution

e Stars are building blocks of the universe.

Dark Energy
Accelerated Expansion
Afterglow Light \
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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Hertzprung-Russell diagram
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Theory of Stellar Evolution

Basic equations to calculate stellar structure(Using Lagrangian coordinates)
dP(M) _

1, — o W Hydrostatlc equilibrium equation

dL(M
2 ﬁ— S_TE Thermal energy conservation equation

T_ 3K . - -y .
3. %—1\14— e Energy transfer equation for radiative equilibrium condition
4.+ ;—Ed— Energy transfer equation for convective condition

To calculate the composition of a star, we need to solve general composition change equation

ON(AZ
) [ ] e rgeneration(A’Z) = Tannihilation (4. Z)
nuclear reaction

This equation should include all related isotopes. So it is generally represented by a matrix form.



Nuclear Reactions Inside a Star
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Star’s Life
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Inside of Old Massive Star: Onion-like Structure

20


http://www.google.com/url?sa=i&rct=j&q=stellar+structure&source=images&cd=&cad=rja&docid=YjqLrYwo_VWZ6M&tbnid=4PumLQyIRD8PYM:&ved=0CAUQjRw&url=http://www.le.ac.uk/ph/faulkes/web/stars/r_st_structure.html&ei=bWa2Uc7_LsK_lQXnpoDYCA&bvm=bv.47534661,d.dGI&psig=AFQjCNFGMqPXMtXXT0135eEApKSZ29ZxOg&ust=1370994532410594

10,000

1,000

Luminosity [Le]
S

10

0.1

Evolution of the Sun
from main sequence to end of fusion

Fusion ends :
Helium shell burding
Planetary nebula el
Towards white dwarf Asymptotic Gia ranch

(<1 milli ears)

Core helium burning
Horizontal branch
(100 million years)

Core hydrogen burning
(9 billion years)

I [
8,000 7,000 6,000 5,000 4,000
Temperature [K]

21



~9 Ga ~1 Ga ~100 Ma ~10 000 a
Stage: Main sequence > |Red giant >  Horizontal branch > |Planetary nebula] > White dwarf
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Simulation Tool: MESA
Paxton et al. 2011, ApJS (MESA 1)

Modules for Experiments in Stellar Astrophysics

- 1D stellar evolution code

- Openness: anyone can download sources from the website.

- Modularity: independent modules for physics and for numerical
algorithms; the parts can be used stand-alone.

- Wide Applicability: capable of calculating the evolution of stars in
a wide range of environments.

- Comprehensive Microphysics: up-to-date, wide-ranging, flexible,
and independently useable microphysics modules.

- Modern Techniques: advanced AMR, fully coupled solution for
composition and abundances, mass loss and gain, etc.



Evolution of the Sun Traced by MESA
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Nuclear Reactions inside the Sun
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Thermonuclear Reactions
(for a dummy like me)
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C. Nuclear reaction rate

e

vy := Nx -Ny -v-0o(v)

Definition: nuclear reaction rate

with: Ny, Ny number density of particles X, y (i.e., particles per cm?)
v relative velocity between x and y
o(Vv) cross section

[r] = reactions per cm® per s= cm™3s7?
* in stellar gas: Maxwell-Boltzmann distribution of velocities ®(v)
= TIxy = NxNy(ov)
with (ov) := / P(v)vo(v)dv
0

3/2 2
(V) = 42 (%) exp (— %) = £(T)

. my, m ) i
withm= —=Y_ = “reduced mass
My + my
12
E = smv

/8 1 " E
= | (ov) = (Trm) (kT)%/o o(E)E exp( ﬁ) dE




N\,

E. Astrophysical S-factor
&

Cross section (B) = o(E) ~ A ~ VE
Tunnd effect (D) = o(E) ~ exp(-2m), n~ 1 E

= define S(E) such that
1
o(E) = = exp(-2m) - S(E)

_/8\¥* 1 ° E b
= (oV) = <%> (kT)3/2/0 S(E) exp {—E—J—E] dE

with b:= (2m)Y2me?z, 2,/ h
= 0.989Z,Z,AY2 [(MeV)V?]

(b? = “Gamow energy”)

» often: S(E) varies slowly with E
— Gamow-peak at energy Eg > kT
— for narrow T-range: S(E) = S(Ep) = const.

8 1/ 2 0 b
= (ov) = (ﬂm) (kT1)3/2 S(Eo)/o exp (—% - sJ—E) dE

«<



Product (magnified)
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nucleus A captures projectile X directly to the low-energy state of nucleus B (see Fig. 2.7)

— O varies smoothly with energy

direct capturereaction |: A(X,y)B

— all projectile energies above Q-value are possible

— non-resonant reaction

.

/

PLANE
WAVE
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T / ORBITAL)

. Y STANDING
E WAVE
( FINAL

FINAL NUCLEUS B
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X Ej Ji
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—

COMPOUND
NUCLFIIR R

33



resonant capture reaction

: A(X,Vy)B

A + X form excited compound nucleus B*, which later decays to low-energy state

B* - B + vy (see Fig. 2.8)
— 2 step process

— possible only if projectile energy matches the energy level of the excited state B *!

— o(E) may have large local maxima
— resonant reaction

~» energy levels of nucle often not accurately known

W@D@D
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ER ———
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E
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e
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Eq
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Complications

* Metallicity

* Convection

* Mass Loss

* Rotation

* Magnetic Field
* And More



Convection: Mixing Length Theory

1/ GM 1/2
VCOHV:§< prz AVP) la

1

D conv= g V convl-

Y,
(47r%p)2D M) |

v, 9
ot conv_é)M()



Mass LosS

( M ) —12.43+15log(L/Lo)—2.85X, if log(L/Lg)=4.45
log| 375 1) = —36.28+6.81log(L/L ) if log(L/Lo)<4.45,

MESA: Dutch Wind Scheme

A Combination of

Glebbeek et al. 2009

Vink et al. 2001

Nugis & Lamers 2000
Nieuwenhuijzen & de Jager 1990



MESA: Updates

e Paxton et al. 2013, ApJS (MESA Il1)

* Rotation
e Affects mixing, angular momentum transport, and mass loss
 Effect of internal magnetic field through dynamo: mixing and
angular momentum transport
* New Treatment of Convection
* Reduces computing times in radiation-dominated convective regions
* Allows for the calculation down to core-collapse



Initial Mass Function

ntellar Initial Mass Functions
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Pre-supernova near the end of a
massive star’s life

'H—%Hea

He— 2 Cl5 O

H mantle

1Ec:_.__il'.'l Na
MNg "0
1ED_" BEIEI

2851 — = NI
Fa NI



S p— < 160 —
. SR 5 Ee-3 s 150
B e RV S -
g .\'s.:%CI' s IEF& % : 32§ a 20N€
L ~.§;’i .8 o ,}:“e .,a- I =|_____
My =25M UGS | -
ZO =0.02 54 l” ! MY ! l 2318 lg
s T S ] —
= J; | : Arl
% - .: |\.~56Cr” |,:ﬁ(% 24Mg_
q;:: : -~.1: : 12C
% [ “He “He :' E. ! 7
g . ¢ ; I _
%0 -' |
IO e ' “He T 7% IR —
. s,/ \ 8 N\ I
i A4 110 .
! A N
et n: i g/ SONj ; .\ E l 32—5 ZSS
ek St /Ni 7 Tt !
54F_e___.." / 2%€I/ 431% \‘.3 ‘.: ;ﬁ
32 e
‘?Hllllllfqll’lllllugpul||5?F4—
0.5 1.0 1.5
m(MG)

Paxton et al. 2011, ApJS (MESA 1)



Where does the bounce begin?
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25 Mg with Solar Metallicity
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H Burning (p-p chain)

p-p-1: 85%

p+p—=d+e+v,

d+p— He+vy

p-p-11: 15%

3He+3He%oc+p+p

3He+0t—>7Be+y
Be+e + 'Li+v,

7Li+p%0c+oc

p-p-11I: 0.01%

3He+oc—>7Be:+\(

7Be+p%8B+y

5B — 8Be + et + v,
8Be — o + @
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Nuclear Reactions during MS

* Hydrogen Burning through CNO cycle
2C(p,y)*N(e"v)*C(p, v)""N(p,7)PO(e" ») "N(p,a)"*C

* Helium Burning

3a—12C
2C(a,y)*0

14N(oz? ’}/) 18F(IB+ V) 180



Nuclear Synthesis during H Burning

° 14N(p,v)15N

* “Clp,y)tC

* 2Mg(p,y)*°Al
® 160(p,V)17O

* 170O(p,y)*F

° 17O(p,OL)14N



Nuclear Synthesis during He Burning

° 14N(a,V)18F(e+,V)180
 130(a,y)%’Ne

e 15N(a1,y)19F

° 180(p’a)15N

° 14N(n’p)14c



S-process

* Mainly during He burning
* 2’Ne(a,n)**Mg provides neutrons.
* 22Ne(a,y)*®*Mg is also possible.

production factor (later ejecta)

mass number
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Advanced Nuclear Burning Stages

log energy generation/loss (erg/g/s)
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C Burning

2Cc+2C— Mg*—PMg+n—2.62 MeV
— 'Ne+ a+4.62 MeV
. BNa+p+224 MeV.

’ONe(p,y)?*Na(e* v)?Ne
’INe(p,y)?’Na(e* v)?’Ne



Ne Burning
2 'Ne—1°0+2*Mg+4.59 MeV.

*’Ne(y,a)*0
**Ne(a,y)**Mg

#*Mg(a,y)?°Si
2>Mg(a,n)?8Si
26Mg(a,n)?Si
*°Mg(p,n)*°Al



O Burning

1604100, 328* 31§+ + 1.45 MeV
—31P+p+7.68 MeV
—30P+d—2.41 MeV
—2Si+ a+9.59 MeV.

Weak Interactions Quasiequilibrium Clusters
30p(e* v)30S 28Gi(n,y)?°Si
335(e"v)33P 29Si(y,n)?8Si



SI Burning

* Not direct 288i-|-'288iH56Ni
* Under the quasiequilibrium clusters

#8i(a,7)¥S(7.p) ' P(y.p) Si( y,n) ®Si( y,n)*Si,
* With the decay of Silicon

BSi( y,a)*Mg(y,a)Ne(ya ) °O(y,a) *C(y,2a) a



X-ray Bursts (XRBs)
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X-ray Binary

e X-ray binary - Wikipedia
e X-ray source first detected in the sky.
* Named as such because it is bright in X-ray and in a binary.

* Depending on the companion star (one of the binary)
* Low mass X-ray binary (LMXB): a low-mass (dim) companion
* High mass X-ray binary (HMXB): a high-mass (bright) companion

* Accretion disk around NS or BH is hot enough to emit thermal X-ray.
<- This ideas was first proposed to explain the bright X-ray observed
and then confirmed by following observations. <- observation of new
phenomena followed by theoretical (or modeling) efforts.
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https://en.wikipedia.org/wiki/X-ray_binary

Schematic view of X-ray binary

Accretion

'X-’ray heating

A

Accretion \

Companion

stream .
- star

R Apmes 007
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LMXB vs. HMXB

" Properties | LNDXDs VXD

Accreting object Low B-field NS or BH High B-field NS or BH
Companion Low-mass main sequence High-mass (O or B type) main sequence
(Lopt /L, < 0.1) (Lopt /Ly > 1)
Stellar population Old(> 10° yr) Young(< 107 yr)

Mechanism Roche-lobe overflow Stellar wind
Accretion timescale 107 — 107 yr 10° yr
Variability X-ray bursts, Transient behavior Regular X-ray pulsation
X-ray spectra Soft (< 10 keV ) Hard (> 15 keV )

Table 1: Summary of LMXBs and HMXBs (Rosswog et al. 2011)
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Theoretical view of LMXB

Atmosphere
and corona

L ]
_. : = .-' o e
/ --... .l'.ll l/
. H
\ Neutron
Accretion star \
disk Clouds _
|< . » >| Main-sequence
10 =10  cm star
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X-ray Bursts (XRBs)

Rossi X-Ray Timing Explorer (RXTE)
1995 - 2012



X-ray Burst (XRB)

* X-ray burster - Wikipedia
* XRBs are found only in LMXBs but much brighter than LMXBs.
* Named as bursts because LMXBs are already bright in X-ray

» After XRBs were discovered, an immediate question followed. What
caused XRBs? An answer is due to the runaway nuclear reaction often
called rapid-proton capture process (rp-process).

* Photospheric radius expansion (PRE) occurs when the energy of XRB
is large enough to be close to Eddington luminosity.

* Eddington luminosity
 Force due to radiation = Gravitational Force
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What are the characteristic of
Type | X-ray bursts?

Occurs on the neutron star
surface in LMXBs by nuclear
ignition (unstable H or He)

09-214 keV

b
({=)
o

COUNTS /SEC

Energy range ~ 10keV (soft X-ray)

Maximum luminosity ~ 10 erg/s "0 ;
1:00 16:00 21:.00 2:00

(Eddington limit) 1985 August 19/20

T T v T T
‘Jl\-i‘mr
- 1 1

36 5S4 72 90

4U 1820-30
recurrence time ~ hours to days

o
o

X-ray softening during decay

w
o

regular or irregular bursts
recurrence

COUNT RATE
&~
o

-~
o

N -
108 126
TIME [INUNITS OF 103 SEC) SINCE 1984 MAY 8, 00 UT

~
o

" S N 1

number of Type | X-ray bursters ~ 84(2007) 1636-536
(of ~160 LMXBs), 2/3 located in the Galactic Bulge




X-ray Bursts (XRBs) in Low Mass X-ray Binary (LMXB)

BURSTS FROM 4U/MXB [820-30

bt bttt

;;;;;;;

09-214 ke

—

[ ]

[
t

COUNTS /SEC

W, 450 km /sec 3 MH"WW %W

140)-

11:00

16:00 2100 2:00 7:00
1985 August 19/20
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Light Curves of XRBs

e Burst duration: tens to hundreds of seconds

GS 1826—24 1

(i =1%
o Ll g

410 2129+12

X—ray intensity (10% counts s=' P

0 10 20 0 10 20 30 40 50

Time relative to the burst start (s)

Galloway et al. 2008, ApJS
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I\/Iode\ing XRBS: in the context of X-ray Binary

Rsun = 7x10° km
KeV =1.2x107 K

Candidate Configuration (Ferraro+ 2015)

a (orbital separation) = 5.2 Rsun
Porb = 0.9 days
Roche Lobe radius = 1.78 Rsun

Accretion Disk

Compact object

(NS or BH) Energy budget: ,
fraction of Companion
Rns =10 km =200 MeV

Rcomp = 1.7 Rsun
Teff = 5440 K
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X-ray flux->

Xe (54)]
T ™ T T T T'e(?g)Z)l |
Runaway nuclear Eo i N——
. . In i) \
reactions occurringon | & SRR
the surface of the S ool
neutron star . ﬁfo‘?féu_l_
Zr(fw))[ | D 56
Y (39) | §
~Sr(38) v 15“55
2?(%“]]]2 1'5]{
Br (35) T 3050
As (33) SeCO ‘ 35464748 .
o o COTTTTRLE From Meisel et al. 2018
Cu(29)zn - S 4c4
Ni 28) | )
Co.(27) 1 3334353 +
UUUTUUPORUPIRTO B R, B'decay
190 200 210 220 230 Tvgz;"z“” i =
1(22)
- Sc (21) 25262128
Time (s) B H (0,p)
S‘s' oLy - 2122
(16)
P (15) 17181020 (p ’Y)
- S0 @ '
Mg (12)]
N o TA 5
7 o _4#ron  Reaction sequence:
N(T) B 510 1
c® - 3a—HCNO—ap-process—rp-process
Be (4)
Li(3)
i N
" i B ’

Figure 6. Nuclear reaction sequence powering Type I X-ray bursts [101] with colored
lines indicating rates driving particular parts of the X-ray burst light-curve [76].
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Thermonuclear burning during X-ray burst — STEP 1: one zone model

Schatz et al. 2001 Phys. Rev. Lett. 08 (2001) 3471

I[EE:FEI:HH
= I'E‘I:l TE L }
Wallace and Woosley 1984 (16 nuclei approximation) ) e
Rembges et al. 1998 (waiting point approximation) ﬁ':fd i H 1 ]
Schatz et al. 1998 . I
R {4 ]
To (43)
Mo (42
Hb {41]
Zri=oy L I
a‘;ﬁh 1 e L
) =
Wallace and Woosley 1981 ) ¥
Hanawa et al. 1981 As (33)
R L -TE3 I |
Koike et al. 1998 &) X =
o ]-.I " n | Eppski]
Most calculations g ; THRE I'Pp Process:
(for example Taam 1996) ) ol | I,_.__:
T I T
OLp process: e =
Ariis) . .
E , i e L. Bildsten (Santa Barbara)
z Ja reaction gz, T A Brown (MSU)
= (13} 7= R. Clement (MSU)
- ! a A. Cummung (Santa Cruz)
2 i M. Ouellette (MSU)
E ! T. Rausc._her (Basel)
neutron number F. K. Thielemann (Basel)

M. Wiescher (Notre Dame)

From Schatz’s Presentation 67



Waiting Points Nuclei

TABLE 1

ProTON SEPARATION ENERGIES OF ISOTONES NEAR THE LONG-LIVED
. 77 7
WarmnGg Pomnt Nuere 0e. “Se. 'K, anp Sk

5, Uncertainty
Mucleus (MeV) (keV)
B G e r e s e s eeeens 0.43 200)
G et e e e e e e s eee s e e eeeresreeeeeen 243 180
B e eee e e e e e st s eeen 0.73 320
A et e s e e e s enees 214 190
R s e eea s 0.55 320
B et en e 1 .69 210
I st 023 Unknown
L 4 T 128 Unknown

* Taken from the compilation of Brown et al. 2002, except for the

proton sepamtion energies of 7Y and ™Zr, which were taken from the
unpublished calculations of A. Brown 2002 (privale comminication).

Woosley et al., 2004, AplS
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Models for XRBs

Accretion onto the surface of neutron star

Nuclear reactions on accreting neutron stars

—@ H and He burning (rp-process)

Neutron Star Surface » X-ray bursts lightcurves (10s — min’s)

» Radius expansion

» Nucleosynthesis (p-nuclei ?)
» Start composition for deeper processes

atmosphere

ashes

—— —@) Deep burning: H-EC/ C-fusion

occan

Photodisintegration of heavy ashes

» Superbursts

—@ Electron captures
Pycnonuclear fusion reactions

» Cooling / off state observations
» Heat feeds back on burst properties
» Gravitational wave emission

» Magnetic fields

From Schatz’s Presentation
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|\/|Ode| | Nng XRBs: Inthe perspective of the structure of the neutron star

Energy transferT Atmosphere Z A), e-
1
Nuclear burning—o.;e'n (Z A), e- Envelope
100 F~175

£ @A) e- I' = Z?¢*/(akgT), where a = [3/(4mn;)] /
E i Py I LU Ry
g
<

Crust-core transition
p~10"*gem3

Figure 1. Schematic of the outer layers of a neutron star.

* From Meisel et al. 2018
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-3

Composition: (£, A)

LETTER Nature 2014 R .

doi:10.1038/nature12757

Energy
N
1
>

Strong neutrino cooling by cycles of electron capture
and f~ decay in neutron star crusts

H. Schatz"?3, S. Gupta®, P. Méller>®, M. Beard®®, E. F. Brown">3, A. T. Deibel®?, L. R. Gasques’, W. R. Hix®?, L. Keek"?3,
R. Laub?3, A. W. Steiner®'° & M. Wiescher®®

Table 1 | Electron-capture/p~-decay pairs with highest cooling rates
Electron-capture/f~-decay pair Densityt Chemical Luminosityi

potentialf Urca shell: both
Parent Daughter* (10%%gem™3)  (MeV) (1036 ergs™P (Z,A)and (Z-1, A)
29Vg 29Na 4.79 13.3 24
55T 53¢, °°Ca 3.73 12.1 11
S1Al 3lvg 3.39 118 8.8
331 3Mg 5.19 134 83
56Ti 56Sc 557 138 35
S7cr 57y 1.22 8.3 1.6
57y 577i,%7Sc 2.56 10.7 1.6
83Cr 63y 6.82 14.7 0.97
105z 105y 3.12 11.2 092 B KT g
5Mn 59cr 0.945 7.6 0.88
103gy 103Rp 5.30 133 0.65 X
96Ky 6By 6.40 14.3 0.65
65Fe %5Mn 234 10.3 0.60
%5Mn %5Cr 3.55 11.7 0.46

Composition: (Z -1, A)
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Nuclear Reactions for Type | X-ray Bursts

Hydrogen burning by CNO-cycle

3-alpha reaction

alpha-p reaction

p-gamma reaction

e weak interactions
e +47Z-YZ-1)+v.,

AZ i«*‘i{z

.JHH

— 1) +e +u,,

C (p,7) BN (p,7) MO (a, p) "F(p. 7)
3Ne (o, p) 2'Na (p, “) 22Mg (v, p) ALl
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1D Multi-Zone Model

* Woosley et al., 2004, ApJS

* Nuclear reaction networks of ~1300 isotopes

TABLE 2

SUMMARY OF MobEL PROPERTIES

Z Acc. Rate Number of
Model (Z.) (10710 M., yr) Bursts
7.4 1 | DUOTURTRRR SO 0.05 3.5 4
A\ T 0.05 17.5 15
Vi 1 ) D 1 3.5 7
IMooiiiieeeeee e 1 17.5 12




Evolution of
the zM-Model
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RAON (Korean Rare Isotope Accelerator
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Experiments of Nuclear Astrophysics @RAON
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Summary

* Nuclear physics provides key information to understand
various astrophysical phenomena such as stars and X-ray
bursts.

* Nuclear reactions in astrophysical environments are still
uncertain requiring better theoretical modeling and more
accurate experimental measurements.

 RAON will be able to contribute to resolving some uncertain
issues in nuclear astrophysics.



Searching for Undiscovered but Detectable
Astrophysical Phenomena for the Multi-
Messenger Astronomy



Contents

* Multi-Messenger Astronomy
e Gravitational Wave (GW)
* Neutrino Astronomy
e (Cosmic-ray)

* Hunting for New Phenomena
* Nearby massive evolved stars
 Compact binaries: X-ray bursts (XRBs)
* Order estimation (Back-of-Envelope Calculation)
e Binary neutron stars in highly eccentric closed (elliptical) orbits

* Remaining issues (Devils are in details)



GRAVITATIONAL WAVE

« According to

Mass Curvature of Space-time Gravity




GRAVITATIONAL WAVE

 Therefore,

If an object (mass) undergoes accelerated motion

The space-time fluctuates

Changes of space-time spread out




GRAVITATIONAL WAVE

« Observation Difficulty
* The of the 4 forces that make up fundamental interactions.

« Gravity (6*10%?) < Weak interaction (10-¢) < Electromagnetism (1/137)
< Strong interaction (1)

» Too tiny of changes

« Maximum amplitude of GW150914 (15" detected): 4*10-2' km ( < Proton
radius = 8.4*10'17 km)

1ly=9461le+12km

A change equivalent to the thickness of one hair




/
BINARY BLACK HOLE (BBH]
MERGER

* The first case in which humans detected
gravitational waves

« GWI150914
* First detected
o 36 M+ 29 M,-> 62 M, +
« Relativity velocity increased from 0.3c to 0.6¢
 About 1.3* 1001y
 0.2sec
« GW's spectrogram is called “chirp”

wv
=
=
o
=
©
=
©

Q
)]
w0

Frequency (Hz)




GW DETECTOR: GROUN

Basic Principle: Michelson Interferometer
» Laser light is sent info detector

« A “splitter” splits the light and sends out two identical beams
along the arms

« Arm Length: LIGO - 4km, VIRGO, KAGRA - 3km
The light waves bounce and return

* A hundreds of times
GW affects the interferometer’s arms differently

Normally, the light returns unchanged to the splitter from both
arms

* The light waves cancel each other out.
If the arms are disturbed by a GW
* The light waves will have travelled different distances.
» Light then escapes through the splitter and hits the detector

Double-recycled
interferometer

v
INTERFEROMETER
OUTPUT

Normal GW detects




9
2.5 GENERATION DETECTOR:

KAmioka GRAVvitational wave
detector (KAGRA)

Gifu Prefecture, Japan
Michelson Interferometer
e 3km arm

Asid's first gravitational wave
observatory




Neutrino Astronomy and Astrophysics

* Neutrino astronomy

* Emerging as an important part of multi-messenger astronomy together
with gravitational wave (GW)

* Many neutrino detectors/observatories are operating, under
construction, and planned: ICECUBE, KM3NET, DUNE, Hyper-
Kamiokande, JUNO

* (Tentative) Korean Neutrino Observatory (KNO) is being pursued

* Neutrino astrophysics is not new at all!

 Various astrophysical sites and production mechanisms for neutrino emission
have been studied for a long time

* But predicting detectability on operating/planned detectors is NEW!!



Neutrino Astronomy/Detector

* Detected
* Solar and atmospheric neutrinos: lead to neutrino oscillation

e Supernova explosion: 1987A
* Distant galaxy: blazar TXS 0506+056

ICECUBE

88



Korean Neutrino Observatory

o rraaestt
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KoreanNeutrino*ObservatoryKNO)*nsHyperlLKamiokande (HK)

¢ KNO’sflonger*baseline* oscillation*efficiency*increases*{But,*hot*tooong*distance...)

" e Highermatter*density* Background*hoise*|,
Ty S/N*atio*? (Tochibora**only*650%n)
KNO | " nMypSI Tn
' i
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Astrophysical Sites for Neutrino Emission |

e Cosmic-ray: high energy neutrinos (> GeV, typically >
TeV or even PeV)

Anywhere high energy particles (protons) exist

Strong acceleration processes such as shock waves, magnetic fields,
and jets are required -> correlation among high energy
electromagnetic radiation like X-ray and gamma-ray, ultra-high
cosmic-ray, and neutrino emission

Atmospheric neutrino: detected
Active galaxies (with active galactic nuclei: AGN/blazar): detected

Clusters of galaxies & nearby star-burst galaxies: predicted to have
negligible detectability (recent work by Prof. Ryu and his students at
UNST/CHEA)

Other sites?

\ cosmic ray

& air nucleus

super-kK
Detector



Astrophysical Sites for Neutrino Emission |l

 Anywhere in the universe where weak interaction occurs!

* Nuclear reactions: low energy neutrinos (< GeV, typically afew
tens of MeV)
* Inside stars -> Solar neutrinos (detected)
* Supernovae -> SN 1987A (detected)

Compact binary mergers (NS-NS or NS-BH): only GW detected -> many
predictions (# of models >> # of observed events: very common in
astronomy/astrophysics)

X-ray bursts: from rp-process. Did not get much attention thus/but worth
investigating their potential contribution to detectability

Other sites? Carbon-burning massive stars (Red SuperGiants)



Detecting MeV neutrinos from evolved stars



Motijvation

Neutrino astronomy, as a part of multi-messenger astronomy, has a great
potential for future astronom

1018 1 1 1 1 1 1 1 1 1 1 I I I I | 1 1 I I I 1
_ - (vitagliano et al 2020) -
o 107 - . Neutrinos interactweak|ywim beryonic matters
I B -
& N ]
) - _ . . . .
. 10°F Thermal neutrinos . Cross sections of neutrinos with baryonic matter
Ll - from evolved stars ] 44 9
P - . S
5 of E ~10 7" cm
5 . 1
% N w m tmospheric 3 Cross sections of Photons with baryonic matter
_g E st ceCube data J ~ 10—24 2
3 10-2F BBN (H) : m L (2017) 3 — cim
pa " AGNs = -
C : Cosmogenic™ . ]
10—18 1 | 1 Ll 1 1 | | 1 1 | |‘- L L.:_:
10—6 10—3 100 012 M'IB
) Cube
. . KM3NET
WUNisT ‘ FIRST IN CHANGE



MeV Neutrino sources Motivation

Alias SIMBAD ID Distance [pc] Ter [K] Luminosity [Ly ] Mass [Mg |
Betelgeuse alf Ori 168‘:%; 3600 + 200 126000ﬁ§?}g%g 16.5~19
Antares alf Sco 170 3660+£200 9800073000 11~14.3
5 Lacertae 5 Lac 505.05 3660 + 200 17473 £ 3344  5.11+0.18
119 Tauri 119 Tau 550 3820135  66000%5,00  14.37°20
NO Aurigae NO Aur 600 3700 67000 -
V424 Lacertae V424 Lac 623 3790 + 110.5 11176.69 -
KQ Puppis KQ Pup 659 3660 + 170 59,800 13~20
MZ Puppis MZ Pup 703 3745 £ 170 19586.643 -
p Cephei mu Cep 94040 3551136  2690007,.50,  15~20
V419 Cephei V419 Cep 941 3660 + 170 17693.234 -

Table 1. Red Supergiant Catalog in 1kpc



Motijvation

From what other sources can MeV neutrinos
be detected? = Red supergiant?

How can MeV neutrinos be detected?

Number of targets (Detector size)
Eventrate= f X N X o(E) X ¢

Trigger rate Cross- Neutrino + energy
section . :
> 2) Detector simulation ii”?‘) Stellar evolution + Neu.

UANsT spectrum FIRST IN CHANGE




Neutrino from stars
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Single star models

Cf) Sun:L.o = 0.02398- Lo ~103"erg/s

‘ 253259 M, | ) [V :C-bur['ling ~1 040~42 erg/S
19.6~205M, , \ 107 15M, D E
10%° - - : 20M, : :E ]
: ‘ = ‘\ I 25M, : 'Eé | T T T T T T I
[ \ 9.8~113M, ] 10% 3 _2gm° ;E%., E 9.0 7
He-burning -, CRuming; " Thermalprocesses [ i
‘ 12.3~132M_ T, 20| Wi i '
%) =10 it [
g malr‘ | -§ ,i‘.l‘.:;% % 86 |
= 11.2~11.4 M, K || g g o
S SECIUinCE 3 109 g {4 X 84r .
_E0%E 1 \ | T
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RSG neutrino spectrum (pair-annihilation) —function of T, p,
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Neutrino Detectors for ~ MeV neutrinos  Motivation

M uon PMTs

Internal PM

.............

..........

Borexino

Liguid scintillator
High Energy Resolution/ NO Source Direction | ‘

WUNisT

h

Super Kamlokande

Cherenkov detector
Source Direction / Energy Range 3.5MeV~

FIRST IN CHANGE



Hybrid detector (Water based liauid scintillator) — Theia, Askin et al. (2020)

Emission Timing Histogram of Photons

B: Cherenkov, R: Scintillation
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Detector simulations (NuWro + Geant4)

Hit Timing Histogram of Photons

 50KkT (r =23 [m]), Sphere
 100% LAPPD coverage

1. Water + LAB (Liquid Argon Benzene)
1-10%
*— 2. Selection-cut 1-10%, 7%

Events per bin [counts / (0.01ns)]
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| |
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Detector performance

200
— LAB 1%, Selection 5% |
180 LAB 1%, Selection 7%
T LAB 1%, Selection 10% -
160 |— ’
— | LAB 5%, Selection 3% Optlmal model
140 — LAB 5%, Selection 5% T '
STV = —— LAB 5%, Selection 7%
T - LAB 10%, Selection 1%
e — LAB 10%, Selection 3%
€ sl LAB 10%, Selection 5% =
z =
60—
40/~
20—
P R R R PR T R L
—1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Cos 6
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FIRST IN CHANGE



RSG’s neutrinos (C-burn) with HD RSG at 200 e
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Summary

1. Neutrino luminosity of RSGs, especially carbon burning stars, is about
~1046~48 MeV/s, and each neutrino has energy of ~ 0.7 MeV

2. It 1s currently implausible to observe these neutrinos however, If future
detectors based on new technologies such as LAPPD and WbLs were
designed to target these low-energy neutrinos, detecting these would
be possible in the future.

3. The most challenging task remaining will be to define and reduce

noise signals.
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