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Preliminary
Periodic Table

Periodic Table and Origins of Elements
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Preliminary Evolution of' Element Abundances: in the Universe Evolution
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Preliminary

| FAUST (Femtoscale Astrophysics for the Universe STudy)

Early Universe & Big Bang | Stellar and Galaxy Evolution Multi-messenger Astrophysics
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Preliminary Multi-=messenger Astrophysics
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Big Bang Nucleosynthesis Primordial abundances in BBN
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»Standard big bang nucleosynthesis (SBBN) ..
parameter: baryon-to-photon ratio n 025
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»Observation of CMB ->constraint on n 0.23
S
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E‘t 2 H
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WMAP Science Team & '
. S ef
»Observation of metal-poor stars (MPSs) = 4h
v'’Li abundance is smaller than theory Iy

by a factor of ~3 =
Signature of new physics?
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»Find the solution of the ’Li problem,
& identify the processes in the early universe

>Der|ve ConStralntS on pa!LIEgLQI onference V%vqplg 2022 Kawasaki & MK, PRD 861
modified GR ?? 063003 (2012)

log(°Li/H)

:....I....I....I..-..I.... 1-..I....I....I....:
1 2 3 4 5 8 % 8 9 10
baryon—to—photon ratio n x10'°



Big Bang Nucleosynthesis Main Nuclear Reactions for BBN

(p.8), (d.n) ot BHe,d) Destruction of 7 Li

12 reactions in Big Bang nucleosynthesis

do) Hep), tw)or(ad) |8 11 equilibrinm
N 09l (yorad 3p | |5 |1 |11 "
B (w,p)
/' (ap) ; . 9 l \ SB 98 | 108 11B
BE Be Be OBE (11 g) 077 zec
=+ (n,g)8Li—>8Be—>2a ﬂ\—- 14 Myea -
- Thel 18r.| 98| |10
d Be Be e
5L1 6Lji— 7L1 (n) SSday\ be 14 Myea
0 t g VArIE
He | He] | He A
1 2 3 (p.a)
Hi|°H n}i halflife =76 % 107 sec for SHe ~
half-life = 3.0 % 10" secfor SLi
I half1ife =67 x 10~ sec for 8Be half-life =76 x 10 2sec for SHe
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I hatf-life =67 x 10" sec for 8Be
We use the BBN code by Kawano [86, 87] with the i half-life = 84 x 107 sec for 9B

Sarkar’s correction [88] to H~: dhlll’lildll(( R{ ac tion rates
relating to light nuclel B miass fimber 4 £ 219%21113—
dated with the JINA REACLIB Database V1.0 [89]. We
adopt the neutron lifetime of 878.5 0.7 £0.35y5 = [90].

[#9] R. H. Cyburt, A. M. Amthor, R. Ferguson, Z. Meisel,

K. Smith, 5. Warren, A.
T. Rauscher, A. Sakharuk, e
189, 240 (20100,

Heger, R. D. Hoffman,
t al., Astrophys. J. Suppl.




Big Bang Nucleosynthesis = Standard BBN
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KUSAKABE et al. PHYSICAL REVIEW D 91, 104023 (2015)
5 =-_.—l"'f d*x S].,.,(gm,.tﬁm}‘ (l} The 0-0 component of Eq. (2) then becomes
2
) i, 1, .a,.
where k= = 8x( is defined, with G Newton’s constant, g, -3 Ef - Ef * 3;-f R =xp. (7)
the metric tgns 1 TS :
and §,, the g . give

' Even though Einstein’s general relativity (GR) has successfully passed the observational
account radi

equation for| tests in the solar system scale, lots of efforts to generalize GR for cosmology have been ~ 'R =xp. (8)

with respect continued. One of them is to introduce additional higher-order derivative terms due to both
“ g i I.i.
FR theoretical and phenomenological reasons. For instance, sixth order ROR [1] as well as ey ComerERen
L
fourth order R*R,;, terms [2-7, 17] are considered here with the action
where f' = (10)

1
momentum S = /d4$\/ -9 [16_71' (f(R) + BR®Ry + CRDR) a Lm] ) (1)
f; 2", with M, =

|[power-law index n
duces to Einstein’s

N
f(R)=) AmR*=R+ApR*+AgR’+.., Ap=1, Ay=4, (2) been analyzed in
Here, L, 18 n=1 b scale factor exist
related to Sy Ay, B, C are constants, R is the Ricci tensor. The d’Alembertian of R is R = g“bR,a;b = s model.

where f(R) is a polynomial function of the Ricci scalar R

R“. where the semicolon denotes covariant derivative, and the matter part Lagrangian is

defined as 6(v/—gL,,) = 1 /—gT% 6g.. In this paper we follow the Hawking-Ellis [5 11

We assume the spatially flat Friedmann-Lemaitre- \_\/
Robertson-Walker metric, as supposed in the standard A formulation of this model is given using the same
cosmological model, assumptions as those adopted in Refs. [1.2], as follows.
It is assumed that the matter part is predominantly
ds? = dit 2 4 dv? 4 dzg}. (5) contributed by the radiation with p = p/3. In this case,
' Eq. (9) leads to a relation of p o a~*. Here, we additionally
For matter, on the other hand, we assume a perfect fluid constrain the model space by assuming the power-law

described by a time-dependent energy density p(f) and solution of the scale factor, i.e.,
1),

pressure p(1) a(t) o« £, (12)
", = diag(p, —p,—p,—p). KSHEP Fal(pnfefence, Nov. 16-1§ 084 i that @ = /2 must be satisfied in order to hold

Eqs. (13) and (14) for any time ¢. Then we assume a = n/2



CORRECTED CONSTRAINTS ON BIG BANG ...
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FIG. 1 (color online). *He mass fraction ¥, and number
abundance ratios of D, “He, 7Li, and °Li relative to H as a
function of the power-law index of the scale factor @ — 1/2 or the
f(R) function n — 1. Solid curves show calculated results for the
f(R) « R" model. The solid smaller and larger boxes of *He and
D abundances comrespond to the 2o and 4 limits, respectively,
from adopted observational constraints. The dashed box cormre-
sponds to the 26 limits of 'Li abundance. The horizontal lines
with downward arrows of “He and ®Li abundances show
observational upper limits. The result on the vertical line for
a@=1/2 or n =1 is for the SBBN model. Note that the f(R)
function for @ < 1/2 was corrected in this paper so that the
cosmological model connects to the present ACDM model.

result of a changed expansion rate as follows. First, when
the expansion rate is larger, the freeze-out of weak reactions
occurs earlier. The neutron abundance remaining after the
freeze-out is then higher. Second, the time interval between
the freeze-out and the *He synthesis is shorter because of
faster cosmic expansion. Neutron abundances are larger

ause of the above two reasons. Almost all neutrons are

cessed to form “He nuclei at the *He synthesis epoch.
The\*He abundance is therefore larger for larger values of a.
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KSHEP Fall Conference, Nov. 16—18,‘@0’52”J = (” = 1} <4 x 107"

\ “1x105 < (@a=1/2) < 5% 107
—2x10° < (n—1)< 1072 (28)

When the 40 limit of D is used, however, more stringent
constraints are derived,

3x10* < (a—1/2)<2x 107
(29)
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Motivation Exotic nuclear structures and reactions for nucleosynthesis
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Motivation Rapid process in SN and NS merge for nucleosynthesis
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Motivation

Nucleosynthesis

Soongsil University
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Introduction Neuirino Process in CCSN Explosion

Why neutrino process in SN?

u stable
u unstable
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Motivation Cosmological sites for nucleosynthesis

Non-uniform distributions
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Motivation Galaxy chemical evolution for cosmological matter
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Galaxy chemical evolution for cosmological matter

Motivation

Molec Star Formation rate

Glouds
Enrichment in elements over time ?
> Galactic chemical evolution

P

h /(/m\ ﬂ%

Formation of the Galaxy
(primordial material)

e f
Nerdele s
58S - * i;? e
’ypefe B s + /
s J VR “Salle Mant stars are formed, they explode,

New stars are formed,
explode, little by little the

and enrich the matter with their
products (stellar winds,

supernovae) matter becomes richer in
Alot of Fe, possibly heavy elements as well e:en\el\ts formed inside the
stars...
Little by little, the Galactic matter is enriched in
] elements formed inside the stars l

The Fe content is a good tracer of the enrichment of stars from earlier exploded ones

Solar system composition

Solar system composition

The equation of chemical evolution for the element 7in each galactic shell takes the following form:
= p-nuclei s-nuclei r-nuclei p-nuclei s-nuclei r-nuclei
dG‘( 1) My, 23 8% 44.2% 32.0% 7.4% 27.6% 65.0%
— = —y(H)X(1) + U(t — 7)) Onmi(t — 7)) p(m)dm .
df M, - e Trtaal {wilh wpaEHe) [=="Talal (with vpEHNE]
— Tatal fwio vpEHN) . — otal i vpamHiree)

My, 0.5 fas— |wl£'-:$;‘- ey _:t z:u::: ::T—:w:rg::?
+A J ¢(m) j S () Oni(t — T, (1t — Ty, )dpz | dm : { ] +|+ e - =

Mg, Hrain + 4 { +

~Mim .h‘__\"_-—r‘_r&I Fli
o of e
+(1 - A) J U(t — 7)) Onmi(t — Tp)p(m)dm b = IT [
Mg,y H w o
2 E] ST
~M z - i E' -1f .»’j
+ j Yt — 7)) Qmilt — T )p(m)dm 7
Mgy, ’/". e
2 I 18 ~

5 (dG,m) _ / .

A fingan : i

(1) [Fe/H] [Fe/H]

where G{(t) = My, (1) X{1) is the fractional mass of the element i at the time ¢ in the ISM. The quantity Figure 3. elemental (a) [Mo/Fe], (b) [Ru/Fe] vs. [Fe/H] //TODO

_ X{(0) is defined as the abundance by mass of the element i. By definition ¥, ;X;= 1.
== Al = =2 X]|
L et £ FE& AT L
il i i Origin of Matter and Evolution of Galaxies

Soongsil University



Motivation Big Bang Chemistry and Inter stellar matter

| IR spectra from ISM & Exotic Morecules Space molecules

2 s N SRR 3 3 = a 5 . W r X 2 Helium hydride
IR oh.\c.?nauon.x of.a molecular cloud with cold { 10 K) dust Nature 568, 357 (201¢

PaplosLar

IR conbinuum souree - ‘ ’ ‘

-
dust heated by star
(SO ]”lf‘.l.:\' ClondS el cold 7.' » He 3
ice Al dust Y M
Science 342, 1343 (201
y ! Argonium
Infrared tight /£ § : B ole =@
(IR) y. | 3 - 18 protons
18 neutrons —‘ ,“ .
y : 1 ""‘r."ﬂb, H

@

Ar

SOURCE: REPORTING BY K. CROSWELL KNOWABLE MAGAZINE

Helium hydride and argonium are the two noble gas molecules astronomers have found in space.

i PERSEUS
i : :

IR ahﬂorptn IR "Black Body"
 Spectrum continuum

Infrarcd observatorics

Plate 3. An illustration of how one measures the IR absoption spectra of
interstellar clouds. A background star (protostar) serves as the IR source, the
cloud is the sample, and the telescope gathers the light and sends it to a
monochromator or spectrometer. The advent of airborne IR telescopes in the 70's
and orbiting telescopes in the 80's made it possible to avoid IR absoptions by
atmospheric H>O, CO:, and so on, opening a new window into the Cosmos. :
Figure courtesy of Dr. Jason Dworkin. : anthracene
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Motivation First Molecule and Exotic Molecules

SCIENTIFIC

AMERICAN. Latest Issues i%}g%rfé{:lﬁ Sign In | Newsletters Q
e ) - - Space molecules
' ' wwmmase  Nature 568, 357 (2019)

Credit: Mondolithic Studios ' ‘ .

The First Molecule in the Uni

Scientists have identified mystery molecules in space and the compoun

Science 342, 1343 (2013)

started chemistry in the cosmos o ® m—"
IPa
18 protons - % > 1)
*of  hee @
ve™ ), o
L

“Z'@J -

Formaldehyde
- ™

(CH0)
Hydrogen peroxide
with a missing H
(HO3)
(@ Argon hydride
plus H (H;Cl ) or argonium (ArH")

Credit: Elena Hartley
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Motivation Dense matter in the Universe & DFT

47t 2X 2RO o3t Mol AHER 47
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Molecules — Molecular clusters — Nanometer-sized particles
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Neutrino process Neut. Ham. for neuvirino density propagation

KSHEP Fall Conference, Nov. 16-18,
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t=1.111E-11 (s)

JINA REALIB

106

Modified (n,g) Reactions

QRPA & Branching Ratios

70 80 an

NNNNNNN

Numerical results fo
elements abundances

1987 SN model Pre-supernova Model

Hydrodynamics Model: HCK18, KCK19

Modified Neutrino Flux by Self-interaction : w/ and w.o/

Neutrino Luminosity : EQ and NEQ
Mass Hierarchy : NH and IH




Neutrino process | Neulrino Reactions Rates with Nuclei

Network calculation for nucleosynthesis

—]=Ni/1ij—NjAjh+---*ﬁ=yi3i'—y'l'h+'“ v N
dt ' ' dt oI 77 p N,

_ _ JINA REACLIB & Los Alamos (n,g) Data !
Part for neutrino reaction rates yyshu-Tokyo Progenitor Model !

Ay, (r)=0¢ Cross section data using QRPA
— * d¢va B ( ) ( )d TABLE 1. Averaged cross sections in units of 10~*? cm? for *Mo
= de r(€) oy, \&y)aey via CC and ®Ru via NC, and Zr via CC and ®Nb via NC with

0 a=e,ut v particle emission. Neutrino temperatures are taken from [4] and (£ )
' is calculated from (E,)/ T ~ 3.1514 + 0.1250e with o = 0 [31.42].
Example: (EQ,IH) is calculated from (E; )/ o with & [ ]
Reactions (Ey) [MeV] T [MeV] {er)
Mo (ng,e ) e %Mo(v,, e)®Tec 10.08 32 171
58 %Mo(v,, e~ p)’"Mo 10.08 32 1.90
4.5x10 BMol(v,. e-n)""Te 10.08 32 0.00
58 *Ru(v,, 7/)”R 18.90 6.0 78.5
4x107" r  with Neutrino self-interaction | DORE(;:. ;il)“lgu 18.90 6.0 146
. 58 | | PRu(5,, ¥ p)*Tc 18.90 6.0 1.70
° 3.5x10 WRu(;:, ﬁf}”Ru 15.75 5.0 52.1
~ 58 | i ®Ru(7,, 7'n)"*Ru 15.75 5.0 10.5
5 3x10 after PRu(v,, 7/ p)*Te 15.75 5.0 0.92
— 2 5x10°8 | MSW i 927(v,, e~)”2Nb 10.08 32 8.92
~ ¥rr v - bz 10 nn a4~ A A
- 58 . . .
o 2x107 | resonance/ In MSW region, energetic e-neutrino
1.5x10°% | . _ , 1 is increased by the P(x-e) neutrino
g w/o Neutrino self-interaction
1x10°8 | 1 resonance ( w/o SI).
5Xlo57 | | | | | | | |
1.5 2 2.5 3 3.5 4 4.5 5 5.5 o6 . . .
ME /M But it is a bit decreased with the
sun
decrease of X-neutrino by the SI. )
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log Mass Fraction

log Mass Fraction

THE AsTROPHYSICAL JOURNAL LETTERS, $91:L24 (Gppl. 2020 March 1
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Nevutrino process | Resulis for Light Elemenis |l

g 7 ]
5 an)
L.
[’}
3
S 108 fp~=s._ -
W/0 SI (NH) «eeeee w/o SI (IH) - - - - oY)
. w SI (NH) =+=+= w SI (IH) —— = E . (o,y)
10— L L L L L L L -
15 2 2.5 3 3.5 4 45 5 5.5 6 H H4 Li
Mass Coordinate [M, /M] (v,v'n)
(v,v'p)+ (o'
3H
(b)"Li x 107 | 7Li x 107
without v-Sl with v-Si L h H H
7E + 17 For 7Li, the main reactions are
B Smm— is both e- and anti-e- neutrino reactions via CC
= 3F .
2 §: % which are larger than NC.
s °[" <17 | 71 T ° And e-CC reactions through 3He and 7Be
= without v-SI with v-SlI .
o 20F i 720 from 4He are larger than anti-e due to MSW.
£ 15} 115 L.
10} Z10 => Sensitive on the nu-Sl.

But for 11B both electro-
and antielectron-neutrinos via CC and NC work.
=> |nsensitive to the nu-Sl.
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Hydrodynamics : HKC18 and KCK19
Luminosity : EQ and NEQ

Neutrino Self Interaction : FD and SI
Mass Hierarchy : NH and IH

Table 4. Integrated masses of the nuclel after 50 s in the mass range, M, = 1.6-6 {M; ). We used twf hydrodynamics models
(HKC18 and KCK19), two luminesity models (ECQ) and NEQ) and two cases without the »—SI (FD)jhnd with the »—5I (SI)
for the NH and IH case, by which the results for twelve different cases are tabulated. The last two resflts are quoted from our
previous results. See texts for the details.

Mass Li "Be YB ¢ ["INb *Tc "La ¥'Ta Yield ratio PF ratio

Hierarchy (1077 Mg) (102 Mg) | (107! Mz) EIN(L)/N(M'B) "La/!'B

FD EQ NH 1.256 4.953 5576 2.048 | 4.003 1.048 3305 0845 1.280 0.1288
(HKC18) TH 1.496 1.461 7.141 1.218 | 4760 1.112 3.267 0.843 0.556 0.1130

FD EQ NH 0.861 2428 2480 2139 | 4551 1.180 3.760 1.016 1.119 0.2354
(KCK19) TH 1.017 0.036 3.000 0.883 | 4.226 1218 3436 1.012 0.771 0.2495

FD EQ Shock NH 0.861 1.004 2.546 1701 | 4973 1271 4.164 1.017 1.023 0.2835
(KCK19) TH 0.049 1.027 2922 00937 | 4271 1.215 3485 1.012 0.805 0.2611

SI EQ® NH 0.861 2428 2480 2130 | 4551 1.180 3.760 1.016 1,119 0.2354
(KCK19) IH 0.920 2057 2.852 3.874 | 1507 3.250 1358 1.052 0.605 0.5838

SI NEQ NH 1.132 1.601 4.276 4.920 | 16.44 3559 1519 1.205 0.467 0.4776
(KCK19) TH 1.261 1.206 4.623 4.283 | 1220 2854 11.31 1.281 0.435 0.3672

FD NEQ NH 1.483 0.841 5407 5258 | 25.44 5367 2314 1.323 0.342 0.6274
(KCK19) TH 0050 2.303 3046 6.566 | 26.15 5.302 23.04 1.331 0484 0.6555

SI NEQ Ko et al. (2020) NH 1.643 3.347 0332 6138 | 17.92 3511 1429 1.363 0.507 0.2671
(HKC18) TH 1.792 2372 10.33 5524 | 1350 2.720 1041 1.358 0.413 0.1899

FD NEQ Ko et al. (2020) NH 2.400 1.860 1246 7.080 | 27.56 5.361 22.62 1.349 0.343 0.335
(ARCIR) TH 1.640 5.270 R.a82 7.804 | 27.83 5.018 22.04 1.053 0671 0410

*Bame as FI) EQ (KCK19) NH result

THE ASTROPHYSICAL JOURNAL LETTERS, 891:L24 (6pp), 2020 March |

0 2020. The American Astromomical Soceety. All nghis reserved.
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Neutrino Process in Core-collapse Supernovae with Neutrino Self-interaction and MSW

Effects

Heamin Ko', Myung-Ki Cheoun' @, Eunja Ha', Motohiko Kusakabe?®, Takehito Hayakawa®, Hirokazu Sasaki®,
Tochitalra Walimmat Waca ali Hachimmtns &lacammd el Mdorl T3 TTeama! atnchi Chika ! o Wal oD



Meteorite Analysis : Analysis of SiC in stardust grain (Pre-solar grain)
from Murchinson meteorite

102 pin

An electron microscope image of a micron-sized silicon carbide stardust grain extracted from the
Murchinson meteorite. (Image credit: NASA, Nan Liu and Andrew Davis)




Mass Fraction ratio of 7Li/11B and PF ration of 138La/11B

The yield ratio of [7Li/11B]

Spectra

Li/"B= —0.3140.42

Mass
Hierarchy IH IH //NH : \Ni
Yield Ratio | 0.671(0.488) | 0.413(0.435) | 0.343(0.342)} | 0.507(0.467)

Spectra

77— E—
PFratio | 0.410(0.6585) |0.1899(0.3672)| 0.335(0.6274) |0.2671(0.4776)

D —

—
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<0.53 (2 sigma)




NH is favored !!!

However, Is this the last
story ?
but
the least ??7? Other effects ?

Sterile Neutrino,
Magnetic field,

Polarized Electron Density
Neutrino Fast Osclillation..

KSHEP Fall Confer v. 16-18,
2022
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Origin of Matter and Evolution of Galaxies
Kov Dowsmrch Inatitutes in Ulniversinios

BCS

(Bardeen-Cooper -
Schrieffer Theory)

MHD

(Magnetohydro-
dynamics)

HA-O[IAEL| 3%

DFT BTE

(Density (Boltzmann
Functional Transport
Theory) Equation)

MMA

(Multi-Messenger
Astronomy)

BSM

(Beyond Standard
Model)
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Colleagues : KyungsikKim, K. Choi (KAY), Eunja Ha (Hanyang), W.'Y. S@(Kangwon), C. Hyun (Daegu)...
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