X
KoutarouKyutoku(KEK, IPNS)

Gravitational wave lasted over 100 s;eeo_h‘ds '

On August 17,2017, 12:41 UTC,
LIGO (US) and Virgo (Europe) detect
gravitational waves from the merger
of two neutron stars, each around

1.5 times the mass of our Sun. This is
the first detection of spacetime ripples
from neutron stars.

2018/1/17

FIRST CosmIC EVENT OBSERVED
IN GRAVITATIONAL WAVES AND LIGHT

Colliding Neutron Stars Mark New Beginning of Discoveries
Collision creates light across the

entire electromagnetic spectrum.

) Joint observations independently confirm
‘ Einstein's General Theory of Relativity,
help measure the age of the Universe,
. and provide clues to the origins of
B, \iweavy elements like gold and platinum

Within two seconds, NASA's

Fermi Gamma-ray Space Telescope
detects a short gamma-ray burst from a
region of the sky overlapping the LIGO/Virgo
position. Optical telescope observations
pinpoint the origin of this signal to NGC 4993,

a gala_f_(y Iﬁc%te%B? g\lillilc\)ln Iilght ears distant. .
SukKuba vunstapie Nuclel seminar Center
ELIGO S| Remeust |

College of Schences.
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1. Gravitational waves
from binary black holes



Nightly sky as our eyes see

http://www.eso.org/public/images/potw1333a/
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Multi-wavelength sky
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Toward multtmessenger astronomy

strong / opaque
Strong interaction: (strong but sherange)

Electromagnetic interaction: electromagnetic wayes
Signals are strong but also hidden very easil

Weak interaction: neutrino
Another interesting messenger, particle physic

Gravitational interaction: gravitational waves

Signals are weak but extremely penetrating
weak / transparent

2018/1/17 Tsukuba Unstable Nuclei Seminar 6



LIGO detector

Measures the propagating strain of spacetime, I.e.,
gravitational waves, with the precision ofp 1t

Noise level at the first observing run

Test (b) L — H1
] Mass 10-2 L —u
Location of two LIGO detectors _ :
Hanford, WA [
Livingston, LA § R F
2
) o [
Iﬁ \ (a) @ [
” 1\ 10723 |
Q ) S
l\}e“ 20 100 1000
ass
PR - -~ Frequency (Hz)
( : Repfﬁﬁ;g B?am < LX = 4 km - .
~< _ - ] 25" e :I [ LIGO&Virgo
Laser 20 ;\i L :; 100 kW Circulating Power (2016)
\ 1 Source Test Test
\ / ; | Mass . . Mass
v Recycing—§— Schematic picture of
~ "W Photodetector . .
MichelsonMorley interferometer
2018/1/17 Tsukuba Unstable Nuclei Seminar 7



hefirst event:

| Merger of e
two black holes =

http://apod.nasa.gov/apod/ap160211.htmi

2018/1/17 Tsukuba Unstable Nuclei Seminar




Parameters of GW150914

A Masses of individual stasse measured
- even at 400Mpc (Milky way Is only ~10kpc)
A The luminosity distancis measured directly

Primary black hole mass 36M
Secondary black hole mass 29ij o
Final black hole mass 625 M
Final black hole spin 0.67 00
L ~ 3 million ligh |
Luminosity distance +Mpe - ; Xml'o'i’;'gnf year 41 Ofllgg Mpc

e Obtained from the luminosity distance +0.03
Source redshift = 553 1t yo] 02av208%%8mx vy
2018/1/17 Tsukuba Unstable Nuclei Sen]i_d@O&Virg(QZO]_G) 9



Summary of binary black holes

We saw many heavighan-expected black holes

Masses in th‘e_»_‘SkteI

- low metal pop I/11?
Isolated binary?
dynamical capture?
- pop I (first stars)?
- primordial origin?

statistics necessary

https://www.ligo.caltech.edu/system/avm_image_sqls/binaries/91/original/Mass_plot_black _no_gap.jpg?1508029040



Gravitationalwave detector network

Ftokyo.ac.jp/wpcontent/themes/lcgt/images/img_abt_lcgt.jpg

P

Advanced LIGO (Hanford, US
another at Livingston

https://www.advancedligo.mit.edu/graphics/summary01.jpg

http://virgopisa.df.unipi.it/sites/virg e fpL.it.virgopisa/files/banner/virgo.jpg
2018/1/17 Tsukuba Unstable Nuclei Seminar




GW170814 (not 170817)

Simultaneous detection by LIGO twins and Virgo

Hanfqrd . | | _ Livingston_ . | . Virgo |
U O D O 1Sl X O2IAYyOARS
-~ w/ LIGO was crucial

Frequency [Hz]

Whitened Strain [10'21]

: ) : ¢ : q’ : H £
0.46 048 050 052 054 0.56 046 048 050 0.52 054 0.56 046 048 050 052 054 0.56
Time [s] Time [s] Time [s]
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R" =ML km™

Test of general relativity (skipped)

This event probes thetrong and dynamicaravity

10"
107
107
10
107
10

107

107

10
10"
10"
10—'.2
10
10"

-

Small curvature scale (quantum somewhereyy p assumed

Yunes (2016)

LAGEOS
.

Lunar Laser Ranging
— L]
L

Binary Pulsar Shapiro Delay

G‘.Yl.’-ﬂ?ll/_

Double Binary Pulsar

Perihelion Precession of Mercury

Pulsar Timing Arrays

y 4

Weak gravity
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Double Binary Pulsar
.

AN

Lunar Laser Ranging

Perihelion Precession —

LAGEOS |
L]

of Mercury

107 107 10° 10° 10° 10"10% 10107 10107107 1010710 10" 10" 10%

Dynamical

TI=E,/ E,| [s]

Large curvature scale (classical)
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2. Gravitational waves
from binary neutron stars
(GW170817)



Neutron star binary coalescence

A Gravitational waves

- test of the theory of gravitation in a nevacuum

- high-density matter signature: equation of state
A Formation of a hot massive remnant (star/disk)
- central engine of short gammay bursts

A Mass ejection of neutromich material

- r-process nucleosynthesis

- radioactivelyR N &ilenovadY I ONR y 2 @I

2018/1/17 Tsukuba Unstable Nuclei Seminar 15



Electromagnetic counterpart

EM radiation will accompany neutron star mergers

Jet—ISM shock (afterglow)
Optical (hours—days)

Radio (weeks-years) , I O C al I Z a.t I O n

, ) - host identification
‘ - cosmological redshift

N N ejecta properties
- eJection mechanism
- r-process element




Short gammaay burst (skipped)

Gamma-Ray Bursts (GRBs): The Long and Short of It
Aboutp T A O GeXpdsions Rl et
-thesunig 1 p TT A O (; h oo @
Longsoft GRB: ¢O

deaths of massive stars

Shorthard: cO

neutron star binary merger

rigorous confirmation need: ,
gravitational waves s

http://www.daviddarling.info/images/gammdaay bursts jpg
2018/1/17 Tsukuba Unstable Nuclei Seminar



umber (2)

oton n

r-process nucleosynthesis

Synthesize heavy, neutradh OK St SY S VY
r = rapid: neutron capture faster than beta decay

120

100 -

s\i I need very dense and
| & ~ nheutron-rich matter

- supernova explosions
now seem to fail to

achieve fprocess

40 —

20 -

Sneder (2008) izis. -
0 : | ‘ | : | ‘ |

L | L | L ‘ L
0 20 40 ) 80 100 120 140 160
Neutron number (N)
2018/1/17 Tsukuba Unstable Nuclei Seminar 18




Neutron star

A NEUTRON STAR: SURFACE and INTERIOR

Remnant of massive stars " O ..
(mass range is uncertain : 2o

Homogeneous

ATMOSPHERE

Mostly consists of neutron o

CRUST
OUTER CORE

1.4 solar mass, ~10km &&
The density is higher than | <
nuclear saturation value - Q<
aF Kdz3$ v dz
Arena for nuclear physics

2018/1/17 Tsukuba Unstable Nuclei Seminar 19



Neutron-star matter

Cold, highdensity, highly neutrofrich matter
also could be magnetized up tp~t1 "' (p 1T4)

Temperature 7

-
—’
,,,,
-
-

o S
-

@olor Superconductor:s

— A CFLKO, Crystalline CSC _ _
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase - d en Sity

2018/1/17 Tsukuba Unstable Nuclei Seminar 20




Equation of state: Nucle

Pressure (MeV fm™)

Neutron star equation of state

Note: not need to observe the radius, and other quantities may be

We want to know the realistic equation of state,
that uniquely determines the masadius relation

ar physics

= ALF1-4

- —— AP1-4
[ = WFF1-3
[ = 5QM1-3
- —GS1-2
- = BBB2
| =—— BGNITH1

= B5K19-21
—— BPAL12

'

OzelFreire/ /477

(2016)

= ENG A
— FPS
GNH
— H1-7
— MPAI
— MST-2
— NIL
m— PALG
= QMC
— Sly

2018/1/17

Density (fm™3)

Mass (M)

3.0

25

20

0.5

Tsukuba Unstable Nuclei Seminar

MassRadius relation: Astrophysics

1.5

1.0

IAARNRREREERERNERRNS
1

c vt b by by oH

.o iQzetFreire (20
6 8 10

14 16 18
Radius (km) 21



Example of the binary merger

A massive rotating star can be left after merger, anc
emit gravitational waves to collapse to a black hole

=0 ms 11 @/CC)
r (old) Movies by Kentelotokezaka
Based orHotokezakaKK+ (2011)
14 015
0.1}
£ 13 0.05 |
g I E 0 -_
- 12 ~0.05 |-
—0.1 |
11 -0, 15 }. . | | | | | | | | | ]
0 5 10 15 20 75
10

t (ms)

40 -30-20-10 0 10 20 30 40
2 Clm)



Encoded physics

Ninspiral L Remnant massive NS:
Earlyinspira Yraaz a L@tﬁérﬁe&emperature/denS|ty

vy~ Lateinspiraland merger: Ringdown GR

‘ tidal deformation, NS EO
¥ e
\ \ /

ois | N\
056; (\nnnMMM

-0.1 UUUUUUUUU“

Dhtjm,

-0.15

0.2 | PS-27 - . . . .
5 10 15 20 25 30

t (ms) HotokezakaKK+ (2011)
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Merger dynamics of NNS

" " ‘....' LOT 6OAT A

/007 ONKAD ) Stable NS
N N rivlassive,
VO ONIAOI;’O hot NS
prompt collapse _

: Hypermassive :
likel /
wnlikeb) " tooms Supramassiee
/ VOl OAIOI Oh

b - \k ~spindown time
—

Smaklmass disk Largemass disk .
Smalmass disk?
[See e.g.Hotokezaka+kK(2013)]

2018/1/17 Tsukuba Unstable Nuclei Seminar 24
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GW1/0817

http://www.ligo.org/detections/GW170817.php

https://pbs.twimg.com/media/DOyV7PVVoAAKRZN.jp

The longest BHBH waveform is only ~2s (so fa

The NENS, GW170817, was detected for >1

1 2 3
time observable (seconds)

LIGO/University of Oregon/Ben Farr



http://www.ligo.org/detections/GW170817.php

Spectrogram

Normalized amplitude

: : 4 :
LIVGO Ewins obseryed s
Of SI NJ a OKA NL .
gravitational waves with 50
increasing frequency 5
and amplitude in time £ w0
£ 5o

dzi £+ ANH2Z2 RA/| w
-> the source should be

100
Vd

U £ANHZ2Qa =

=30 -20 -10 0
Time (seconds)

2018/1/17 Tsukuba Unstable Nuclei Seminar LIGO&VirgcQZOl?) 26




Sky map and localization accuracy

GW170104

LVT151012

GW151226

GW170817
Improved with Virgo

GW150914

LIGO/Virgo/NASA/Leo Singer

GW170814
(Milky Way image: Axel Mellinger)

. . | ‘
I m proved Wlth VI rgo ) http://www. Ilgo org/detections/GW170817/image&W170817/0102-skymapswhite.jpg
2018/1/17 Tsukuba Unstable Nuclei Seminar 27



Electromagnetidollowup

GW [LDhX +ANH

LIGQ, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.5.S., HAWC, Konus-Wind

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv —o—

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Gumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR

HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILES
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

IR

REM-ROS2, VISTA, Gemini-South, 2MASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-V/

/.
I LAHIpinam nii

nata Telescope, HST

Radio \ / @i
ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LW MA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg _J,-" 'I
o A | A L IAIIMIEIN] W AR
100 -50 50 107 10" 0° 10" |
7 (s) t-t. (days) ‘l
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Transient and host galaxy

-14

1
-
[$)]

-16

Absolute magnitude

- -13

Thekilonovdmacronova and associated host galaxy
are successfully discovered-. e
by various telescopes g «f ¢ . i

5 g ) K

Day 1.17-1.70 Day7.17-770 [l T

20 UV, optical, IR

UtSU m H' (2017) Days after GW170817



Gravitationalwave cosmology

Idzc')c')téQa 02)/aul Vi A& RS

0.04 H

|
|
|
|
|
|
|
|
|
:
0.03 I
|
|
|
|
|
|

0.02

p(H, | GW170817) (km™ s Mpc)

0.01 4

0.00

Planck
SHoES

ooa U "C)’O

gSee also
SetoKyutoku(2017)
arXiv:1710.06424

e xn:EIO - A

I

I
90 60

I I I I I
70 80 90 100 110 120 130 140

LIGO&Virg® (2017) H, (km s Mpc)

2018/1/17
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CMB
Supernova

z: redshift:from the host galaxy
D: distance from grawtatlonal waves
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Hubble tension?

GWEM can examine this 3. 4S|gma~9% discrepanc

80 | _l | | l | | | | I | | | l |
i KP SHoES Freedman (2017) adapted from
. CHP 1 Beaton+ (2016)
—_— B T SHoES =T ]
o - SH,ES |
QO 75 05>
Q m g N ]
= | A - -
o [® 1 T T :
€ o L | A& AwmAPY -
= | WMAP3 ]
a | WMAP5 ]
T . % Az
i i WMAP7 :
! WMAP1 P15+BAQ
65 - s N
. | M Distance Ladder A ACDM .
| | | I | | | | | | | | | I

2000 2005 2010 2015

Publication Year
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mz Mo

Constraints on parameters

The NS radius may be smaller than 1#8&m
- this can be made tighter with better waveforms |

1.4 3000

x| <0.05
Blue:astro. realistic <

1.3 \
B x| <0.05 25001 \
1.2 B (x| < 0.89
Red: conservative 2000 -

1.1

Less Compact

\ :
N d ;
\ \, \
. \ \ x
o D |
\ \ ‘:’
\ \
3\ N
PN
\ \ VN
\ ’:9 (4
\
I
) 2
4

chirp mass < 1500 1
' variation

1.0

0.9 -
1000

08 __ maSS ‘\‘ More Compact
' | | ! 500
g I BHBH deformablllty
| 1.25 1.50 1.75 2.00 2.25 2. 50 2. 7) 500 10l00 15l00 ZOIOO 25100 301)0
my [I\I@] LIGO&V”-g(QZOl?) Al
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Definition of parameters

Total mas® O A
Reducedmass & a TU

Chirpmass * 70 7 :accurately measured!
Symmetricmassratie ‘F0Y Yy 20 @OSNE
Binary tidal deformability a )
\l
¥ — P xX-op)¥ ¥)

DO
JP T4 w-pp ¥ ¥ )
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Quadrupolattidal deformability

Leadingorder finite-size effect on orbital evolution
(strongly correlated with the neutrestar radius)

¥y 0 & o & 6 Y
=\"0Ov o \'Ovu

‘® 1®: (second/electric) tidal Love number

N External
deformed field

N Kk (ooco gdﬂ Qw kT B‘

2018/1/17 Tsukuba Unstable Nuclei Seminar 34
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<

Representative example of EOSs

10000

1000

100

2018/1/17

/I . 141 11

| | |

13.7km, 1211 1.5H —— -
13.0km, 8631.25H - - - -
12.3km, 607 H
11.6km, 422HB _
11.0km, 289B ==

1.4 1.6 1.8 2

M [Mgynl
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Tight correlation ofy !

m=m, for the equal-mass case [M,,]

GWmeasuredy is o e
1.15 1.2 125 1.3 135 14 145 15 155 1.6
tlghtly correlated Massratio |  I1SH O |
w/ the chirp mass Ph

H
HB
B O =

variation

1000
(0 ¢ )is =< |
effectively constrained|

GW170817:

| PP Wiy
q=0.7-1

>13km IS notfavoredmoi L

1 1.5 1.1 1.1 1.2 125 13 135 14

i i MC [MSUH]
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Only upper limits?

Information at high frequency is crucially important

fin = 10Hz, p = 50

800

- low sensitivity 700 f
of detectors o

M4 =25M, A=0 ——

M4 =27 M, A=0 —— -
M4 =29M_ A=0

- sun?’
3/5 v

MJ/(1/4)y"™ =25M, . A=1200

- sun?’
3/5 N

MJ/(1/4)y"™ =20 M. A=1200

- sun?’
3/5 X -

MJ/(1/4)y =29 M,,. A =1200

500

- unreliable .|
theoretical 300 |
waveforms 200 |
100 | Error iny
-> our work Ongoing Kawaguchi+kK(submitted)
; | . . |

400 500 600 700 800 900 1000

fmax [HZ]
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Theoretical waveform issue

The best analytic model so far is not yet accurately
reproduce numericatelativity waveforms

0 1000 2000 3000 4000
s 02 ' | ' | ' | ' |
o !
< 00 \ i
~
S -02 [ I | i | | :
Q
m O.O ____________________ ”" o
@ =~ e, 2 ::;:::i:.
-1.0
g - ag. t@ges ]23PN . _
N D0 : ad. udes er121u221+ N
s O IZ S lhzo| peak —3%
-3.0 ' ' !
4100 4200 4300 4400
(t—rHIM
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The currentlmit-O 7 R/ pi

]‘0 1 | 1 1 | 1 | 1 1 | | 1 1 H
LIGO — Hanford A A magnetar (intermediate) B STAMP : Zebragard . i
LIGO — Livingston ¥ ¥ bar mode (intermediate) B STAMP : Lonetrack LI GO&VIrgO i
Virgo B B BNS merger simulation (short) Bl -WB (20 17) 1
GEO600 N
l(]_2u — -
: a‘u ))265'/14- ) A I
:? i - -~ - L ..;-_l(f' A ‘ : | |

= Ik m |
a1 T[4 = i
T . ¥ 3‘ iSEs i| I
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—é C SET (ol ‘ |‘h""-.. Ij i 'H?
© 0 i ] LT | B i
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107 # = T~ e "N~k B
L "-..___._‘ E:@[ﬁj@@"--,__ A -
102 " BNS merger in NGC 4993 _
1 1 1 1 1 1 1 1 1 1 —=- il |:
10? 10°
Frequency [Hz]
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Stacking estimation

~tidal deformability
5

x=0 | | - -
Uniform mass distribution ’
Uniform mass prior

A Note:—-correct-@prior—-is-highiy-desf;ired ---------

Injected value SQM3
Injected value H4
Injected value MS1
95% CI SQM3
95% Cl H4

95% CI MS1
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11l T il
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Agathos- (2015)
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3. I-process and
kilonovdmacronova
(AT 2017gfo)



r-process element

https://en.wikipedia.org/wiki/Gold#/media/File:Goldrystals.jpg

P s heavier than the iron
-0KS 20KSNJ

Platinum

Where in the Universe
are they produced?

¥ ‘8
,-’&

https://en.wikiped .org/Wiki/PIatlnum#/medljFlle:Platmum_crystals.jp
2018/1/17 Tsukuba Unstable Nuclei Seminar 42



Mass ejection from binary mergers

Successful at least for some binary models

s [kg]
01 02 03 04 05 10 20 50 100
T s 0000

||||||||||||||||||||||

-Sekiguchi+KK(2015)™" |

how can we confirm this idea?

10 2 [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [
» solar r-abundance
-3 °, = —— mass-averaged (x-y)_]
10 :,,:% 3
107 | _=
Q
g s
210 =
= i\
S0 -
107 .
Wanajo+Kk (2014)
10-8 1l | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250

mass number
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Kilonovdmacronova

Ejected material contain =
radioactive relements 4 % ; b
Their decay heat the ejec ﬂ,z/L N

Thermal photons try to Central
. _ engine
diffuse from the ejecta 1~ AN\
.. Torus Nuclear
But relements efficiently (or Disk) decay

traps the photon inside v~ %
| KE NG O kirovesr M S 2

Kisaka (2015)




AT 2017gfo

In general agreement with theoretical models

-17

particularly iIn NIF [ m-oosmsun(ve=025y  9¥ * |
Compared tSNe  “°[.. " Gherobs. % -
-small mass ~ § s P e =
-high velocity £ .| N
- high opacity ; b L
- no time scale
of the heating ol
) T Vi NP WD
Days after GW170817
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Unigueness as an optical transient

Consistent wkilonovadmacronova

Black (SSS17a=AT 2017gfo): this event
Colored: other known transients

featureless red spectrun
rapld dlmmlng and redc

S (LRN) [B] N
hh (le) H
SN2005E (Ca-Rich) [5] ||
SN2002bj [B]
GRB130603B
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@l S5517a

—20F

= SN2007af (Ta)
= SN2005ke (Ia-01bg) [|
= SN2005hk (lax) i
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m— SN1987A (D [B] ||

SN2013ej (IIP)
= SN1993] (1Ib) (8] ||
— &.Nu b t J[ 17

T

Lo b L
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T R B

1.0y
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= SN2007af (Ia)
red

= 5N2005ke (Ia-91bg)

m— SN2005hk (Tax) 7

= 5N2008ha (Tax} [k — 1] 7

— SN1987A (I1) [R- 1]
SN2013ej (1P}

m— SN1933] (1Ib) [/ 1]

I
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m— SN1997bs (LBV) [R—1] ||
= SN20085 (LEN) [R-11 ]
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Kilonovdmacronova characteristics

For spherical eject@iPaczynski998, also Arnett 1982)
The peak luminosityig g A 70 707

The peak time AL "0 To T

Heating efficiencyQand opacityl ¢ microphysics
particularly, rprocess elements have high opacity

Ejecta mas® and ejecta velocity ¢ macrophysics
small mass and high velocity (vs supernovae)
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number of levels

Too many lines of lanthanides

A bunch of energy levels complex line structures
-> very frequent interaction> very high opacity
But modellng IS Incomplete (quantum mabgbdy)
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Number of lines

[on Configurations Number of levels Number of lines  Subset 1  Subset 2°

Se I 4s24p*, 4s24p3(4d, Af. 5 — 81)¢, 4sdp®, 4sdp(4d,Af), 3076 073,168 2,395 654
4524p2(4d?  4dAf, 4f2), 4s4p3(4d?,4dAf, 4f2)

Seln  4s24p3, 4s24p2(4d, Af, 5 — 81)°, 4sdp?, 4sdp3(4d, Af), 2181 511,911 1,978 584
4394;}(4(12, 4d4f,4f2), 4s4p?(4d?, 4dAf, Af2?)

Semt  4s24p?, 4s24p(4d, 4f, 5 — 81)¢, 4s4p3, 4s4p?(4d, Af), 922 92,132 2,286 882
452(4d2, AdAf, 4f?), 4sdp(4d?, 4dAf, 4f2)

Ru1  4d75s, 4d®5s6, 4d8, 4d7 (5p, 5d, 6s, 6p), 1,545 250,476 49,181 20,350
4d®5s(5p, 5d, 65)

Run  4d7, 4d5(5s — 5d, 6s, 6p) 818 76,592 27,976 14,073

Ru i 4d®, 4d5(5s — 5d, 6s) 728 49,066 30,628 17,451

Te1  5s? p4 5s25p3(4f, 5d, 5f, 6s — 6f,7s — 7d, 8s), 329 14,482 410 348
535})

Ten  5s2 p3 5s25p2(4f, 5d, 5f,6s — 6f,7s — 7d, 8s), 253 9,167 705 569
535})

Te 1 5s25p2, 5s25p(5d, 6s — 6d, 7s), 5s5p° 57 419 249 227

Nd1  4f%6s2, 4f46s(5d, 6p, Ts), 4f45d2, 4f45d6p, 31,358 70,366,259 12,365,070 2,804,079
4£35d6s2, 4F35d2(6s, 6p), 4f35d6s6p

Nd 1m  4f%6s, 4f45d, 4f46p, 4f36s(5d, 6p), 6,888 3,951,882 3,682,300 1,287,145
4£3542, 4F35d6p

Nd 11 4f4, 4f3(5d, 6s, 6p), 42542, 4f25d(6s, 6p), 2252 458,161 303,021 136,248
4f2656p

Er1  4f126s2, 4f126s(5d, 6p, 6d, 7s, 8s), 10,535 0,247,777 443,566 129,713
4f11652(5d, 6p), 4f115d26s, 4f115d65(6p, Ts)

Er i 4f126s, 4712(5d, 6p), 4f116s2, 4f1165(5d, 6p), 5,333 2,432,665 1,713,258 489,383
41542, 41 1 546p

Er i 4f12, 4f11(5d, 65, 6p) Tanaka+ (2017) 723 42,671 41,843 16,787
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Theoretical uncertainties
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lanthanidefree

TWO COmponentr) intermediate

lanthaniderich

Too bright at earlier epochs
Early lanthaniddree +
late lanthanidéas very likely

Tanaka+ (2017)

Tanaka+ (2017)

lanthanide actinide
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