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'East Asian Core Observatories
Association (EACOA)

Purpose of EACOA:

To promote researchers from all over the world to come and conduct joint
research activities with colleagues at the EACOA member institutes.

Four Core Observatories in East Asian

- Academia Sinica Institute of Astronomy and Astrophysics (ASIAA)

- Korea Astronomy and Space Science Institute (KASI)

- National Astronomy Observatories, Chinese Academy of Sciences (NAOC)
- National Astronomical Observatory of Japan (NAOJ)

Four Missions of East Asian Core Observatories Association

I.  East Asian Observatory

Il. Fellowship Program

lll. East Asian Meeting on Astronomy

IV. East Asian Young Astronomers Meeting

2016 EACOA Postdoctoral Fellowship Program - Now Recruiting!
Application Due Date: November 15. 2015

Fellowship Program: e
- Initial appointment of three years, renewable for an additional two years. » %
- To work full-time on the research programs, and to be in residence inat least two

EACOA member Institutions during the appointment period.
- The opportunity to access all research facilities run by the EACOA member
institutes, including the LAMOST, Subaru Telescope, ALMA, etc.
- A monthly stipend of US$5,000, plus relocation expenses.
- Research funds and travel support by host institutes

Online Application at:
http://www.eacoa.net/job/
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Kill Darkness?
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LCDM

DB: Header
Cycle: 0 Time:0

Pseudocoior
Var: density
1000e+12

1.77804+11
— 3.182e+10
— 5423000

- 1 000e+00
Max; 74650e+00
Min: 5007a+«0

NYX code (Almgren+ 2013)

Saturday, November 28, 15



The First Star Forming Cloud
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How did the First Stars Form?
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The First Stars

Abel, et al. Science (2002) Yoshida+ Bromm+others
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The First Stars

Abel, et al. Science (2002) Yoshida+ Bromm+others
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Temperature-Density Diagram of Stellar Evolution
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The Death of Massive Stars

Woosley, Heger, & Weaver (2002)

MS Mass He Core Supernova Mechanism

10<M <85 2<M<32 Fe core collapse to a
neutron star or black hole

80<M<150 35<M<60 Pulsational pair instability
followed by core (PPSN)

1560<M<250 60<M<133 Pairinstability supernova
(PSN)

250 <M 133 <M Black holes ??

Mass Unit: solar mass ©

Saturday, November 28, 15



The Death of Massive Stars

Woosley, Heger, & Weaver (2002)

MS Mass He Core Supernova Mechanism

10<M <85 2<M<32 Fe core collapse to a
neutron star or black hole

80<M<150 35<M<60 Pulsational pair instability
followed by core (PPSN)

First
Stars| 150<M <250 60<M<133 Pair instability supernova
(PSN)
250 <M 133<M Black holes ??

Mass Unit: solar mass ©
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 Exceptional explosion and brightness
 Metal

 Fundamental physics (GR, HEP)
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 Exceptional explosion and brightness
e Metal

 Fundamental physics (GR, HEP)

 Accessibility in Research (models
and observations)

Saturday, November 28, 15



Fate of Very Massive Stars
Star >80 Mo
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Multi-D SN Simulations

1D Models
80 - 565,000+ Mo Stars (Heger & Woosley)

CASTRO
Massive Parallel, Adaptive Mesh Refinement (AMR), Multi-D,

Radiation, Hydro+( Burning, Rotation, GR ...)
(Almgren+ 2010, Zheng+ 2011 2012, Chen+ 2011 2012)

Supercomputers

Edison

Itasca
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Numerical Setup

1D PSN Model

—]
[ Kepler Star

)_ ¢

e —
| CASTRO Star

| SN

| CASTRO Star |

2D and 3D PSN Model

2y
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Why Using Multi-D Simulations ?

Rayleigh—Taylor instability

Courtesy of Volker Springel (AREPO code, 2009)
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2D Resolution of CASTRO
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2D Resolution of CASTRO
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2D Resolution of CASTRO
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3D Resolution of CASTRO !
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3D Resolution of CASTRO !
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Pulsational Pair-Instability Supernovae (PPSNe)
150 Mo > M*> 80 Mo

0 100 200, .y ey 300 400

Chen+ ApJ 792 28 (2014)
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~

Central oxygen
depletion

Based on Stan’s Model

~ . e e . . 9
Central temperature (10° K)

: Pulsational instability
S : R e g begins shortly after central
, 0.6 0.4 ; (’"52 : : -2 oxygen depletion when the
time tg¢ collopse (10° s) star has about one day left
to live (t=0 here is iron
core collapse).

Pulses occur on a
hydrodynamic time scale
for the helium and heavy

element core (~500 s).

For this mass, there are
no especially violent single
pulses before the star
collapses. Nevertheless,
there may be mass ejection.
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Central temperature (10° K)
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1 0

fime to collopse (10° s)

Pulses commence again
after central oxygen
depletion, but become
more violent. Two strong
pulses send shock waves
into the envelope.
Two days later the
iron core collapses.

For still larger helium cores,
the pulses become more
violent and the intervals
between them longer. Multiple
supernovae occur but usually
just one of them is very bright.
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Core of 110 Mo star
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(cm/s)

Saturday, November 28, 15



Saturday, November 28, 15



Physical Properties of Colliding Shells
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Physical Properties of Colliding Shells
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Physical Properties of Colliding Shells

3 3
Radius (x10°15 cm)
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namre.com

07 February 2013

Observations of the final weeks of a
massive star, just over a month before it
exploded as a supernova, are reported in
Nature this week.

Latest news

Ke-JUE Chen/Univ. Minnesota

* Europe bets on drug discovery

Ofek, E. O., et al. Nature (2013) , geven days: 1-7 February 2013

Heger Nature (2013) » Landsat 8 to the rescue

More news from nature *
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Observational Signatures




Mixing of PPSNe

I

C
O
Mg

v/(10" cm/s)

|

5
R[10° cm]
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Pair-Instability Supernovae (PSNe)
260 Mo > M*> 150 Mo

Chen+ ApJ 792 44 (2014)
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Explosive Burning of 150 Mo Star
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Explosive Burning of 150 Mo Star
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Core of 150 Mo Star
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DB: Head
Cycle 0 Time:0 Core of 150 Mo Star

Contour
Var: C

B - 0.04545
— 0.04090
0.03636
0.03181
— 0.02727
0.02272
- 0.01818

0.01353
0.009089
0004545

Max: 004999
Min: 1.394e-10

user: kchen
Thu Jun 17 12:19:35 2010
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Exploding 200 Mo Star (2007 bi)
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Pyseudocolor
Vo*d«w%
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1.0000-05
10000622
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Z-Axis
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Exploding 200 Mo Star (2007 bi)
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Mixing of PSNe
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How does mixing occur?

p=Ar"
1 —(w+3)
Ve = A(o+u)E wtb) ¢ 5tw
Sedov, 1959
dP dp

dr dr

3}'

prit

vvvvvvvvvvvvvvvvvvvvvvvv

50 100 150 200 250
Enclosure Mass [M ]

< 0 (Rayleigh—Taylor instability)
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Mixing of Elements

BSG 150 ; BSG 200 BSG 250
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Mass Core E Ni
[Me] [Mo] [10°2erg] [MO]

B150 150 67 1.29 0.07 Burning weak
B200 200 95 4.14 6.57 Burning weak

Model Instab. Mixing

B250 250 7.23  28.05 Burning weak
R150 150 1.19 0.10 Rew. Strong

R200 200 3.43 4.66 Rev. Strong

R250 250
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(P)PSN

SN la
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Super Luminous SNe
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peak luminosity (ergs/sec)
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10|

peak luminosity (ergs/sec)
more energetic, larger radius ——
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10|

peak luminosity (ergs/sec)
more energetic, larger radius ——
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Co'urtesy' of Dan Kasen
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PSN or PPSN?
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Asymmetry Explosion and Ni reduce !!
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Solar Metallicity PSN
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GR Instability Supernovae (GSNe)
M*>> 100 Mo

Vo O
- Q. 3500
Q2933

= Q2%7

- Q1800
Q123
Q06ea?
Q000

Max 0379
My 47010

Chen+ ApJ 790 162 (2014)
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GR correction for massive stars

(Hydrostatic equilibrium in general relativity)

|

Mass and Pressure

Tolman-Oppenheinmer-Volko equation
I’ i
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Chen, Physics 2015
Chen, Monthly In Jature, Oct. 2014
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An exploding supermassive star

Supermassive black holes—millions to billons times more massive than the Sun—reside at the center of almost every galaxy, and
they power distant, bright quasars that already existed when the universe was only a billon years old. But understanding how such
supermassive black holes could form so early In the universe & a challenge. Some theoretical models suggest that they could have
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Take Home Message |

";k.\ == ‘._'/d"
¢ Nt
SOMO <M*< 150 MO 150 MO <M*< 250 MO M* ~ 55,0002 MO
1. e+/e- creation instability l. e+/e- creation instability 1. GR instability
2. Several eruptions 2. One powerful explosion 2. Explosive burning helium
3. Dic as Fe-core collapse SNe 3. Lots of Ni (up to 30+ M©@) 3. One giant explosion
4. Multi-SN lumi 4. Mixing due to burning and 4 Mixine d burnine instabili
. Multi-SNe (one superluminous) hydro instabilities . Mixing due to burning instability

5. Mixing during shell collisions

Explosion energy ~ 107 erg
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Slice Through the Interior of a Supermassive Star

Supernova Alert! Astronomers Spot Warning Outburst
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Simulations of Thermonuclear Supernovae
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How did the First Galaxies Form?

time

Bromm, & Yoshida (2011)
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Bromm, & Yoshida (2011)
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Characters of the First Galaxies

Bromm, & Yoshida (2011)

* Mass scale ~ M.

* Redshift ~

* Self-bound system.
o Affected from the previous stellar feedback

e Hosted the Pop Il and Pop Il stars
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o Affected from the previous stellar feedback

e Hosted the Pop Il and Pop Il stars
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Chemical Abundance ?
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Chemical Abundance ?
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Chemical Abundance ?
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Chemical Abundance ?

Fe-core Collapse SNe
Nordhaus+ 2010
Using CASTRO
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_Chemical Abundance ?
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The First Binaries

L

Lengttc 3000 AU (physicel) x=y plane

Turk+ (2009) Stacy+ (2011,2012)
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Cosmological Simulations

Chen+ ApJ (2015a)

Gadget-2 (Springel 2005)
1. Star formation
2. Radiative transfer
3. Diffusion mixing

4. Chemical cooling
Bromm+ 2002,2003 Johnson+ 2007

Greif+ 2009, 2010 Jeon+ 2012

Possible radiative feedbacks

1. lonizing photons

2. SN shock reheating

3. X-Ray Binaries
Chemical enrichment

1. SN feedback

Saturday, November 28, 15



Cosmological Simulations

Chen+ ApJ (2015a)

Gadget-2 (Springel 2005)
1. Star formation
2. Radiative transfer
3. Diffusion mixing

4. Chemical cooling
Bromm+ 2002,2003 Johnson+ 2007

Greif+ 2009, 2010 Jeon+ 2012

Possible radiative fewecYvacks

1. lonizing photons

2. SN shock rebe@yifg
3. X-Ray BinaxigsS

Chemica! enrichment
1. SNfdedback
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1 0—!9
10"

10"

1019

10"

Single Star Models

LW

HlI

Hel

S60
545
S30
S15

10

Mass MS post-MS  total  fates  metals (SN/HN)
(Mz)  (Myr) (Myr) (Myr) (Mz)
15 9478 1.031 10.51 SN 1.388
30 5208 0509 577 BH, HN 6.876
45 3.995 0.394 4.39 BH, HN 13.26
60 3426 0.345 3.77 BH, HN 20.66
Table 10.1 Stellar lifetimes and fates
X* Type Mases E* mass cjoction Notes
(Ms) (B)
S SN <25 1.2 allbut ~15M, leaves neutron star
B BH 225 0 Nome complete collapse 10 BH
H HN <210 ~0% big explosion, leaves black hole

Table 10.2 Summary of assumed stellar fate characteristios: ® sentined used in model

names to indicate fate of star. * Explosion energy.

Mass HI Hel Hell
(Ma) (10%) (10%) (10°)
15 0.64 0.16 0.10
30 1.82 0.72 1.37
45 298 1.45 4.3
G0 4.18 2.21 8.31

Table 10.3 Number of ionizing photons emitted over the lifetime of a star.
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Radiative Feedback
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Radiative+Supernova Feedback

Metal

515

S30

10
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Binary Models

10*

10

e

10“/

P U ST VRN TR S SR SN S S S S

LW

Hel

Binary HI Hel Hell ty
(10%) (10%) (10%) (Myr)

S304S30  3.64 1.44 2.74 5.77

S454S15  3.62 1.61 4.43 10.51

S60 4.18 2.21 3.31 3.77

Case Masses Separation Fate Fate metals (SN/HN)
(Ma) (distance) 1 2 (Mg)

I 30430  wide HN HN 13.74

11 30430  wide BH BH 0.00

111 45415 close BH 0.00

111 45415 close HN 13.26

AY 60 HN 20.66
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Binary Models

4 LW
10‘9-/,—/ .
10} .
1047_ -
Hi

Binary HI Hel Hell ty
(10%) (10%) (10%) (Myr)

S304S30  3.64 1.44 2.74 5.77

S454S15  3.62 1.61 4.43 10.51

S60 4.18 2.21 3.31 3.77

Case Masses Separation Fate Fate metals (SN/HN)
(Ma) (distance) 1 2 (Mg)

| 30430  wide HN HN 13.74

I1 30430  wide BH BH 0.00

111 45415 close BH 0.00

111 45415  close HN 13.26

v 60 HN 20.66
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Radiative Feedback (Binaries)

S30+S30 S45+515 S60
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SN Feedback (Binaries)

S30+S30
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The Impact of the First Stars,
Supernovae, and Binaries

Ken Chen

University of Minnesota

Background music: Pirates Of The Caribean
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Properties of Large Scale Structure

t = 15 Myr

h - -

Temp.
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Properties of Large Scale Structure

t = 15 Myr

h - .

Temp.
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Properties of Large Scale Structure

t=0 t= 15 Myr

Density

Temp.
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The First Galaxies

radiation SN metal
single star |strong weak
binary star |weak (x-ray) |strong
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Magnetar

30 Mo >M*>15 Mo
Chen+ 2015b to be submitted
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Magnetar

30 Mo >M*>15 Mo
Chen+ 2015b to be submitted

0.5 1.0 1.5
R-Axis (x10°12 cm)

user: kchen
Thu May 29 21:13:41 2014
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Magnetar

30 Mo >M*>15 Mo
Chen+ 2015b to be submitted

Crab Nebula - M1
Hubble Space Telescope - WFPC2

NASA ESA and J Mester (Artrons Stale Urdeenity) STScAPRC0S- T
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Hypernova and GRB !!!

60 Mo > M* > 30 Mo
Chen+ 2015c to be submitted
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Hypernova and GRB !!!

60 Mo > M* > 30 Mo
Chen+ 2015c to be submitted

Var: density
e 10.
300

.»0.1.
R

~ 1.00-06
Max: 530+08
Min: 83e-06 100 -

~100 -

=200 -

-300 -

-300  -200  -100 0 100 200 300
R-Axis (x10"9 cm)

user: kchen

War AMmns21 12.22.44 9N1A
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Current and coming research projects:
Realistic SN observational Signatures
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A Type la Example from Kasen+ 2008
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3D Radiation Transport Simulation of PPSNe
Chen+ in prep.
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3D Radiation Transport Simulation of PPSNe
Chen+ in prep.
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3D Radiation Transport Simulation of PPSNe
Chen+ in prep.
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SN chemical enrichment of a pristine halo

Chen in prep.
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