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Supernova Refsdal = Galaxy Cluster MACS J1149.5+2223
Hubble Space Telescope = ACS/WFC = WFC3/IR

NASA and ESA STScl-PRC15-08a
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SN Refsdal: discov.e_ry
2 strongly lensed
supernova was found in
- the MAGS J1149.6+2223
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November 2014

“Kellyetal.
arxiv:1411.6009 ,



Simulation of Cosmic Lens

The Whirlpool Galaxy Seen Through a Cosmic Lens

What if we could take a
well-known galaxy and put it
behind one of our Frontier
Fields galaxy clusters? What
would that look like?

Thanks to Dr. Rachael Livermore of the University

of Texas at Austin and Dr. Frank Summers of the

Space Telescope Science Institute.
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Cluster MACS J1149.5+2233 and SN Refsdal

Hubble Sees Distant Supernova
Multiply Imaged by Foreground Galaxy Cluster

by NASA, ESA

MACS J1149.5+4-2233

z = 0.54 (Grillo, 2015)
D; = 3.14 Gpc

D, = 1.32 Gpc
Members (Treu, 2015):
0.520 < z < 0.570

SN Refsdal is located
at the outer spiral arm
(Re ~ 7 kpc)
z=1.49

D; =11 Gpc

D, =1.771 Gpc



Cluster MACS J1149.5+2233 and SN Refsdal

Hubble Sees Distant Supernova
Multiply Imaged by Foreground Galaxy Cluster

=S4

by NASA, ESA by T.Treu (2016)




The lens equation
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0 is the observed position of the source, « is the deflection angle,X(0) is the surface
mass density of the cluster at the position 0, § is the position of the background
source, D;, Ds and Djs are the angular diameter distances to the lens, the source and
from the lens to the source.

geom: time delay due to the extra path length of the deflected light ray relative to an

unperturbed null geodesic
grav: time delay due to general relativistic time dilation, Shapiro time delay



Models of Lens (Diego, 2016)

B=60—ab,X)

0 is the observed position of
the source, o is the
deflection angle,X is the
surface mass density of the
cluster at the position 6 and
(3 is the position of the
background source

The surface mass density is described by the combination of
two components:

(1) A soft (or diffuse) component that is parametrized as a
super- position of Gaussians on a grid of constant width
(regular grid) or varying width (adaptive grid).

(ii) A compact component that accounts for the mass
associated with the individual haloes (galaxies) in the
cluster. This component is modelled either as Navarro Frenk
and White profiles with a mass proportional to the light of
each galaxy or adopting directly the light profile (in one of
the IR bands).



Models of Lens (Diego, 2016)

B=0—a,x)

0 is the observed position of
the source, o is the
deflection angle,X is the
surface mass density of the
cluster at the position 6 and
(3 is the position of the
background source

The surface mass density is described by the combination of
two components:

(1) A soft (or diffuse) component that is parametrized as a
super- position of Gaussians on a grid of constant width
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(ii) A compact component that accounts for the mass
associated with the individual haloes (galaxies) in the
cluster. This component is modelled either as Navarro Frenk
and White profiles with a mass proportional to the light of
each galaxy or adopting directly the light profile (in one of
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Lens mass

Sha-a Mass (Kappa) Die-a Mass (Kappa)

0Ogu-a Mass (Kappa)

0.0

Summary of Models (Table 5)

Short name Team Type rms  Images
Die-a Diego et al. Free-form 0.78 gold+sil
Gri-g Grillo et al. ~ Simply param  0.26 gold

Ogu-g Oguri et al.  Simply param 0.43 gold
Sha-g Sharon et al.  Simply param 0.16 gold
Zit-g Zitrin et al.  Light-tr-mass 1.3 gold
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observed and ™"
predicted images
of SN Refsdal and
those of the,
multiple images of
its host galaxy.

sby Treu+ arxiv:1510705750 b ; ' S



Magnification & Time delay

Magnification: u = 5 dp

Source 1(S1) n(52) 1(S3) 1(54) 1(SX)
Diego+(2015) | 1(S;)/n(S1) | 1.89 £0.79 | 0.64 £0.10 | 0.35£0.11 | 0.31 £0.1
Sharon+(2015) | 18.575% 14473, | 20579F | 110759
Oguri+(2015) | 154+16 | 17.7+19 | 183+£1.9 | 98+14 | 42+03
Grillo+(2016) 1357704 12.479; 13.47557 5757 48743
: . _ 1424 DyDs 1 2

Source At(S2—S1) [ At(S3—S1) | At(S4—S1) | At(SX — S1)
Diego+(2015) 17 £19 —43+£27 73+£43 262 £ 55
Sharon+(2015) 2.07¢ —5.0%%, 7070 237730
Oguri+(2015) 9411 5.6 £ 0.5 20020 | 335.6+20.7
Grillo+(2016) 10.6770, 4839 25.9737 ¢ 361755,




Magnification & Time delay

' ine g, — 9.df
Magnification: u = 545
Source 1(S1) 1(52) 1(53) n(S54) 1(S5X)
Diego+(2015) | u(5)/n(S1) | 1.89£0.79 | 0.64+£0.19 | 0.35+0.11 | 0.31 £ 0.1
Sharon+(2015) 18.57%% 14.47:3 ¢ 20575 11.0159

Grillo+(2016) 1357165 12.47-9. ¢ 13.453 57351 48753
: . 1424 DgDs 1
Time delay: t(0) = 122 5P [1(0 — )2 — 4(0)]
Source At(52 — S1) [ At(S3—S1) | At(54—S1) [ At(SX — S1)
Diego+(2015) 17+£19 —4.3+27 73+43 262 + 55
Sharon+(2015) 2.0°F —5.03, 7.079 237737

Grillo+(2016)




What Is a SN Refsdal?

Q: What was before the supernova explosion? Can we derive the
parameters for the supernova progenitor?

Q: Can we reproduce a supernova in our simulations?

I ITEP B petrbakianov@itep.ru 12747



Observations: LC of SN Refsdal

The multi-color photometric data were obtained for 400 days

following the discovery.

There is a slow rise to maximum light (over ~ 150 days).
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Observations: the spectra of SN Refsdal

Spectrum of H,, taken —479
by HST WFC3 Grism
2
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The analysis of observations

Rodney S.A. et.al. arxiv:1512.05734

» The hydrogen lines are shown in SN Refsdal’s spectra so it should
be SN II.

» SN Refsdal’s slow rise to maximum light (over ~ 150 days) is clearly
inconsistent with the rise times for the most common SN types
(e.g., la, Ib/c, 1I-P, and II-L).

» Rodney have compared the SN Refsdal observations with these
normal SN classes, using a library of 42 templates drawn from the
Supernova Analysis software suite — unsuccessfully

» Rodney concludes that the peculiar SN 1987A-like sub-class
provides the best matches to the observed shape of the SN Refsdal
light curve.

There is a need for research to be targeted at this supernova.

We have used a progenitor model calculated by Nomoto & Hashimoto
(Nomoto, Hashimoto 1988, Phys. Rep., 163, 13)



Model assumptions and implementation

Hydrodynamics, spherical symmetry, self-gravity, Saha-Boltzmann
ion populations (with some NLTE control), no blackbody
assumptions on radiation field, artificial thermal bomb explosion.

Using STELLA code, developed for supernova light curve
simulations, (Blinnikov et al., 1998, 2006)

>

| 4
>
| 4

Multigroup time dependent radiation hydrodynamics
Non-relativistic (O(v/c)), spherically symmetric
Lagrangean coordinates, staggered mesh

Full implicit time-dependent predictor-corrector solver for stiff
ODE systems, modified Gear method, flexible dynamic step
and error control

I ITEP B petrbakianov@itep.ru  16/47



The progenitor model: chemical composition

We have used as initial model the evolutionary model of Nomoto &
Hashimoto (1988)

Density as a function of the interior mass Abundance distribution as a function of
and radius enclosed mass for the ejecta
‘ nommixa
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SN 1987A: E = 1.7 x 105! ergs, M = 16.6 M, Mssp; = 0.078 Mg,

Modeling Light curves of the supernovae:

W|th SN 1987A with SN Refsdal

=5.14e+04 mu=1.0 Ebv mu 15 4 ebv=0.00
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Good fit! A bad agreement with the

observations



The path to the best model

» We have increased the ejected
mass M = 16.6 — 26.6 Mg

» We have increased the
explosion energy
E=17—5x10% ergs

» We have increased the mass of
56Ni:
MSGN,' =0.078 — 0.116 M@

» We've increased the degree of
56Ni mixing

» But we've decreased the
metallicity
Z — Z(SN 1987A)/10

556950 2=1.49 D=1.10+10 mu=15.4 eby=0.0(

556950 2=1.49 D=1.100+10 mu=15.4 eby=0.0




Best model: IvVII4E5R50M26Ni2m2b1m3Z01

Magnitude

30
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— Vel IV14ESRSOM26NiZm261m32Z01
m {8® n..xery
!
. —
S
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Time [days]

The SN model:
RO == 49 R@
Mtot == 26 M@

M56Ni =0.13 I\/I@(mixed)
Z =0.1 Z(SN 1987A)
E =5 x 10 ergs

nnnnnnnnn

SN 1v987A vvelocities

20




Best model: IvVII4E5R50M26Ni2m2b1m3Z01

Magnitude
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The SN model:
RO == 49 R@
Mtot == 26 M@

M56Ni =0.13 I\/I@(mixed)
Z =0.1 Z(SN 1987A)
E =5 x 10°! ergs

Is this something
unusual?



SN Refsdal is not unusual

A&A 532, A100 (2011) Astronomy
DOI: 10.1051/0004-6361/201117137

©ES02011 Astrophysic:

Supernova 2000cb: high-energy version of SN 1987A
V. P. Utrobin!? and N. N. Chugai®

! Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, 85741 Garching, Germany

e-mail: utrobin@itep.ru
2 Institute of Theoretical and Experimental Physics, B. Cheremushkinskaya St. 25, 117218 Moscow, Russia
? Institute of Astronomy of Russian Academy of Sciences, Pyatnitskaya St. 48, 119017 Moscow, Russia

Received 26 April 2011 / Accepted 6 July 2011

ABSTRACT

Context. Among type IIP supernovae there are a few events that resemble the well-studied supernova 1987A produced by the blue
supergiant in the Large Magellanic Cloud.

Aims. We study a peculiar supernova 2000cb and compare it with the supernova 1987A.

Methods. We carried out hydrodynamic simulations of the supernova in an extended parameter space to describe its light curve and
spectroscopic data. The hydrogen He and Hp lines are modeled using a time-dependent approach.

Results. We constructed the hydrodynamic model by fitting the photometric and spectroscopic observations. We infer a presupernova
radius of 35 + 14 Ro, an ejecta mass of 22.3 + 1 M, an explosion energy of (4.4 + 0.3) X 10°! erg, and a radioactive °Ni mass of
0.083 + 0.039 M. The estimated progenitor mass on the main sequence lies in the range of 24—28 M,,. The early He profile on Day 7
is consistent with the density distribution found from hydrodynamic modeling, while the Ha line on Day 40 indicates an extended **Ni
mixing up to a velocity of 8400 kms~'. We emphasize that the dome-like light curves of both supernova 2000cb and supernova 1987A
are entirely powered by radioactive decay. This is unlike normal type IIP supernovae, the plateau of which is dominated by the internal
energy deposited after the shock wave propagation through the presupernova. We find signatures of the explosion asymmetry in the
photospheric and nebular spectra.

Conclusions. The explosion energy of supernova 2000cb is higher by a factor of three compared to supernova 1987A, which poses a
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The lens models: Magnification & Time delay

Magpnification

Source 1(S1) 1(52) 1(S3) n(54) 1(SX)
Diego+(2015) | u(S;)/n(S1) | 1.89 £0.79 | 0.64 £0.19 | 0.35£0.11 | 0.31 £0.1
Sharon+(2015) 18.575% 14.473 20.57 2t 11.075%
Oguri+(2015) | 154+16 | 17.7+£19 | 183+£1.9 | 98+14 | 42+03
Grillo+(2016) | 13.573G% [ 124735, | 134537 57737 487%%

Time delay

Source At(S2—S1) [ At(S3—S1) | At(S4—S1) | At(SX — S1)
Diego+(2015) 17£19 —43 27 73+£43 262 £ 55
Sharon+(2015) 2.07¢ —5.01%, 7.07% 237737
Oguri+(2015) 94+11 5.6+ 0.5 209020 | 335.6+20.7
Grillo4-(2016) 10.6772, 4.839 25.973% ¢ 361755




SN Refsdal and lens models: Sharon et al., 2015
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SN Refsdal and lens models: Diego et al., 2015
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SN Refsdal and lens models: Grillo et al., 2015
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SN Refsdal and lens models: Oguri et al., 2015
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SN Refsdal: the prediction of image SX

b .
.
. .
' .
-
‘ Ya
.oy '
-
-
o P .
N
I e
o ox N
\
;o . '
. o il
. S e @ .
\ r Tyl .
v i

E

Figure 1. Multiple images of the SN Refsdal host galaxy behind MACSJ1149.5+2223. The left panel shows a wide view of the cluster,
encompassing the entire footprint of the WFC3-IR camera. Spectroscopically confirmed cluster member galaxies are highlighted in magenta
circles. Cyan circles indicate those associated with the cluster based on their photometric properties. The three panels on the right show in
more detail the multiple images of the SN Refsdal host galaxy (labeled 1.1, 1.2, and 1.3). The positions of the known images of SN Refsdal
are labeled as S1-S4, while the model-predicted locations of the future and past appearances are labeled as SX and SY, respectively.

MACS J1149.5-2233: Treu+ arxiv:1510.05750



SN Refsdal: the prediction of image SX
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lensed supernova SN Refsdal
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SN Refsdal: the prediction of image SX
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Figure 1. Multiple images of the SN Refsdal host galaxy behind MACSJ1149.5+2223. The left panel shows a wide view of the cluster,
encompassing the entire lootprint of the WFC3-IR camera. Spectroscopically confirmed cluster member galaxies are highlighted in magenta.
circles. Cyan circles indicate those associated with the cluster based on their photometric properties. The three panels on the right show in
more detail the multiple images of the SN Refsdal host galaxy (labeled 1.1, 1.2, and 1.3). The positions of the known images of SN Refsdal
are labeled as $1-S4, while the model-predicted locations of the future and past appearances are labeled as SX and SY, respectively.

MACS J1149.5-2233: Treu+ arxiv:1510.05750
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Light Curves of SX
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Summary of Models (Table 5)
Short name Team Type rms  Images
Die-a Diego et al. Free-form 0.78 gold+sil
Gri-g Grillo et al. ~ Simply param  0.26 gold
Ogu-g Oguri et al. ~ Simply param 0.43 gold
Ogu-a Oguri et al.  Simply param 0.31 all
Sha-g Sharon et al.  Simply param 0.16 gold




Conclusions

» Our major result is that SN Refsdal was the massive and
high-energy version of SN 1987A.

» The progenitor of SN Refsdal was the BSG with next parameters:
RO - 49 R@
Mtot == 26 M@
M56Ni =0.13 M@(mixed)
7 = 0.1 Z(SN 1987A)
E =5 x 10 ergs
» To make a prediction for magnifications & time delays of

gravitational lens models, to make constraints for the structure of
dark matter halos in galaxies

» To make a prediction of the maximum of SX image

» It is amazing that the progenitors of the closest and the most
distant SN IIP are the BSG stars.



