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Part I:

Why transient geometry?
How do we know?

What have we learned?



The shape of cosmic explosions

Type la: Single Degenerate Double Degenerate

Kavli/IPMU
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How polarimetry measures the geometry?

! L
D'a“%fs Basic principle:
Q ‘
g Electron (Thomson)
Scattering
e- electric vector
inbound radiation & .

Electric vector

outbound

the plane of scattering



How Polarimetry measures the geometry?

Spherical: p=0

EE Electron Scattering ﬂE The last scattering:

Adding all E-vectors how the photon will be polarized;




How Polarimetry measures the geometry?

Aspherical: p# 0



How Polarimetry measures the geometry?

EE Elelctron Scatteruag ]E

Adding all E-vectors
™ e

Aspherical
(elements):
Spectral linep # 0




How Polarimetry measures the geometry?

; Photosphere Recedes
Earlier > Later

Polarization may change over time: seeing different layers
Ejecta Expand — Density Drops — More Transparent — Inner Seen



Tracing the B-field with aligned dust grains

interstellar polarization

star

aligned dust

polarized

observer

unpolarized

Large & Small-Scale B-field, Galaxy & Star-forming regions

Grain Size Distribution

Nearby Stars (d < 1 Kpc) .

(Fosalba et al. 2001)




Polarimeters

Big Mirrors:

FORS2 @ 8.2-m VLT UT1 (Chile)

LRISp @ 10-m Keck (US HI)

GPI-2.0 @ 8.1-m Gemini-N (Imaging, upcoming, US HI)

RSS @ 7.9-9.2-m SALT (South Africa)

PEPSI @ LBT (Double 8.4-m, R~100,000, US AZ);

SPOL (optical) and MMTPOL (Near IR) @ 6.5-m MMT, US AZ
WIRC+Pol @ 5-m Palomar 200 Inch (Near-IR, R~100, US CA)
ISIS (Spec) & LIRIS (Imaging) @ 4.2-m WHT, Spain

Small Mirrors: Good Ref for
Kast (Spec only) @ 3-m Shane, US CA Mephisto Pol

ACS/WFC @ 2.4-m HST -
Himaraya Chandra Telescope @ 2.0-m HCT, India  Multi-color Polarized
RINGO—MOPTOP (Imaging only) @ 2-m LT, Spain Followup + Survey

HOWPoL @ 1.5-m Kanata Telescope, JP



Polarization - Wollaston Prism

Unpolarised light
(randomly polarised)




Polarization - Wollaston Prlsm

‘D <1 Filter wheel

HWP rotated at 22.5 deg four times
C <4 or
QWP rotated at 45 deg two times

B FORS2:
| halfwave retarder plate (angles

| of 0, 22.5, 45, and 67.5 deg)
il + Wollaston prism

£°(6:)—f°(6i
F(0;) = f029;3+f‘*§9,-;

s Ordinary beam
< Calcite plate or Wollaston prism 4 .
| ' o Extraordinary beam
) 2000 3000 4000

Det
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WFC/HRC 1

Outer: FR782N
Middle: FR656N
Inner: FR716N

Brown, Yang, Wang+ (2016)
Yang, Wang+ (2018)  from OTA

HST ACS/WFC
Imaging Polarimeter

[ = %[r(POLO) + r(POL60) + r(POL120)],
0= %[2;» (POLO) — r(POL60) — r(POL120)],

U= %[r (POL60) — r(POL120)],
~ POL 120V

—1—— WFC
detector

Py 2 WRC/HRC
‘P 45‘(_1’/ filter wheels

Z4

N—=og J
=




Polarization - 3 polarizers

—1—— WFC
detector

Mephisto:
3 polarizers (easier)

Challenges:
Instrumental Pol
(beam split,
off Cassegrain)

"5 WFC/HRC
—4 filter wheels

Calibration:
Non-trivial, feasible

Brown, Yang, Wang+ (2016)
Yang, Wang+ (2018)  from OTA



Part I:
Why geometry?
How do we know?

Part Il:
What have we learned?



Thermonuclear supernovae

~4 day after explosion |~20day after explesion (peak)

O

-




Ejecta-companion / CSM interaction:

Short-lived: early data.

Thermonuclear supernovae (Early Phase)

absolute magnitude

bolometric  }

absolute magnitude

B-band

V-band

15

days since explosion

Kasen et al. 2010

15

days since explosion
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Thermonuclear supernovae (Early Phase)

day —14.5 v=14200 km s~
= hv=20000 km s

- M pCont =0.21%+0.00%  Early Cont p%
i3 @ Epoch 1, day —14.5

T First ~3 days:

1 pCont —0.10%-+0.08%  Aspherical Outer layer
© Epoch 2, day —11.4

v=12600 km s~'

day —11. e
hv=19300 km s

t Photosphere

~1E-3M,,,

1100 km s~
hv=19000 km s~

{ pCont —0.08%++0.08%
© Epoch 3, day —6.4

Inner:

4 LCont _ 0 0 .
P =0.11%=+0.10%
i | © Epoch 4, day +0.5 Spherical

|
Ii e el
0.8F doy +14 5 v= 9700 km s
0.6 ‘ I
0'4 ‘| ik l il i ﬁl‘\m

5000 6000 7000 8000

S| 1]

pCert =0.19%+0.11%
@ Epoch 5, day +14.5

Yang & Hoeflich+ 2020, Hoeflich & Yang+ 2023




Thermonuclear supernovae (Early = outer layers)

A thin, aspherical outer layer:
Ejecta—Companion/Disk interaction;

Early: p~0.2% (?E 0), a/b~1.2-1.4

)

Photosphere

Mephisto:

Young la

r [10'3 em] r [10'3 em] r [10'3 cm]
Boehner et al. (2017) Yang & Hoeflich+ 2020, Hoeflich & Yang+ 2023



Type lI/1IP SNe

Br'g ter Core revealed ASp
11 E Photospheric Becoming nebular 4
1nf 08y % 4
) Early %
e Plateau ‘ \ + e V-band magnitude  _|
‘é 13 ° \ m Degree of polarization
= 4
&
2
o 14 }
©
3
2
=
15 + ]
Fainter
11 S S N s S .
0 50 100 150 200 250

Days since explosion

erical Quter: Spherical
0.6

herical
0.5
0.4

Leonard+ 2006



0.0 '2"1"'1"'1"'1"'/'
Type II/1IP SNe 'x“°/DoF=239/125 i;‘ '
- SN 2021yja: T |
~0-2T" High Early pe>t; First high%ly
" axialsymmetry in Type Il ‘_§_
Outer: Aspherical —0.41
X
> =0.6
Bi-polar explosion? |
-0.8F
Binary?
~1.0F
-1.0 -0.8 -06 =04 -02 0.0

Q [%]

Vasylyev & Yang+ (2024): SN 2021yja, Vasylyev & Yang et al (2023)




Type II/IIP SNe | 5600-6400 A

— Intense mass loss (disk) before death;
SN 2023ixf, from day +1.4
Degree: P =/ Q2 + U?

Mephisto:

Position Angle: 0 = Jtan™!(

Qlc
N’

Young Core-Collapse
Days 1-3 Days 3-5 Days 5-15

Ejecta Ejecta Emerging
— —
Optically Thick CSM
Optically Thick
Vasylyev & Yang+ (2023) CSM
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SN2024ggi (VLT specpol)

~day 1 (d>
244ggi -

SN2024ggi Aspherical
Shock Breakout Ejecta
Geometry +
Well-structured Aspherical
Bipolar Explosion CSM:
Mephisto CCSNe: Pol #0

Outer-to-Inner Geometry Yang et al. in prep



Summary: SN2024ggi

SN2024ggi:
Highly structured, bipolar explosion (jet?) & disk-like CSM

Crab Nebula (Nov 2008 vs May 2011) Jacco Vink

NASA/ CXC / SAO




Interacting Supernovae

— Long-lived;

— dramatic mass loss;

Still shining after 17 years!




Interacting Supernovae

— Long-lived;

Mephisto:

35350 6500
Rest—Frame Wavelength [A]

7650

Interacting SNe (late-time)
— SN2018evt: High p%: dramatic disk-like mass loss;

- Promising dust factories;

8800

(%)

% X?/DoF = 629/90

Epoch 1, 50A bin 22

X2/DoF =634 /89
Epoch 2, 50A bin

Yang, Baade, Wang+ (2023)




Superluminous Supernovae Mephisto:

. - ; : . ' [ &)
e Superluminous supernovae StSNe__—
(~10-100x brighter =l ﬁ $ BN
. —_ 21} - ® SLSN threshold - *_ SLSN-R |
than others): = - <4 SNlin
E -20 de SN la
Highly spherical (p~0%): § B £ B
huge amount of energy! % i iq SNII-P |
v
QE, -17}
5
8 -16 (5% <
2 -15T @
v
_14 -
-13 . 8 : . .
-100 0 100 200 300 400 500 600

Days from peak [day]

Brown, Yang, Wang+ (2016)



GRB-Associated SNe 1l Line Forming Regions:

l . Differer!f Geometry

7000

6000

5000

Symmetry axis: parallel to LOS:

low p% .vs. high High p% observed: A 8

Mephisto:

Maulnd et al (20107)

—4 = 0 % -4

GRB-SNe, Ejecta Tomography



[(e]

Polarization (%)
NOW A U O N
1 L 1 1 1 1 1

=

o

b*

e Fast Blue Optical Transients (energetic):
A compact accretion disk

AT2018cow, Maund, Hoflich, Steele, Yang+ (2023)
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FBOT

Mephisto:

SN explosion

N

SN ejecta exceeding disk

Fast Transient

- ‘\'
Z=axl ( Region Il )

/Q \q% »T | ‘ \7\\0\\15\3\\0\'0 - (yo u n g)

S |
B ,,.U(:SM

o TR | Wen, Gao & Yang+ (2024)
SN B CSM disk =

: (Regionl) g
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Tidal Disruption Events
e Black Hole eating a star: =
Accretion disk + reprocessing layer =
F continuum ]
Patra, Lu, Yang+ (2022) —o.5 [ WR: 54008600 4 :
'xHDoF==141 i
Mephisto: TDE (early-to-late) TS0 05 00 05 Lo
T : : q (%)

X-ray
(eROSITA)
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Kilonova

Squeezed dynamical
v = 0.2¢-0.3c

Tidal dynamical

- v = 0.2¢-0.3c
Disk wind
v<0ic

Neutron star + neutron star
Long-lived neutron-star remnant

Kasen et al. 2017

Squeezed dynamical
v = 0.2¢-0.3c

Tidal dynamical

> 0.ccc

v<0.1c

Neutron star + neutron star
Remnant promptly collapses to black hole

Unpolarized™ u®

Unpo\ar‘\se(
\

Polarized

Tidal dynamical

- v = 0.2¢-0.3¢c
Disk wind

v<0.1c

Neutron star + black hole
Black-hole remnant




Kilonova

A

Polarization (%)

02
Ol
00

0.2
—03 A
0.3-0.2-0.1 00 01 02 03

Vs [c]
Bulla et al. 2021

—01

e

O O =
o Ot O Ot O

p% @ ~2 days after the merger:
drops rapidly over time

05 1.0 15
Wavelength (#m)

Mephisto: Kilonova (rapid followup)
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Summary

Q: Transient Shape?
A: Diverse;
mostly aspherical

Q: More Opportunities?
A: Binary, (Exo)Planets,

Accretion, Dust & B-field,

AGN, Kilonova, Galaxy...
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t, : time to decline by 2 mag (days)



Orbital inclination;

Rotation (deformation);

Detect the disk or wind (BH X-ray);
Wind Profile & Mass-Loss Rate

(WR Stars, colliding wind binaries);

Binaries

Mephisto:

grawty distribution

° @

reflected light &
pol vector ll

Total intensity &
pol vector

1000 ppm



. . . 1.03 +/-0.05 %
Polarization of Accretions |

main sequence [N @000 W .
White dwarf (WD) or slightly
Mass-accretion Rate (CV); evolved

low mass star

Dusty disk of brown dwarf

Accretion disk 50_% Stolker et al. (2017)
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. R /:.'.' ‘: : s y //?/ 7
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Processes
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Polarization of AGN

~

Synch
Emissio

N

Spiraling
electrons

p% variability (min-to-yr): Blazar flares, B-field in jet evolution; MephiStO:

particle acceleration, jet dynamics, radiation processes... AGN & Blazars



Polarization of Galaxies

29°40'

) % z 7\ ;; .‘l i Y e =
=\ e
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Dec (J200)

P

5
i

= . N ERgE r
° ¢ S ~

13"37%20° 007 36™40° 20°

RA (J200) > 2 .
B-field, grains, wavelength dependence; : M83, Mishra & Yang ?t al..ln Prépsg

Young Stellar Objects & Star-Forming regions; MephistO' po/o map
Intragalactic regions; ’

Galaxy mergers, etc of Nearby Galaxies



Summary

Mephisto
— Polarimetry tech

— Polarized night Sky

| 1.03 +/-0.05%

latitude

90 I

Dust '& Magnetlc Fleld

180
longitude

180
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Very Late (~year): CSM Mapping with polarized photons
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SN2014J: ~1E-4 M CSM @ ~1 ly: mass ejeciion from double-WD
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SN2024ggi (VLT specpol)
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SN2024ggi (VLT specpol)
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SN2024ggi (VLT specpol)
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Results: Thermonuclear supernovae (Early = outer layers)
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b Prolate: a=b=1, c=2.5
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What does a flip’ mean?

==
-20

15

-5
Doppler velocity (1 0 km s")

10 |

05

0.0

e ! RS

-0.5 F

-1.0

1.5 1 1 1 1 1
<15 1.0 05 00 05 1.0 15




0.4

UO.O B

=), Z [~

-0.4

- Oblate: a=b=1, c=0.4
02l Flip on QU:

" prolate > oblate / “
~First week .~

=0,

I—o.zl | 'Qo' | '0,2' | '0,4 Tanaka (2017)

—_
2
<
=

What does a flip’ mean?
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Too far to resolv
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