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For each epoch from 2000 - 2018:

- pixels are selected using a
Weighted Voroni Tesselation with
S/N > 80 (> 1000 counts/region)

- due to the bulk expansion of Cas -
A, the region locations and number |
of regions are epoch dependent el

- spectral parameters in any region GmE
are a convolution of the emission ,
from that region and contributions =
from adjacent pixels ‘

- use WVT mask to inform fitting
parameters

Banm

Broadband X-ray image of Cas A with WVT
selected regions overlaid
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For each epoch from 2000 - 2018:
- pixels are selected using a —

Weighted Voroni Tesselation with % M %

S/N > 80 (> 1000 counts/region)

- due to the bulk expansion of Cas RS M R
A, the region locations and number % ﬁ% ak %
of regions are epoch dependent T DS
- spectral parameters in any region j/% % M
are a convolution of the emission I
from that region and contributions [ Tt
from adjacent pixels ——
- use WVT mask to inform fitting
parameters
=
Sizi (Djwijoi?) . . .
o 17y \FJ 7 Schematic representation of how adjecent
Pi = Z (w 'O'._Q) regions contribute to the initial spectral
i#Eg W] parameter estimates for the region in
yellow
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Electron Temperatures and Ionization Ages (2018)

22_ M * Fits to each region produce a distribution

0 —1 | of temperatures, ionization states, and
o Noh | chemical compositions
< 701 S50 e Comparisons of the distribution of fit
§74] parameters from different cardinal

" ek directions highlight asymmetry in the

TTRs e s S SNR

o

logo[7/(cm™3 s)]
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QUANTITATIVE DIFFERENCES BETWEEN REGIONS

; Fe and Si Abundances Relative to O (2018)

4.0

@® North
® Fast

¢ Ineachregion, abundances are fit relative to
o oxygen
| * Fe/Siis generally higher in east than in north (~
B = 0.5)
= =+ Results are broadly consistent with Laming &

F2.0 -5

2 % Hwang (2003) and 15Msun progenitor models

[(Fe/O)/(Fe/O)e]

- 1.5

- 1.0

IA:F " Beyond larger scatter in 2018 dataset, no gross
|

. differences are seen in the abundances between
of5l 10 5 2.0 0.0 0 2000 and 201 8

[(Si/0)/(51/0)]
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QUANTITATIVE DIFFERENCES BETWEEN REGIONS

Spectral fit clustering for east (2018)

Te Net
(keV) (1011 s cm-3)

2000 2.1 15 785

2018 1.7 2.4

7.6

[Te/(K)]

e “kK-means” test computes cluster
averages from 2D distribution 2l

e outliers can drag mean away from “best =
fit (by eye)”

e underlying kernel is dependent upon !
the explosion, composition, and
circumstellar properties

o differences between epochs also reflect 70— 103 15 116
underlying adiabatic expansion of the logio[7/(cm™2 8)]

SNR (Sato et al. 2017)

0£10

0
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QUANTITATIVE DIFFERENCES BETWEEN REGIONS

Te Net

(keV) (1011 s cm-3)
2000 2.9 1.1
2018 1.9 1.6

* North region probably consists of more
than one cluster

(5102) Uese g onlIABSII

20 Years of Chandra

0 Spectral fit clustering for north (2018)

7.8F

7.0

104 10.8 1.2 11.6
logio[7/(cm™ s)]
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QUANTITATIVE DIFFERENCES BETWEEN REGIONS

Te Net

(keV) (1011 s cm-3)
2000 1.5 4.2
2018 1.5 3.2

* West region shows highest ionization
ages

e |n all, results are broadly consistent
with results from Hwang and Laming

 changes in Te and net can be
compared against 3D models

20 Years of Chandra

7.8F

log1o[Te/(K)]

7.0

Spectral fit clustering for west (2018)

7.6

104

10.8 1.2 11.6
logio[7/(cm™ s)]
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COMPARISONS TO 1D HYDRO MODELS

Spectral fit clustering for east (2018 : .
8.0 — o ' (2018) Model Cas A evolution to compare against the

e observed properties of the ejecta
78 R R : '::’0 7]
A 'o“ * Vw = 15 km s-1
N, M
- ! PCSM —
§ 7.0f q — 2.0 M@ _‘ “ “" 47var2
ﬁ - . 1 Madot = 2x10-5 Msyn yr-1
674 . "
= . : Use chemical composition
ﬁ —n  from a model for SN 1993J
...... n—=7 (w - XU L
[ A - EW; = ' Pej mapped onto a self-similar
...... n=12 (w) Mej ~ 3 M@ ejecta profile
01 108 11.2 11.6 51
logao|r/(cm ™ 5)] Egn = 1.5 X 107" erg
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COMPARISONS TO 1D HYDRO MODELS

Spectral fit clustering for nor . .
g oplctyal It clustering th (2018) Model Cas A evolution to compare against the
cewmrt e, observed properties of the ejecta
78T """":‘:":2:“ 7\'/1— rvw=15kms-1
_ P pc|lonization state and temperature of
< 7O : the ejecta are inconsistent with pure
E . 1 r-2 winds yr
074 P - it
B '* Use chemical composition
= . —n  from a model for SN 1993,
- ol Pej XV i
mapped onto a self-similar
LA~ ejecta profile
. , . | | MeJ ~ 3 M@
' 10.4 10.8 11.2 11.6 51
logao[r/(cm ™ 5)] Egn = 1.5 X 107" erg
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COMPARISONS TO 1D HYDRO MODELS

CSM profile for Wind+Cavity Model for Cas A

C T | IR L 1]
- i ~1400 yr 1 Model Cas A evolution to compare against the
2 | observed properties of the ejecta
B \ — shocked RSG wind Vw=15km s (r> 0.2 pc)
:I)E\ _99 __ unshocked 'fast’ outflow__ M
o I 1 PCSM — 5 vw = 103 km s (r < 0.2 pc)
< shocked ’fast’ outflow 7 47TUWT
'&é ] Mdot = 2)(1 0'5 Msun yl"1
2 23 unshocked RSG wind | . .
/d Use chemical composition
—n  from a model for SN 1993J,
i Pej X U ma i
_o4 L _ pped onto a self-similar
(I) - IO!ZI | IO!4I | IO{6I | IO{8I - 1I Me' S 3 M@ ejeCta prOf”e
R [pc] ]
_ 51
Possible CSM for Cas A progenitor gy = 1.5 X 107" erg
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COMPARISONS TO 1D HYDRO MODELS

CSM profule for Wmd+Covuty Model for Cos A

R I ! T o1
L .. ~1400 yr 1 Model Cas A evolution to compare against the
2 7 observed properties of the ejecta
I \‘\ — shocked RSG wind ]
'ﬁ_\' | _ Nej T Te RFS T Te RFS
! "fast’ f
g _29 __ unshocked 'fast’ out Iow__ (10" em=2s) (10°K) pe (104 em—®s) (107K) pe
g - shocked ’fast’ outflow Isotropic Wind*® Wind-Cavity”
&'9 : : 7 7.14 2.02 2.36 D220 1.99 2.58
3 23| nehocked RSG wing " 9 5.73 214  2.35 1.67 2.07  2.56
i 7 ] 12 3.16 2.27 2.34 3.12 2.02 2.55
el 1 |CSM models which include a small cavity
L L L produce larger SNR at 340 years, and
' R [pc] ' generally lower ionization ages in the shocked

ejecta

Possible CSM for Cas A progenitor
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COMPARISONS TO 1D HYDRO MODELS

. Spectral fit clustering for east (2018)

Model Cas A evolution to compare against the
n = 7 hydro models observed properties of the ejecta
78 - aammmmr®f Y S
. . — » —, \ .0‘ Nej T Te RFS T Te RFS
- — ’\ 3 (10" cm™2s) (107 K) pc (10" em2s) (107 K) pc
§ 7.6 _ ity ‘\“‘- Isotropic Wind? Wind—Cavity®
ﬁ » 7 7.14 2.02 2.36 2.22 1.99 2.58
%% - al \; 9 5.73 214 235 1.67 207  2.56
— \ 12 3.16 2.27 2.34 3.12 2.02 2.5
"""" no cavity I | i
72t === r=01pc - | CSM models which include a small cavity
- '" 8? pe produce larger SNR at 340 years, and
e | | generally lower ionization ages in the shocked
7.0 :
10.4 10.8 11.2 11.6 ejecta

logio[7/(cm™ s)]
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COMPARISONS TO 1D HYDRO MODELS

0 Spectral fit clustering for north (2018)

— - - - Model Cas A evolution to compare against the
n =9 hydromodels observed properties of the ejecta
7.8F ."’.\..0

g | .\“‘ Nej T Te RFS T Te RFS
- \ (10" em™2s) (10" K) pc (10" em™?s) (10" K) pc

§ 7.6 ‘\‘- | Isotropic Wind® Wind-Cavity”
= . 7 7.14 2.02  2.36 2.22 1.99  2.58
b% 7.4} \“_ i 9 5.73 2.14 2.35 1.67 2.07 2.56
= 'i 12 3.16 2.27 2.34 3.12 2.02 2.55

""" no cavity

72t === r=0.1pc CSM models which include a small cavity

produce larger SNR at 340 years, and

. . . , generally lower ionization ages in the shocked
10.4 10.8 11.2 11.6 ejecta

logio[7/(cm™ s)]

— = (.2 pc
- 1 = (.3 pcC

7.0
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COMPARISONS TO 1D HYDRO MODELS

. Spectral fit clustering for west (2018)

n = 12 hydso mrotelst s,
"‘/ \. 0‘

log1o[Te/(K)]

\ \3
\
: -4
------ no cavity -'_O-_ -
7ol =——= 1 =01 pc 3
e = ().2 pC -
- 1 = (.3 pcC
(BT 10.8 1.2 11.6
logio[7/(cm™ s)]
20 Years of Chandra

Model Cas A evolution to compare against the
observed properties of the ejecta

(10" em™®s) (10" K) pc

T Te RFS

(10" em™?s) (10" K) pc

Isotropic Wind®

Wind—Cavity®

7 7.14 2.02 2.36
9 5.73 2.14 2.35
12 3.16 2.27 2.34

2.22 1.99 2.58
1.67 2.07 2.56

3.12 2.02 2.99

ejecta

CSM models which include a small cavity
produce larger SNR at 340 years, and
generally lower ionization ages in the shocked

Dan Patnaude (SAO)
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COMPARISONS TO 1D HYDRO MODELS

. Spectral fit clustering for east (2018)

Model Cas A evolution to compare against the
n = 7 hydro models observed properties of the ejecta
78 - aammmmr®f Y S
. . — » —, \ ’0‘ Nej T Te RFS T Te RFS
- — ’\ 3 (10" cm™2s) (107 K) pc (10" em2s) (107 K) pc
§ 7.6 _ ity ‘\“‘- Isotropic Wind® Wind-Cavity”
ﬁ » 7 7.14 2.02 2.36 2.22 1.99 2.58
%% - al \; 9 5.73 214 235 1.67 207  2.56
— \ 12 3.16 2.27 2.34 3.12 2.02 2.55
"""" no cavity I | i
ol == =01 pe _ cSMm—————————— ’ :
—_— 02 = Origin of the cavity could be from:
' e b prody . . : :
- == r=03pc I: binary interaction
- | | | | gene| .. _ . 4. late st | cked
. T 03 11 9 TG sictd Il enhanced, late stage mass loss

logio[7/(cm™ s)]
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| [T IIIIII| [T IIIIII| 1 IIIIII|
0.1 1 10 100 1000 104
tSNR TTTTT] T T T TTT] T T T TTT] T T T TTT] T T T TTTT] T T T TTTT] VW|nd —_— 103 km S-1
1 10 100 1000 104
[ [ IIIIII| [ [ IIIIII| [ [ IIIIII| [ [ IIIIII| [ [ IIIIII| [ T )
t 100 1000 10 105 108 Vwind = 10 km s-
T IIIIIII T *IIIIII T T IIIIIII T T I;I§|N261I31(jl%llklllb) T
10718 K SN2011dh (IIb) -
SN20080x (IIb) - cavities around llb and Ib/c SNe appear to be

10-19 @ SN2001em (Ib/c) common

SN2013ak (Iib)

10-20 ® sN2003gk (b/c) 4 - an increase in X-ray emission signals the
T o o nigee My 1 interaction between the shock and denser
3 ® SN1993J (Ilb) circumstellar material
10-22
% @ NGC4449—1
T o2 .
1 0-24 Cas A (lib) 4 M A(T)
10-25 X105 g e \:::\ LX B T2 (V) R
— M = 2 x10-5 M, yr-! \\::\\ . A%\% S
10—26 lllll 1 1 1 llllll 1 1 lllllll 1 l\l\ll\ll‘}l 1 1
1016 1017 1018 1019 1020
Radius [cm)]
i data from: Dwarkadas & Gruszko (2012); Marguitti et al. (2017);
CSM propertles tor several Ib/c and b Kundu et al. (2019); Patnaude et al. (2019, in prep); Milisavljevic
SNe and SNR & Fesen (2008); Lee et al. (2014); Xi et al. (2019)
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COMPARISONS TO 1D HYDRO MODELS

0 Spectral fit clustering for east (2018)

n = 7 hydro models
78 - aqammmErETa, ]
» N, ’0
/-/‘/ N,
gzﬁ L= —— .2
\w —’ \ .
E '\T
ioo 7.4F ;‘.
------ no cavity I
79f === 1 =20.1pc -
— = (0.2 pc
- 1 = (.3 pcC
70 1()I.4 ld.8 11I.2 11I.6
logio[7/(cm™ s)]
20 Years of Chandra

1D models also inform us on large scale
azimuthal asymmetries in the ejecta

- In broad terms, different cardinal
directions favor different ejecta power
law indices

o7 (n=3)°7°
4 n2/3(n—5)

ESN X

- When gjecta mass and ejecta core
density are held constant, lower values
of “n” correspond to higher explosion
energies

Dan Patnaude (SAQO)
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COMPARISONS TO 1D HYDRO MODELS

Spectral fit clustering for north (2018)

n = 9 hydro models
B . —— ..‘
7.8 —t — \.\0“
§ 76 \“‘ 7
~— .
= |2
""" no cavity ‘
79| === 1 =0.1pcC
— = (.2 pc
- 1 = (.3 pcC
70 10.4 10.8 11.2 11.6

logio[7/(cm™ s)]

20 Years of Chandra

1D models also inform us on large scale
azimuthal asymmetries in the ejecta

- In broad terms, different cardinal
directions favor different ejecta power
law indices

x M>/7 (n — 3)5/3

ESN €] n2/3 (n L 5)

- When gjecta mass and ejecta core
density are held constant, lower values
of “n” correspond to higher explosion
energies
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AZIMUTHAL DIFFERENCES IN SPECTRAL FITS

e Spectral fits in the east regions point to lower ejecta densities
e observed lower densities suggest °6Ni heating of ejecta plume

e radioactive heating can alter ejecta structure and force a different
time evolution of the density
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AZIMUTHAL DIFFERENCES IN SPECTRAL FITS

e Spectral fits in the east regions point to lower ejecta densities
e observed lower densities suggest °6Ni heating of ejecta plume

e radioactive heating can alter ejecta structure and force a different
time evolution of the density

e west region shows highest ionization — Fraschetti et al. (2018) argued
that this is due to interaction with a nearby molecular cloud
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AZIMUTHAL DIFFERENCES IN SPECTRAL FITS

e Spectral fits in the east regions point g o Spectral fit clustering for west (2018)

n =12 bXdRO‘ m'o‘d'el's' .,

e observed lower densities suggest =N
gg 7.8} - - \‘¢‘
 radioactive heating can alter eject{
time evolution of the density < O
- \
« west region shows highest ionization| £ 74 }‘
that this is due to interaction withan{ | ...... no cavity -
79f === 1 =20.1Dpc A gl
— 1 = ().2 pC =
= 1 = (.3 pcC
(B TiW 108 11.2 11.6

logio[r/(cm™ s)]
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AZIMUTHAL DIFFERENCES IN SPECTRAL FITS

Average direction of Forward and Reverse Shocks

ons point to lower ejecta densities

5 suggest %6Ni heating of ejecta plume

Reverse
Shock

overdensity

plter ejecta structure and force a different
1Sity

lonization — Fraschetti et al. (2018) argued
th a nearby molecular cloud

Inward
Shock

Shocked layer

Unshocked
ISM

Fraschetti et al. (2018)
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AZIMUTHAL DIFFERENCES IN SPECTRAL FITS

e Spectral fits in the east regions point to lower ejecta densities
e observed lower densities suggest °6Ni heating of ejecta plume

e radioactive heating can alter ejecta structure and force a different
time evolution of the density

e west region shows highest ionization — Fraschetti et al. (2018) argued
that this is due to interaction with a nearby molecular cloud

e Zhou et al. (2017) showed that cloud is not coincident with Cas A

e optical/NIR observations suggest a larger concentration of CSM in
that direction (QSFs; Koo et al. 2017) which would lead to multiple
reflected shocks in the ejecta, raising the ionization age

20 Years of Chandra Dan Patnaude (SAQO)
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AZIMUTHAL DIFFERENCES IN SPECTRAL FITS

e Spectral fits in the east regions point_tQJmALer_eLecIa densities

[Fe 11] (2008) [Fe ll] (2013)

e observed lower densities suggest|=* &

e radioactive heating can alter eject X ‘:'". T s "", %
time evolution of the density '

207

*j~ .';‘ L

7
t.ﬁ‘l.

« west region shows highest ionization|:} Mv LG e re e
that this is due to interaction with a n|. RN Ry

e Zhou et al. (2017) showed that clq B

‘f 4

w ,

* optical/NIR observations suggest | £ .-

that direction (QSFs; Koo et al. 2017) WhICh would lead to multiple
reflected shocks in the ejecta, raising the ionization age
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CONCLUSIONS

o X-ray observations of thermal emission from SNR inform
us on the properties of both the circumstellar environment
and explosion

 Cas A shows azimuthal variations in the bulk spectral
properties of the ejecta — can be explained by %6Ni
heating of ejecta in the east and (possibly) the north

e Spectral features (ionization age, line centroids)
suggest a late stage enhanced mass loss event in Cas
A, possibly due to a short YSG phase or binary
Interaction

20 Years of Chandra Dan Patnaude (SAQO)
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WHAT COULD BE DONE IN THE NEXT 20 YRS?

 Uncover any unshocked iron — reconcile with models for
explosive nucleosynthesis, mixing, etc.,

 Measure the blastwave deceleration — combined with
measurements of synchrotron emission changes, provides a
direct measurement of the CR diffusion parameter

e Determine the nature of the nonthermal emission located in
the main shell — is it from the reverse shock or forward shock
seen in projection?

o Settle the question of the cooling CCO — is it real or a
detector artifact?

20 Years of Chandra Dan Patnaude (SAQO)



