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“Ooh, basically, a staris a
pretty simple thing...”
— Fred Hoyle
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. Astaris:

A self-gravitating sphere of gas
held up by thermal pressure

from fusion?
Or degeneracy pressure...

Or some sort of DM
annihilation?
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Plus equation of state, opacities, nuclear reaction network...



We cannot realistically simulation the entire star in 3D SPH
or grid-based hydro — not for more than a few convective
turnover timescales...

To actually simulate a star over the stars nuclear timescale,
we need a simple 1D, relaxation based solution

This is what stellar evolution codes such as e.g. MESA,
STARS, GENEC do - take a stellar structure, and permute it
for atimestep, then do a Henyey relaxation to converge
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Overshooting — physically and
observationally motivated
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Problem — overshooting calibrated
to solar models

Safe to extrapolate to 100s Mg?

Observed originally in thunderclounds!

overshooting top
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Momentum of convective material
continues beyond convective
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Log(N,) (photons)
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Log(N,) (photons)
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Log(N,) (photons)
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Log(N,) (photons)
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Thorne-Zytkow Obijects

A THORNE-ZY TKOW OBJTECT 15 A
HYPOTHESIZED NESTED STAR—A RED
GIANT WITH A hEUTEDHISTHR INSIDE 17

50 FAR, NO TZ20s HAVE BEEN
DEFINITIVELY OBSERVED BUT YOUR
GRANT COULD HELP Us CHANGE THAT.

- Landau stressed, as did Gamow, that a neutron core
would "give an immediate answer to the question of
the sources of stellar energy.”

—D. G. Yakovlev

WE'RE STRUGGLING TO GET FUNDING
FOR OUR PROJECT TO SLINGSHOT A
NEUTRON STAR INTO THE SUN.
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Gai & Podsiadlowski (2022) compute\ Papish et al.

three outcomes of neutron star — (2015) raise 10—6
binary companion collisions: possibility of jets

Hot Bubble

Jets v v v

z L 4

launched during
formation
ejecting envelope

1. NS does not intersect companion
surface —tidal bulge excited,
surface shock

S

R et — but can retain
Core Y 2. Envelope penetration — partial |
;g'ral'ng"n TDE, material is carried away or lose envelope,
3. Immediate merger (above) — NS based on tuning

Red Giant

never reemerges from the (Soker et al. 2013)
\\envelope, TZO formed / \ /
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TZ & Cannon et al. Models — main
features
Two general classes of solutions

* Giants — Below around 9Mg —
energy generation dominated
by &grav below the knee

e Supergiants —above around
13Mg — energy generation
dominated by &,,.H burning
above the knee, He below




Applicable to GCE?
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T T T T T

(Moriya &

Short Tacc Long Tacc 44 | Blinnikov 2021) |
1039 erg s1 plateau for Supernova-like _mr 1
a few years, then go brightness T i
faint — vanished stars 102 yr rise-time — low 5 [
photospheric velocity % ]
— 2000 km st 3

tacc =10 d  —

1000 d T
* Accretionterminates at some point — SN 1987A
: - : SN 1999em = = -
outflowing energy — parameterize with Tac T . e ——
0 200 400 600 800 1000 1200 1400

t/d

e TZO explosions are then long duration
transients — years



/ New approach to converging \
equilibrium solutions for hybrid
stars:

Remove assumption of smooth
core-envelope interface artifice
(Cannon et al. 1993)

. 4

0.0 Myr, NS Mass: 1.0 Mg

5.43 Myr, NS Mass: 1.0051 Mg
1013,

"15.0 Mo

\ "15.0 Mo
1010, \ \\\

107,

=

o
»
L

€nuc / €rgs gt

101,

10—2,

107>

1011 1013

R/cm

107 109

10°

,107

,105

,103

SN

Veornv / CMs™Lor T/ K

Use opacity (Eddington)-limited
accretion prescription to link envelope —

core
GM.-M
R
Lknee = L?_rit = 43‘TCGMrK_1
Ggrav — —T% — —‘TCP [(1 - Vad,yT) % - Vapr dld%]

via contact with Thorne (1977) form in Newtonian Limit

L grav =

: P
L, =M(H+;—B+¢)+ (conv burn)

o (#*L, (oM, OM;,
o~ (ar), e (5e), 7)o
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Strange discontinuities ataround 20M,?
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Quick sanity check on our haloes, 8.322

Helium burning shell (Dennis 1971): o
-1 F 8321
Arfr < f(B)lC]™, o
where
8.320 |-
(8 ,3(32/3 - 8B — ,32) 5030 |
1) = 32/3 - 168 + 682’ o
where Q is defined as by Schwarzschild & Harm (1965) :,‘: 5025 —\J\—
o

o= (/7). (LIF))

/ 28T

Find our shells are comfortably stable, g 5.080 |-

but likely subject to the “flickering”

instability (Stothers & Wen Chin 1973) SOTIT . 1

0 200 400
Time (yr)



¥ —— Final Model: 3.14 Myrs

Initial Model: 0.0 Myrs

NS Mass: 1.001 Mg
NS Mass: 1.0 Mg
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How do we differ from Farmer+23?
We place the innermost BC at the NS surface, not at
600km above
& )




9_0IIII|IlII|IIII|II]I|IIII|]III|

Iy <4/3

10°- -

50 M / ‘ 8.75 | Colors: Farmer+ 23
108? . o) .
10’ 109,
10/ f

| 10°;
1053
104; 1074

] 8 ¥ E

1d_9 1d_7 ~ 106*

- |

z 105 ’
108, f

N X—— Final Model: 7.15 Myrs NS Mass: 1.0067 Mg
1074 109 & Initial Model: 0.0 Myrs NS Mass: 1.0 Mg
106 10-8 10-6 104 102 100 102
. p/gcm—3
Lo ~— Final Model: 5.43 Myrs NS Mass: 1.0051 Mg,

Q— Initial Model: 0.0 Myrs NS Mass: 1.0 Mo

10-8 10-6 104 10-2 100 102
plgcm—3

\

%

T~

Li i i byl

3

NN

b
(e

[ ‘ || | [ | I
— —
=) oo

,_L
W

Minit [MG)]

—_
o



50
H-D Limit 45
5.4

40
5-5 B 1 | 1 1 1 I 1 1 1 1 I I il
5.2 35 -4 Colors: Farmer+ 23
—_ L : Thin grey: Cannon 92 ]
K 302 s54f \\ :
35.0- 25 & 3 :
o) < n - ]
o 5.3 2 i
- ) : 20 © C N> % i
4.8 / W —~ &% ]
> 552 o 3
10 ~ L . Y
4.6- / = 4
5 :.005.1 5 \\ 3
T T —_— T T T T B / :
3.58 3.56 3.54 3.52 3.50 3.48 3.46 5.0 C : el g o il
log (Tesr/K) i s / / / i
N g /’/_“"_“":
49 Hv 11417 /7 { ]
i [ g
48 . 1 ] T T S S ] ] ’/l L i

3.60 3.99 3.50

log (Te/K)

Minit [MG]



log(L/Lo)

e
-

Y
N
1

u
o
1

o
0
|

o
o

H-D Limit

e — T
3.56 3.54 3.52
log (Tefr/ K)

/15N

““““““ avialr T 5

Colors: Farmer+ 23
Thin grey: Cannon 92 ]

[ |

_—

3.60 3.59 350
log (Te/K)

Minit [MG)]



Why do we disagree with the

Cannon et al.-style models?
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Why do we disagree with the
Cannon et al.-style models?

> °C

Neutrinos!
(at least partially...)
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1010

Our knees are brought up here,
instead
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de,/op/ergg=?cm3s
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10 104
p/gcm3
We always get supergiant

Partial w.r.t p configurations — even at low mass!!



Is it all neutrinos?




Is it all neutrinos?

Mostly, but not all!
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M5-2) 4500 s 6000 s 7000 s

lii? 1}5? I'E?
Conclusions :

 TZOs are (sets of) solutions for stellar evolution equations involving a neutron star
core surrounded by a diffuse giant envelope

« TZOs might form at an almost zero rate, but could be common outcomes of (low-
mass) XRBs — our predictions are very model dependent

* If TZOs exist, they are likely to influence the chemical evolution of the Galaxy/MCs

* Multiple sets of model series with vastly different assumptions and predictions exist —
how can we decide?



Super-Chandrasekhar
mass,

Highly magnetic WDs
as progenitors of over-
luminous la SNe



https://k-poster.kuoni-congress.info/eas-2024/poster/6c406435-238b-4ec8-821e-7bba4a47b6ea

Surveys of Sne la show
distinct subgroups

Some are
superluminous, and
have anomalous
declines — sometimes by
a full mag

1600 ignition kernels
in sphere with R = 180 km

d =10500 km

SN 2006¢gz, SN 2009dc
etc.

(Of course, could just be
lensed e.g. Quimby+13)

Modelling (including by
people at HITS e.g.
Fink+18) suggest super-
Chandrasekhar mass
progenitors

d = 12500 km

How to make a super-
Chandrasekhar mass
WD?

Permeate it with an
extreme magnetic field

1

Can we model this?

Das+12 shows new EoS
from Landau
quantization

Can implement without
needing GR if { < 0.01

Roughly correspondsto
B. ~ 10G

S
<20 -
> -

L | 1

Spin it up to (nearly)

critical

1 1 1 I

l

1 | 1 1 1

ST

6450

6500 65950

6600

WAVELENGTH (&)

Landstreet+19 found
kilogauss fields in WD

6650

1105-340 — very close by!

0.7
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Our implementation? 5o
@ Opacity . iy axa0 e
0 kg ~5.5%10% p /gem™>(T /K)3>?(B/G) Z2ecm?g™! -
Potekhin magnetic opacity |
Radial magnetic field profile (Potekhin+.01 , Ventura+01) o -
(Gupta+20) Add to ordinary (OPAL) | e T
. . . Radial Coordinate / (cm)
Modified with cutoff radius opacity ininverse e
Y — (142J(0)§
J— J— ﬂ — (14.0,5x 107%)
5 (g) _ Bs+ By [1 eXp( n (;;0) )] | Do
0 Bs+By|1— —n (& :
ST 0[ GXP( ’7(,,0 Lo
Why cutoff? 0?05
Chatterjee+17 — all positive >0 — 5
radial field gradient -2 ol Coordnate fem _
Unphysical current sheath at It works: even with large ) e
small radii cutoff radii — surface 500
observables retained! $10000,
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Effect of B on mass-

radius relation
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Cooling

Long term cooling
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Super-Chandrasekhar mass,
highly magnetic WDs as progenitors of over-luminous la SNe

We see overly luminous
supernovae la (e.g.
Chornock+13)

Effect of B on mass-radius relation
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Super-Chandrasekhar mass,
highly magnetic WDs as progenitors of over-luminous la SNe

We see overly luminous Could be the resultof a
supernovae la (e.g. - super-Chandrasekhar
Chornock+13) mass progenitor

|

Could be the result of
lensing (Quimby+13)

Effect of B on mass-radius relation

25 1
(0, 0) .
(107, 1012)

104
103

iy

(107, 1013) 102
(107, 10"%)

N
o
W T T W

10!
100
107!
1072

R/ 1000 km
o
w
AysouiwnT

—_
o
N

-107% =
=
-107t°
-10°
—-10!
—-102

Radial Coordinate / cm

=

000 025 050 0.75 1.00 1.25 1.50 1.75

MIM 103 104 10° 100 107 108
. ° . Coollpg Time / (yr)
M-R Relationship for B-WDs Internal cooling for 1.6Mg

B, = 10**Gmax internal field


https://k-poster.kuoni-congress.info/eas-2024/poster/6c406435-238b-4ec8-821e-7bba4a47b6ea

Super-Chandrasekhar mass,
highly magnetic WDs as progenitors of over-luminous la SNe

We see overly luminous Could be theresult of a « Spin-up to near critical
supernovae la (e.g. =P super-Chandrasekhar * Harbor an enormous
Chornock+13) mass progenitor maghnetic field

|

Could be the result of
lensing (Quimby+13)

Effect of B on mass-radius relation
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Super-Chandrasekhar mass,
highly magnetic WDs as progenitors of over-luminous la SNe

We see overly luminous Could be theresult of a « Spin-up to near critical
supernovae la (e.g. =P super-Chandrasekhar * Harbor an enormous
Chornock+13) mass progenitor maghnetic field

‘ /
Can wg model such a P
progenitor? Yes!

Could be the result of
lensing (Quimby+13)

Effect of B on mass-radius relation
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Super-Chandrasekhar mass,
highly magnetic WDs as progenitors of over-luminous la SNe

We see overly luminous Could be the resultof a * Spin-up to near critical B BoG | oo/ 100 gom™ | K7 1000k | Max Masslb
0,0 2210 2.1177 1.4397
supernovae la (e.g. ——p super-Chandrasekhar « Harbor an enormous aoiioty | st | aise | 1asss
H . . (107, 10'%) 2280 2.1227 1.4358
Chornock+13) mass progenitor maghnetic field G705 | 295 | 2am0 | 1473
‘ g (107, 1014 2260 2.1412 1.8703

Can wg model such a g
progenitor? Yes!

Could be the result of
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“Ooh, basically, a staris a
pretty simple thing...”
— Fred Hoyle



“Ooh, basically, a star is a pretty
simple thing...”
— Fred Hoyle

“Well, Fred, youd look pretty
simple too, from ten parsecs!”
— R. O. Redman
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