WD HM 2 (NGC 6543)
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2.2 Electrons in stars

Electron degeneracy
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ELECTRON CONCENTRATION & (m "]
In a white dwarf, electrons are degenerate
but nuclei are not.
Next: Chandrasekhar limit

Polytrope & White dwarfs

* Non-relativistic, complete degenerate

5/3
Y
P :KNRne5/3 =Kz -
mu
Y, . electron number per nucleon
hz 3 2/3
e S5m,\8x
1 5 3
l1+—=——>n =— Polytrope
n 3 2
* Ultra relativistic, complete degenerate
hel 3 )73
P=K,n'" K, =— —
UR e UR 4 872_

n =3 Polytrope




Polytrope & White dwarsf

* Completely degenerate electron gas :
n changes from 1.5 to 3.0 as the
density increases

In general, for a polytropic star,

1-n

Stellar radius: R = Zj oc A7 oc p2n

(] 3—-n

Mass: M=47zpCR3(—Kj oc p 2
z)._

z=z,

1-n

—>Roc M3

When 1<n<3, R becomes smaller
as M increases.

For the limit of n >3 (relativistic
limit), R > 0.
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Polytrope & White dwarfs
n—1

K=c¢A?Gp," (KHI19.9),

¢; :non dimensional constants

3
&pcocﬁocMR3=M[£j

z

n

S A=c,p, M
12 11
—>K=c,M*’Gp, "3 =c,M*Gp? ",
1+17 4
also: P.=Kp_ " =c,GM*”Gp?

4

P =048 GM**Gp?> (n= %) (1.21)
4
=0.36 GM*"Gp? (n=3) (1.22)




Polytrope & White dwarfs

For the limit of ultra- relativistic
(or high density), EOS is

P, oc p.*”*. Using this and (1.22)

we find mass approaches to

Y 2
M:1.46(0 5) M,=M,,

the Chandrasekhar mass.
Or when M — M, , it becomes n — 3

1-n

- 1-n
RoclimM>3" =limM_,3-» =0, and

n—3 n—3

0L —>0,
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Mass vs Radius

R/Ro
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Figure 13.3: Gravitational potential contours for a binary system and the Lagrange
points L. Dashed contours lie inside the Roche lobes (indicated in gray) and CM
denotes the location of the center of mass. Adapted from reference [?].
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Evolution of close binary systems

* When total mass and angular momentum is
conserved, the distance between two stars is
minimum when two stars have equal mass.

= mass transfer rate is accelerated

When two stars O@

are very close : Some patterns of CBS
)3 e

* Principal star can fill its Roche Iobe before the
star become a red giant (2) (Case A), then

* transferred mass generates heat. If mass
transfer rate is sufficiently large, the
companion star also expand, and they may
form a common envelope (3).

* After some time, when the evolved star mass
becomes smaller the companion, the
distance between two stars increases. Then
two stars can be detached again. Mass
transfer rate decreases and steady mass
transfer can occur as (2).

* Depending on the separation and mass ratio,
other type of evolution could be possible.
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Cases of binary mass transfer

”3? 2) Evolutions of radius in a 5 M, star
I
i
Log R i Case C
1
‘l!'. ( Pnr\ 199[' : +
o 2 ' ﬁ\pj 1
\!'_' e
A Case B
R
i 1 |
i P,, = 2.82 [ /;A—F
e Case A
Pnrh = 0631 I l(day)
0
0 0.5 1 1.5

Time (108 yr) (oF)

Case A: A primary star fills the Roche lobe during
the main sequence.
time scale: thermal (KH) time scale ~ GM?/(RL) = T,
example: M = 2Msun, Ty,- 107 yr, dM/dt ~ 10-7 Msun/yr
M = 5Msun, Ty~ 106 yr, dM/dt ~ 10-5> Msun/yr
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Case B: A primary star fills the Roche lobe when it
becomes a red giant.

time scale:

Convective envelope has large entropy, thus it can
expand quickly when the outer most layer lose the mass
with the dynamical time scale Ty, ~ Rivg~ (R%/GM)'"2
This is much faster than case A.

For example, if R=100 Rsun, T, is only 10 days.

Case C: A primary star fills the Roche lobe when it
becomes an AGB star.

Time scale is fast as the Case C. Actual transfer rate

depends on the masses of stars and separation

distances.

—— Center of Mass
Inner Lagrange
Point (L1)

Detached Binary

Neither star fills its Roche
lobe. Mass transfer unlikely
except through strong winds.

Semidetached Binary

One star fills its Roche lobe;
the other does not. Mass
transfer can occur throught
the L, point.

Contact Binary

Each star fills or even overfills
its Roche lobe. The two stars
may revolve within a common
envelope.

/leagle.phys.utk.edu/guidry/astro411/lectures/lecture_ch13.pdf
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Binary system with a WD

c ENENLDEDEESCERICISCLT, BHE.

HE.BEBHELTD,
HEZEOHFOENELL, BROY -

O—J%BASEBREE~DMEDREN S

F5, HEREIHFENT UMD, HR
[FEZEREETIC.

BERZRZDREYICEELT:
pEEMABERAT S,

FEFEZRHPILE

[SIEDLNTLKAY, ZD
EEICENIRILF—

REML . FFEMEEE

/ml&)bjh'é

e ARIETILDD

5 T2U—vavT4R7
ey

I
I
I
A
1
1
I

o el e s e

;)lL/_\$75‘—IE'C"B|I]
BOREANBIELLT | k
BHSELERE, COLIL S

2 Vi

{4
TS BN E 86 771y xsoRs
—Cﬁ)é (;&E?ﬁ‘b;&ﬁi@ wEED R DR, ﬁrmmZOm’J;-

Ifliiifi.%';-'ﬂﬁiii:&-’ﬁ;h'#‘_— W it

JEHA, ) BLHE ¢ S B,

- il




TTI model (osaki 2005)
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* Smaller P_,, means smaller distance
V] = 9
* M_=4.3x10°(P,/4hr) M, /yr

Binary system of a star and WD :
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Nova and Type la supernova

*SN la: In a binary system, when a WD gets
accretion and reaches the M, C at center

burns explosively. Then whole star is
disrupted and becomes a SN Ia.

*After a nova, whether the WD mass

increase or not ?: (Now we know ‘No’.

*Anoth

*Wind t
(Kato &

I\/Icrit Cat

*Pathws

dMy/dt (Mg yr™)

107

10°°

T 1 T 1 T

(dM/dt)gy
J

(dM/dt)gn
S!eady H-Burn. ‘

Flash.

'“ AMH M—-3x10

b [ 4 -~

3)(10

MWD(MCF

dMy/dt (M yr)

SD +Wind model

107" T T T T T T T
. (dM/dt)e
—Binanyn¥\iasge( ? -
Red C...7

3 (dM/dt)gp
Steady H-Burn. ’
\

1040\
’

AMyu/M o= 3X10
| 1 L 1 1 ! 1

0.8 1.0 1.2 14
Mwp (Mg)

Previously it was shown that steady
H-shell burning for the CO core growth
Is possible only for a narrow region.
= too few SNe la from the SD model?

10



Critical accretion rate

Mcr=5.3><10717X (M,,, —0.4)

My, =y ‘M\z‘ (He core growth rate)

Mass accretion rate onto the star

Ny = ‘M2‘>Mcr

-1, W, >0 > S,
8

-0, AR

(WD growth

M,, 77HeM e = Mrelln ‘M ‘ rate)

Ny, - Mass accumulation efficiency for
helium-shell flashes (Kato & Hachisu 2004)
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A pathway to SNe la: MS+WD system
(Hachisu, Kato, Nomoto 1999)

Mi=6-8Mo ¢ O O
=3 H el i zemo age

% unstable
i mass
£ transfer

COmmon

envelope
avalution

M1=0.9-1.8Mc He-star and
M2=2-3Mo main-sequence
a=4-30Ro star
helium mass
transfer
e, Ha
M1=08-1.1Mo % helium-ricn
M2=2-3 8o i O { envelope of
a=4-40R0 s C+OWD 7 E the secondary
P=05-5 day F) NS

Fi. 1.—Early evoluticnary path through the common envelope evolution to the hefium matter transfer
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A pathway to SNe la:
MS+WD system (continue)

" He
Mi1=0.8-1.1Mo i O h::lluz-ric:hr
M2=2-3 6Mo i i envelope o
a=4-40FR0 . C+0 WD " i the secondary
P=0.5-5 day (F) MS

helium-enriched
mass transfer from
the secondary

strong winds
fram G40
white dwarf

wind stops

SN 1a explosion

Fig. 4—Late evolutionary path to an 8N la explosion in ouz wind model
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Another way: RG+WD system
(Symbiotic Star Chanel)

............

= O ze00 age
W e S
—
“ " O ¢ super-wind
B T, M5

COMmon
==+ gnvalope-fike

\ " ewoiution

M1=0.8-1.2Mo C+0 core and
M2=0.0-3Mo By i O i main-sequence
a=40-400R0 star

P=30-800 day et T -

. . ,'\T;’ rang wird an
Symbiotic star= {codadi( ) mesms
X o

SN la axplosion
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Low metallicity inhibition of SNe la

for the wind model (Kobayashi et al. 1998)

() strong Fe wind A\ weak Fe wind [ weak He wind
x40 O O O O O O O
X><¢‘~Q O © 0O 0O 0 ©

of XAAO O O O O O
XxX4A &H O O O O O

g X X XAATA O O O
=qt X X X XxA A~Q O
X X ¥ ¥ wxAA A HQ\

S A W oS X 3 A

" Observationally it is still not clear if ]

w no wind
oad
oo

Qo
o ao

0
ofe s
ofe s
Aon

_ this inhibition actually takes place

" or not.

SN la region for My o=1.0 Mg

T T T T

4 —_ I=0.004

WD+RG system

MoV

.
" /-

WD+MS system

...... Z=0,02 (solar)

log T(K)

Type la SN

*C ignition at center
*Cooling by neutrino emission
*Degenerate electron :
Runaway nuclear burning=»explosion

85+ =
H-He b.shell
i
8O d
75 -
White Dwarf
[M=Lx10"Mg y-T)e
3 1| e . e Center n
———T ! ! 1
5 6 7 8 9 10

logp(gem-3)
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Neutrino emission

* When stellar temperature exceeds 10° K,
various neutrino emission processes Occur.

— Pair annihilation neutrinos ¢ +e" > v+v

4.9x%10% 3 .—11.86T¢
5(pair):{ 0 E9e i Tyl
# 4.45x10

+Tg . Ty >3

— Photo neutrinos Y +e —>e +vV+V
e = ) 4 ex(ue +0) L
1 =1.103 % 108! 75 ¢33/
€2=0976 x 108 T8 (1 +4.2Ty)! |
0=6.446 x 10 Ty (1 +4.2T3) !
— Plasma neutrinos 7 piasmon —>V TV
1 , non-degenerate ) = h&)o kT

3 Me  _ -1/2
Ty, ey e { [I @ ( % )2 (37.—2,1!)2/3] , degenerate . A=kT/m cz
e

ef™™ = 3356 x 10971251 + 0.0158/2)T) v < 1
eF1 ™ = 5252 x 1005~ I\ 5%~ 41

¥

— Bremsstrahlung: deceleration of an

electron 72

erems) ~ 0.76 = T
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Neutrino emission

95 T T T T 71 T
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St E 1994D

SN la,its brightness is close to a whole galaxy

p

L
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Recent status of SN la model
(becoming more confusing lately)

* Long arguments about progenitor system
— Merging of two WDs :
Double degenerate (DD) model

— Binary accretion (WD wind) model : Single
degenerate (SD) model

— Next page for detail.

* Also arguments about explosion model
— Detonation-model-(observationally ruled out)
— Deflagration model (slower than sound velocity)
— Delayed Detonation model
(Delayed Detonation — DDT model)

— DDT model fits observations better (partly
because the model includes more parameters).
However, current simulations can’ t confirm the
transition to Detonation.

— Very recently another explosion model, called the
violent merger model, was proposed (see below).
In this model pure detonation explains SNe Ia.

SD or DD
» Good for SD (or not good for DD)

— There are some binary systems that seem to have
a WD close to M, and getting mass accretion from
their companion.

— There are a few SNe la that have Hydrogen
feature. This may be an evidence for mass
accretion before explosion. (However, most SNe Ia
doesn’ t have any Hydrogen feature, so this may
be against the SD model.

* Not good for SD (or not bad for DD)

— Observed delay time (between the star formation
and SN Ia explosion) distribution seem to be more
consistent with the DD model: There appear to
exist many SN with short delay time.

« (but in SD, newer path has been proposed to explain the
short delay time.

— There appear to be no evidence for low metallicity
inhibition, that’ s a prediction of the SD model.

* More observations are required for the concrete
conclusion.

— So far, no evidence of the existence of a
companion star, in the spectra of SNe and images
in the supernova remnants.

* Need more observations

16



SD or DD
Super-Chandra SNe la ?

— Very bright, and with a reasonable estimate the
total mass of the ejecta should exceed the
Chandrasekharl limit.

— Naively it means the evidence of DD because the
sum of two WDs can exceed the limit.

— However, it is not so simple (next paragraph

— SD model can explain super Chandra progenitor if
the progenitor WD is supported with vary rapid
core rotation (though there are no observational
evidence that such a massive WD can really exist.

Theoretical aspects:

— It was once considered that DD explosion doesn’ t
occur, because after the merging one of a WD is
broken and forms a massive accretion disk around
the other WD. Then with the rapid mass accretion,
C—burning ignites at the surface of the WD and
then explosion is too weak to disrupts the star.
Such a system is considered to form a neutron
star without SNe Ia explosion.

— However, recently another scenario was proposed
for the DD model: Violent merger model.

2023/5/25

Violent merger model of DD
Pakmor et al. 2010, 2012, 2013

* 2010: Sub-luminous type la supernovae from
the mergers of equal-mass white dwarfs with
mass 0.9 Msun

— Nearly equal mass WDs merge violently

— Hot spots appear in a high density region, and
carbon detonation ignites here.

ngq Lnd
3, 107 o Pt 10° 10° 10"

* Previously it was considered [

a ~36.0s ‘ b —6.0s

that detonation is not a &
burning mechanism for :
SNe la, because if it occurs at

center, it burns entire star and
inconsistent with observations. .
showing some unburned ;
materials.
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Violent merger model of DD
Pakmor et al. 2010, 2012, 2013

2012: Normal Type la supernovae from violent
mergers of white dwarf binaries of mass 0.9
Msun and 1.1 Msun.

2013: Helium-ignited violent mergers as a
unified model for normal and rapidly declining
Type la Supernovae

using a moving-mesh code that allows for the inclusion
of thin helium (He) shells (0.01 M ©) on top of the WDs,
at an unprecedented numerical resolution. The
accretion of He onto the primary WD leads to the
formation of a detonation in its He shell. This
detonation propagates around the CO WD and sends a
converging shock wave into its core, known to robustly
trigger a second detonation, as in the well- known
double-detonation scenario for He-accreting CO WDs.
the required He-shell mass is significantly smaller, and
hence its burning products are unlikely to affect the
optical display of the explosion. We show that this
scenario, which works for CO primary WDs with CO- as
well as He-WD companions, has the potential to
explain the different brightness distributions, delay
times and relative rates of normal and fast declining
SNe la.

2023/5/25

Pakmor et al. 2013
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Summary

Violent merger can explain all
observed SNe la? -- not sure yet

*Can explain observed SN rate ?

*So far, VM can’t explain super-chandra type.

(DD rotation model can?
*Some are DD some are SD ??

*Uncertainty in numerical resolutions and
assumptions.

CO/He

systems |

2.0

L
! B 05 1.0 15 :
91bg-like Am e(B)
SNe la
L L Figure 5. Histogram of the observed number of 5Ne la as a fanction of

Aumys(B) (data from table 9 of Hicken et al {2009)). The distribution shows
some indication for bimodality which might be identified with the twa ditfer-
ent companion pug'JlJ‘Jaljom in our model {illustrated by the background-color
nendiant ne n a4
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D6 model

the dynamically driven
double-degenerate double-
detonation model

GEERITOTLNS
Sub-Chandrasekhar Mass model)

f5l: Tanikawa + 2019, ApJ 885, 103

DLV

I:|||||

B iR 2 DIER

s BRAETIICEATIELGRS.

- 2D00HBRBREDEKRETIL
- EE BEETIL

« BREETIVICET HF

- BREETIL(EFEUT)
- BEEREETILGRPMSELL)
(Delayed Detonation - DDT ETJL)

— DDTOIESHBRAN=KLESIH, BEIEIZaL—
<3 CDetonation~ D ERHEHHE(EELR

— LD R—IN—F VRS DR
o EDESICHEBDM?

|a§=¢_¥ﬁ_!i®1§9€ﬁ<
ETIL

19



2023/5/25

laB B E
FHOBENXR: XEHREISBRXIMGEALS
N Our universe is accelerating !
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With other observations

CMB observation Max Tegmark et al.2003

Dark
Energy?,
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